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… of the formation of aliphatic
polycarbonates from propylene
oxide and CO2 is presented by
G. A. Luinstra, F. Molnar, B.
Rieger et al. in their Full Paper on
page 6298 ff. They describe experi-
mental and DFT investigations for
the homogeneous reaction using
chromium(iii)– and aluminum(iii)–
salen catalysts as well as for their
mixtures.


Chemistry—A European
Journal is jointly owned by
the 14 Chemical Societies
shown above and
published by Wiley-VCH.
This group of Societies has
banded together as the
Editorial Union of
Chemical Societies (EU
ChemSoc) for its combined
publishing activities.


Boron Chemistry
In their Concept on page 6128 ff. , H. Braunschweig and
G. R. Whittell describe the “organometallic” chemistry of
boron-based ligands. They report on the use of half-sand-
wich iron–dihaloboryl complexes as precursors to a range of
hitherto unprecedented types of classically bonded boron
ligands. A crystalline allotrope of boron is shown in the
background of the frontispiece.


Matching Structures
The solution and solid-state structure of helical aromatic
amide foldamers derived from quinoline or pyridine were
investigated and found to be the same. The details, along
with a new NMR protocol, are described in the article by I.
Huc et al. on p. 6135 ff.


Group-Selective Synthesis
Various cyclic systems can be prepared selectively utilizing the
reversible nature of the ring-closing metathesis (RCM) process.
In particular, the RCM of dienynes represents powerful meth-
odology for the construction of mono- and bicyclic systems con-
taining 1,3-diene functionality. In order to effectively distinguish
between competing reaction pathways, several strategies utiliz-
ing steric hindrance, electronic variation, relay metathesis and
ring-closure kinetics have been implemented. In their Concept
on page 6118 ff., D. Lee and S. V. Maifeld highlight a variety of
methods to achieve group-selective enyne RCM of dienynes.
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Group-Selective Ring-Closing Enyne Metathesis


Sarah V. Maifeld and Daesung Lee*[a]


Introduction


Group-selective transformations constitute an important
concept in stereoselective synthesis.[1] In this approach, se-
lective conversion of one of the enantiotopic or diastereo-
topic groups to a new functionality breaks local or molecu-
lar symmetry. Group-selective transformations have been re-
alized by employing both irreversible[2] [Eq. (1)] and reversi-
ble[3] [Eq. (2)] bond-forming processes.


The emergence of metathesis chemistry to build carbo-
and heterocyclic structures significantly broadens the scope
and utility of group-selective methodology based on reversi-
ble carbon�carbon bond forming processes.[4] In particular,
the advent of well-defined ruthenium carbene catalysts such
as 1–3 has enriched the field of metathesis by improving the
reaction scope and the selectivity.[5–8]


Relying on the inherently reversible nature of the meta-
thesis process, several examples of group-selective metathe-
sis reactions have been reported. For example, Lautens et al.
reported a diastereoselective diene RCM reaction of tet-
raene 5 (Scheme 1).[9] While shorter reaction times gave
triene 7, longer reactions gave rise to bicycle 8 with high
levels of cis-selectivity, implicating a pre-equilibrium among
species 5–7.
In addition, Schrock and Hoveyda have developed a pow-


erful group-selective strategy displaying excellent discrimi-


Abstract: The ring-closing metathesis (RCM) of dien-
ynes represents a powerful methodology for the con-
struction of mono- and bicyclic systems containing 1,3-
diene functionality. Despite its synthetic potential, the
utility of dienyne RCM is significantly reduced due to
poor group selectivity. To circumvent this shortcoming,
several strategies utilizing steric hindrance, electronic
variation, relay metathesis and ring-closure kinetics
have been implemented to exert control over the reac-
tion pathways. This article highlights a variety of meth-
ods to achieve group-selective enyne RCM of dienynes.
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nation of diastereo- and enantiotopic alkene functionality.
By employing chiral tungsten–alkylidene complex 9, a chiral
cyclic molecule was generated from an acyclic precursor
with high yield and enantioselectivity via a diene RCM reac-
tion [Eq. (3)].[10]


The catalytic asymmetric desymmetrization described
above clearly demonstrates the potential of metathesis-
based group-selective transformations. Although the devel-
opment of reactive metal complexes with broad functional
group tolerance and appropriately designed substrate plat-
forms continues to enrich the field of metathesis chemistry,
the selectivity in product distribution remains a challenge in
many areas of metathesis chemistry.
This shortcoming is most apparent in the body of work


concerning enyne RCM reactions.[11] In contrast to diene or
diyne metathesis processes, which regenerate the functional-
ity present in the starting material and are thus reversible in
nature, enyne metathesis generates a 1,3-diene from an
alkene and an alkyne. Although the reversibility of all
mechanistic steps throughout the enyne metathesis catalytic
cycle has been assumed, it has not been confirmed due to
the convolution of several competing reaction pathways in-
volving multiple intermediates (Figure 1).
Despite the poorly understood mechanism and less pre-


dictable reactivity profile as compared to its diene counter-
part, the prowess of enyne metathesis holds significant


promise for further development. The tandem bond-forming
nature of enyne metathesis offers a powerful and catalytic
framework for the formation of conjugated carbon�carbon
double bonds, thereby generating complex molecular struc-
tures from simple starting materials in a single synthetic op-
eration. As exemplified by Equations (4)–(6), the desym-
metrization of acyclic dienynes by enyne RCM presents a
powerful strategy to build fused [Eq. (4)] and bridged
[Eq. (5)] bicycles as well as monocyclic structures [Eq. (6)].


Although the catalytic asymmetric desymmetrization
strategy described in Equation (3) demonstrates the poten-
tial of metathesis-based group-selective transformations, sev-
eral difficulties hamper the advancement of such methodol-
ogy based on enyne metathesis. As shown in Figure 2, the
asymmetric diene RCM in Equation (3) relies on enantio-
topic group differentiation (A vs A’) by the metal–alkyli-


Figure 1. Pathways and intermediates in enyne metathesis.
Figure 2. Enantiotopic group differentiation via cyclic and acyclic inter-
mediates in diene and enyne RCM.
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dene complex during ring formation. In contrast, the group
differentiation in dienyne systems (B vs B’) must occur prior
to the ring-closure event. The latter represents a more chal-
lenging differentiation as the necessary communication be-
tween the chiral environment around the metal center and
the pro-stereogenic carbon center is further away. However,
the realization of such an objective in tandem enyne RCM
would surely expand the scope and utility of metathesis
chemistry.
To improve the group differentiation between B and B’ as


well as the overall selectivity of the RCM of dienynes, four
general strategies have been implemented, which include a)
steric perturbation, b) electronic perturbation, c) relay meta-
thesis, and d) ring closure rate-based differentiation. The
focus of this article is to highlight these concepts that have
evolved to enhance the group selectivity in the RCM of di-
enynes.


Group Differentiation Strategy


Steric perturbation : Earlier studies in diene metathesis
documented that the reactivity of any alkene in a metathesis
substrate decreases when alkyl substituents are introduced
on or near the alkene. Implementation of this general reac-
tivity-controlling strategy would constitute a useful method
to obtain selectivity for a particular reaction manifold in
tandem enyne RCM reactions.
While initial reports of enyne metathesis utilized chromi-


um- and tungsten–carbene complexes, Mori and Kinoshita
reported the first ruthenium–carbene-mediated enyne meta-
thesis in 1994.[12] Notably, in these reports, the RCM reac-
tion of symmetric dienyne 10 in the presence of 2 mol% 1b
provided enyne RCM product 11 over diene RCM product
11’ (Scheme 2).


Concurrently, Grubbs et al. reported the tandem enyne
RCM of all carbon-based dienynes to form bicyclic 1,3-
diene systems (Scheme 3).[13] As seen in the example of
Mori and Kinoshita, enyne RCM was preferred over com-
peting diene RCM. Symmetric dienynes 12a and 12b gave
single products 13a (95%) and 13b (88%), respectively. In
contrast, a nonsymmetric substrate 12c generated 13c and
13c’ (86% combined) as a mixture in a 1:1 ratio. However,
the selectivity between 13c and 13c’ could be controlled by
introducing an alkyl substituent on one of the tethered al-
kenes.


The ethyl group on the shorter alkenyl tether in 12d se-
lectively directed the formation of propagating alkylidene
14, thereby giving only 13c. Likewise, the methyl group on
the longer alkenyl tether in 12e selectively promoted the
formation of isomeric intermediate alkylidene 15, which led
to a single cyclized product 13c’.
Closely related tandem enyne RCM reactions of yna-


mide-based dienynes were reported by Hsung et al.
(Scheme 4).[14] In the absence of steric differentiation be-
tween the two tethered alkenes present in 16a, a 1:1 mixture
(77% combined) of isomeric bicycles 17 and 17’ was gener-
ated. However, introduction of a methyl group on one of
the alkene moieties in 16b provided much higher selectivity
favoring 17, as the consequence of the preferred intiation on
the sterically less hindered alkene.


Not surprisingly, group-selective tandem enyne RCM re-
actions employing the steric perturbation strategy have been
applied to the synthesis of natural products. In their effort
toward a total synthesis of the guanacastepenes, Hanna
et al. constructed tricyclic skeleton 19 from precursor 18 via
enyne RCM (Scheme 5).[15] Initiation of the reaction again
occurs at the least substituted terminal alkene, a conjugated
1,3-diene moiety, which was followed by a tandem ring clo-


Scheme 2.


Scheme 3. Selectivity in tandem enyne RCM of all carbon-based dien-
ynes.


Scheme 4. Tandem enyne RCM of ynamide-based dienynes.


Chem. Eur. J. 2005, 11, 6118 – 6126 � 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6121


CONCEPTSRing-Closing Metathesis



www.chemeurj.org





sure at the alkyne and then the trisubstituted alkene to yield
tricycle 19.
Granja et al. also utilized a similar strategy to promote


the formation of a disfavored eight-membered ring over
that of a smaller, more favored five-membered ring
(Scheme 6).[16] In their synthesis of a bridged bicyclic skele-
ton 21 by tandem enyne RCM, isopropyl substitution in 20
directed metathesis initiation to the least substituted alkene,
which then led to ring closure to the eight-membered ring.
Interestingly, this approach represents a rare example of the
formation of bridged bicycles possessing a bridgehead
double bond.


Since the initiation of a metathesis reaction is impeded
not only by substitution on the alkene but also near the
alkene, the reactivity of two mono-substituted alkenes of di-
enyne RCM substrates could be effectively differentiated by
the substituents at the allylic positions. Using this concept,
the groups of Mori[17] and Hatakeyama[18] have independent-
ly reported related enyne RCM strategies to construct the
tetracyclic skeleton 25 of the erythrina family of alkaloids
(Scheme 7). As expected, the metathesis reaction of 22 ini-
tially occurs at the sterically less hindered N-allyl group to
generate alkylidene 23. This intermediate subsequently un-
dergoes ring closure to 24 and finally to tetracycle 25. In
these tandem enyne RCM reactions, none of the regioisom-
er corresponding to the initial ring closure between alkene
bearing allylic substitution and the alkyne moiety was ob-
served.
Hanna et al. also capitalized on this rate difference to syn-


thesize a variety of highly oxygenated bicycles from dienyne


precursors (Scheme 8).[19] The cyclization products were de-
rived from reaction initation at the alkene lacking substitu-
tion at the allylic position.
Another example of a group-selective enyne RCM utiliz-


ing steric differentiation has been reported by Honda et al.
In their approach to securinine 30, diastereoselective con-
struction of the bicyclic core 29 was envisioned from an
enyne RCM reaction initiating from the less hindered
alkene in 27 (Scheme 9).[20] However, when acrylate 27 was
subjected to the reaction conditions, none of the desired bi-
cycle 29 was observed, likely due to decreased reactivity of
the acrylate moiety and the cis-disubstituted double bond of
27 toward initiation. In a revised attempt, the cyclization
proceeded readily (74%) in the presence of catalyst 31[21]


when an allyl ether was installed instead of the acrylate
moiety. Subsequent allylic oxidation on the RCM product
employing chromium trioxide yielded the initially intended
a,b-unsaturated lactone 29.


Electronic perturbation : In addition to steric considerations,
the introduction of a electronically-biased alkene has also
been used to direct the site of catalyst initiation. Grubbs
et al. reported that carbenes derived from a,b-unsaturated


Scheme 5. Formation of the guanacastepene skeleton by tandem enyne
RCM.


Scheme 6. Construction of a bridged bicycle by tandem enyne RCM.


Scheme 7. RCM of dienynes with sterically differentiatiated allylic posi-
tions.


Scheme 8.


www.chemeurj.org � 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6118 – 61266122


D. Lee and S. V. Maifeld



www.chemeurj.org





carbonyl compounds are less stable and thus less likely to
form than other carbenes.[22] For this reason, dienyne 32,
containing two alkenes in similar steric environments but
differing by their electronics, underwent a selective enyne
RCM to give 35 as the sole product, regardless of substitu-
tion on the alkyne (Scheme 10).[23] This observed selectivity
is the result of the exclusive formation of the initial alkyli-
dene 33 over less stable enoic alkylidene 34.


The manifestation of this electronic biasing effect is noted
in the synthesis of a variety of fused bi- and tricyclic ring
systems in excellent yields from acrylate-containing dienyne
precursors (Figure 3).


Relay metathesis : Hoye and co-workers reported a new
strategy for reaction pathway control known as relay meta-


thesis.[24] This approach involves the design of substrates that
direct the ruthenium carbene through the individual steps of
the reaction cascade. The fruition of a successful and selec-
tive relay metathesis reaction hinges on the delivery of the
propagating metal carbenoid to a less reactive alkene. This
delivery occurs by initial formation of the alkylidene at a
remote reactive alkene followed by a ring-closing metathesis
event with the less reactive alkene.
The efficacy of relay metathesis to control the reaction


pathway is illustrated in Scheme 11. Initial ring closure by 2
of the parent dienyne 36a gave a 1:2 ratio of 37:38 due to


nonselective alkylidenation and closure from either of the
similar 1,1-disubstituted alkenes. In contrast, the tethering
of a highly active monosubstituted alkene at either end of
36a increased the selectivity of the ring closure. Importantly,
a judicious choice of catalyst was found to amplify the selec-
tivity in this relay metathesis. Reactions employing catalyst
1a showed a dramatic increase in selectivity; relay substrate
36b cyclized to 37 very selectively (26:1) while 36c cyclized
nearly exclusively (1:45) to 38.
Although the concept of relay metathesis was invented


only recently, it has already found important application in


Scheme 9. Steric differentiation in a tandem enyne RCM.


Scheme 10. Electronic effect for selective catalyst initiation.


Figure 3. Group selectivity achieved by electronic differentiation.


Scheme 11. Group-selective enyne RCM by relay ring-closing metathesis
(RRCM).
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natural product synthesis.[25] The expansion of this approach
is expected to develop in both inter- and intramolecular
diene and enyne metathesis reactions.


Ring closure rate-based differentiation : In the examples
above, selectivity relies on controlling the site of catalyst ini-
tiation by modifying the reactivity of the alkene or alkyne
moieties with steric and electronic factors. While this has
proven successful, the introduction of the biasing elements,
in many cases, requires extra synthetic manipulations and
may limit the reaction scope.
In the absence of biasing elements, a substrate possessing


two alkenes in nearly similar steric and electronic environ-
ments will result in reaction initiation at both alkenes. De-
spite this nonselective initiation, a selective RCM reaction
can still be envisioned if the pre-ring closure steps are rever-
sible and occur at higher rates than the nonreversible ring
closure step. If these conditions are met, then ring closure
rates, rather than rates of initiation influenced by steric and
electronic parameters, would govern the selectivity of the
tandem enyne RCM. In accordance with this analysis, there
are a few examples of group-selective enyne RCM from di-
enyne precursors possessing unbiased alkenes.
Van Boom et al. reported the synthesis of phosphorus-


containing heterocycles from bis(alkenyl)ethynyl phospho-
nates by enyne RCM (Scheme 12).[26] In the presence of 2,


nonsymmetric ethynylphosphonate 39a cyclized to yield a
2.9:1 mixture of cyclopentenyl products 40a and 40a’ de-
rived from reaction initiation on the shorter allyl tether. In
this example, no products containing a six-membered ring,
which would arise by initiation and closure from the tether
containing an additional methylene unit, were observed.
Symmetric substrate 39b cyclized cleanly to yield a mixture
of bi- and monocyclic products 40b and 40b’. Interestingly,
nonsymmetric dienyne 39c was cyclized to form only 40c. In
this case, reaction was initiated on the longer alkenyl tether
to yield the seven-membered ring rather than initiation on
the shorter tether to yield the six-membered ring. No ex-
planation was given, but the preferred formation of the sev-
en,seven-membered ring suggests a slower rate of cycliza-
tion to form the initial six-membered ring from these sub-
strates.
Similarly, Liu et al. reported a moderately group-selective


tandem enyne RCM for the synthesis of small-sized fused
bicycles (Scheme 13).[27] The dienynes cyclized to form simi-
lar ratios of products, consistently favoring the initial ring


closure to the six- over five-membered ring regardless of the
presence of substitution on the alkyne or the catalyst em-
ployed (1a vs 2). The observed selectivity could arise from a
ring closure rate difference during the initial five- and six-
membered ring formation.
A generalized concept of a ring closure rate-based differ-


entiation of reaction pathways is shown in Scheme 14. In


this overall mechanistic picture, it is expected that alkynylsi-
lyloxy-tethered dienyne 41, possessing two tethered alkenes
in nearly equivalent steric and stereoelectronic environ-
ments, would be equally partitioned between alkylidenes 42
and 43 during the RCM reaction. Assuming the steric hin-
drance imparted by the silylalkynyl moiety slows the enyne
ring closure rates (kS and kL) as compared to rate of alkyli-
dene exchange (kexchange), a situation arises where a pre-equi-
librium between intermediates prior to ring closure is possi-
ble. This equilibrium would permit 42 and 43 to interconvert
via alkylidene exchange or possibly via the involvement of
diene RCM product 45 and its subsequent ring opening. As-
suming that catalyst initiation at the alkyne is negligible and
the ring closure rate of the smaller sized ring is faster than
that of the larger (kS > kL), then the selective formation of
the smaller ring 44 would be expected over the larger ring
46.


Scheme 12. Group-selective enyne RCM of ethynyl phosphonates.


Scheme 13. Selectivity of enyne RCM for the formation of fused oxabicy-
cles.


Scheme 14. Pre-equilibrium of alkylidene intermediates prior to ring clo-
sure.
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The tandem enyne RCM reaction of alkynylsilyloxy dien-
ynes that have two terminal alkenes with substantially dif-
ferent tether lengths between the ene and the yne compo-
nents gave good to excellent selectivity between the two dif-
ferent ring-sized products (Scheme 15).[28] For substrates


showing a high tendency to dimerize after the initial enyne
RCM, an external alkene 47, cis-(AcOCH2CH=)2, was
added to the reaction. This external alkene impeded dimeri-
zation of the ring-closure products, without causing a change
of selectivity, by undergoing cross metathesis with the re-
maining terminal alkene to ultimately give an allylic acetate.
The enyne RCM (0.001m) showed several salient features.


First, enyne RCM was uniformly observed over diene RCM,
and predominantly the smaller siloxacycle was produced as
a mixture of trans- and cis-isomers. Second, a larger differ-
ence between the tether lengths of nonsymmetric alkynylsil-
yl ethers resulted in greater selectivity between ring sizes.
As expected, this trend reflects the higher cyclization rate of
smaller-sized rings over that of larger rings while rapid alky-
lidene exchange of the larger ring-forming intermediate is
occurring prior to its cyclization.
In contrast to the highly group-selective reactions above,


only marginal selectivity was observed when chain lengths
of the two tethered alkenes became similar as in dienynes
48a–c. This lack of selectivity presumably results from the
comparable rates of formation and cyclization of both alky-
lidene intermediates prior to the establishment of a pre-ring
closure equilibrium between these species. Since the equili-
bration of alkylidene intermediates relies on a bimolecular
process requiring the substrate and the propagating catalytic
species, we hypothesized that increasing the concentration
of the reaction would induce a more effective equilibrium
and result in better discrimination between the two ring-clo-


sure pathways (Scheme 16). Pleasingly, the RCM reaction of
48a with catalyst 1a at gradually increased concentrations
provided a remarkable increase in selectivity between
seven- and eight-membered rings, providing the highest
ratio of 49a and 49a’ (>50:1) in neat solution (ca. 2.5m).[29]


Treatment of 48b with the more reactive catalyst 2 in the
presence of external alkene 47 exhibited a similar concen-
tration-dependent selectivity profile, generating the highest
ratio of 49b and 49b’ (13.3:1) in neat solution.
The RCM reaction of 48c, possessing relatively longer


alkene chains differing by only one methylene unit, exhibit-
ed good selectivity, providing eight- and nine-membered
rings 49c and 49c’ in a 20:1 ratio even at a lower concentra-
tion (0.1m). At higher concentrations, the selectivity of this
reaction improved immensely (>50:1 in neat solution).


Closing Remarks


Ring-closing metathesis represents one the most powerful
synthetic methods to construct both carbo- and heterocyclic
ring systems. Although many examples of tandem enyne
RCM suffer from a lack of selectivity, several strategies
have evolved to effectively control and direct the reaction
outcome. Earlier developments in group-selective enyne


Scheme 15. Group-selective RCM of dienynes with substantially different
tether lengths.


Scheme 16. Concentration-dependent group selectivity profile.
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RCM exploited differential rates of reaction initiation by
the catalyst at sterically and electronically biased alkenes.
By expanding on these findings and further addressing selec-
tivity related issues, more recent innovations, such as relay
ring-closing metathesis (RRCM) and ring closure rate-based
differentiation, will continue to expand the scope and utility
of enyne RCM.
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Boron as a Bridging Ligand


Holger Braunschweig* and George R. Whittell[a]


Introduction


Carbon-based p-acceptor ligands have a multifaceted role in
organometallic chemistry, in as much as they can serve as
either spectator ligands, sites of reactivity themselves or
become involved in metal-centred processes.[1] The actual
function exhibited can often be understood by consideration
of the frontier orbital interactions between the transition-
metal–ligand fragment and the ligand of interest.[2] For li-
gands that bind to the metal centre through a single carbon
atom, p acidity can result in the formation of metal–carbon
multiple bonds,[3] and the varying contributions of the s and
p components to this interaction still remain the subject of
theoretical study.[4] In such ligands, a LUMO of double de-
generacy, as in CO and [CH]+ , results in both orbitals being
capable of accepting electron density back from the metal
centre (Figure 1a).[1,3b] In C=CH2, however, this degeneracy
is lost as a result of the lower symmetry and the ligand acts


a single-faced p acceptor (Figure 1b).[5] Both the number of
p-accepting faces and the formal hybridisation of the donor
atom provide a convenient method of classifying these li-
gands. Nonetheless, one feature common to all these groups
is the ability to adopt bridging coordination modes in poly-
metallic complexes.[1,5,6]


In contrast to the case of carbon, the “organometallic”
chemistry of boron-based ligands remains somewhat in its
infancy. Nonetheless, the last fifteen years have seen consid-
erable advances, predominantly in the field of transition-
metal–boryl (LnM–BR2) chemistry.[7] This progress has, in no
small part, been due to the implication of such complexes in
important organic transformations, such as transition-metal-
catalysed hydroboration[8] and selective C�H bond activa-
tion.[9] When compared to the carbon analogue (carbene),
however, the roles of the boryl ligand in reaction chemistry
are much more limited. Although a number of ligand ex-
change reactions at the metal centre have been described in
which the metal–boron bond remains intact,[7] the chemistry
of these complexes is generally characterised by loss of the
boryl moiety, and examples of boron-centred reactivity
remain extremely rare (vide infra).[10] More recently, com-
plexes of amino- and arylborylenes (LnM=BR),[11] which are
comparable to vinylidene ligands,[5] have been reported and
at least the former appear to contain a relatively robust
metal–boron linkage.[12] Double-faced boron-based ligands,
isolobal to carbonyl and carbyne, have only been successful-
ly prepared in the case of [{(h5-C5H5)Mn(CO)2}2(m-BtBu)]


[13]


and [(CO)5Cr{BSi(SiMe3)3}],
[14] in which the absence of a p-


Abstract: The Lewis acidity of [(h5-C5R5)Fe(CO)2(BX2)]
(1: R=H, X=Cl) and the robust nature of the constitu-
ent Fe�B bond have been demonstrated by reaction
with 4-methylpyridine to yield the corresponding Lewis
acid–base adduct. These properties have subsequently
been utilised in the construction of heterodinuclear
bridging borylene, bridging boryl and m2-boride com-
plexes from analogues 3 (R=Me, X=Br) and 5 (R=


Me, X=Cl). All the bimetallic species so formed exhib-
ited unprecedented coordination modes for boron.
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Figure 1. Qualitative molecular orbital diagrams for a) CO and
b) C=CH2.
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donating substituent on boron afforded highly reactive spe-
cies. Furthermore, the range of coordination modes ob-
served for these ligand types is considerably smaller than
that observed for the carbon analogues, with only borylene
complexes exhibiting both terminal and bridging coordina-
tion modes.[11] Undoubtedly, one reason for the difference in
the number of complexes reported with boron- and carbon-
based ligands is the different synthetic strategies that must
be adopted. Carbon monoxide and N-heterocyclic carbenes
are kinetically stable as free molecules and this enables the
facile synthesis of both carbonyl[1] and Fischer carbene com-
plexes,[15] respectively, which in turn can serve as precursors
for other ligand types. This has no parallel in transition-
metal–boron chemistry in which all the ligands have to be
formed and stabilised within the coordination sphere of the
central metal. The availability of building-blocks from which
a range of boron-based ligand types can be accessed is
therefore essential to the growth of this field. We herein
summarise recent advances in our research group concern-
ing the use of half-sandwich iron–dihaloboryl complexes as
precursors to a range of hitherto unprecedented types of
classically bonded boron ligands.


Building Blocks


Almost one year ago, we reported[16] the structural charac-
terisation of the dichloroboryl complex, [(h5-C5H5)Fe(CO)2-
(BCl2)] (1), originally prepared by Aldridge et al.[17] Al-
though the synthesis represented a simple extension of the
established route to half-sandwich iron–boryl complexes, the
subsequent chemistry proved unprecedented. The reaction
of 1 with 4-methylpyridine afforded the Lewis acid–base
adduct, [(h5-C5H5)Fe(CO)2(BCl2·NC5H4-4-Me)] (2), which
despite representing a fundamental reaction for boranes,
was unknown for transition-metal–boryl complexes.[16] The
reason for this was probably twofold. Firstly, the vast majori-
ty of boryl complexes that had been prepared previously in-
corporated strongly p-donating substituents at boron and
were thus too weakly Lewis acidic to form acid–base ad-
ducts.[7] Secondly, only a few transition-metal–boryl com-
plexes retain the metal–boron linkage through boron-cen-
tred reactivity.[10] The former point is well demonstrated by
the reluctance of even the difluoroboryl complexes reported


by Norman to form Lewis acid–base adducts, although here
steric factors may also play a role.[18] Of particular relevance
to compound 1 is that the complex which exhibits the most
extensive boron-centred reactivity reported to date is also a
dichloroboryl complex, namely [Os(BCl2)Cl(CO)(PPh3)2].


[19]


This compound has been utilised by Roper and Wright[19] as
a synthon to produce, most notably, tethered boryl and
base-stabilised borylene complexes, although no attempt to
form a Lewis acid–base adduct has been reported.


A comparison of the molecular structures of complexes 1
and 2 revealed a 10% elongation of the Fe�B bond upon
coordination of the base (Figure 2). This was greater than
that determined to arise from rehybridisation at boron


(5.6%) and thus it was concluded that the Fe�B bonding in-
teraction in 1 must contain a significant p contribution. That
the orientation of the single-faced boryl ligand in this com-
plex would only allow p overlap with the HOMO�2 of the
metal–ligand fragment and not the HOMO (Figure 3), to-


gether with the shortest Fe�B distance determined for a
half-sandwich iron–boryl complex, was taken as evidence
for the absence of any orientational preference in complexes
of this type. These findings offered important experimental
confirmation of both the high p acidity of the BCl2 ligand
and the low barrier to rotation about the Fe�B bond in such
compounds, predicted previously by DFT studies.[20] Al-
though the association of a significant p component with a
low barrier to rotation about that bond may appear contra-
dictory, calculations on a model system indicated that the p


Abstract in German: Die Lewisacidit�t von [(h5-
C5R5)Fe(CO)2(BX2)] (1: R=H, X=Cl) und die Stabilit�t der
Fe�B Bindung konnte durch die Reaktion mit 4-Methylpyri-
din zu dem entsprechenden Lewis S�ure-Base Addukt belegt
werden. Ausgehend von den analogen Komplexen 3 (R=Me,
X=Br) und 5 (R=Me, X=Cl) wurden diese Eigenschaften
f5r die Darstellung von heterodinuclear verbr5ckenden Bory-
lenen, verbr5ckten Borylkomplexen und m2-Borid-Komplexen
genutzt. Alle diese dimetallischen Komplexe weisen bislang
beispiellose Koordinationsmodi f5r Bor auf.


Figure 2. Molecular structures of compounds 1 and 2 (displacement ellip-
soids are drawn at 50% probability).


Figure 3. Relative orientations arising from overlap of the HOMO and
HOMO�2 of the [(h5-C5H5)Fe(CO)2]


+ fragment with the vacant p orbi-
tal on boron.
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contribution to bonding was comparable for either orienta-
tion.[20] The origin of the low rotational barrier about the
Fe�B bond, therefore, is more likely the near degeneracy of
the mutually perpendicular donor orbitals rather than the
absence of a p interaction.


The realisation that this boryl complex could undergo
boron-centred reactivity with retention of the metal–boron
linkage, and thus behave more like a borane than a boryl,
led us to utilise this boryl compound in a number of reac-
tions with transition metal centres that are known for bor-
anes.


New Coordination Modes


Bridging borylene complexes have traditionally been pre-
pared by salt-elimination reactions between anionic transi-
tion-metal compounds and either dihaloboranes or dihalodi-
boranes.[11] These methods, however, have only afforded
homobimetallic compounds. Attempts to prepare heterobi-
metallic examples from dihaloboranes by sequential salt-
elimination steps with anionic complexes of different metals
have proved unsuccessful due to differences in the nucleo-
philicity of the anions on changing the metal.[10] A new ap-
proach to these systems was thus clearly required. The oxi-
dative addition of boron-halide bonds to low-valent transi-
tion-metal centres has been reported[21] and extension to di-
haloboryl compounds would provide access to a heterobime-
tallic bridging borylene complex. Treatment of the
dibromoboryl complex [(h5-C5Me5)Fe(CO)2(BBr2)] (3) with
[Pd(PCy3)2] afforded not only the first heterobimetallic
bridging borylene compound, [(h5-C5Me5)Fe(CO)(m-CO)(m-
BBr)PdBr(PCy3)] (4), but also the first example of a bromo-
borylene ligand (Scheme 1).[22] Spectroscopic data suggested


that the bromoborylene and the bromide ligands occupied
mutually trans coordination sites at the palladium centre.
This geometry differs from that observed in the structurally
characterised ferrocenylborylene analogue, in which the bor-
ylene and bromide ligands are in a cis conformation.[22] The
difference was attributed to greater steric bulk of the ferro-
cenyl group with respect to that of bromide destabilising the
configuration in which the borylene and the extremely large
PCy3 ligand are mutually cis.


It is interesting that when the reaction was repeated with
the dichloroboryl species [(h5-C5Me5)Fe(CO)2(BCl2)] (5) ox-
idative addition did not occur. Instead, the novel symmetri-
cally bridged boryl species [(h5-C5Me5)Fe(m-CO)2(m-


BCl2)Pd(PCy3)] (6) was formed (Scheme 2).[23] The differ-
ence in reactivity may be attributed to the increased ther-
modynamic strength of the B�Cl bond relative to that of B�


Br and as such compound 6 may be viewed as a point along
the B�X bond oxidative-addition reaction coordinate. Anal-
ysis of the X-ray structural data suggested that although
electronically saturated at iron, the boryl compound behaves
as a p acid by utilising the in plane p* orbitals of the m-CO
ligands and the vacant p orbital at boron, thus accepting
electron density from the electronically unsaturated Pd-
(PCy3) fragment. This is a similar bonding situation to that
previously proposed to account for the existence of semi-
bridging carbonyls in the binuclear complex [Cr(m-
CO)2(CO)(h6-C6H6)Rh(CO)(h5-C5H5)], on the basis of
EHMO calculations.[24] Although bridging boryl complexes
have been reported previously by Norman and Marder,[25]


these compounds are highly asymmetric with respect to the
two metal–boron interactions. This asymmetry can be attrib-
uted to the relatively low Lewis acidity of the boron centre,
arising from the strongly p-donating catecholato substitu-
ents, leading to a weak metal–boron dative interaction.
Thus, the reason why the novel symmetrical bridging mode
is adopted in 6 would again appear to result from the high
Lewis acidity of the dichloroboryl ligand. As a consequence
of the dative interaction between the Pd centre and boron,
this compound has some similarity to late transition-metal
boratranes, for example [Ru{B(mt)3}(CO)(PPh3)] (mt=2-
sulfanyl-1-methylazole).[26] The Pd!B bond in 6, however,
is only supported by two buttresses instead of the three
common to boratranes. Furthermore, 6 may also be viewed
as an analogue of the 4-methylpyridine adduct 2, albeit with
a transition-metal complex base.


Having demonstrated that the half-sandwich iron–dihalo-
boryl complexes could mimic both the Lewis acid–base and
oxidative-addition chemistry of haloboranes, we ventured to
explore further the transition-metal-based chemistry. The re-
action of dihaloboranes with dianionic transition-metal car-
bonylates has proven the most general synthetic route to ter-
minal borylene complexes.[11] From the six base-free exam-
ples known at the time, it appeared that, in addition to coor-
dination, the presence of a strong p-donating substituent
{h5-C5Me5, N(SiMe3)2 or 2,4,6-Me3C6H2} at boron was re-
quired for stabilisation.[11] The hypersilylborylene complex,
[(CO)5Cr{BSi(SiMe3)3}],


[14] was the only example not to pos-
sess this feature and was thermally less stable as a result.
Thus, with the knowledge that the iron–ligand fragment is a
notable p base to boron, at least in the case of [(h5-


Scheme 1. Synthesis of the heterobinuclear bridging bromoborylene com-
plex 4.


Scheme 2. Synthesis of the bridging dichloroboryl complex 6.
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C5H5)Fe(CO)2(BCl2)] (vide supra), we investigated the reac-
tion of 1 with Na2[Cr(CO)5]. Although 11B{1H} NMR spec-
troscopy on the reaction mixture revealed a resonance at a
chemical shift comparable to that computed for the desired
complex, [(h5-C5H5)Fe(CO)2(m2-B)Cr(CO)5], the product
proved too thermally labile to be isolated. Increasing ther-
mal stability by formal exchange of the cyclopentadienyl
ligand for pentamethylcyclopentadienyl, however, afforded
an isolable compound, namely [(h5-C5Me5)Fe(CO)2(m2-
B)Cr(CO)5] (7, Scheme 3).[27] An extension of this method-


ology also yielded the homobimetallic analogue, [(h5-
C5Me5)Fe(CO)2(m2-B)Fe(CO)4] (8). Both compounds exhibit
particularly deshielded 11B NMR resonances (d=204.7,
190.9 ppm for 7 and 8, respectively), comparable with those
found for boron when interstitial within a transition-metal–
ligand cluster.[28] Similarly low-field shifted resonances, how-
ever, have been observed in the 13C NMR spectra of m2-car-
bide complexes, for example d 446.3 ppm for [(Cy3-
P)2(Cl)2Ru�C�Mo(CO)5].


[29] The molecular structures of
both 7 and 8 were determined by single-crystal X-ray dif-
fraction and both compounds contained an unprecedented
linear M-B-M’ unit (M=Cr, M’=Fe for 7; M=M’=Fe for
8). A comparison of the bond lengths within this substruc-
ture with those reported for both proposed Cr�B and Fe�B
single and double bonds suggested that this is probably best
described by a model in which both bonds possess a partial
p component, as opposed to localised single and double
bonds.


Conclusions and Outlook


It has been demonstrated that dihaloboryl complexes can
serve as synthons for bimetallic systems in which the boron
atom adopts a coordination mode that has not previously
been accessible. Despite these advances, however, many
challenges are still apparent in the field. With every new co-
ordination mode comes the question of how best to describe
the associated bonding picture and none of the compounds
described have been subjected to quantum chemical studies.
More fundamental, however, is that there is still relatively
little experimental evidence that can be used to assess the
nature of the bond between monovalent boron and transi-
tion metals. Although a number of theoretical studies have
been published, more definitive experimental evidence is re-
quired. Such information is likely to be best provided by an
experimental electron-density study. Finally, for the “organ-


ometallic” chemistry of these boron-based systems to be fur-
ther extended, complexes need to be prepared that contain
a range of other ligands at the metal centre. This has gener-
ally been limited to carbonyl and cyclopentadienyl groups
due to the synthetic procedures employed. The heterodinu-
clear bridging borylene (vide supra) is actually the first com-
pound to contain a halide and this may open the door to fur-
ther functionalisation at the metal.
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Introduction


Over the last decade, intense efforts have been devoted to
the design, synthesis and structural studies of foldamers—ar-
tificial oligomers that adopt well defined folded conforma-
tions in solution, mimicking the folded structures of biopoly-
mers.[1,2] Foldamers provide a broader context from which to
view biopolymer structures. It has been shown that the sec-
ondary helical and linear motifs of proteins are not restrict-
ed to the a-peptide backbone but belong to many classes of
oligomers as, for example, aliphatic b-, g-, and d-peptides.[2]


Interest for these new molecules stems largely from the
hope that they may mimic not only biological structures but


also biological functions. Some show promising biological
activities[2,3] and others have found applications in molecular
recognition.[4–7]


Judging by the rapidly increasing number of new foldamer
families that are being reported, the synthesis of new inter-
esting oligomers does not constitute a major obstacle. How-
ever, the unambiguous elucidation of a new folded structure
in solution may prove to be a very challenging task. For
oligomers bearing chiral groups, circular dichroism may give
a hint that a structure is folded, though such data should be
handled with great care.[8] For the so called peptidomimetic
backbones, for example, aliphatic b, g, and d-peptides, NMR
protocols simply derived from those developed to study the
structure of a-peptides allow to interpret NMR spectra and
resolve solution structures. In particular, NOESY correla-
tions and scalar couplings between amide protons and adja-
cent aliphatic protons allow to reconstitute the sequence of
monomers and fully assign 1H NMR spectra.[9] In peptides
bearing numerous tetrasubstituted a-carbons, homonuclear
scalar correlations can no longer be used for resonance as-
signment. Heteronuclear multiple bond coherence (HMBC)
experiments have then been exploited to perform sequential
assignments using interactions of the type NHi ! COi !
NHi+1.


[10]
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The situation is even more complicated for the many fam-
ilies of foldamers whose backbone strongly differ from bio-
logical backbones as those that include numerous aromatic
functions. Aromatic 1H NMR signals often strongly overlap
making a direct assignment based on the 1H NMR spectra
difficult if not impossible. Indirect evidence of folding can
sometimes be obtained from strong changes in the UV/Vis
absorption spectra and fluorescence spectra, as with oligo-
phenylethynylenes.[11] A partial assignment of NMR spectra
may allow to identify some NOE correlations and obtain
partial, and yet valuable, evidence of folding.[6,12] However,
these difficulties clearly call for the development of new ap-
proaches to structural studies of foldamers in solution. An
original development was proposed by Moore et al. who in-
troduced two spin labels in an oligophenylethynylene
oligomer and used electron spin resonance spectroscopy to
determine the helical pitch of the folded structures.[13] In the
following we wish to report a simple NMR protocol that al-
lowed the complete assignment of 1H NMR spectra and, to
a large extent, of 13C NMR spectra, and the unambiguous
solution structure elucidation of helical oligoamides derived
from pyridine and quinoline monomers.
Previously, we have reported on the ability of several fam-


ilies of aza-aromatic oligoamides to fold into remarkably
stable helices stabilized by intramolecular aromatic–aromat-
ic interactions and by both attractive and repulsive electro-
static interactions involving either the amide hydrogen or
oxygen on the one hand, and the adjacent aromatic nitrogen
and hydrogen atoms on the other hand.[1c] We have mainly
studied oligoamides of 8-amino-2-quinolinecarboxylic
acid,[14] and oligoamides of 2,6-diaminopyridine and 2,6-pyri-
dinedicarboxylic acids.[15–17] We also recently started to com-
bine these two series in a single sequence.[7] The folded
structures of these oligomers have been extensively charac-
terized in the solid state by single crystal X-ray crystallogra-
phy.[14–16] In solution, however, a number of elements indi-
cate that the same conformations prevail, but this is only
supported by indirect evidence. For example, the 1H NMR
spectra are sharp and distributed over a wide range of
chemical shifts despite the repetitive nature of the sequen-
ces, suggesting different environments of the units; amide
protons involved in intramolecular hydrogen bonding are
deshielded (signals at 10–12 ppm); increasing strand length
results in a strong shielding of aromatic, amide and ester
protons that can be attributed to tight contacts between aro-
matic rings; diastereotopic motifs consistent with the chiral
nature of a helix emerge for long oligomers. All these ele-
ments are consistent with the assumption that the structures
observed in the solid state exist in solution but they do not
provide a definite proof.
In the following, we show that the 1H NMR spectra of


these oligomers can be fully assigned using HMBC and
HSQC NMR protocols and a relatively standard equipment,
that is, a 400 MHz spectrometer with a shielded magnet.
Resonance assignment in turn allows for the interpretion of
the NOESY correlations and fully solve the solution struc-
ture. The strategy followed here represents an extension of


the approach developed for peptides bearing numerous tet-
rasubstituted a-carbons.[10] We have used two representative
examples in the quinoline and in the pyridine series (struc-
tures 1 and 2 in Figure 1). But similar experiments may, in
principle, be performed with a wide variety of foldamers
bearing aromatic groups.


Results and Discussion


Choice of the oligomeric sequences : Octamer 1 and tride-
camer 2 (Figure 1) were selected as representative examples
of oligoamides derived from 8-amino-2-quinolinecarboxylic
acid and from 2,6-diaminopyridine and 2,6-pyridinedicar-
boxylic acid, respectively. Their alkyl chains provide high
solubility in chlorinated and aromatic solvents. Both oligom-
ers had to be long enough, firstly to make sure that they are
well folded, as helix stability increases with length[14–17] and,
secondly, to avoid the dimerization of 2 into double helices
which would seriously complicate NMR spectra. Indeed
oligomers such as 2 have been shown to hybridize into
double helical dimers.[16,17] But this tends to decrease with
oligomer length down to undetectable levels for longer
strands.[17] If necessary, the proportion of double helix may
also be reduced upon diluting the sample. On the other
hand, the length of both 1 and 2 had to be limited because
NMR spectra become more and more complex and signals
overlap is problematic as the number of units increases.
CDCl3 was selected because the signals are well spread out
in this solvent. This effect is much more pronounced in the
quinoline series than in the pyridine series (Figure 2), de-
spite the fact that the pyridine derived oligomers intrinsical-


Figure 1. Structures of quinoline derived oligomer 1 and pyridine derived
oligomer 2, and numbering of the aromatic protons and carbons. Mono-
mers are numbered from the N-terminus in 1 and from any terminal
ester of oligomer 2 (the central unit is thus ring 7). Protons and carbons
are numbered according to their position on the aromatic ring, and to the
position of this ring in the sequence. For example, H3-6 corresponds to
the proton in position 3 of the sixth unit; CO2-3 corresponds to the car-
bonyl carbon in position 2 of the third unit.
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ly possess two kinds of monomers whereas the quinoline
oligomers consist of only one kind of monomer. To limit the
number of signals and thus signals overlap in the pyridine
series without reducing oligomer length, we decided to use a
symmetrical oligomer. Symmetry divides the number of sig-
nals per two and leads to an acceptable degree of overlap in
2 (Figure 2, bottom), though it remains more significant
than for 1. As discussed later, symmetry is expected to cause
degeneration of the signals and ambiguity in signal assign-
ment. Nevertheless, this complication was preferred to ambi-
guity arising from signal overlap.
The helical conformation of octamer 1 was previously


characterized in the solid state by X-ray crystallography.[14a]


The helical conformations of oligomers such as 2 with up to
11 pyridine rings but no alkoxy substituents were also char-
acterized in the solid state.[15] As mentioned in the Introduc-
tion, evidence exists that these oligomers adopt helical con-
formations in solution similar to that observed in the solid,
but this evidence is only indirect. For example: i) hydrogen-
bonded amide protons are deshielded (signals at 11–12 ppm
for 1 and 10–11 ppm for 2); ii) consistent with tight contacts
between aromatic rings in the helix, aromatic and ester pro-
tons are shielded compared with shorter oligomers. For ex-
ample, the signal of the methyl ester is found at 3.03 ppm in
1 and 3.34 ppm in 2, compared with about 4.10 ppm in the
corresponding monomers; iii) signals assigned to the OCH2


groups of the alkoxy side chains at 3.6–4.3 ppm in 1 and 3.9–
4.4 ppm in 2 show diastereotopic patterns consistent with
the intrinsic chirality of a helical conformation.


Assignment of the spin systems and reconstitution of the se-
quences : Solution studies were performed to assess directly
whether the folded structures observed in the solid state are
also prominent in solution. The structures of 1 and 2 were
investigated by 1D and 2D NMR spectroscopy in CDCl3.
Some information stemming from the coupling pattern
allows to identify a few signals. For 1, singlets found be-
tween 6.15 and 7.10 ppm belong to aromatic H3, doublets
(J=6.7 Hz) and triplets (J=8.0 Hz) between 7.01 and
8.30 ppm belong to protons H5, H7 and H6. For 2, sharp
doublets (J=1.3 Hz) belong to protons H3 and H5 of three
of four pyridinedicarbonyl rings; the central ring gives rise
to a singlet because protons H3 and H5 are equivalent.


Doublets and triplets belong to protons H3, H5 and H4 of
the three diaminopyridine rings.
The spin systems of the different residues of octamer 1


were partially identified from DQF-COSY experiments:
strong correlations between H5, H6 and H7 protons of all
eight quinoline residues and a few weaker long range corre-
lations between H3 on the one hand and H5, H6 or H7 pro-
tons on the other hand allow to regroup most aromatic pro-
tons belonging to the same residue.[18] However, these ex-
periments do not allow to distinguish H5 and H7 protons.
The whole spin systems were unambiguously identified from
HMBC experiments and required the assignment of the part
of the 13C NMR spectrum corresponding to the backbone of
octamer 1 (almost 80 carbons). As shown in Figure 3, long-
range correlations between protons and carbons H6�C10
(3J), C10�H3 (3J), H3�C4 (2J) and C4�H5 (3J) permit the
complete assignment of all spin systems and, at the same
time, to differentiate H5 from H7 on each quinoline ring.
For tridecamer 2, strong DFQ-COSY correlations be-


tween H3 and H5 protons of pyridinedicarbonyl rings allow
to determine all spin systems of these units, though they do
not allow to tell which signal corresponds to H3 and which


Figure 2. Parts of the 400 MHz 1H NMR spectra of oligomers 1 and 2 at a concentration of 5 mm and 1 mm, respectively, in CDCl3 at 300 K showing the
amide, aromatic, OCH2 and OCH3 resonances. The scales of the two spectra have been adjusted so that the signals of similar protons of each compound
coincide.


Figure 3. Parts of the 400 MHz HMBC plot of 1 in CDCl3 at 300 K, show-
ing cross-peaks between protons H3 and H6, and carbon C10 (top) and
cross-peaks between protons H3, H5 and carbon C4 (bottom). The hori-
zontal scale is that of proton resonances and the vertical scale is that of
carbon resonances.
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signal corresponds to H5. On the other hand, the assignment
of the spin system of the three different diaminopyridine
rings is not unequivocal. Overlap between H3, H4 and H5
protons of diaminopyridine rings leads to less well-defined
spin systems of these units, two of them could not be deter-
mined unambiguously. The assignment of these spin systems
and the distinction between H3 and H5 protons on both di-
aminopyridine units and pyridinedicarbonyl units could only
be achieved during the reconstitution of the whole sequence
(see below).
The sequences were assigned on the basis of 2D HMBC,


HSQC and 1D 13C experiments. As shown in Figure 4, for
octamer 1, the strong H7–C7 HSQC and C7–NH, NH–CO
and CO–H3 HMBC correlations allow to go easily from res-
idue i to residue i+1. This assignment is more difficult for
tridecamer 2 because of the presence of the two different
pyridinedicarbonyl and diaminopyridine units. The numer-
ous correlations necessary to go from residue i to residue
i+1 and then residue i+2 are represented in Figures 5 and 6.
Starting from proton H5 of a diaminopyridine unit, correla-
tions H5–C5 (HSQC), C5–NH6 (HMBC), NH6–CO2
(HMBC), and CO2–H3 (HMBC) allow to establish a con-
nection to the adjacent pyridinedicarbonyl ring. Then, corre-
lations H3–C3 (HSQC) and C3–H5 (HMBC) allow to defi-
nitely distinguish H3 from H5 on the pyridinedicarbonyl
unit. A similar string of correlations allows to connect this
H5 proton of a pyridinedicar-
bonyl unit to the H3 protons of
the next diaminopyridine unit:
H5–CO6 (HMBC), CO6–NH2
(HMBC), NH2–C3 (HMBC).
Finally, correlations C3–H3
(HSQC) and H3–C5 (HMBC)
allow to distinguish H3 from
H5 on this diaminopyridine
unit.
The steps described above


allow to shift from one unit to
the next in the sequence follow-
ing well-defined correlations.
To fully assign the sequence, an
unambiguous starting point is
also necessary. A few signals
may easily be assigned because
the proton or carbons to which
they correspond are close to
the N- or C-terminal extremi-
ties of the strands. Their chemi-
cal shifts are noticeably differ-
ent because of the presence of
terminal nitro or methyl ester
functions. In octamer 1, the
signal of carbon C8-1 which
bears the nitro group is found
at 145.0 ppm whilst all other C8
carbons are found between
132.7 and 134.3 ppm. Similarly,


the signal of carbonyl of the ester function CO-8 is found at
164.0 ppm, whilst the signals of amide carbonyls range be-
tween 159.9 and 161.6 ppm. In 2, the signal of the ester


Figure 4. Parts of the 400 MHz HMBC plot of 1 in CDCl3 at 300 K, show-
ing cross-peaks between carbons C7 and amide protons (top), between
amide protons and carbonyl carbons (bottom left), and between carbonyl
and H3 protons (bottom right) used for sequence assignment to go from
residue i to residue i+1. The horizontal scale is that of proton resonances
and the vertical scale is that of carbon resonances.


Figure 5. Schematic representation of HSQC and HMBC correlations which allow to connect residue i to resi-
due i+2 in tridecamer 2.
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carbon CO-1 is 164.1 ppm whilst other carbonyls are found
between 160.0 and 161.5 ppm.
These experiments have allowed to assign the signals of


all aromatic and amide protons and carbons in 1 and 2. Two
tables giving this full assignment and the correlations ob-
served between them can be found in the Supporting Infor-
mation. Of course, the presence of C2-symmetry axis in 2
causes all signals to be degenerate and to belong to two
equivalent protons at different positions of the strand.
An interesting observation that can be made from this as-


signment concerns the variation of the amide resonances as
a function of their position in the sequence (Figure 7). Both
for 1 and 2, the most shielded amide protons are the ones at
the core of the sequence, and also the ones at the extremi-
ties. The shielding of the protons at the core of the sequence
is not surprising since they are sandwiched between aromat-
ic rings. The chemical shift of the peripheral amide protons
may arise from a higher conformational mobility at the


strands extremities and thus a weaker effect of the deshield-
ing associated with intramolecular hydrogen bonding.


Determination of the conformations : Determinations of the
structures were carried out with NMR 1H/1H ROESY ex-
periments. Many attempts were first performed by using
NOESY experiments, but in the range of molar masses of
both compounds, NOE correlation signals have the same
phase as the diagonal signals, and so cross-peaks can hardly
be distinguished from other correlations, TOCSY for in-
stance, or noise. The ROESY experiment is more effective
in our case, since the phase of the diagonal signals is the
same as TOCSY breakthrough signals, and NOE correla-
tions are in anti-phase.
The regions of the ROESY plot of octamer 1 containing


important data concern aromatic, side chain OCH2, amide
and ester resonances. Aromatic proton H3 from a residue i
shows up to six NOE correlations with aromatic protons H5,
H6 and H7 from residues i+3 and i�2 (Figure 8a). Of
course, H3 protons in residues 1 and 2 correlate only with
protons in residue 4 and 5, respectively, and H3 protons of
residues 6, 7 and 8 only correlate with protons in residues 4,
5 and 6, respectively. Interestingly, the OCH2 protons of a
residue i (which can be identified through an NOE correla-
tion with the nearby proton H3) show the same NOE corre-
lations with aromatic protons H5, H6 and H7 from residues
i+3 and i�2. The signals of OCH2 protons show diastereo-
topic patterns, except those of residues 6, 7 and 8 at the C-
terminus. The methyl ester protons show a single correlation
with aromatic proton H3-6 (Figure 8b). The intensity of this
cross-peak is one of the strongest observed on the ROESY
spectra; the proton–proton distance is thus one of the short-
est. In the region of amide resonances, the signal of the
amide of residue i shows cross-peaks with the signals of
amides residues i�2, i�1, i+1 and i+2 (Figure 8c). Most of
these numerous NOE correlations are schematized in Fig-
ure 8e. They are all consistent with a helical structure of oc-
tamer 1.
NOE correlations were more difficult to identify for tri-


decamer 2 because of the C2 symmetry of the strand, and
because of the overlap between aromatic 1H NMR signals.
The regions of the ROESY plot containing important data
again concern aromatic and amide proton resonances. NOE
correlations between aromatic protons overlap too much
and are too weak to be distinguished from TOCSY correla-
tions or noise. Fortunately, in the region of amide resonan-
ces, five cross-peaks are well-defined, two with weak intensi-
ty and three with high intensity (Figure 8d). As shown in
Figure 9, these five cross-peaks are consistent with the heli-
cal structure observed in the crystal of analogues of 2. The
three stronger cross-peaks can be assigned to correlations
between amide protons following each other in the sequence
(i, i+2); they arise from the close distance between the two
protons of a 2,6-pyridinedicarboxamide unit (Figure 8f). Of
course, the symmetry of the oligomer and degeneracy of the
signal allows other assignments, but these would be incom-
patible with the helical structure observed in the crystal


Figure 6. Parts of the 400 MHz HMBC plot of 2 in CDCl3 at 300 K, show-
ing cross-peaks between carbons C5 and C3 and amide protons (top), be-
tween amide protons and carbonyl carbons (bottom left), and between
carbonyl and protons H3 and H5 (bottom right) used for sequence as-
signment to go from residue i to residue i+2. The horizontal scale is that
of proton resonances and the vertical scale is that of carbon resonances.


Figure 7. Variation of chemical shift of amide protons with their position
in the sequence for a) octamer 1 and b) tridecamer 2. The line is for
guiding the eye only.
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(Figure 9). The two weaker correlations occur between pro-
tons more remote from each other in the sequence (ring i
and ring i+4). Again, other possible assignments are not
consistent with the helical structure observed in the crystal.
Due to the low number of NOE correlations in tridecam-


er 2, molecular modeling calculations were not attempted.


The main obstacle to a full
analysis of this structure is the
overlap between aromatic sig-
nals. Full assignment of the se-
quence was possible; however,
we could not fully assign the
ROESY spectrum. Measure-
ments at higher field (e.g.
600 MHz with a cryoprobe)
may be attempted in the future.
The conformation of octamer


1 in solution was further inves-
tigated by restrained molecular
dynamics calculations. Distance
constraints were extracted from
the ROESY spectrum. NOE
correlations which could not be
assigned unambiguously be-
cause of NMR signals overlap
were not used in structure cal-
culations. Inter-proton distances
for octamer 1 were obtained by
measuring cross-peaks volumes
in the ROESY spectra, taking
as a reference a distance of
2.3 N between the proton H3 of
each quinoline ring and the dia-
stereotopic OCH2 protons of
the same ring. Distance re-
straints were assigned as strong,
medium and weak, and set at
intervals of 2.2 � 0.4, 3.5 � 0.9
and 5 � 0.6 N, respectively.
Structures were calculated from
30 inter-residue NOE (distance
constraints) using the MM3*
force field in the MacroModel
program, by using a fully ex-
tended conformation of the
oligomer as well as a helical
conformation as starting struc-
tures. Monte Carlo-style confor-
mational search was also per-
formed with the fully extended
conformation as starting struc-
ture. All simulations converged
towards helical structures each
time, with MM3*, regardless of
the starting structure. The su-
perimposition of the 10 lowest
energy structures (Figure 10a)


showed that the helical backbone is well-defined. Some dis-
order around isobutyl chains in position 4 of the quinoline
rings reveals the flexibility of these substituents. Overlay of
the lowest energy structure and the crystal structure (Fig-
ure 10b) reveals a very similar backbone conformation in so-
lution and in the solid-state. The slight discrepancies be-


Figure 8. Parts of the 400 MHz ROESY plots (tm=300 ms) of 1 and 2 showing cross-peaks between a) aromat-
ic protons in 1; b) ester and aromatic protons in 1; c) amide protons in 1; d) amide protons in 2. Structures of
e) octamer 1 and f) tridecamer 2 summarizing NOE correlations identified from ROESY spectra. * and * in
charts a) and e) represent correlations between a proton in residue i and protons in residues i�2 and i+3, re-
spectively. A few unassigned correlations are labeled “nd”.
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tween the crystal structure and the energy minimized struc-
tures might reflect minor but genuine differences between
solid state conformation and solution conformations. More
likely, these differences originate from imperfections in the
force field parameters.


Conclusion


The NMR protocols developed for solving the solution
structures of a-peptides have been applied to aliphatic b-
and g-peptides but are not directly applicable to aromatic
oligomers. In particular, the string of spin systems in an aro-
matic sequence cannot be reconstituted solely from correla-
tions between protons. We have shown that the assignment
of a large part of the 13C NMR spectrum through HMBC
and HSQC experiments allows to unambiguously assign the
proton NMR spectrum. This has been implemented both
with quinoline- and pyridine-derived oligoamide foldamers,
and should be applicable to a wide range of oligomers in-
cluding various combinations of monomers. This assignment
in turns allows for the interpretation of NOE correlations
and, when enough distance constraints can be obtained, to


the direct determination of the
solution structure. The full as-
signment also paves the way to
other types of NMR experi-
ments, for example the investi-
gation of dynamic phenomena
within the oligomer. For aza-ar-
omatic oligoamides, the struc-
tures obtained in solution cor-
respond very well with those
observed in the solid state. In
the pyridine series, overlap be-
tween aromatic signals still
comes as a limitation to inter-
pret NOE correlations. Howev-
er, it should be emphasized that
the oligomers studied here are
highly repetitive sequences, and
also that the instrumentation
used -a simple 400 MHz spec-
trometer- is relatively standard.
More advanced instrumentation
should allow to fully solve even
more complicated cases.


Experimental Section


NMR Spectroscopy


General methods : Spectra were re-
corded with a Bruker Avance 400 NB
US NMR spectrometer by means of a


5 mm direct QNP 1H/X probe with gradient capabilities. The tempera-
ture was maintained at 300 K for the structure determination. 1H, 13C,
double quantum filtered correlated spectroscopy (DQF-COSY),[19] heter-
onuclear single quantum coherence (HSQC),[20] heteronuclear multiple
bond correlation (HMBC),[21] and rotating frame nuclear Overhauser
spectroscopy (ROESY),[22] spectra were used for sequence-specific as-
signments of both compounds. Data processing was performed with
XWIN-NMR software.


Sample preparation : The synthesis of octamer 1 was described previous-
ly.[14b] The synthesis of tridecamer 2 was performed by using published
procedures.[16,23] NMR samples were prepared by dissolving the solids in


Figure 9. Part of the crystal structure of an analogue of 2 showing the
five correlations observed in the 400 MHz ROESY plot of 2 (dotted
lines). These correlations are consistent with the distances observed in
the crystal : d(NH6-4–NH2-6) = 2.61 N; d(NH6-6–NH2-8)=2.81 N;
d(NH6-2–NH2-4) = 2.59 N; d(NH6-2–NH6-6)=3.24 N; d(NH2-4–NH2-
8) = 3.45 N.


Figure 10. a) Side view and top view of superimposed ten lowest energy structures of 1 obtained from restrain-
ed stochastic dynamic simulations at 1000 K with a helical conformation used as a starting structure. b) Super-
imposition of the lowest energy calculated structure and of the crystal structure. Root-mean-square (RMS) dif-
ferences of bond and angle deviations from the crystal structure were 0.377 N and 38, respectively.
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CDCl3 (0.5 mL) to reach a concentration of 5 mm for 1 and of only 2 mm


for 2 to avoid its hybridization into double helices.[16,17]


Octamer 1: The DQF-COSY was performed by a gradient-selection
pathway. Acquisition with 512(t2)R256(t1) data points; relaxation delay of
2 s; sweep width of 1000 Hz in both dimensions; QF mode in t1 and eight
scans per increment. Processing was done after a sine-bell multiplication
in both dimensions, and Fourier transformed in 1 kR1 k real data points.


The HSQC acquisition was performed with 1024(t2)R512(t1) data points
in echo-antiecho mode with Z gradients selection; a relaxation delay of
2 s and 32 scans per increment; and a sweep width of 4800 Hz for the
proton dimension and 17000 Hz for the carbon dimension. Processing
was done after a cosine multiplication in both dimensions, and Fourier
transformed in 1 kR1 k real data points.


The HMBC acquisition was performed with 1024(t2)R512(t1) data points
in QF mode in t1 with Z gradients selection; a relaxation delay of 2 s and
40 scans per increment; and a sweep width of 4800 Hz for the proton di-
mension and 17000 Hz for the carbon dimension. Processing was done
after a cosine multiplication in both dimensions, and Fourier transformed
in 1 kR1 k real data points.


The ROESY acquisition was performed with 1024(t2)R256(t1) data points
in States-TPPI mode with Z gradients selection and with CW-spin lock
for mixing; a relaxation delay of 2 s and 64 scans per increment; a sweep
width of 3400 Hz in both dimensions; and a mixing time of 300 ms. Proc-
essing was done after a sine-bell multiplication in both dimensions, and
Fourier transformed in 1 kR1 k real data points.


Tridecamer 2 : The DQF-COSY was performed by a gradient-selection
pathway. Acquisition with 256(t2)R256(t1) data points; relaxation delay of
2 s; sweep width of 800 Hz in both dimensions; QF mode in t1 and one
scan per increment. Processing was done after a sine-bell multiplication
in both dimensions, and Fourier transformed in 1 kR1 k real data points.


The HSQC acquisition was performed with 1024(t2)R256(t1) data points
in echo-antiecho mode with Z gradients selection; a relaxation delay of
2 s and 64 scans per increment; and a sweep width of 4400 Hz for the
proton dimension and 18000 Hz for the carbon dimension. Processing
was done after a cosine multiplication in both dimensions, and Fourier
transformed in 1 kR1 k real data points.


The HMBC acquisition was performed with 1024(t2)R256(t1) data points
in QF mode in t1 with Z gradients selection; a relaxation delay of 2 s and
78 scans per increment; and a sweep width of 4400 Hz for the proton di-
mension and 18000 Hz for the carbon dimension. Processing was done
after a cosine multiplication in both dimensions, and Fourier transformed
in 1 kR1 k real data points.


The ROESY acquisition was performed with 512(t2)R512(t1) data points
in States-TPPI mode with Z gradients selection and with CW-spin lock
for mixing; a relaxation delay of 2 s and 32 scans per increment; a sweep
width of 640 Hz in both dimensions and a mixing time of 300 ms. Process-
ing was done after a sine-bell multiplication in both dimensions, and
Fourier transformed in 1 kR1 k real data points.


Molecular modeling calculations


General : Restrained molecular modeling calculations for octamer 1 were
performed on a R10 000 O2 Silicon Graphics workstation using Macro-
model version 6.5 (Schrçdinger Inc.). Conformational minima were
found using the modified MM3* (1991 parameters) force field as imple-
mented and completed in the MacroModel program. Build structures
were minimized to a final RMS gradient � 0.005 kJN�1mol�1 by the
truncated newton conjugate gradient (TNCG) method (1000 cycles). In
all cases the extended cut-off option was used throughout (VdW = 8 N,
electrostatic = 20 N and hydrogen bond = 4 N).


Extraction of distance constraints from 2D ROESY spectra : Interproton
distances for octamer 1 were obtained by measuring cross-peak volumes
in the ROESY spectra, taking as a reference the distance of 2.3 N be-
tween the proton H3 of the quinoline ring and the diastereotopic protons
OCH2 in position 4. Distance restraints were assigned as strong, medium
and weak, and set at intervals of 2.2 � 0.4, 3.5 � 0.9 and 5 � 0.6 N, re-
spectively. For this purpose a flat-bottomed well potential was used.


Stochastic dynamic simulations : Stochastic dynamic simulations were ac-
complished using the variant of molecular dynamics that is implemented
in MacroModel. The forces from the force field were augmented by fric-
tional and random forces that simulate some properties of a solvent
medium.[24] Two runs were performed with a fully extended conformation
and a helical conformation used as starting structures. The chosen tem-
perature was 1000 K, the time step was 1.0 fs, the total simulation time in
each case was 5 ns and 500 snapshots were saved for each run. All saved
conformers were fully minimized without constraints and ranked by as-
cending energy (TNCG, 1000 steps). The final 20 structures with the
lowest energy were used for the structural analysis.


Monte Carlo-style conformational search : This search is implemented in
MacroModel.[25,26] The manual setup was selected, that is, the 14 single
bonds corresponding to the junction between the amide function and the
aromatic rings were kept flexible. In order to insure convergence 1000
steps were made per input structure, in an energy range of 20 kJmol�1


(solution accessible conformation). The same constraint set as above was
used throughout. Each conformer was fully minimized (1000 cycles,
TNCG method, RMS �0.005 kJN�1mol�1, MM3* force field). The least-
used structures were used as starting geometries only if their energies
were within the energetic window (20 kJmol�1 of the lowest energy struc-
ture yet found). Afterwards the 186 conformers found at this stage were
re-minimized, unconstrained, leading to a final set of 54 conformers. The
Insight II program (Accelrys Inc.) was used for structural analysis of the
different obtained conformations.
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Cyclic b-Tetra- and Pentapeptides: Synthesis through On-Resin Cyclization
and Conformational Studies by X-Ray, NMR and CD Spectroscopy and
Theoretical Calculations
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Introduction


The investigation of b-peptides is one fundamental part of
the growing research field of “foldamers” (oligomers capa-
ble to form well-defined secondary structures) that has at-
tracted the attention of several research groups during the
last years.[1] On the one hand, structural investigations have
revealed interesting results that these artificial oligomers are
capable of forming secondary structures such as helices, b-
sheetlike strands and other structures in solution and in the


solid state.[1a,2] On the other hand, b-peptides have also been
shown to display various biological activities, such as anti-
bacterial activity[3] and inhibition of cholesterol absorp-
tion.[4]


In contrast to the detailed work on linear b-peptides,
cyclic b-peptides have gained less interest, possibly because
of their challenging synthesis. The main reason of the small
number of reports is in our opinion the low solubility of the
protected intermediates involved in the solution-phase syn-
thesis. Usually laborious procedures, for example, the addi-
tion of the chaotropic salts, are necessary to dissolve the
cyclic peptide for final deprotection and to obtain water
soluble derivatives.[5] Progress in the synthesis of cyclic b-
peptides seems to be possible by on-resin cyclization. By
carrying out this crucial step on solid phase one can take ad-
vantage of the pseudo-dilution effect of a resin with a low
level of substitution. One publication reported several ex-
amples where the synthesis was executed through backbone
anchoring.[6] In contrast to this, we have focused on the
methodology through side chain anchoring and subsequent
cleavage from the resin/side chain deprotection at the same
time.[7] In this synthetic approach we can reduce the num-


Abstract: The solution-phase synthesis
of the simplest cyclic b-tetrapeptide,
cyclo(b-Ala)4 (4), as well as the solid-
phase syntheses through side chain an-
choring and on-resin cyclization of the
cyclic b3-tetrapeptide cyclo(-b3hPhe-
b3hLeu-b3hLys-b3hGln-) (14) and the
first cyclic b3-pentapeptide cyclo-
(-b3hVal-b3hPhe-b3hLeu-b3hLys-b3hLys-)
(19) are reported. Extensive computa-
tional as well as spectroscopic studies,
including X-ray and NMR spectrosco-
py, were undertaken to determine the


preferred conformations of these un-
natural oligomers in solution and in the
solid state. cyclo(b-Ala)4 (4) with no
chiral side chains is shown to exist as a
mixture of rapidly interchanging con-
formers in solution, whereas inclusion
of chiral side chains in the cyclo-b3-tet-
rapeptide causes stabilization of one


dominating conformer. The cyclic b3-
pentapeptide on the other hand shows
larger conformational freedom. The X-
ray structure of achiral cyclo(b-Ala)4
(4) displays a Ci-symmetrical 16-mem-
bered ring with adjacent C=O and N-H
atoms pointing pair wise up and down
with respect to the ring plane. CD
spectroscopic examinations of all cyclic
b-peptides were undertaken and re-
vealed results valuable as starting point
for further structural investigations of
these entities.
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bers of the orthogonal protecting groups needed to three
and obtain water soluble peptides.
Motivation for the synthesis of cyclic b-peptide arises not


only from a fundamental chemical point of view, but also
from the interesting biological activities of these new enti-
ties found up to now. One cyclic b3-tetrapeptide was shown
to act as a somatostatin analogue,[5b,8] and a number of
cyclic b-tripeptides were found to display antiproliferative
activity and growth inhibition of human cancer cell lines.[9]


Additionally, it was reported that cyclic b-peptides can form
hollow, tubular structures, so called nanotubes, in the solid
state[10] and inside biomembranes, causing formation of
transmembrane ion channels.[5a]


Considering that the majority of the few hitherto synthe-
sized cyclic b-peptides display biological activities, these re-
sults imply that cyclic b-peptides may share the property of
cyclic a-peptides to act as privileged structures due to their
inherent reduced conformational flexibility.[11] This con-
strained geometry is the main reason for the display of in-
creased and manifold biologic activities of cyclo-a-peptides
as for example, hormones, antibiotics, antimycotics, and
toxins. Conformational and molecular modeling studies on
key secondary structural elements, that is, b-turns, are also
widely undertaken with cyclic peptides, especially in early
stages of drug discovery.[12] Additionally, b-peptides show an
innate and total stability towards proteolytic degradation
caused by the unnatural building blocks.[13] For these reasons
we are interested in further detailed physicochemical inves-
tigations on cyclic b-peptides in order to rationalize the
structural aspects and open this field for more studies in the
fields of medicinal chemistry, material science, and catalysis.
In previous work it was shown by Gademann and See-


bach,[5c] and by us,[7] that cyclic b3-tripeptides exist in aque-
ous solution in one predominant conformation with uni-
formly oriented amide bonds and all side chains in lateral
positions. This predominant conformation was also found in
the structure of cyclo(b-Ala)3, the only high resolution X-
ray structure reported so far for cyclic b-tripeptides.[14] Now
we have extended the scope of our experiments and want to
report herein the solution phase synthesis, NMR structure,
and the X-ray structure of cyclo(b-Ala)4 (4) which has no
side chains. A theoretical study on the model peptide cyclo-


(b3hAla)4 (20) with four methyl
substituents will provide a basis
for understanding the confor-
mational behavior of the cyclic
b-tetrapeptides. Additionally,
we will describe the syntheses
with on-resin cyclization and
the NMR-solution structures of
a cyclic b3-tetrapeptide and of


the first cyclic b3-pentapeptide, both with proteinogenic side
chains. CD spectroscopical data for all cyclic b-peptides are
reported as well.


Results and Discussion


Synthesis : To gain a starting point in the structural investiga-
tions of cyclic b-tetrapeptides, we decided to begin our stud-
ies with the simplest derivative cyclo(b-Ala)4 (4), that is, the
derivative without chiral side chain. The synthesis of 4 was
reported previously in the literature: one procedure includ-
ed solution-phase synthesis with nowadays uncommon re-
agents;[15] a recent method used backbone amide anchoring
and on-resin cyclization,[6] but no additional data such as
NMR- or X-ray structural data have been published so far.
For reasons of convenience we developed a simple solution-
phase method, using the standard protecting groups Boc
and Bzl and conventional coupling reagents (Scheme 1).


Thus, the linear precursor Boc-(b-Ala)4-OBzl (3) was syn-
thesized starting from the suitable protected monomer 1
and the dimer 2, respectively, by coupling via the mixed an-
hydride formed with isobutyl chloroformate. The Bzl group
of Boc-(b-Ala)4-OBzl (3) was removed by catalytic hydroge-
nation; the active pentafluorophenyl ester was formed,
which after Boc deprotection by TFA underwent cyclization
to 4 under high dilution conditions (2.5 mm) in a good yield
of 58% (conditions not optimized).
In the syntheses of the cyclic b-peptides with proteinogen-


ic amino acid side chains through on-resin cyclization we
utilized the method of side chain anchoring to gain the de-
sired products. A water soluble b-tripeptide was recently ob-
tained by us in excellent yield applying this technique.[7] To
extend the scope of this methodology we attempted to
anchor the side chains of two different amino acids utilizing


Scheme 1. a) TEA, isobutyl chloroformate, H-b-Ala-OBzl·HCl, THF, 3 d,
RT, 81%; b) 10% Pd/C, H2, THF/MeOH 1:1, 12 h, RT; c) TEA, isobutyl
chloroformate, THF, �15 8C, 15 min, then H-b-Ala-b-Ala-OBzl·TFA, 3 d,
RT, 63%; d) 10% Pd/C, H2, THF/H2O 2:1, 12 h, RT; e) pentafluoro-
phenol, DIEA, DMF, RT for 16 h; f) TFA/ CH2Cl2 1:1; g) DIEA, THF,
32 h, 60 8C, 58%.


www.chemeurj.org I 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6145 – 61586146



www.chemeurj.org





two different linkers. For the synthesis of the cyclic b3-tetra-
peptide 14 we chose attachment of a b3-glutamic acid deriv-
ative to the Rink amide linker, whereas the cyclic b3-penta-
peptide 19 was originally anchored via a b3-lysine residue to
an activated carbonate resin. A three dimensional orthogo-
nal protecting group strategy, including Fmoc, Boc and All
groups, was utilized as general synthetic route, based on the
pioneering work of Trzeciak and Bannwarth,[16] and Alberi-
cio and co-workers.[17]


The required building blocks were synthesized by Arndt–
Eistert homologation of the corresponding Fmoc-protected
a-l-amino acid derivatives according to procedures publish-
ed by Seebach and co-workers,[18] and later Sewald and co-
workers.[19] For the side chain anchoring to the resin, and
the final cyclization, it was necessary to synthesize new
Fmoc-b3-amino acid derivatives with unprotected side
chains and allyl protected carboxyl functions. Thus, the diaz-
oketones Fmoc-Glu(OtBu)-CHN2 (5)[18] and Fmoc-Lys-
(Boc)-CHN2 (6)


[18] were subjected to the conditions of the
Wolff rearrangement with allyl alcohol and N-methylmor-
pholine (NMM)[20] to give the corresponding allyl esters 7
and 8 in good yields of 67 and 77%, respectively
(Scheme 2). Cleavage of the Boc and the tBu protecting


groups of both derivatives was accomplished with TFA and
TIPS in CH2Cl2


[21] and the special protected amino acid de-
rivatives Fmoc-b3-hGlu-OAll (9) and Fmoc-b3hLys-OAll
(10) were obtained in 91% and almost quantitative yield,
respectively.
Two types of TentaGel S resins were chosen for the solid-


phase synthesis of the peptides, as these resins combine
good swelling properties and a low level of substitution. The
synthesis of cyclo-b3-tetrapeptide 14 (Scheme 3) started with
attachment of Rink amide linker to TentaGel NH2 resin 11
to give 12.[22] The fully protected resin bound linear tetra-
peptide 13 was obtained by standard Fmoc solid-phase pep-
tides synthesis protocols[23] and included side chain anchor-
ing of Fmoc-b3hGlu-OAll (9) and successive coupling of the
other three b3-amino acid derivatives.
The following allyl deprotection was accomplished with


[Pd(PPh3)4] following a method reported by Bloomberg
et al.[24] The final Fmoc deprotection yielded the precursor
for on-resin cyclization, which was accomplished with
HBTU/HOBt and DIEA in DMF at room temperature.
After the reaction mixture was stirred over night the TNBS


test showed completeness of the reaction. The resin was
treated with TFA, which resulted in the cleavage from the
resin and Boc deprotection at the same time. The crude mix-
ture of products had to be purified extensively by reversed-
phase HPLC, as a variety of unidentified products was
formed. No known side products, which usual can occur
during cyclization with HBTU/HOBt (e.g. oligomers or tet-
ramethylguanidinium derivatives[25]), could be identified
through LC-MS analysis. The cyclic b3-tetrapeptide 14 was
obtained in 10% yield (based on anchored Rink amide
linker, conditions not optimized).
TentaGel S PHB resin 15, which includes a Wang linker,


was used for the synthesis of the cyclo-b3-pentapeptide 19
(Scheme 4). Reaction of the solid support with p-nitrophen-
yl chloroformate gave the active carbonate resin 16[26] and


Scheme 2. a) Allyl alcohol, silver benzoate, NMM, THF, �15 8C to RT,
5 h; 67% for 7, 77% for 8 ; b) TFA, TIPS, CH2Cl2, RT, 91% for 9, >
95% for 10.


Scheme 3. a) Fmoc-Rink linker, HBTU, HOBt, DIEA, CH2Cl2, RT, 3 h,
81–92%; b) 2% DBU/2% piperidine in DMF, 5O5 min; c) Fmoc-
b3hGlu-OAll (9), HBTU, HOBt, DIEA, DMF, RT, 3 h; d) Fmoc-b3hPhe-
OH, HBTU, HOBt, DIEA, DMF, RT, 3 h; e) Fmoc-b3hLeu-OH, HBTU,
HOBt, DIEA, DMF, RT, 3 h; f) Fmoc-b3hLys(Boc)-OH, HBTU, HOBt,
DIEA, DMF, RT, 3 h; g) [Pd(PPh3)4], DMSO/THF/0.5m HCl/NMM
4:4:2:1, RT, 4.5 h; h) HBTU, HOBt, DMF, RT, 17 h; i) TFA/H2O/TIPS
95:2.5:2.5, RT, 2.5 h.
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afterwards the e-amino group of Fmoc-b3hLys-OAll·TFA
(10) was anchored to the resin in 60% yield.[27]


Just as in the case of tetrapeptide 14, the assembly of the
linear, resin bound fully protected b-peptide 18 was carried
out following standard peptide synthesis procedures.[23] The
subsequent allyl deprotection was executed with [Pd(PPh3)4]
following a methodology of GuibQ and Albericio and co-
workers who introduced phenylsilane as an allyl group scav-
enger into the solid-phase peptide synthesis.[28] The final
Fmoc deprotection yielded the precursor for on-resin cycli-
zation. Two cyclization experiments with different coupling
reagents were carried out. It was found that, based on
HPLC chromatograms, the reaction with PyAOP proceeded


with slight better conversions to the desired cyclic product
and with full consumption of the starting material after 12 h
in contrast to the reaction executed with PyBOP/HOBt
where substantial amounts of the linear precursor could be
detected after the same time. Cleavage from the resin and
simultaneous Boc deprotection gave the cyclic product 19 in
crude form, which after extensive purification by reversed-
phase HPLC was obtained in pure form in only 9% yield.


NMR spectroscopy of cyclo(b-Ala)4 (4): Both proton and
carbon NMR spectra of the cyclic b-tetrapeptide 4 in water
were found to be very simple, as expected, due to the lack
of side chains and the symmetry of the molecule. Three sig-
nals were recorded in the 1H NMR spectrum (two triplets
for the eight methylene groups and one broad singlet for all
NH resonances) and also three signals in the 13C NMR spec-
trum. These data clearly indicate the occurrence of rapid in-
terchanging conformers in solution; therefore mean values
of the signals were measured, as it is very unlikely that only
one fixed, symmetrical conformation of 4 in solution would
occur.


X-ray structure of cyclo(b-Ala)4 (4): Colorless crystals suita-
ble for X-ray analysis were grown by slow evaporation from
a MeOH/H2O solution at room temperature. The crystal
structure of the 16-membered ring of 4 (Figure 1) forms a
flat Ci-symmetrical rhombic-shaped ring of dimensions
4.05O6.57 R and does not adopt a hollow tube as in other
cyclic b-tripeptides and cyclic b-tetrapeptides.[10a,14]


Instead only four of the eight intermolecular hydrogen
bonds of one molecule stabilize a “column-like” supra-
molecular structure which is “filled” with hydrogen bonds
(Figure 2a and b). The other four intermolecular hydrogen
bonds connect the four neighboring columns. The planes of
the cyclic subunits are not perpendicular to the column axis.
All the amide planes are in trans geometry; all four C=O


bonds are aligned almost in a parallel fashion relative to the
ring plane with two adjacent amide groups pointing up and
the other two pointing in the opposite direction, similarly


Scheme 4. a) p-Nitrophenyl chloroformate, NMM, CH2Cl2, RT, 14 h;
b) Fmoc-b3hLys-OAll·TFA (10), DIEA, DMF, RT, 14 h, 60%; c) 2%
DBU/2% piperidine in DMF, 5O5 min; d) Fmoc-b3hVal-OH, HBTU,
HOBt, DIEA, DMF, RT, 3 h; e) Fmoc-b3hPhe-OH, HBTU, HOBt,
DIEA, DMF, RT, 3 h; f) Fmoc-b3hLeu-OH, HBTU, HOBt, DIEA, DMF,
RT, 3 h; g) Fmoc-b3hLys(Boc)-OH, HBTU, HOBt, DIEA, DMF, RT, 3 h;
h) [Pd(PPh3)4], phenylsilane, CH2Cl2, RT, 2O10 min; i) PyAOP, DIEA,
DMF, RT, 12 h; j) TFA/H2O/TIPS 95:2.5:2.5, RT, 3 h.


Figure 1. An ORTEP drawing of the crystal structure of 4.
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observed in a structure of (R,R,S,S)-cyclotetra-b-homoala-
nine determined from powder diffraction data.[10a] The ob-
served torsional angles suggest that a b-alanine unit in the
crystal structure of 4 adopts two distinct conformations. The
first conformation, with f, q and y dihedral angles of
101.46, �78.04 and 106.378, orients the C=O and the N-H
groups of the same monomer pointing to the opposite direc-
tions whereas the second conformation with f, q and y di-
hedral angles of 80.03, 78.46 and 153.978, orients the two
groups into the same direction (where f is defined as CO-
N-C-C, q as N-C-C-CO and y as C-C-CO-N torsional
angle[29]). With no side chains, the two methylene carbons in
each monomer, not restricted by the A1,3 strains,[30] contrib-
ute to the ring flexibility and thus allows more densely pack-
ing to maximize favorable van der Waals interactions. In ad-
dition, the crystal packing is stabilized through intermolecu-
lar hydrogen-bonding patterns similar to an antiparallel b-
sheetlike strand with an intersubunit N–O distance of 2.88
and 2.92 R.


Theoretical studies of all-(S)-cyclo(b3hAla)4 (20): Prior to
the NMR spectroscopic analysis of the cyclo-b-peptides syn-
thesized, we initiated a theoretical investigation of cyclo(b3-
hAla)4 (20) as a simplified model for b


3-tetrapeptide 14. The
objective of this study was to gain more quantitative infor-
mation on the conformers expected for this peptide than
provided by the conformational averaged structure which
would be derived from the NMR spectroscopic measure-
ments.
Initially, the conformational space of this model peptide


was sampled through an unrestrained Monte Carlo simula-
tion and the resulting approximately 2000 structures were
clustered into five families. One member from each family
was extracted and optimized with a density functional
method (B3LYP/6-31G(d,p)). The optimized structures, as
shown in Figure 3, are characterized by different backbone
conformations. Two conformers, A and B, have a uniform
orientation of all amide groups, but differ in backbone and


side chain conformations. Conformer B is highly symmetri-
cal with all side chains in equatorial positions on the peptide
ring. Conformer A, on the other hand, is approximately C2
symmetrical with two of the side chains bent upwards, rela-
tive to the plane of the ring. Conformer C is characterized
by three uniformly oriented amide groups, while one amide
NH now is pointing in the opposite orientation. This leads
to an energetically disfavored NH–CH(b) staggered interac-
tion, but allows one intramolecular hydrogen bond to be
formed.
Conformers D and E have two amide groups oriented


“up” and two “down” relative to the plane of the ring. The
orientation of the amide groups in conformer D is alternat-
ing, while the orientation in conformer E is non-alternating
(cf. the orientation of the amide groups in the crystal struc-
ture of the unsubstituted cyclo(b-Ala)4 4). Both conformers
are destabilized by two staggered NH–CH(b) interactions,
which forces the side chains to adopt an axial orientation
with resulting 1,3-strain to CH2(a) and the carbonyl oxygen
of the following residue. Conformer D is stabilized by two
intramolecular hydrogen bonds, while conformer E forms
only one hydrogen bond between the neighboring amide
groups.
The relative energies of these conformers in the gas phase


may be readily explained by the stabilizing hydrogen bonds
and the destabilizing steric interactions discussed above. In
the gas phase, conformer D is most stable due to the lack of
a net dipole moment, while conformers A and B are strong-
ly disfavored by their large macrodipole moments. This sit-
uation is completely reversed when the relative energies are
calculated in water using the SCRF solvent model. Now, the
symmetrical conformer B is the most stable due to a mini-
mum of repulsive steric interactions, and an efficient stabili-
zation of the peptides macrodipole by the solvent. Accord-
ing to this DFT calculation, conformer B is about
10 kcalmol�1 more stable than the other low energy confor-
mations investigated. These calculations suggest that all the
conformers investigated are populated at room temperature,
assuming a low activation enthalpy for rotation of the amide
groups, but that conformer B should be the most predomi-
nant conformation in solution.
The five theoretical conformers found for cyclo(b3hAla)4


(20) were evaluated one at a time in order to get a higher
comprehension of which NOE is arising from which con-
former. With this information we can more easily determine
the major conformer of the cyclic b3-tetrapeptide when
looking at a recorded ROESY spectrum of 14.
Starting with the two conformers, where all the amide


bonds are directed in the same orientation, the residues
would either adopt a structure with completely symmetrical
shape B, or one that gives an unsymmetrical oval cyclic pep-
tide A. The four amino acid residues in conformer B would
give rise to identical NOE signals; all NH- and axial a-CH
protons would show NOE signals to neighboring axial a-
protons. The NOE signals expected for conformer A would
be a special case of conformer B in which some effects
would be stronger, while others would be weaker.


Figure 2. Crystal packing of 4 : a) view from the top of one column of
molecules, b) side view of one column. Three cyclic subunits of one
column are presented. Four of eight intermolecular H-bonds from one
molecule 4 are shown, and the others are omitted for clarity.
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Regarding the amide bonds in these two conformers, they
are all positioned in an almost 1808 angle relative to the b-
proton, differing slightly between the four amino acids. Con-
former B would give rise to symmetrical coupling constant
values, whereas the coupling constants of conformer A
would fluctuate within a small range.
One of the amino acid residues in conformer C has one of


its amide bonds in a different orientation, compared to the
other three. The four NH–CH(b) angles would be signifi-
cantly different in this case, since one of the angles is close
to 908, which would lead to one amide proton having a cou-
pling constant close to 0 Hz.
Two of the amide protons are rather close, which should


give an NOE signal between those two. NH–CH2(a) NOE


signals would arise between the
same residues. For the b-pro-
tons, only one of these would
be expected to have a NOE to
an a-proton positioned on an-
other residue. Further, since
one of the NH–CH(b) angles
reaches an angle close to 08, the
NOE arising between these two
protons are expected to be
strong. The other residues
would be expected to give rise
to weak inter-residue NOE sig-
nals.
The discussion regarding con-


former D and E are quite simi-
lar each other, since both con-
formers have two b3hAla resi-
due amide bonds in an up-ori-
entation and two in a down-ori-
entation. The NOE signals
arising between the CH(b) and
the two a-protons on the neigh-
boring carbon are expected to
be different whether they are
positioned on the up- or down-
oriented residues. The first sce-
nario will show stronger NOE
between CH2(a) pro-S and
CH(b) than between CH2(a)
pro-R and CH(b), while the
latter one gives rise to two
NOE signals of similar strength.
The NH–CH(b) protons on the
down-oriented residues are in
almost 08 relative each other,
and the NOE signals arising are
therefore expected to be strong.
As a last observation, the possi-
ble NH–CH(b) angles of con-
formation D and E are either
close to 180 or 08, which both
would result in large coupling


constants.
Also included in Figure 3 is a structure resembling that


found in solution by Seebach and co-workers for a somato-
statin mimicking cyclic b3-tetrapeptide,[5b] that is, C’. This
molecule was not found in the original molecular mechanics
based Monte Carlo sampling, but was included for compari-
son. The optimized geometry shown in Figure 3 is of compa-
rable energy as the other conformers investigated (by DFT
calculation); all attempts to build a “flat” structure, more
similar to the one reported, resulted in the structure shown
or structures similar to C, that is, with hydrogen bonds be-
tween neighboring residues, after unrestrained optimization.
The structures C and C’ are also expected to have similar
NOE signals.


Figure 3. Calculated relative energies [kcalmol�1] for the model peptide cyclo(b3hAla)4 (20) in the gas phase
(B3LYP/6-31G(d,p)) and in aqueous solution (B3LYP/6-311+G(d,p); SCRF solvation model).
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NMR Spectroscopic investigations : A detailed 2D-NMR
spectroscopic study was undertaken to obtain high-resolu-
tion data on the conformational performance of the cyclic b-
peptides 14 and 19. The studies were made in methanol for
both peptides, whereas only the conformation of the penta-
peptide 19 could be established in water, due to solubility
problems of 14 in this solvent.
All spectra were recorded at 500 MHz by using 80% non-


deuterated solvent and solvent suppression by using the
WET pulse sequence.[31] A complete assignment of all 1H
resonances was possible by using TOCSY,[31] P.E. COSY,[32]


and ROESY[33] experiments. The assignment of 13C spectra
was either fully or partially established by using gHMBC[34]


technique. The sequence of 19 could also be established by
the use of this experiment, distinguishing b3hLys4 and
b3hLys5 from each other.


Solution structure of cyclic b3-tetrapeptide 14 : The amide
region of the 1H NMR spectrum of 14 in methanol is shown
in Figure 4a. Traces of extraneous signals are visible which
probably stem from alternative conformers, indicating the
presence of one major conformer. But we can not complete-
ly exclude the option that impurities are causing these sig-
nals, although the peptide was pure according to LC-MS
analysis. All 3J(NH,CH(b)) coupling constants show high
values (7.6, 8.4, 8.6 and 9.4 Hz, respectively), which suggests
an anti arrangement between the amide and the b-protons
of the amino acid residues. The coupling constants also indi-
cate an unsymmetrical shape of 14, as the size of the cou-
pling constants and thereby the torsional angles differ signif-
icantly.
The diastereotopic a-protons could be assigned from the


P.E. COSY, assuming that the coupling constants between
the b-proton and the pro-R (equatorial) a-protons are small
and that the pro-S (axial) a-protons have a large coupling
constant to CH(b). The cross-peaks in the P.E. COSY are
thus assigned to be the pro-S protons. Even though the pro-
S and pro-R protons could be distinguished from each other,
the coupling constants for CH(b)–CH2(a) could not be de-
termined, neither from the 1D 1H NMR nor from the P.E.
COSY spectra.
The indication that 14 possesses an unsymmetrical shape


was not only assumed from the NH–CH(b) coupling con-
stants mentioned above, but also emerged when analyzing
the ROESY spectra. The observed NOE signals differ too
much from the ones expected for a symmetric molecule (see
above); this leads to the exclusion of conformer B as the
major conformer, even though this is lowest in energy ac-
cording to the theoretical calculations. The requirement to
have not only different but also large values of the NH–
CH(b) coupling constants make conformer C a non-likely
option as the major conformer, since this would require an
NH–CH(b) coupling constant close to 0 Hz.
That the major conformer would have all amide bonds


pointing at the same directions seems most likely when ana-
lyzing the ROESY spectrum of 14 (Figure 4b). In the spec-
trum, b3hGln in position 4 gives rise to weak NOE signals


between NH and pro-S a-proton, and strong NOE signals
between NH and pro-R a-proton. This, in combination with
the opposite observations for b3hLys in position 3, indicates
that one conformation possesses an unsymmetrical shape.
The region of NH–CH(b) on the other hand shows signs of
dynamics, as NOE signals are observed between two amide
protons and their neighboring b-protons.
The conclusions made from the comparison of the five


theoretically calculated conformers and the observed NOE
signals of 14 are that the b3-tetrapeptide most likely adopts
an oval cyclic conformer having all amide bonds pointing in
the same direction, that is, similar to conformer A. Of
course, it should be noted that these five possible conforma-
tions of cyclo(b3hAla)4 (20) do not differ significantly in
energy, and some observed intra-residue NOE signals con-
tradict the conformer supported by the other NOE signals.
A total of 29 NOE signals were classified into three cate-


gories with the following upper bound distance limits:
strong 3.0 � 1 R, medium 4.0 � 1 R and weak 5.0 � 1 R,
and used as such together with four (NH, CH(b)) dihedral


Figure 4. a) Expansion of the amide region of the 1H NMR spectrum of
14 recorded in methanol. b) Expansion of the amide region of the
ROESY spectrum of 14 recorded in methanol. Some of the NOE signals
discussed in the text are highlighted.
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angle restraints, for a restrained Monte Carlo conformation-
al search in Macromodel 7.0 (Figure 5).[35] The four H-N-
CH(b) torsional angles were constrained according to a
modified Karplus curve,[36] the b3hPhe in position 1 and the
b3hGln in position 4 were assigned the angle of 151 � 208,
while the b3hLeu in position 2 and the b3hLys in position 3
were assigned 144 � 208 and 162 � 208, respectively.


From this conformational search it could be concluded
that even though 14 most probably fluctuate between oval
and very symmetrical conformations, it preferably reaches
the boat-shaped oval structure (Figure 5). We could also
conclude that even though the peptide possesses a relatively
high flexibility, the amide bonds do not have such degree of
free rotation to form the conformation where the amide
bonds are pointing in different directions. This finding is
also supported by a preliminary molecular dynamics simula-
tion, which shows that the molecule eventually adopts a par-
allel orientation of the amide groups independently of the
starting conformation.


Solution structure of cyclic b3-pentapeptide 19 : An expan-
sion of the amide region of the 1H NMR spectrum of 19 in
methanol is shown in Figure 6a. Broad unresolved signals
are seen in the amide region similar to the spectrum of 14.
The major signals are caused by one conformer or confor-
mational family, the minor ones either by disfavored con-
formers or by impurities (although the peptide was pure ac-
cording to LC-MS data). The size of the coupling constants
(8.3–9.9 Hz) indicates an anti arrangement of the NH–


CH(b) protons. The difference in size of the coupling con-
stants for the amide protons is similar to those of cyclopep-
tide 14. This indicates, as expected, that 19 possesses an un-
symmetrical shape as well.
The assignment of the protons of 19 was made using the


same experiments as for 14 ; a full assignment of the carbons
could not be done. By using the ROESY spectra obtained in
methanol (Figure 6b), the first Monte Carlo conformational
search of 19 was made. A total of 32 NOE signals were ex-
tracted and classified in the same way as the NOE signals of
14.
The amide region of 19 is shown in Figure 7 as an expan-


sion of the recorded 1H NMR spectrum in water. The chem-
ical shifts have changed somewhat for all amino acids
except for b3hPhe and b3hLeu; the chemical shift of the
signal belonging to b3hVal slightly shifted to lower field,
while the signals for b3hLys4 and b3hLys5 shifted to higher
field. Not only chemical shifts but also the coupling con-
stants are different in water compared with methanol.
Except for the coupling constant of b3hLeu, which has de-
creased in size, all amino acids have an increased value. Sim-
ilar to the amide region of 19 recorded in methanol, the


Figure 5. Solution structure of the cyclic b3-tetrapeptide 14 in MeOH rep-
resented as a bundle of six lowest-energy structures obtained from
Monte Carlo search, using NMR dihedral-angles and NOE distance re-
straints. View from the top.


Figure 6. a) Expansion of the amide region of the 1H NMR spectrum of
19 recorded in methanol. b) Expansion of the amide region of the
ROESY spectrum of 19 recorded in methanol. Some of the NOE signals
discussed in the text are highlighted.
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broad baseline close to the signal of b3hLys5 indicates the
existence of more than one major conformer.
The assignment of the protons of 19 in water was also


made. The flexibility observed for the ROESY spectrum in
methanol could be seen in water as well. Again, a number
of NOE signals (47) were extracted from the ROESY spec-
trum, this time obtained in water. Running the Monte Carlo
conformational search according to the same principles used
earlier, a possible representative structure of the mean con-
formation of 19 in water was found (Figure 8c).
From the Monte Carlo search of the cyclic b3-pentapep-


tide in methanol, three different families of conformations
were found (Figure 8a and b). All these families possess
high flexibility in their backbone structure, and the amide
bonds do no longer have a unidirectional arrangement, as
was the case for the b3-tetrapeptide 14. Between the two
amino acids b3hVal in position 1 and b3hLys in position 5 a
turn similar to the b-turn arisen from a b2/b3-sequence[37] is
observed. Although it seems likely that such turns could
occur between any two consecutive amino acids in the ring,
the data only showed a turn between the b3hVal and the
b3hLys; this suggests that the a-branching at the side chain
b3hVal may contribute somehow.[38]


In water, the number of different conformational families
has been reduced by one. These structures also seem to be
more similar to each other in the backbone conformation.
The high flexibility observed in methanol remains, which is
clearly indicated by the completely opposite direction of the
amide bonds at one position (Figure 8c, position marked by
an arrow). Reflecting on the amide bonds in the two fami-
lies, one has them in rather defined down- and up-orienta-
tions, whereas the other has its bonds in more irregular ori-
entations.


CD Spectroscopy : CD spectra (Figure 9) were measured for
all cyclo-b-peptides synthesized. Although circular dichro-
ism is a powerful tool for the determination of secondary
structures of b-peptides, it is still an empirical method and
assured data exist only for linear b-peptides capable to form
helices[1a] and turns.[39] The only reports on CD spectra of


Figure 7. Expansion of the amide region of the 1H NMR spectrum of 19
recorded in water.


Figure 8. Solution structure of the cyclic b3-pentapeptide 19 in MeOH (a
and b) and in H2O (c). a) The result of the conformational search of the
b-pentapeptide in methanol as a bundle of 12 low-energy structures.
Three different families were detected. b) Superposition of the backbones
of the three conformational families. c) The results of the investigation in
water as a bundle of six low-energy structures, where two different con-
formational families were found. The arrow indicates the position of a
completely reversed direction of one amide bond.
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some cyclic b-peptides are that of Seebach and co-work-
ers.[5b,40,41]


The cyclic b3-pentapeptide 19 displays distinct Cotton ef-
fects in both methanol and water. One intense maximum at
196 nm and an additional maximum at 211 nm are observed
in methanol. But a drastic change in the spectrum of 19 in
water is noted: the first maximum at 196 nm is sustained,
but after one zero crossing at 203 nm two minima occur:
one at 208 nm and the other at 222 nm. The differences in
the spectra clearly indicate a major change in the secondary
structure of 19 dependent on the solvent and may reflect the
reduction from three to two conformational families when
switching from methanol to water as found in the NMR
studies.
The cyclic b3-tetrapeptide 14 shows one maximum at


198 nm which is less pronounced than for 19, and one weak
minimum at 221 nm after a zero crossing at 213 nm. This
pattern is quite similar to that of the tetrapeptide cyclo-
(b3hAla)4 (20).


[41] Both spectra resemble that obtained from
linear b3-peptides forming (M)-314 helices.


[42] Contrarily, the
CD pattern of cyclo(-b3hPhe-b3hThr-b3hLys-b3hTrp-),[5b]


shows a CD spectrum similar to that observed for the 12/10-
helix,[1a, 3d] or for the b-peptide hairpin,[39] because of an in-
tramolecular hydrogen bond which divides the ring[5b] (cf.
structure C’ in Figure 3). These observed differences suggest
that cyclo-b3-tetrapeptides can fold in different conforma-
tions, maybe depending if their side chains are branched or
not.
Cyclo(b-Ala)4 (4) exhibits almost no Cotton effect in


agreement with the lack of both chiral groups and a prefer-
red secondary structure, which supports our findings by
NMR spectroscopy.


Conclusion


The synthesis of cyclo(b-Ala)4 (4) including conventional so-
lution-phase synthesis and cyclization in solution is reported.
Both the NMR and CD spectra of this simple cyclic b-pep-
tide points to a mixture of conformers in solution, whereas
the X-ray structure of 4 shows the formation of column-like


supermolecular structures in the solid state, due to extensive
intermolecular hydrogen bonding. One molecule of cyclo(b-
Ala)4 adopts in the crystal state a conformation with two C=
O bonds pointing down and two up with respect to the aver-
age ring plane, similar to the structure of (R,R,S,S)-cyclo-
(b3hAla)4. We also demonstrate that the scope of the on-
resin cyclization protocol could be broadened to obtain
cyclic b-peptides by anchoring the side chains of Fmoc-
b3hGlu-OAll and Fmoc-b3hLys-OAll to the solid support via
Rink-amide linker and an active carbonate linker, respec-
tively. The target compounds cyclo(-b3Phe-b3hLeu-b3hLys-
b3hGln-) (14) and cyclo(-b3hVal-b3hPhe-b3hLeu-b3hLys-
b3hLys-) (19) could be obtained in overall yields of 10 and
9%, respectively. The conformationally averaged structures
of the synthesized cyclic b3-tetrapeptide 14 in aqueous solu-
tion were calculated based on NMR investigations. The con-
formational search resulted in a set of predominant similar
structures with predictable up-orientation of the amide
bonds and a pseudo-equatorial orientation of the side
chains. Although 14 shows flexibility, it seems limited
enough to render it potentially useful as a molecular scaf-
fold. In contrast to this, the cyclic b3-pentapeptide 19 dis-
plays a more flexible backbone ring structure including a b-
turn both in water and in methanol.


Experimental Section


Abbreviations : All: allyl, Boc: tert-butoxycarbonyl, Bzl: benzyl, DBU:
1,8-diazabicyclo[5.4.0]undec-7-ene, DIEA: N,N-diisopropylethylamine,
DMAP: 4-(dimethylamino)pyridine, EDC: 1-[3-(dimethylamino)propyl]-
3-ethylcabodiimide hydrochloride, Fmoc: (9H-fluoren-9-yl)methoxycar-
bonyl, HBTU: 2-(1H-benzotriazole-1-yl)-1,1,3,3-tetramethyluronium hexa-
fluorophosphate, HOBt: 1-hydroxy-1H-benzotriazole, NMM: 4-methyl-
morpholine, PyAOP: 7-azabenzotriazol-1-yl-oxytris(pyrrolidino)phospho-
nium hexafluorophosphate, PyBOP: benzotriazole-1-yl-oxytris(pyrrolido-
no)phosphonium hexafluorophosphate, TFA: trifluoroacetic acid, TFE:
trifluoroethanol, TIPS: triisopropyl silane, TNBS: 2,4,6-trinitrobenzene-
sulfonic acid.


Solvents and reagents : All a-amino acid derivatives, HOBt and HBTU
were purchased from Senn Chemicals AG, Switzerland. PyAOP was from
Applied Biosystems (USA). DMF (peptide synthesis grade) was used
from Scharlau Chemie S.A. Dichloromethane was distilled under nitro-
gen from powdered CaH2. Methanol and acetonitrile were HPLC grade
and were purchased from VWR International Ltd., England. TentaGel
NH2 resin (0.24 mmolg


�1) and TentaGel S PHB resin (0.29 mmolg�1)
were purchased from Rapp Polymere GmbH, Germany.


Instruments : Solid-phase peptide synthesis was performed on a Quest
210 synthesizer, Argonaut Technologies (USA). HPLC purifications of
the peptides were run on a Gilson system (Gilson 215 Liquid Handler,
Gilson UV/VIS-152, Gilson 322 Pump). Analytical runs were performed
on a Phenomenex Luna C8(2) column (100O4.60 mm, 5 mm), preparative
runs on a Phenomenex Luna C8(2) column (250O21.20 mm, 10 mm).
HPLC-MS runs were made on the same Gilson system coupled to a Fin-
nigan AQA Thermo Quest mass spectrometer with electrospray ionisa-
tion. Solvents for HPLC: A=0.1% TFA in water, B=0.1% TFA in ace-
tonitrile. NMR spectra were recorded on a Varian Unity 500 (1H at
500 MHz, 13C at 125.8 MHz) or a Varian Unity 400 (1H at 400 MHz, 13C
at 100.5 MHz) or a Varian Mercury plus (1H at 300 MHz, 13C at
75.4 MHz) spectrometer. Measurements were made at ambient tempera-
ture (unless otherwise stated) using the residual solvent signal as internal
reference. Peptides were analyzed by Matrix-assisted Laser Desorption


Figure 9. CD spectra of cyclic b-peptides (0.1 mm, 24 8C), c : cyclic b3-
pentapeptide 19 in MeOH, a : cyclic b3-pentapeptide 19 in water, ~:
cyclic b3-tetrapeptide 14 in MeOH,g : cyclo(b-Ala)4 (4) in water.
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(MALDI) with an Ultraflex Tof/Tof instrument (Bruker, Germany) oper-
ated in positive and reflectron mode. a-Cyano-4-hydroxycinnamic acid
was used as matrix and the instrument was calibrated using matrix ions.
All electrospray mass spectra were acquired by using a Bruker Daltonics
BioAPEX-94e superconducting 9.4 T FTICR mass spectrometer (Bruker
Daltonics, Billerica, MA) in broadband mode. A home-built apparatus
controlled the direct infusion of sample. The sample was delivered using
a helium gas container at a pressure of 1.3 bar, pushing the sample
through a 30 cm fused silica capillary of inner diameter 20 mm. The
sample end of the capillary was lowered into the sample tube inside the
pressurized container and the electrospray end was coated by a conduct-
ing graphite/polymer layer and connected to ground.[43,44] No sheath flow
or nebulizing gas was used and the flow rate was approximately
100 nLmin�1. The ion source was coupled to an Analytica atmosphere/
vacuum interface (Analytica of Branford, CT) and a potential difference
of 2–4 kV was applied across a distance of approximately 5 mm between
the spraying needle and the inlet capillary. Infrared spectra were ob-
tained from a Perkin–Elmer 1760 IR FT spectrometer. CD spectra were
measured with a Jasco J-810 spectropolarimeter (c=0.1 mm, 24 8C). UV
spectra were recorded on a Varian Cary 3 Bio spectrophotometer. X-ray
Crystallographic Analysis was carried out on a Bruker-Nonius kap-
paCCD diffractometer. For TLC, Alugram SIL G/UV254 silica sheets
from Macherey–Nagel were used. Flash Chromatography was carried out
on silica gel (35–70 mm) from Millipore Corp. Melting points were deter-
mined with a melting point apparatus SMP 10 from Stuart Scientific/
Bibby Sterilin Ltd. and are uncorrected.


The Fmoc-b3-amino acid derivatives Fmoc-b3hGlu(OtBu)-OAll, Fmoc-
b3hLeu-OH, Fmoc-b3hLys(Boc)-OAll, Fmoc-b3hPhe-OH, Fmoc-b3hVal-
OH were prepared via Arndt–Eistert homologation as described in refer-
ences.[18,19] The Wolff rearrangement to the carboxylic acids was facilitat-
ed with a High Intensity Ultrasonic Processor VCX 500 from Sonics Ma-
terials Inc.


H-b-Ala-OBzl·HCl : H-b-Ala-OH (8.90 g, 100 mmol), benzyl alcohol
(50 mL) and chlorotrimethylsilane (20 mL) were heated to 100 8C for 4 h.
The reaction mixture was cooled to room temperature and was poured
into diethyl ether (2 L) and subsequently cooled in an ice bath for 24 h.
The resulting precipitate was isolated by filtration. The benzyl protected
b-alanine was obtained as hydrochloric salt (20.5 g, 95 mmol, 95%) and
used without further purification.


Boc-b-Ala-b-Ala-OBzl (2): Boc-b-Ala-OH (1) (7.57 g, 40.0 mmol) was
dissolved in dry THF (400 mL) under an argon atmosphere. The solution
was cooled to �15 8C and TEA (11.7 mL, 83 mmol) and isobutyl chloro-
formate (5.2 mL, 40.0 mmol) were added. The mixture was stirred for
15 min and H-b-Ala-OBzl (8.62 g, 40.0 mmol) was added. The reaction
mixture was allowed to warm to room temperature and was stirred for
3 d. The solvent was evaporated and the residue was dissolved in ethyl
acetate (800 mL). The organic phase was washed successively with H2O,
1n citric acid, H2O, sat. NaHCO3 and brine, subsequently dried with an-
hydrous MgSO4 and the solvent was evaporated. The residue was recrys-
tallized from ethyl acetate and heptane to give dipeptide 2 as colorless
crystals (11.4 g, 3.24 mmol, 81%). 1H NMR (500 MHz, CDCl3): d = 1.45
(s, 9H; Boc), 2.35 (t, 2H, J=7.5 Hz; CH2), 2.61 (t, 2H, J=7.5 Hz; CH2),
3.40 (q, 2H, J=7.5 Hz; CH2), 3.56 (q, 2H, J=7.5 Hz; CH2), 5.16 (s, 3H;
CH2-Bzl, NH), 6.08 (s, 1H; NH), 7.2–7.5 (m, 5H; Bzl).


Boc-(b-Ala)4-OBzl (3): This compound was prepared previously by a
similar method.[45] Boc-b-Ala-b-Ala-OBzl (2) (3.52 g, 10.0 mmol) was
added to a mixture of TFA and CH2Cl2 (1:1, 10 mL) at 0 8C and the reac-
tion mixture was stirred for 1 h at 0 8C and additionally for 1 h at room
temperature. The solvent was evaporated and b-Ala-b-Ala-OBzl·TFA
was obtained and used without further purification. Boc-b-Ala-b-Ala-
OBzl (2) (3.52 g, 10.0 mmol) and 10% Pd/C (0.35 g) were added to a
mixture of THF and CH3OH (1:1, 200 mL) and hydrogenated for 12 h at
atmospheric pressure. Control of the reaction by TLC (Boc-b-Ala-b-Ala-
OBzl, Rf=0.73, Boc-b-Ala-b-Ala-OH, Rf=0.38, CHCl3/CH3OH/AcOH
90:8:2) revealed the completeness of the deprotection. Pd/C was re-
moved by filtration and the solvent was evaporated. The residue was dis-
solved in dry THF (100 mL) under an argon atmosphere and the solution
was cooled to �15 8C. TEA (4.68 mL, 33 mmol) and isobutyl chlorofor-


mate (1.3 mL, 10 mmol) were added and stirring was continued for
15 min. All of the H-b-Ala-b-Ala-OBzl·TFA obtained before was added
and the reaction mixture was stirred for 3 d at room temperature. The
solvent was evaporated and the residue was purified by flash chromatog-
raphy (CH2Cl2/CH3OH/AcOH 90:8:2). The linear tetrapeptide 3 was ob-
tained as colorless solid (3.12 g, 6.3 mmol, 63%). Rf=0.36 (CHCl3/
CH3OH/AcOH 90:8:2); 1H NMR (500 MHz, CDCl3): d = 1.42 (s, 9H,
Boc), 1.86 (br s, 4H, CH2), 2.34 (br s, 6H, CH2), 3.51 (m, 6H, CH2), 5.13
(s, 2H, CH2-Bzl), 5.33 (br s, 1H, NH), 6.52 (br s, 1H, NH), 6.68 (m, 2H,
NH), 7.32–7.39 (m, 5H, Bzl).


Cyclo(b-Ala)4 (4): Boc-(b-Ala)4-OBzl (3) (1.23 g, 2.50 mmol) and 10%
Pd/C (120 mg) were added to a mixture of THF and H2O (2:1, 150 mL)
and hydrogenated for 12 h at atmospheric pressure. Control of the reac-
tion by TLC (Boc-(b-Ala)4-OBzl, Rf=0.6, Boc-(b-Ala)4-OH, Rf=0.3,
CHCl3/CH3OH/AcOH 20:4:1) revealed the completeness of the depro-
tection. Pd/C was removed by filtration and the solvent was evaporated.
Boc-(b-Ala)4-OH was obtained as a colorless solid and further used with-
out purification (991 mg, 2.46 mmol, 98%).


Boc-(b-Ala)4-OH (402 mg, 1.0 mmol) was dissolved in DMF (100 mL)
and the solution was cooled under an atmosphere of argon to 0 8C. Penta-
fluorophenol (193 mg, 1.05 mmol) and DIEA (18 mL, 1.1 mmol) were
added. The reaction mixture was allowed to warm to room temperature
and stirred for further 16 h. The DMF was evaporated and the residue
was taken up in dichloromethane and washed with 1m HCl and brine.
The solvent was evaporated to give the activated ester as a colorless
solid.


This intermediate was deprotected by stirring for 1 h at 0 8C and subse-
quently for 1 h at room temperature in a mixture of CH2Cl2 and TFA
(1:1, 2 mL). After evaporation the residue was dissolved in dry THF
(20 mL) and was slowly added via syringe pump over 8 h to a mixture of
DIEA (260 mL, 1.6 mmol) in dry THF (400 mL) at 60 8C. The stirring was
continued for further 24 h at room temperature. The resulting precipitate
was filtered and washed with THF to give cyclic b-tetrapeptide 4
(164 mg, 0.58 mmol, 58%). 1H NMR (500 MHz, D2O): d = 2.28 (dd, 8H,
3J=5.5 Hz; CH2), 3.32 (brq, 8H,


3J=5.5 Hz; CH2), 7.92 (br s, 4H; NH);
13C NMR (125 MHz, D2O): d = 174.5 (C=O), 35.8 (CH2), 35.6 (CH2).


Colorless crystals of 4 suitable for X-ray crystallography were grown
from a mixture of MeOH/H2O at room temperature (Table 1).


CCDC-264893 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from The Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


(S)-3-(9H-Fluoren-9-ylmethoxycarbonylamino)-hexanedioic acid 1-allyl
ester 6-tert-butyl ester (Fmoc-b3hGlu(OtBu)-OAll) (7): Fmoc-Glu-
(OtBu)-CHN2 (5)


[18] (660 mg, 1.47 mmol) was dissolved in dry THF
(10 mL) and allyl alcohol (0.15 mL, 2.25 mmol) was added. The mixture
was cooled to �15 8C and a solution of silver benzoate (34 mg,
0.15 mmol) in NMM (0.33 mL, 3 mmol) was added. The reaction mixture
was stirred and warmed to room temperature. After 5 h the mixture was
filtered through a pad of Celite and the THF was removed under re-
duced pressure. The residue was dissolved in ethyl acetate and succes-
sively washed with saturated NaHCO3, water and 5% HCl. After drying
with MgSO4 the solvent was evaporated under reduced pressure. The res-
idue was purified by flash chromatography (pentane/ethyl acetate 4:1)
and yielded allyl ester 7 (456 mg, 0.98 mmol, 67%). Rf=0.68 (pentane/
ethyl acetate 3:1); 1H NMR (500 MHz, CDCl3): d = 1.44 (s, 9H; tBu),
1.86 (m, 2H; CH2), 2.31 (m, 2H; CH2COOAll), 2.61 (d, 2H,


2J=5 Hz;
CH2COOtBu), 4.00 (m, 1H; CHNH), 4.20 (t, 1H, 3J=7.5 Hz; CHCH2O),
4.37 (m, 2H; CHCH2O), 4.60 (d, 2H,


2J=6 Hz; CHOCH2), 5.23 (dd, 1H,
J=10.5, 1 Hz; CH=CH2), 5.30–5.35 (m, 3H; CH=CH2, NH), 5.90 (m,
1H; CH=CH2), 7.31 (dt, 2H,


3J=7.5, 4J=1 Hz; Fmoc), 7.40 (t, 2H, 3J=
7.5 Hz; Fmoc), 7.59 (d, 2H, 3J=8 Hz; Fmoc), 7.76 (d, 2H, 3J=7.5 Hz;
Fmoc); 13C NMR (100.5 MHz, CDCl3): d = 28.1 (tBu), 29.2, 32.3, 39.1,
47.3 (CH), 47.9 (CH), 65.4 (CH2), 66.7 (CH2), 80.6 (tBu), 118.6 (CH2
allyl), 119.9, 125.1, 127.0, 127.7 (4OCH Fmoc), 131.8 (CH allyl), 141.3,
143.9 (2OC Fmoc), 155.8 (OCONH), 171.0 (CO), 172.5 (CO); IR (KBr):
ñ = 3363 (m), 2975 (m), 1734 (s), 1689 (s), 1521 (s), 1452 (m), 1368 (m),
1246 (m), 1155 (s), 761 (m), 739 cm�1 (m); HR ESI-MS: m/z : calcd for
C28H33NO6: 479.231; found: 480.238 [M+H]+ , 502.220 [M+Na]+ .
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(S)-3-(9H-Fluoren-9-ylmethoxycarbonylamino)-hexanedioic acid 1-allyl
ester (Fmoc-b3hGlu-OAll) (9): Fmoc-b3hGlu(OtBu)-OAll (7) (2.50 g,
5.2 mmol) was dissolved in dry CH2Cl2 (30 mL). After addition of TFA
(5.1 mL, 67.8 mmol) and TIPS (2.7 mL, 13 mmol) the reaction mixture
was stirred at room temperature. After 2 h much starting material re-
mained and additional TFA (5.1 mL) was added. After stirring over night
the solvent was removed under reduced pressure and the residue was pu-
rified by flash chromatography (ethyl acetate/pentane 1:2 ! 1:0). The
product obtained (2.0 g, 4.72 mmol, 91%) was re-crystallized from ethyl
acetate/pentane. Rf=0.64 (ethyl acetate); m.p. 105 8C; 1H NMR
(500 MHz, CDCl3): d = 1.88 (m, 2H; CH2), 2.41 (t, 2H,


2J=5 Hz;
CH2COOAll), 2.60 (m, 2H; CH2COOtBu), 4.03 (m, 1H, CHNH), 4.20 (t,
1H, 3J=7 Hz; CHCH2O), 4.35–4.44 (m, 2H, CHCH2O), 4.59 (d, 2H,


2J=
5.5 Hz, CHOCH2), 5.23 (dd, 1H, J=10.5, 1 Hz, CH=CH2), 5.31 (d, 1H,
J=17.5 Hz; CH=CH2), 5.36 (d, 1H,


3J=9.5 H; NH), 5.89 (m, 1H, CH=


CH2), 7.31 (dt, 2H,
3J=7.5, 4J=1.5 Hz; Fmoc), 7.39 (t, 2H, 3J=7.5 Hz;


Fmoc), 7.58 (d, 2H, 3J=7.5 Hz; Fmoc), 7.75 (d, 2H, 3J=8 Hz; Fmoc);
13C NMR (75.4 MHz, CDCl3): d = 29.1, 30.7, 39.0 (3OCH2), 47.2 (CH),
47.6 (CH), 65.4 (CH2), 66.7(CH2), 118.7 (CH2 allyl), 120.0, 125.0, 127.0,
127.7 (4OCH Fmoc), 131.7 (CH allyl), 141.3, 143.8 (2OC Fmoc), 156.0
(CONH), 171.0 (COOAll), 177.8 (COOH); IR (KBr): n = 3321 (m),


3067 (m), 2939 (m), 1732 (s), 1699 (s), 1540 (s), 1451 (m), 1418 (m), 1278
(s), 1141 (m), 1087 (m), 1051 (m), 985 (m), 931 (m), 759 (m), 738 cm�1


(s); HR ESI-MS: m/z : calcd for C24H25NO6: 423.168; found: 424.175
[M+H]+ , 446.157 [M+Na]+ .


(S)-7-tert-Butoxycarbonylamino-3-(9H-fluoren-9-ylmethoxycarbonyl-
amino)-heptanoic acid allyl ester (Fmoc-b3hLys(Boc)-OAll) (8): Fmoc-
Lys(Boc)-CHN2 (6)


[18] (980 mg, 2.0 mmol) was dissolved in dry THF
(10 mL) and allyl alcohol (0.2 mL, 3.0 mmol) was added. The mixture
was cooled to �15 8C and a solution of silver benzoate (48 mg, 0.2 mmol)
in NMM (0.44 mL, 4.0 mmol) was added. The reaction mixture was stir-
red and warmed to room temperature. After 5 h the mixture was filtered
through a pad of Celite and the THF was removed under reduced pres-
sure. The residue was dissolved in ethyl acetate and successively washed
with saturated NaHCO3, water and 5% HCl. After drying with MgSO4
the solvent was evaporated under reduced pressure. The residue was pu-
rified by flash chromatography (pentane/ethyl acetate 3:1 ! 2:1) and
yielded allyl ester 8 (805 mg, 1.54 mmol, 77%), which was recrystallized
from CH2Cl2/pentane to obtain colorless crystals. M.p. 94 8C; Rf=0.18
(pentane/ethyl acetate 3:1); 1H NMR (300 MHz, CDCl3): d = 1.21–1.66
(m, 15H; 3OCH2, Boc), 2.58 (d, 2H,


2J=7 Hz; CH2CO), 3.10 (d, 2H,
2J=10 Hz; CH2NHBoc), 3.97 (m, 1H; CHNHFmoc), 4.21 (t, 1H, 3J=
11.5 Hz; CHCH2O), 4.37 (d, 2H,


2J=11.5 Hz; CH2O), 4.58 (d, 2H,
2J=


9.5 Hz; CHOCH2), 5.22–5.34 (m, 3H; CH=CH2, NH), 5.90 (m, 1H; CH=


CH2), 7.31 (dt, 2H,
3J=12.5, 4J=2 Hz; Fmoc), 7.40 (t, 2H, 3J=12 Hz;


Fmoc), 7.59 (d, 2H, 3J=12.5 Hz; Fmoc), 7.76 (d, 2H, 3J=12.5 Hz;
Fmoc); 13C NMR (75.4 MHz, CDCl3): d = 23.2 (CH2), 28.4 (Boc), 29.6
(CH2), 33.9 (CH2), 39.0 (CH2), 40.1 (CH2), 47.2 (CH), 48.0 (CH), 65.3
(CH2), 66.6 (CH2), 79.1 (Boc), 118.6 (CH2 allyl), 119.9, 125.0, 127.0, 127.6
(4OCH Fmoc), 131.8 (CH allyl), 141.3, 143.9 (2OC Fmoc), 155.9
(OCONH), 156.0 (OCONH), 171.2 (COOAll); IR (KBr): n = 3362 (s),
3338 (s), 2939 (m), 1735 (s), 1684 (s), 1534 (s), 1451 (m), 1369 (m), 1281
(s), 1253 (s), 1173 (m), 1090 (m), 987 (m), 736 cm�1 (m); HR ESI-MS:
m/z : calcd for C30H38N2O6: 522.273; found: 523.280 [M+H]+ , 545.262
[M+Na]+ .


(S)-7-Amino-3-(9H-fluoren-9-ylmethoxycarbonylamino)-heptanoic acid
allyl ester trifluoroacetic acid salt (Fmoc-b3hLys-OAll·TFA) (10): Fmoc-
b3hLys(Boc)-OAll (8) (164 mg, 0.31 mmol) was dissolved in dry CH2Cl2
(10 mL). After addition of TFA (3 mL, 67.8 mmol) and TIPS (0.2 mL,
1 mmol) the reaction mixture was stirred at room temperature. After 2 h
stirring at room temperature (no more starting material detectable by
TLC) the solvent was removed under reduced pressure. The residue was
purified by flash chromatography (CH2Cl2/methanol 9:1) if necessary.
The primary amine was obtained as the trifluoroacetic acid salt 10 and
appeared as yellowish oil, which turned solid after several weeks. Rf=
0.56 (CH2Cl2/MeOH 9:1); 1H NMR (500 MHz, CDCl3): d = 1.35–1.49
(m, 4H; 2CH2), 1.64 (m, 2H; CH2), 2.45–2.54 (m, CH2CO), 2.90 (m, 2H;
CH2), 3.89 (m, 1H, CHN), 4.15 (t, 1H,


3J=7 Hz; CHCH2O), 4.32 (d, 2H,
J=6.5 Hz; CH2), 4.54 (d, 2H, J=5.5 Hz; CH2), 5.20 (d, 1H,


2J=10.5 Hz;
CH=CH2), 5.27 (m, 1H; CH=CH2), 5.37 (d, 1H,


3J=9 Hz; NH), 5.87 (m,
1H; CH=CH2), 7.27 (t, 2H,


3J=7.5 Hz; Fmoc), 7.36 (t, 2H, 3J=7.5 Hz;
Fmoc), 7.54 (d, 2H, 3J=7.5 Hz; Fmoc), 7.72 (d, 2H, 3J=7.5 Hz; Fmoc),
7.92 (br s, 3H, NH3);


13C NMR (100.5 MHz, CDCl3): d = 22.6 (CH2),
26.7 (CH2), 33.5 (CH2), 39.0 (CH2), 39.6 (CH2), 47.1 (CH), 47.7 (CH),
65.4 (CH2), 66.7 (CH2), 118.6 (CH2 allyl), 119.9, 125.0, 127.0, 127.7 (4O
CH Fmoc), 131.7 (CH allyl), 141.2, 143.7 (2OC Fmoc), 156.2 (OCONH),
161.9 (q, 2J(C,F)=36 Hz, CF3COOH), 171.3 (COOAll); IR (KBr): n =


3070 (s), 2946 (s), 1685 (s), 1540 (m), 1451 (m), 1203 (s), 1133 (s), 987
(m), 836 (m), 799 (m), 761 (m), 739 (m), 721 cm�1 (m); HR ESI-MS: m/
z : calcd for C25H30N2O4: 422.221; found: 423.228 [M+H]+ , 445.2100
[M+Na]+ .


Cyclo(b3hGln-b3hPhe-b3hLeu-b3hLys) (14)


Attachment of the Rink linker : TentaGel NH2 resin 11 (0.24 mmolg�1,
720 mg, 0.17 mmol) was swollen in dry CH2Cl2 for 30 min. A solution of
Fmoc-Rink linker (466 mg, 0.86 mmol), HBTU (328 mg, 0.86 mmol),
HOBt (117 mg, 0.86 mmol) and DIEA (0.15 mL, 0.86 mmol) in dry
CH2Cl2 (6 mL) were added and the suspension was stirred at room tem-
perature for 3 h (TNBS test negative). The resin was washed with CH2Cl2
(5O6 mL), DMF (5O6 mL) and was finally shrunk down with diethyl


Table 1. Crystallographic data for 4.


empirical formula C12H20N4O4
Mr 284.316
radiation MoKa
crystal system monoclinic, colorless prism
l [R] 0.71073
space group P21/c
a [R] 5.291(2)
b [R] 10.4820(7)
c [R] 12.6910(8)
a [8] 90.00
b [8] 106.391(4)
g [8] 90.00
q [8] 0.998–29.57
V [R3] 675.24(7)
Z 2
T [K] 298
m [mm�1] 0.106
1calcd [gcm


�3] 1.3982
qmax [8] 29.57
cell parameters 1843
(1485 with I > 4s(I))
parameters refined 92
final R 0.0455
Rw 0.1325
GOF 1.045
data collection: KappaCCD
absorption correction none
qmax 29.57


�7�h�7
�14�k�14
�17� l�16


measured reflections 7397
independent reflections 1869
observed reflections 1485
refinement on F 2 full-matrix least squares
calcd weights D/smax 0.000
D1max [eR


3] 0.120
D1min [eR


3] �0.138
R(all) 0.0580
R(gt) 0.0455
wR(ref) 0.1325
wR(gt) 0.1201
S(ref) 1.0045
extinction correction none
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ether (5O6 mL). Fmoc/UV spectrophotometry with a small sample of the
resin resulted in a calculated substitution level of 82%. Unreacted sites
of the resin were capped with a mixture of acetic anhydride (3 mL) and
CH2Cl2 (4 mL) and stirring for 3 h at room temperature. The resin was
subsequently washed with CH2Cl2 (6O6 mL).


Synthesis of the linear peptide : The Fmoc-Rink amide TentaGel resin 12
was swollen in DMF and Fmoc-deprotected with 2% DBU/2% piperi-
dine in DMF (5O5 min). The resin was washed with DMF (5O6 mL). A
solution of Fmoc-b3hGlu-OAll (9) (148 mg, 0.35 mmol), HBTU (128 mg,
0.34 mmol), HOBt (48 mg, 0.35 mmol) and DIEA (0.12 mL, 0.7 mmol) in
DMF (6 mL) was added and the suspension was stirred for 3 h at room
temperature (TNBS test negative). The resin was subsequently washed
with DMF (5O6 mL). The Fmoc-deprotection/coupling procedure was re-
peated three times with 2.5 equiv Fmoc-b3hPhe-OH, Fmoc-b3hLeu-OH
and Fmoc-b3hLys(Boc)-OH. After the last coupling the resin was addi-
tionally washed with CH2Cl2 (5O6 mL) and shrunk down with diethyl
ether (5O6 mL).


Allyl deprotection : The resin with the linear, fully protected peptide 13
was dried under high vacuum at 40 8C for 1 h and a solution of [Pd-
(PPh3)4] (81 mg, 0.07 mmol) in a mixture of DMSO/THF/0.5m HCl/
NMM (4:4:2:1, 38.5 mL) was added. The reaction mixture was incubated
at room temperature with occasional shaking for 4.5 h. The resin was
washed consecutively with THF (5O6 mL), 0.5% DIEA in DMF (5O
6 mL), 0.5% sodium diethyl dithiocarbamate in DMF (5O6 mL), CH2Cl2
(5O6 mL) and shrunk down with diethyl ether (5O6 mL).


Cyclization and cleavage : After Fmoc deprotection (2% DBU/2% piper-
idine in DMF, 5O5 min) and washing (5O6 mL of DMF) a solution of
HBTU (127 mg, 0.34 mmol), HOBt (47 mg, 0.35 mmol) and DIEA
(0.12 mL, 0.35 mmol) in DMF (6 mL) was added to the resin. The sus-
pension was stirred for 17 h at room temperature (TNBS test negative)
and finally washed with DMF (5O6 mL), CH2Cl2 (5O6 mL) and shrunk
down with diethyl ether (5O6 mL). To the resin were added a mixture of
TFA/H2O/TIPS (95:2.5:2.5, 6 mL). After stirring for 2.5 h at room tem-
perature the resin was filtered, washed two times with the cleavage mix-
ture (6 mL, 2 min) and the collected filtrates were combined. This mix-
ture was concentrated under reduced pressure and the residue was treat-
ed with cold ether. The crude peptide precipitated and the solvent was
decanted. This step was repeated two times and yielded the crude pep-
tide as a white solid. The mixture was purified by RP-HPLC (15–45% of
B over 44 min, tr=23.1 min) to give cyclic b


3-tetrapeptide 14 in pure form
as white powder (8 mg, 10%). Analytical HPLC (10–70% B over
14 min): tr=8.68 min. MALDI-TOF MS: m/z : calcd for C30H48N6O5:
572.369; found 573.306 [M+H]+ , 595.249 [M+Na]+ , 611.231 [M+K]+ .


Cyclo(b3hLys-b3hVal-b3hPhe-b3hLeu-b3hLys) (19)


Attachment of the first amino acid : TentaGel S PHB resin 15
(0.29 mmolg�1, 600 mg, 0.17 mmol) was suspended in dry CH2Cl2
(10 mL) and cooled to 0 8C. 4-Nitrophenyl chloroformate (117 mg,
0.58 mmol) and NMM (0.06 mL, 0.58 mmol) were added. The suspension
was warmed to room temperature and stirred over night. After washing
the resin with CH2Cl2 (5O6 mL) and DMF (2O6 mL) a solution of
Fmoc-b3hLys-OAll (10) (613 mg, 1.45 mmol) and DIEA (0.76 mL,
4.35 mmol) in DMF (6 mL) was added. The suspension was stirred at
room temperature for 14 h. The resin was washed with DMF (5O6 mL)
and the coupling step was repeated once. The resin was finally washed
with DMF (5O6 mL), CH2Cl2 (5O6 mL) and shrunk down with diethyl
ether (5O6 mL).
Assembly of the linear peptide : The Fmoc-b3hLys-OAll TentaGel resin
17 was swollen in DMF and Fmoc-deprotected with 2% DBU/2% piperi-
dine in DMF (5O5 min). The resin was washed with DMF (5O6 mL). A
solution of Fmoc-b3hVal-OH (150 mg, 0.42 mmol), HBTU (155 mg,
0.41 mmol), HOBt (57 mg, 0.42 mmol) and DIEA (0.15 mL, 0.85 mmol)
in DMF (6 mL) was added and the suspension was stirred for 3 h at
room temperature (TNBS test negative). The resin was subsequently
washed with DMF (5O6 mL), CH2Cl2 (5O6 mL) and shrunk down with
diethyl ether (5O6 mL). Fmoc/UV spectrophotometry with a small
sample of the resin resulted in a calculated substitution level of 60%.
The Fmoc-deprotection/coupling procedure was repeated three times
with 2.5 equiv Fmoc-b3hPhe-OH, Fmoc-b3hLeu-OH and Fmoc-b3hLys-


(Boc)-OH. After the last coupling the resin was additionally washed with
CH2Cl2 (5O6 mL) and shrunk down with diethyl ether (5O6 mL).


Allyl deprotection : The resin with the linear, fully protected peptide 18
was dried under high vacuum at 40 8C for 1 h and swollen in CH2Cl2. To
the damp resin were added CH2Cl2 (1 mL), phenylsilane (0.3 mL,
2.4 mmol) and a solution of [Pd(PPh3)4] (12 mg, 0.01 mmol) in CH2Cl2
(4 mL). Argon was bubbled through the suspension for 10 min and the
resin was filtered and washed with CH2Cl2 (5O6 mL). The deprotection
procedure was repeated once and the resin was washed with CH2Cl2 (5O
6 mL) and shrunk down with diethyl ether (5O6 mL).


Cyclization and cleavage : After Fmoc deprotection (2% DBU/2% piper-
idine in DMF, 5O5 min) and washing (5O6 mL of DMF) a solution of
PyAOP (209 mg, 0.4 mmol) and DIEA (0.14 mL, 0.8 mmol) in DMF
(6 mL) was added to the resin. The suspension was stirred for 12 h at
room temperature (TNBS test negative) and finally washed with DMF
(5O6 mL), CH2Cl2 (5O6 mL) and shrunk down with diethyl ether (5O
6 mL). To the resin were added a mixture of TFA/H2O/TIPS (95:2.5:2.5,
6 mL). After stirring for 3 h at room temperature the resin was filtered,
washed two times with the cleavage mixture (6 mL, 2 min) and the col-
lected filtrates were combined. This mixture was concentrated under re-
duced pressure and the residue was treated with cold ether. The crude
peptide precipitated and the solvent was decanted. This step was repeat-
ed two times and yielded the crude peptide as a white solid. The mixture
was purified by RP-HPLC (10–50% B over 29 min, tr=19.4 min) to yield
cyclic b3-pentapeptide 19 after freeze-drying (6 mg, 9%). Analytical
HPLC (10–70% B over 14 min): tr=9.15 min. MALDI-TOF MS: m/z :
calcd for C37H63N7O5: 685.49; found 686.145 [M+H]+ , 708.089 [M+Na]+ ,
724.042 [M+K]+ .


Acknowledgements


This work was supported by VetenskapsrVdet (The Swedish Research
Council), the Carl Trygger Foundation, and Magnus BergvallWs Founda-
tion. F.B. acknowledges the Carl Trygger Foundation for a postdoctoral
fellowship during 2003, and S.Z. is grateful to the Wenner-Gren founda-
tion for a fellowship 2003–2004. P.K. acknowledges the Thailand Re-
search Fund (TRF4780020) for a financial support and S.P. thanks the
Postgraduate Education and Research Program in Chemistry for a schol-
arship. MALDI-Tof MS analysis was done at the Expression Proteomics
Laboratory at Uppsala University supported by the Wallenberg founda-
tion. We are grateful to Jonas Bergquist (Uppsala University, Depart-
ment of Analytical Chemistry) for performing the ESI-MS analyses. The
CD instrument was purchased with funding from the Wallenberg founda-
tion.


[1] For reviews see: a) R. P. Cheng, S. H. Gellman, W. F. DeGrado,
Chem. Rev. 2001, 101, 3219–3232; b) D. J. Hill, M. J. Mio, R. B.
Prince, T. S. Hughes, J. S. Moore, Chem. Rev. 2001, 101, 3893–4011.


[2] D. Seebach, J. L. Matthews, Chem. Commun. 1997, 2015–2022.
[3] See for example, a) Y. Hamuro, J. P. Schneider, W. F. DeGrado, J.


Am. Chem. Soc. 1999, 121, 12200–12201; b) P. I. Arvidsson, J.
Frackenpohl, N. S. Ryder, B. Liechty, F. Petersen, H. Zimmermann,
G. P. Camenisch, R. Woessner, D. Seebach, ChemBioChem 2001, 2,
771–773; c) E. A. Porter, B. Weisblum, S. H. Gellman, J. Am. Chem.
Soc. 2002, 124, 7324–7330; d) P. I. Arvidsson, N. S. Ryder, H. M.
Weiss, G. Gross, O. Kretz, R. Woessner, D. Seebach, ChemBioChem
2003, 4, 1345–1347.


[4] M. Werder, H. Hauser, S. Abele, D. Seebach, Helv. Chim. Acta
1999, 82, 1774–1783.


[5] a) T. D. Clark, L. K. Buehler, M. R. Ghadiri, J. Am. Chem. Soc.
1998, 120, 651–656; b) K. Gademann, M. Ernst, D. Seebach, D.
Hoyer, Helv. Chim. Acta 2000, 83, 16–33; c) K. Gademann, D. See-
bach, Helv. Chim. Acta 1999, 82, 957–962.


[6] M. Royo, J. Farrera-Sinfreu, L. SolQ, F. Albericio, Tetrahedron Lett.
2002, 43, 2029–2032.


Chem. Eur. J. 2005, 11, 6145 – 6158 I 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6157


FULL PAPERCyclic Peptides



www.chemeurj.org





[7] F. B?ttner, M. ErdQly, P. I. Arvidsson, Helv. Chim. Acta 2004, 87,
2735–2741.


[8] K. Gademann, M. Ernst, D. Hoyer, D. Seebach, Angew. Chem.
1999, 111, 1302–1304; Angew. Chem. Int. Ed. 1999, 38, 1223–1226.


[9] K. Gademann, D. Seebach, Helv. Chim. Acta 2001, 84, 2924–2937.
[10] a) D. Seebach, J. L. Matthews, A. Meden, T. Wessels, C. Baerlocher,


L. B. McCusker, Helv. Chim. Acta 1997, 80, 173–182; b) J. L. Mat-
thews, K. Gademann, B. Jaun, D. Seebach, J. Chem. Soc. Perkin
Trans. 1 1998, 3331–3340.


[11] D. A. Horton, G. T. Bourne, M. L. Smythe, Mol. Diversity 2000, 5,
289–304.


[12] N. Sewald, H.-D. Jakubke, Peptides: Chemistry and Biology, Wiley-
VCH, Weinheim, 2002, pp. 311–312, p. 344.


[13] a) J. Frackenpohl, P. I. Arvidsson, J. V. Schreiber, D. Seebach, Chem-
BioChem 2001, 2, 445–455; b) H. Wiegand, B. Wirz, A. Schweitzer,
G. P. Camenisch, M. I. Rodriguez Perez, G. Gross, R. Woessner, R.
Voges, P. I. Arvidsson, J. Frackenpohl, D. Seebach, Biopharm. Drug
Dispos. 2002, 23, 251–262.


[14] V. Tereshko, J. M. Monserrat, J. PQrez-Folch, J. AymamX, I. Fita,
J. A. Subirana, Acta Crystallogr. Sect. B 1994, 50, 243–251.


[15] M. Rothe, D. M?hlhausen, Angew. Chem. 1979, 91, 79–80; Angew.
Chem. Int. Ed. Engl. 1979, 18, 74–75.


[16] A. Trzeciak, W. Bannwarth, Tetrahedron Lett. 1992, 33, 4557–4560.
[17] S. A. Kates, N. A. SolQ, C. R. Johnson, D. Hudson, G. Barany, F. Al-


bericio, Tetrahedron Lett. 1993, 34, 1549–1552.
[18] G. Guichard, S. Abele, D. Seebach, Helv. Chim. Acta 1998, 81, 187–


206.
[19] A. M?ller, C. Vogt, N. Sewald, Synthesis 1998, 837–841.
[20] H. N. Gopi, V. V. Suresh Babu, Lett. Pept. Sci. 2000, 7, 165–169.
[21] A. Mehta, R. Jaouhari, T. J. Benson, K. T. Douglas, Tetrahedron


Lett. 1992, 33, 5441–5444.
[22] M. Roice, V. N. Rajasekharan Pillai, J. Appl. Polym. Sci. 2003, 88,


2897–2903.
[23] W. C. Chan, P. D. White in Fmoc Solid Phase Peptide Synthesis, A


Practical Approach (Eds.: W. C. Chan, P. D. White), Oxford Univer-
sity Press, New York, 2000, pp. 41–76.


[24] G. B. Bloomberg, D. Askin, A. R. Gargaro, M. J. A. Tanner, Tetrahe-
dron Lett. 1993, 34, 4709–4712.


[25] S. C. Story, J. V. Aldrich, Int. J. Pept. Protein Res. 1994, 43, 292–296.


[26] B. A. Dressmann, L. A. Spangle, S. W. Kaldor, Tetrahedron Lett.
1996, 37, 937–940.


[27] J. Alsina, F. Rabanal, C. Chiva, E. Giralt, F. Albericio, Tetrahedron
1998, 54, 10125–10152.


[28] N. Thieriet, J. Alsina, E. Giralt, F. GuibQ, F. Albericio, Tetrahedron
Lett. 1997, 38, 7275–7278.


[29] T. A. Martinek, F. F?lçp, Eur. J. Biochem. 2003, 270, 3657–3666.
[30] F. Johnson, Chem. Rev. 1968, 68, 375–413.
[31] S. H. Smallcombe, S. L. Patt, P. A. Keifer, J. Magn. Reson. Ser. A


1995, 117, 295–303.
[32] L. Mueller, J. Magn. Reson. (1969) 1987, 72, 191–196.
[33] A. Bax, D. G. Davis, J. Magn. Reson. (1969) 1985, 63, 207–213.
[34] T. Parella, Magn. Reson. Chem. 1998, 36, 467–495.
[35] a)MacroModel 7.0, Schrçdinger, Inc., Portland OR, 1999 b) F. Mo-


hamadi, N. G. J. Richards, W. C. Guida, R. Liskamp, M. Lipton, C.
Caufield, G. Chang, T. Hendrickson, W. C. Still, J. Comput. Chem.
1990, 11, 440–467.


[36] S. A. Perera, R. J. Bartlett, Magn. Reson. Chem. 2001, 39, S183–
S189.


[37] D. Seebach, S. Abele, K. Gademann, B. Jaun, Angew. Chem. 1999,
111, 1700–1703; Angew. Chem. Int. Ed. 1999, 38, 1595–1597.


[38] T. L. Raguse, J. R. Lai, S. H. Gellman, J. Am. Chem. Soc. 2003, 125,
5592–5593, and references therein.


[39] a) K. Gademann, T. Kimmerlin, D. Hoyer, D. Seebach, J. Med.
Chem. 2001, 44, 2460–2468; b) D. Seebach, J. V. Schreiber, S. Abele,
X. Daura, W. F. van Gunsteren, Helv. Chim. Acta 2000, 83, 34–57.


[40] M. Rueping, B. Jaun, D. Seebach, Chem. Commun. 2000, 22, 2267–
2268.


[41] J. L. Matthews, M. Overhand, F. N. M. K?hnle, P. E. Ciceri, D. See-
bach, Liebigs Ann. 1997, 1371–1379.


[42] P. I. Arvidsson, J. Frackenpohl, D. Seebach, Helv. Chim. Acta 2003,
86, 1522–1553.


[43] S. Nilsson, M. Wetterhall, J. Bergquist, L. Nyholm, K. Markides,
Rapid Commun. Mass Spectrom. 2001, 15, 1997–2000.


[44] M. Wetterhall, S. Nilsson, K. Markides, J. Bergquist, Anal. Chem.
2002, 74, 239–245.


[45] M. Narita, M. Doi, K. Kudo, Y. Terauchi, Bull. Chem. Soc. Jpn.
1986, 59, 3553–3557.


Received: March 4, 2005
Published online: July 29, 2005


www.chemeurj.org I 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6145 – 61586158


P. I. Arvidsson et al.



www.chemeurj.org






DOI: 10.1002/chem.200500126


Combinatorial Synthesis of an Oligosaccharide Library by Using b-
Bromoglycoside-Mediated Iterative Glycosylation of Selenoglycosides: Rapid
Expansion of Molecular Diversity with Simple Building Blocks
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Introduction


Oligosaccharides have attracted a great deal of attention
due to their important biological functions.[1] They show
considerable microheterogeneity in nature in terms of the
branching and composition of monosaccharides as a result
of complex biosynthetic pathways. Therefore, rapid access to
structurally defined oligosaccharides would facilitate a
better understanding of structure–function relationships
with respect to biological processes.[2] However, this remains
a formidable challenge.


Oligosaccharides consist of several anomeric C�O-bond-
linked monosaccharides, and their synthesis requires the
iteration of glycosylation to form an anomeric bond between
one sugar and the other. Therefore, reactivity control of the
anomeric substituents is a major challenge in generalized
oligosaccharide synthesis.[2] Several glycosylation strategies
have recently been developed in order to achieve efficient
high-throughput synthesis. These include the two-stage-acti-
vation method,[3] the armed–disarmed glycosylation
method,[4] the one-pot synthesis based on chemoselective
glycosylation,[5] the orthogonal method,[6] the programmable
one-pot strategy,[7] the solid-phase synthesis[8] and the auto-
mated synthesis.[9,10] However, despite these recent develop-
ments, the rational design of oligosaccharide synthesis has
been still a difficult task, because reactivities of sugar deriv-
atives are strongly affected by structures, protecting groups
and reaction conditions (for example, activating reagents
and solvents). Given these considerations, the one-pot syn-
thesis based on chemoselective or programmable glycosyla-
tions has been most effective to date, because a combination
of glycosyl donors and acceptors can be rationally designed
using an empirical or measurable database (Figure 1a).


Abstract: A new method for construct-
ing an oligosaccharide library com-
posed of structurally defined oligosac-
charides is presented based on an itera-
tive glycosylation of selenoglycosides.
Treatment of 2-acyl-protected seleno-
glycosides with bromine selectively
generates b-bromoglycosides, which
serve as glycosyl cation equivalents in
the oligosaccharide synthesis. Thus, the
coupling of the bromoglycosides with
another selenoglycoside affords the
corresponding glycosylated selenogly-
cosides, which can be directly used to


next glycosylation. The iteration of this
sequence allows the synthesis of a vari-
ety of oligosaccharides including an
elicitor active heptasaccharide. A char-
acteristic feature of the iterative glyco-
sylation is that glycosyl donors and ac-
ceptors with the same anomeric reac-
tivity can be selectively coupled by ac-
tivation of the glycosyl donor prior to


coupling with the glycosyl acceptor.
Therefore, same selenoglycosides can
be used for both the glycosyl donors
and the acceptors. This feature has
been exemplified by a construction of
an oligosaccharide library directed to
elicitor-active oligosaccharides. The li-
brary composed of stereochemically
defined oligoglucosides with considera-
ble structural diversity can be con-
structed starting from simple selenogly-
cosides.
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However, these combinations are limited in a practical
sense due to the difficulty to design a complete set of build-
ing blocks. In addition, while each glycosylation step pro-
ceeds with high efficiency in these methods, the donors and
acceptors with suitable anomeric reactivities must be pre-
pared through laborious multistep procedures. An alterna-
tive, and potentially more general, strategy for overcoming
this problem is an iterative glycosylation by using a single
anomeric substituent under a single set of reaction condi-
tions (Figure 1b). However, so far this type of strategy has
been limited to the glycal-assembly method.[11] New tech-
niques have recently been reported by using C1-hydroxyl
glycosides[12] and selenoglycosides[13] or thioglycosides.[14,15]


We also envisaged that an iterative glycosylation would
be better adapted to enhance the structural diversity in the
construction of an oligosaccharide library.[16] A key concept
underlying chemoselective glycosylation is the existence of
reactive and less-reactive sugar derivatives in relation to
specific glycosylation conditions. Therefore, only one glyco-
side will form if one start from a set of two glycosides (Fig-
ure 2a). After n repetitions using a given set of combina-
tions, a library composed of (n + 2) compounds, including
the starting glycosides, will be produced. Therefore, the
number of starting glycosides must be increased to achieve
structural diversity in the library by using conventional gly-
cosylation methods.[17] In sharp contrast to chemoselective
glycosylation, there is virtually no reactivity difference be-
tween glycosyl donors and acceptors in iterative glycosyla-
tion. Therefore, four new glycosides can be obtained from
two glycosides by making arbitrary selections of the donors
and acceptors (Figure 2b). As the reactivity of the starting
glycosides, as well as the generated glycosides, is essentially
equal, further combinatorial glycosylation among the start-
ing and forming glycosides will dramatically increase struc-
tural diversity in the library. Therefore, a library with broad
structural diversity would be constructed without increase of
the number of starting glycosides. While random glycosyla-
tion has been reported to increase such structural diversi-
ty.[18] The resulting library comprises an inseparable mixture
of regio- and stereoisomers. However, the iterative glycosy-
lation approach would generate libraries composed of struc-
turally defined oligosaccharides.


We previously reported that chalcogenoglycosides could
be selectively activated by electrochemical oxidation,[19] and
that this method could be applicable to chemoselective gly-
cosylation. During the course of developing a new glycosyla-
tion method using chalcogenoglycosides, we discovered a
new iterative glycosylation using selenoglycosides as both
glycosyl acceptors and donors (Scheme 1). b-Bromoglyco-
sides generated from selenoglycosides serve as glycosyl
cation equivalents, and react with selenoglycosides that pos-
sess a free hydroxyl group or equivalent without adding any
activators that might react with selenoglycosides.[20] The pre-
liminary results were reported previously[13] and the full de-
tails of the study are presented here. a-Bromoglycosides
have been widely used as glycosyl donors in O-glycoside
synthesis with a combination of heavy metal activators, such
as silver and mercury salts.[21] However, little has been ex-
plored for the glycosylation of b-bromoglycosides. Lemieux
reported that b-bromoglycosides, generated in situ from a-
bromoglycosides, possessed a higher reactivity than the a-
isomer and selectively reacted with glycosyl acceptors in the
SN2 manner to give a-O-glycosides.[22] Despite the high 1,2-
cis selectivity observed in this glycosylation, further synthet-
ic elaborations have been limited as a result of low coupling
yields and long reaction times. Stereochemically pure b-
chloro- and bromoglycosides have been reported,[23] but


Figure 1. Strategies for oligosaccharide synthesis.


Figure 2. Strategies for construction of an oligosaccharide library: an ex-
ample of starting from two glycosides.


Scheme 1. b-Bromoglycoside-mediated iterative glycosylation.
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little is known on their use for O-glycoside synthesis[22a] be-
sides 2-deoxy-2-phthalimido-pyranosides with the combina-
tion of heavy metal activators.[24] Therefore, to our knowl-
edge, this is the first systematic study on the syntheses and
reactivities of stereochemically pure b-bromoglycosides of 2-
alkoxy pyranosides.[25] In addition, we also report a new
strategy for the construction of an oligosaccharide library
based on iterative glycosylation.


Results and Discussion


Selective generation of b-bromoglycosides from chalcogeno-
glycosides : During the search for a new method for the se-
lective activation of selenoglycosides, we found that b-1a
(PG = Bz)[26] was selectively converted to the correspond-
ing b-bromoglycoside 2a upon treatment with one equiva-
lent of N-bromosuccinimide (NBS) (Scheme 2 and Table 1,
entry 1). The structure of 2a was assigned on the basis of
the characteristic b-coupling at the anomeric proton signal
(d 6.05 ppm; 3JHH=9.6 Hz) by using


1H NMR, and also by
the existence of the neutral anomeric carbon (d 79.7 ppm)


and four carbonyl signals (d = 165.25, 165.51, 165.97 and
166.39 ppm) by using 13C NMR in experiments carried out
in CD2Cl2. The tolylselenyl group in 1a was converted to
tolylselenylsuccinimide (3) as judged by the 77Se NMR (d
622.1 ppm) of the reaction mixture.[27] The addition of one
equivalent of methanol to this mixture completely converted
2a to orthoester 4a (PG = Bz, PG’ = Ph), along with the
formation of tolylselenylbromide (77Se NMR: d 794.4 ppm)
and succinimide.[28]


The b-bromoglycoside 2a was also formed by treatment
of b-1a with one equivalent of tolylselenylbromide or with a
half equivalent of bromine (entries 2 and 3). In these reac-
tions, the tolylselenyl moiety in 1a was converted to ditolyl-
diselenide, as judged by the 77Se NMR (d 206.3 ppm) analy-
sis of the reaction mixture. The diselenide was also isolated
and identified after reaction with a glycosyl acceptor. There-
fore, the reaction of 1a with Br2 seems to involve the initial
formation of 2a and tolylselenylbromide, which subsequent-
ly reacts with the remaining 1a to give 2a and the disele-
nide.[29] The 1H NMR experiments in CD2Cl2 revealed that
the reaction was extremely b-stereoselective (95–98% selec-
tivity) after a run of several experiments. Due to the mild
reaction conditions, isomerization of b-2a to the thermody-
namically more stable a-isomer was slow, and less than 10%
of b-2a isomerized to a-2a after one day at room tempera-
ture. Phenylselenyl-substituted selenoglycoside 6a also pro-
duced similar results (entry 4).


We next examined the factors controlling the formation
of b-bromoglycosides from chalcogenoglycosides. First, the
effect of the C2-protecting groups was examined: the acetyl-
protected selenoglycoside 1b and 6b gave the corresponding
b-bromoglycoside 2b, respectively (entries 5 and 6), while
the benzyl-protected 1c gave the a-isomer as the sole prod-
uct (entry 7).
Second, the effect of the stereochemistry of the starting


selenoglycoside was examined; surprisingly, we found that
the stereochemistry was critical for the generation of the b-
bromoglycosides. Thus, treatment of a-1a with bromine re-
sulted in the formation of a 15:85 mixture of a- and b-iso-
mers in good combined yield (entry 8). These results clearly
indicate the involvement of two mechanisms namely, bromi-
nation with inversion and retention of the starting selenogly-
cosides[29] although the detailed mechanisms are unclear. We
used b-selenoglycosides as the glycosyl donors and acceptors
throughout the following studies, in order to generate ster-
eochemically pure b-bromoglycosides.


Scheme 2. Reaction of 1 with NBS. a) NBS (1.0 equiv), CD2Cl2, �45 8C!
RT, 0.5 h; b) MeOH (1.0 equiv), RT, 1 min; c) TMSOTf (0.2 equiv),
CH2Cl2, 0 8C, 15 min.


Table 1. Formation of b-bromoglycoside 2 from chalcogenoglycosides.[a]


Entry Substrate Activator Yield Selectivity
(equiv) [%]


1 b-1a NBS (1.0) >95 >97% b


2 b-1a TolSeBr (1.0) >95 >97% b


3 b-1a Br2 (0.5) >95 95–98% b


4 b-6a Br2 (0.5) >95 95–98% b


5 b-1b Br2 (0.5) >95 95–98% b


6 b-6b Br2 (0.5) >95 95–98% b


7 b-1c Br2 (0.5) >95 >97% a


8 a-1a Br2 (0.5) >95 85% b


9 b-7 Br2 (0.5) 65 76% b


10 b-8 Br2 (0.5) >95 >97% b


[a] The reaction was carried out by mixing a substrate and an activator at
�40 8C to room temperature for 0.5 h in CD2Cl2, with the exception of
entry 9, in which the reaction was carried out for 3 d at room tempera-
ture.
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Third, the effect of the chalcogen atom was examined.
The reaction of thioglycoside b-7 with bromine was slow
and gave the bromoglycoside in 65% yield with 76% b-se-
lectivity after 3 d at room temperature (entry 9).[30] By con-
trast, the reaction of telluroglycoside b-8 proceeded smooth-
ly within 0.5 h and afforded b-2a with complete b-selectivity
(entry 10).[31] We used the b-isomer of C2-acyl-protected se-
lenoglycosides as glycosyl donors throughout the following
investigations because telluroglycosides are slightly sensitive
to oxygen.[32]


Reaction of b-bromoglycoside with glycosyl acceptors : The
b-bromoglycosides generated from selenoglycosides reacted
with various glycosyl acceptors. Thus, the treatment of b-2a,
which was generated from b-1a or b-6a and bromine, with
MeOH (1.0 equiv) and 2,6-lutidine (1.0 equiv) in CH2Cl2 af-
forded the orthoester 4a in quantitative yield within 5 min
at 0 8C (Table 2, entry 2); by contrast, the reaction without


base did not proceed (entry 1). Tributylstannyl methyl
ether[33] also reacted with b-2a to give 4a in quantitative
yield (entry 3). Acetyl-protected b-2b also afforded or-
thoester 4b upon treatment with methanol and 2,6-lutidine
(entry 4). Although several organic bases were examined,
including pyridine, 2,6-di-tert-butylpyridine and triethyla-
mine, 2,6-lutidine showed the best results in terms of high
conversion and short reaction time. Treatment of the isolat-
ed orthoester 4 with a catalytic amount of Me3SiOTf result-
ed in the quantitative formation of the corresponding O-gly-
coside 5.[34] The b-isomer of 5 formed exclusively due to the
intramolecular participation of the C2 acyl-protecting
groups.
It is worth noting the effect of the stereochemistry and


the halogen atom on the reactivity of haloglycosides. The a-
isomer of 2a was found to be far less reactive than b-2a,
and the orthoester 4a formed in only 12% after 10 d at
room temperature (entry 5). We also examined the effect of
ammonium salts, which facilitate the isomerization between
the a- and b-halogycosides.[22a,35] The coupling of a-2a in the
presence of Bu4NI (1.0 equiv), however, required 16 h at


room temperature to achieve a high conversion (entry 6). b-
Fluoro- (9) and b-chloroglycosides (10) were also found to
be less reactive than b-bromoglycosides (entries 7 and 8). In
addition, we examined the coupling of b-2a with cyclohexa-
nol and sugar alcohol 11, and the desired O-glycosides were
obtained in both cases after the isomerization of the or-
thoester intermediate (entries 9 and 10).


Iterative glycosylation of selenoglycosides : Next, we exam-
ined the use of selenoglycosides as glycosyl acceptors, as the
coupling of b-bromoglycosides with glycosyl acceptors does
not require chemical activators that might destroy the
anomeric arylselenyl group (Scheme 1). The coupling of 2a,
generated in situ from 1a, with C6 hydroxyl selenoglycoside
12d proceeded smoothly in the presence of 2,6-lutidine to
give orthoester 16 in 81% yield; this was isomerized to the
corresponding O-glycoside 17g (n=1) in 95% yield
(Table 3, entry 1). The coupling of 2a with C6 tributylstan-


nyloxyl selenoglycoside 12e[36] also proceeded smoothly and
afforded 16 in 75% yield. One-pot synthesis from 1a to 17g
was possible when 12e was used as the glycosyl acceptor,
and 17g formed in 66% yield after the in situ isomerization
of 16 upon treatment with trimethylsilyl triflate (entry 2).
Galactose-derived selenoglycoside 14 could be used as the


Table 2. Coupling reaction of b-bromoglycosides with glycosyl acceptors.


Entry Haloglycoside Acceptor Additive[a] t Yield[b]


[h] [%]


1 b-2a MeOH none 2 0
2 b-2a MeOH 2,6-lutidine 0.5 97
3 b-2a MeOSnBu3 none 0.5 96
4 b-2b MeOH 2,6-lutidine 0.5 97
5 a-2a MeOH 2,6-lutidine 240 12
6 a-2a MeOH nBu4NI 16 78
7 b-9 MeOH 2,6-lutidine 12 0
8 b-10 MeOH 2,6-lutidine 5 31
9 b-2a c-C6H11OH 2,6-lutidine 0.5 82[c]


10 b-2a 11 2,6-lutidine 2.5 75[c]


[a] One equivalent was added. [b] Yield of the orthoester determined by
1H NMR in the presence of an internal standard. [c] Isolated yield of O-
glycoside after isomerization of the orthoester. The b-isomer formed ex-
clusively.


Table 3. Glycosylation of selenoglycosides.


Entry Donor Acceptor Product Yield[a]


[%]


1 1a 12d (Ar=Tol) 17g (Ar=Tol) 77
2 1a 12e (Ar=Tol) 17g (Ar=Tol) 71 (66)
3 14 13e 18 57
4 1a 15 19 64
5 17g 12e (Ar=Ph) 17h (Ar=Ph) 81
6 17h 12e (Ar=Ph) 17 i (Ar=Ph) 56


[a] The yield was based on the acceptor for entries 1, 2, and 3, in which a
slight excess of the donor was used (1.5 equiv for entries 1, 2 and 3), and
on the donor for the remaining entries, in which a slight excess of the ac-
ceptor was used (1.0 equiv for entry 4, and 1.5 equiv for entries 5 and 6).
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glycosyl donor, and the coupling of the b-bromoglycoside
derived from 14 with 13e afforded the desired disaccharide
18 in good yield (entry 3).
A characteristic feature of the current iterative glycosyla-


tion is that less-reactive selenoglycosides can be used as the
glycosyl donors and more-reactive selenoglycosides can be
used as the glycosyl acceptors. For example, C2 alkyl-pro-
tected glycosides are known to be more reactive than C2
acyl-protected glycosides; thus, the former always act as
donors and the latter act as acceptors in armed-disarmed
glycosylation.[4] The present strategy, however, enables the
use of a C2 acyl-protected glycoside 1a as a donor and a C2
alkyl-protected glycoside 15 as an acceptor, to give 19 in
good yield (entry 4). Disaccharide 19 would be used for an
armed glycosyl donor in the conventional chemoselective
glycosylation reactions.
The products of the current glycosylation reactions are


also selenoglycosides. Thus, we could elongate the oligosac-
charide chain by repeating the same reaction sequence. Tri-
and tetrasaccharides 17h and 17 i were synthesized by using
17g and 17h as glycosyl donors, and 12e as a common gly-
cosyl acceptor, respectively, in good yields (entries 5 and 6).
We also examined the coupling of the b-bromoglycosides


with more sterically hindered glycosyl acceptors (Scheme 3).
While the coupling reaction of b-bromoglycoside 2b, gener-
ated from 6b, with C3 hydroxyl glycosides was slow due to
the low reactivity of 2b, the reaction with stannylenacetal 20
proceeded smoothly to give orthoester 21 in 88% yield after
acetylation of the C2 hydroxyl group. Acid-catalyzed iso-
merization of 21, followed by in situ hydrolysis of the ben-
zylidene acetal, afforded diol 23d in 70% yield and unhy-
drolyzed 22 in 20% yield. The isolated 22 could be trans-
formed to 23d by acid-catalyzed hydrolysis in 80% yield.


Construction of an oligoglucoside library directed to elici-
tor-active oligosaccharides : We applied the current iterative
glycosylation method to the construction of an oligosacchar-
ide library. We targeted the library of the phytoalexin elici-


tor-active heptasaccharide 24,[37] because several structurally
related b-(1,3)-d-glucans possess unique activities, including
elicitor, antitumor[38] and RNA-recognition abilities
(Figure 3).[39] As the structure of 24 could be envisaged as a
repeating b-1,6-glycosidic bond between a monosaccharide


and a 1,3-linked disaccharide, the diversity-oriented retro-
synthetic analysis led to the monosaccharide- and disacchar-
ide-derived selenoglycosides 13 and 23, respectively, as the
common building blocks. When these selenoglycosides were
used as glycosyl donors and acceptors, the C6 hydroxyl
group was protected as the tert-butyldimethylsilyl ether and
was activated by conversion to the tributylstannyl ether,[36]


respectively.
The construction of an oligoglucoside library was initially


examined with a combination of 13 and 23. Thus, the glyco-
syl donors (13 f or 23 f) were activated to the corresponding
b-bromoglycosides upon treatment with bromine, followed
by coupling with the glycosyl acceptors (13e or 23e). In situ
isomerization of the corresponding orthoesters afforded 25 f,
26 f, 27 f and 28 f depending on the donor/acceptor combina-
tions (Scheme 4). The desired products formed in good to
excellent yields in all cases. The silyl-protecting group in the
products (R=SiMe2tBu) was transformed to the corre-
sponding tributylstannyl ether (R=SnBu3), for use in the
next glycosylation as the glycosyl acceptor, by treatment
with aqueous hydrogen fluoride in acetonitrile followed by
allyltributylstannane and a catalytic amount of triflic acid.
We next examined the second-generation synthesis of the


library using 26 as a common scaffold. For example, two iso-
meric tetrasaccharides 29 f and 30 f were formed in good
yield by the combination of 26 and 13, employing 26 f and
13 f as glycosyl donors and 13e and 26e as acceptors, respec-
tively. In contrast, two isomeric pentasaccharides, 31 f and
32 f, were obtained from a combination of 26 and 23. Fur-
ther combinatorial glycosylation of 26 with 25, 26, 27 and 28
afforded 33 f–39 f composed of five, six and seven glucose
units with different connectivity depending on the donor/ac-


Figure 3. Diversity-oriented retrosynthetic analysis of the elicitor-active
heptasaccharide 24.


Scheme 3. Synthesis of b-1,3-glycoside. a) 6b (1.5 equiv)/Br2 (0.75 equiv),
CH2Cl2, 0 8C, 0.5 h, then 20 (1.0 equiv), RT, 5 h; Ac2O (1.5 equiv), Et3N
(1.5 equiv), DMAP (0.1 equiv), RT, 0.5 h; 88%. b) Me3SiOTf (0.1 equiv),
CH2Cl2, 0 8C, 0.5 h, then H2O (10 equiv), RT, 0.5 h; 20% (22) and 70%
(23d). c) Me3SiOTf (0.1 equiv), H2O (10 equiv), CH2Cl2, 0 8C, 0.5 h;
80%.
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ceptor combinations. It is worth noting that all of the glyco-
side-bond formations were carried out under a single set of
conditions, without any manipulations of the anomeric sub-
stituents. As all of the products were selenoglycosides, they
could be used subsequently as glycosyl donors and acceptors
to enhance the structural diversity. These results clearly
demonstrate the power of iterative glycosylation for the con-
struction of a stereochemically defined oligosaccharide li-
brary with extremely high structural diversity.
The coupling efficiencies were sometimes low. This is


partly because the competitive desilylation of the glycosyl
donors under the reaction conditions, and the tert-butyldi-
phenylsilyl-protecting group was used rather than the tert-
butyldimethylsilyl group to avoid desilylation when 28 f was


used as the glycosyl donor. The
low coupling efficiency could
also be attributed to the low re-
activity of the b-bromoglyco-
sides compared to the conven-
tional “glycosyl cation” inter-
mediates, because of the strong
covalent-bond character of the
carbon�bromine bond. We be-
lieve that the coupling efficien-
cy would be increased by de-
tailed optimizations, including
the use of more-reactive glyco-
syl cation equivalents as the in-
termediates.[14]


Synthesis of elicitor-active hep-
tasaccharide : We investigated the synthesis of the elicitor-
active heptasaccharide 24.[37] Initially, we attempted the cou-
pling of the glycosyl donor hexasaccharide 35 f and the gly-
cosyl acceptor monosaccharide 13e ; however, the resulting
orthoester formed in low yield (24%). The reactivities of
glycosyl donors tend to decrease as the sugar moiety of the
donor becomes bulkier, as quantitatively analyzed using the
programmable approach.[7] Thus, the present results might
have been due to the decreased reactivity of the b-bromo-
glycoside, which possesses six glucose units, compared with
those of smaller analogues.
Next, we examined the coupling of trisaccharide donors


and tetrasaccharide acceptors (Scheme 5). The silyl-protect-
ing group in 29 f was converted to the tributylstannyl group


Scheme 4. Combinatorial synthesis of oligoglucosides. Glycosyl acceptor (0.8–2.0 equiv)/Br2 (0.4–1.0 equiv),
CH2Cl2, �23 8C!RT, 0.5 h, then glycosyl acceptor (1.0 equiv), RT, 0.1 h, Me3SiOTf (0.1 equiv), 0 8C, 0.5 h.
Glycosyl acceptor/donor: a) 13 f/13e, b) 13 f/23e, c) 23 f/13e, d) 23 f/23e, e) 26 f/13e, f) 13 f/26e, g) 26 f/23e,
h) 23 f/26e, i) 26 f/25e, j) 25 f/26e, k) 26 f/26e, l) 26 f/27e, m) 27 f/26e, n) 26 f/28e, o) 28 f/26e. The yield was
based on the donor for the synthesis of 31 and on the acceptor for all other cases. The sum of the desired O-
glycoside and its desilylated product is given here (see text). See details in Experimental Section.
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(29e), which was coupled with the b-bromoglycoside gener-
ated from 26 f to give heptasaccharide 40 in 60% yield. The
phenylselenyl group in 40 could be transformed to the re-
ducing end sugar by the treatment of 40 with Br2 followed
by the addition of water. Hydrogenolysis of the benzyl
group of the resulting hydroxyl glycoside, followed by acety-
lation, gave per-acetylated glycoside 41 as an approximately
1:1 mixture of a- and b-iosmers in 75% yield (three steps).
Hydrolysis of the acetyl groups of 41 quantitatively afforded
24.


Summary


We have demonstrated that b-bromoglycosides serve as
useful synthetic surrogates for the glycosyl cation species in
the iterative glycosylation of selenoglycosides. The success
of this method relies on the separation of the glycosylation
reaction into two stages: activation to generate a glycosyl
cation equivalent and subsequent coupling with a glycosyl
acceptor. We have also shown that iterative glycosylation is
suitable for the rapid synthesis of an oligosaccharide library
with considerable structural diversity. Although there are
several limitations to this method, such as the low reactivity
of b-bromoglycosides and stereochemical control to form
1,2-cis glycosides, the concept presented here provides a
new synthetic strategy for the generalized synthesis of oligo-
saccharides and their libraries.


Experimental Section


General methods : All reaction conditions dealing with air- and moisture
sensitive compounds were carried out in a dry reaction vessel under ni-
trogen or argon atmosphere. 1H NMR (300, 400, and 600 MHz) and
13C NMR (75, 100, and 125 MHz) spectra were measured for a CDCl3 so-
lution of a sample. 1H NMR spectra are reported in parts per million (d)
from internal tetramethylsilane, and 13C NMR from CDCl3 (77.0 ppm).
IR spectra (absorption) are reported in cm�1. Preparative HPLC was per-
formed with GPC column by using CHCl3 as eluent.


Materials : Unless otherwise noted, materials were obtained from com-
mercial suppliers and were used without purification. MeCN, EtCN,
CH2Cl2 were distilled successively from P2O5 and K2CO3 and stored over
molecular sieves. DMF was dried over P2O5 and was distilled under re-
duced pressure over stored molecular sieves. Chloroform was passed
through a pad of basic alumina before use.


Preparation of b-bromoglycosides


Scheme 5. Synthesis of elicitor-active heptasaccharide. a) 5% aqueous
HF/MeCN/CH2Cl2, RT, 12 h, 83%. CH2=CHCH2SnBu3 (1.3 equiv),
TfOH (0.3 equiv), CH2Cl2, rt, 2 h. b) 26 f (2.0 equiv)/Br2 (1.0 equiv),
CH2Cl2, 0 8C, 0.5 h, then 29e (1.0 equiv), RT, 1 h, then Me3SiOTf
(0.1 equiv), 0 8C, 0.5 h, 60%. c) Br2 (0.5 equiv), CH2Cl2, 0 8C, 0.5 h, then
H2O (20 equiv), RT, 0.5 h. d) H2 (50 atm), Pd(OH)2/C, EtOH, 50 8C, 16 h
then Ac2O (14 equiv), DMAP (2 equiv), Et3N (20 equiv), CH2Cl2, RT,
16 h, 75% (3 steps). e) MeONa (25 equiv), MeOH, RT, 0.5 h, quant.
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b-Bromoglycosides 2a


Bromine-promoted reaction : Bromine (8.0 mg, 0.050 mmol) at �45 8C
was added to a solution of selenoglycoside 1a (75.0 mg, 0.10 mmol) in
CD2Cl2 (0.6 mL), and the resulting solution was slowly warmed up to
room temperature over 30 min. 1H NMR analysis revealed the selective
formation of b-2a (a/b 3:97) in quantitative yield as judged by the addi-
tion of (CHCl2)2 as an internal standard. The b-bromoglycoside 2a was
sensitive toward hydrolysis, and the products were finally characterized
after the reaction with glycosyl acceptors. 1H NMR (300 MHz, CD2Cl2):
d = 4.20–4.68 (ddd, J=9.6, 4.5, 3.0 Hz, 1H), 4.60 (dd, J=12.9, 4.5 Hz,
1H), 4.74 (dd, J=12.9, 3.0 Hz, 1H), 5.88–5.98 (m, 3H), 6.05 (d, J=
9.6 Hz, 1H), 7.36–7.65 (m, 17H), 7.91–8.16 (m, 8H); 13C NMR (75 MHz,
CD2Cl2): d = 62.88 (CH2), 68.89 (CH), 73.60 (CH), 74.86 (CH), 77.26
(CH), 79.70 (CH), 128.88 128.94, 129.18, 129.30, 130.03, 130.11, 130.17,
130.23, 130.26, 130.41, 130.64, 133.73, 133.93, 134.10, 165.25 (C=O),
165.51 (C=O), 165.97 (C=O), 166.39 (C=O).


Tolylselenylbromide-promoted reaction : A solution of tolylselenylbro-
mide (25.0 mg, 0.10 mmol) in CD2Cl2 (0.3 mL) was added at �45 8C to a
solution of 1a (75.0 mg, 0.10 mmol) in CD2Cl2 (0.3 mL), and the resulting
solution was slowly warmed up to room temperature over 30 min.
1H NMR analysis revealed the selective formation of b-2a (a/b 5:95) in
quantitative yield as judged by the addition of (CHCl2)2 as an internal
standard.


Methylglycoside 8a : Bromine (8.0 mg, 0.050 mmol) at �45 8C was added
to a solution of 1a (75.0 mg, 0.10 mmol) in CD2Cl2 (0.6 mL), and the re-
sulting solution was slowly warmed up to room temperature over 30 min.
Methanol (3.2 mg, 0.11 mmol) and 2,6-lutidine (10.8 mg, 0.10 mmol) were
added, and the resulting mixture was stirred for 10 min and was
quenched by addition of saturated aqueous NaHCO3. The aqueous phase
was extracted with Et2O, and the combined organic extract was washed
with saturated aqueous NaCl, dried over Na2SO4, and concentrated to
give a crude oil, which was mainly consisted of orthoester 4a. 1H NMR
(300 MHz, CDCl3): d = 4.19–4.25 (ddd, J=9.0, 4.8, 2.7 Hz, 1H), 4.44
(dd, J=12.0, 4.8 Hz, 1H), 4.56 (dd, J=12.0, 2.7 Hz, 1H), 4.87 (ddd, J=
3.9, 3.0, 0.9 Hz, 1H), 5.56 (d, J=9.0 Hz, 1H), 5.83 (dd, J=3.0, 1.5 Hz,
1H), 6.14 (d, J=5.4 Hz, 1H), 7.48–8.17 (m, 20H).


The crude 4a was dissolved in CD2Cl2 (0.6 mL), and TMSOTf (4.6 mg,
0.020 mmol) was added at 0 8C. After the resulting mixture was stirred
for 15 min, saturated aqueous NaHCO3 solution and Et2O was added.
The aqueous phase was extracted with Et2O, and the combined organic
extract was washed with saturated aqueous NaCl, dried over Na2SO4, and
concentrated. Purification on silica gel afforded 8a (58.6 mg, 96%).
1H NMR (300 MHz, CD2Cl2): d = 4.17 (ddd, J=9.6, 5.1, 3.3 Hz, 1H),
4.52 (dd, J=12.0, 5.1 Hz, 1H), 4.66 (dd, J=12.0, 3.3 Hz, 1H), 4.78 (d, J=
7.8 Hz, 1H), 5.54 (dd, J=9.6, 7.8, Hz, 1H), 5.70 (t, J=9.6 Hz, 1H), 5.93
(t, J=9.6 Hz, 1H), 7.04–8.04 (m, 20H).


Iterative glycosylations


Selenoglycoside 13d : Et3SiH (0.7 g, 6.0 mmol) and PhBCl2 (1.1 g,
6.8 mmol) successively at �78 8C were added to a solution of phenyl 2,3-
di-O-acetyl-4,6-O-benzylidene-b-d-selenoglucopyranoside[40] (985 mg,
2.0 mmol), molecular sieves 4 M (7.5 g) and CH2Cl2 (25 mL), and the re-
sulting mixture stirred for 30 min at this temperature. The reaction
quenched by successive addition of Et3N (5.0 mL) and MeOH (5.0 mL),
and the resulting mixture was washed with saturated aqueous NaHCO3
solution. After separation of the organic layer, the aqueous phase was ex-
tracted with ethyl acetate, and the combined organic extract was washed
saturated aqueous NaCl solution, dried over MgSO4, filtered and concen-
trated under reduced pressure to give a crude oil. Purification by flash
chromatography (silica gel 100 g; elution with 30% ethyl acetate in
hexane) afforded 13d as a white solid (794 mg, 80%). 1H NMR
(300 MHz, CDCl3): d = 1.79 (dd, J=8.4, 5.4 Hz, 1H, OH), 1.93 (s, 3H),
2.07 (s, 3H), 3.45 (tt, J=9.8, 4.0 Hz, 1H), 3.67 (t, J=9.5 Hz, 1H), 3.68–
3.75 (m, 1H), 3.91 (ddd, J=12.3, 5.4, 2.4 Hz, 1H), 4.58 (d, J=11.1 Hz,
1H), 4.63 (d, J=11.4 Hz, 1H), 4.89–4.98 (m, 2H), 5.23 (ddd, J=9.2, 5.8,
3.4 Hz, 1H), 7.22–7.40 (m, 8H), 7.55–7.62 (m, 2H); 13C NMR (75 MHz,
CDCl3): d = 20.73, 20.78, 61.44, 71.37, 74.75, 75.03, 75.65, 80.34, 80.83,
127.03, 127.86, 127.97, 128.46, 129.08, 134.92, 137.37, 169.63, 170.03; IR
(KBr): ñ = 3487 (m), 1748 (s), 1727 (s), 1368, 1254, 1086, 1046, 739 cm�1;


HRMS (FAB): m/z : calcd for C23H27O7Se: 495.0922; found 495.0923
[M+H]+ ; elemental analysis calcd (%) for C23H26O7Se: C 55.99, H 5.31;
found: C 55.79, H 5.19.


Selenoglycoside 13 f : A solution of selenoglycoside 13d (2.5 g, 5.1 mmol),
tBuMe2SiCl (1.2 g, 7.6 mmol), DMAP (65.7 mg, 0.54 mmol) and Et3N
(0.80 g, 7.9 mmol) in THF (12.0 mL) was heated at 50 8C for 12 h. To this
mixture was added saturated aqueous NaHCO3 solution, and the aqueous
phase was extracted with ethyl acetate. The combined organic extract
was washed with saturated aqueous NaCl solution, dried over MgSO4, fil-
tered and concentrated under reduced pressure to give a crude mixture.
Purification by flash chromatography (silica gel 100 g; elution with 17%
ethyl acetate in hexane) afforded 13 f as a white powder (3.0 g, 98%).
1H NMR (300 MHz, CDCl3): d = 0.10 (s, 3H), 0.12 (s, 3H), 0.94 (s, 9H),
1.89 (s, 3H), 2.04 (s, 3H), 3.37 (dt, J=9.6, 2.3 Hz, 1H), 3.87 (dd, J=11.7,
3.3 Hz, 1H), 3.92 (dd, J=11.9, 2.3 Hz, 1H), 4.58 (d, J=11.4 Hz, 1H),
4.66 (d, J=11.4 Hz, 1H), 4.84–4.93 (m, 2H), 5.20 (tt, J=9.4, 7.0 Hz, 1H),
7.21–7.36 (m, 8H), 7.58–7.64 (m, 2H); 13C NMR (75 MHz, CDCl3): d =


�5.45, �5.08, 18.29, 20.76, 20.82, 25. 94, 134.95, 137.85, 169.62, 170.12; IR
(KBr): ñ = 2930, 2857, 1752 (s), 1246 (s), 1065, 837, 743 cm�1; HRMS
(FAB): m/z : calcd for C29H41O7SeSi: 609.1787; found 609.1810 [M+H]+ ;
elemental analysis calcd (%) for C29H40O7SeSi: C 57.32, H 6.63; found: C
57.32, H 6.75.


General procedures for the preparation of stannyl ethers from sugar alco-
hols


Preparation of stannyl ether 13e : Selenoglycoside 13d (495 mg,
1.0 mmol) was added at room temperature to a solution of allyltributyltin
(427 mg, 1.3 mmol) and TfOH (45.1 mg, 0.30 mmol) in CH2Cl2 (7.0 mL),
and the resulting solution was stirred for 2 h at this temperature. To the
solution was added 2,6-lutidine (32.2 mg, 0.30 mmol) at this temperature.
This solution was used for the glycosyl-coupling reaction without further
purification.


Disaccharide 17g


One-pot procedures : Bromine (23.9 mg, 0.15 mmol) was added at �25 8C
to a solution of 1a (224 mg, 0.30 mmol) in CH2Cl2 (0.4 mL), and the re-
sulting solution was slowly warmed to room temperature over 30 min. To
this solution was added 12e (181 mg, 0.20 mmol) and 2,6-lutidine (6.4 mg,
0.060 mmol), and the resulting mixture was stirred for 12 h at room tem-
perature. To this solution was added TfOH (3.1 mg, 0.020 mmol) at 0 8C,
and the resulting mixture was stirred for 15 min. After the usual workup
(addition of saturated aqueous NaHCO3, extraction by Et2O, washed
with saturated aqueous NaCl, dried over MgSO4, and concentration), pu-
rification by flash column chromatography (elution with 25% ethyl ace-
tate in hexane) afforded 17g (158 mg, 0.13 mmol, 66%). 1H NMR
(400 MHz, CDCl3): d = 2.33 (s, 3H), 3.62–3.65 (m, 1H), 3.71 (t, J=
9.3 Hz, 1H), 3.89 (dd, J=11.6, 4.8 Hz, 1H), 4.10 (ddd, J=9.6, 4.8, 3.3 Hz,
1H), 4.17 (dd, J=11.6, 1.6 Hz, 1H), 4.30 (d, J=10.8 Hz, 1H), 4.33 (d, J=
10.8 Hz, 1H),4.50 (dd, J=12.1, 4.8 Hz, 1H), 4.73 (dd, J=12.3, 3.3 Hz,
1H), 4.96 (d, J=9.9 Hz, 1H), 4.96 (d, J=8.2 Hz, 1H), 5.32 (t, J=9.7 Hz,
1H), 5.56–5.62 (m, 2H), 5.71 (t, J=9.7 Hz, 1H), 5.90 (t, J=9.7 Hz, 1H),
6.92–6.96 (m, 2H), 7.09–7.14 (m, 5H), 7.27–7.57 (m, 20H), 7.81–7.95 (m,
10H), 8.03–8.06 (m, 2H); 13C NMR (100 MHz, CDCl3): d = 21.24 (CH3),
62.94 (CH2), 67.92 (CH2), 69.65 (CH), 71.70 (CH), 71.95 (CH), 72.35
(CH), 72.99 (CH), 74.67 (CH2), 75.85 (CH), 76.27 (CH), 80.01 (CH),
81.37 (CH), 101.16 (CH), 123.63 (C), 127.77, 127.79, 128.2–128.5 [128.24,
128.28, 128.32, 128.38, 128.40, 128.42], 128.85 (C), 129.26 (C), 129.39 (C),
129.43 (C), 129.62 (C), 129.7–130.0 [129.71, 129.77, 129.80, 129.84,
129.91], 133.08 (CH), 133.11 (CH), 133.19 (CH), 133.24 (CH), 133.43
(CH), 135.51 (CH), 137.12 (C), 138.52 (C), 165.03 (C=O), 165.18 (C=O),
165.20 (C=O), 165.56 (C=O), 165.83 (C=O), 166.09 (C=O); IR (KBr): ñ
= 1725, 1601, 1491, 1451, 1277 (br), 1069, 1026, 710 cm�1; HRMS (FAB):
m/z : calcd for C68H59O16Se: 1211.2968; found 1211.2959 [M+H]+ .


Stepwise procedures : Bromine (59.9 mg, 0.37 mmol) was added at �25 8C
to a solution of 1a (562 mg, 0.75 mmol) in CH2Cl2 (1.7 mL), and the re-
sulting solution was slowly warmed to room temperature over 30 min. To
this solution was added 12d (316 mg, 0.50 mmol) and 2,6-lutidine
(53.5 mg, 0.50 mmol), and the resulting mixture was stirred for 12 h at
room temperature. After the usual workup, purification by flash column
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chromatography (elution with 25% ethyl acetate in hexane) afforded or-
thoester 12 (484 mg, 41 mmol, 81%).


TMSOTf (1.1 mg, 0.0050 mmol) and 2,6-di-tert-butylpyridine (0.094 mg,
0.0050 mmol) were added at 0 8C to a solution of the orthoester 12
(584 mg, 0.49 mmol) in 1,2-dichroloethane (2.5 mL). The resulting mix-
ture was stirred for 30 min, and was quenched with saturated aqueous
NaHCO3. After the usual work up, purification by flash chromatography
afforded 17g (555 mg, 95%).


Disaccharide 18 : Bromine (12.1 mg, 0.076 mmol) at �23 8C was added to
a solution of selenoglycoside 14 (110 mg, 0.15 mmol) in CH2Cl2 (1.5 mL),
and the resulting solution was slowly warmed to room temperature over
30 min. To this solution was added 2,6-lutidine (3.2 mg, 0.030 mmol) and
13e, which was prepared by mixing 13d (49.4 mg, 0.10 mmol), allyltribu-
tyltin (43.0 mg, 0.13 mmol), and TfOH (4.6 mg, 0.031 mmol) in CH2Cl2
(0.8 mL), and the resulting mixture was stirred for 30 min at room tem-
perature. To this mixture was added TMSOTf (2.3 mg, 0.010 mmol) at
0 8C, and the resulting mixture was stirred for 15 min. Triethylamine
(0.05 mL) followed by aqueous saturated NaHCO3 solution were added,
and organic layer was separated. The aqueous phase was extracted with
ethyl acetate, and the combined organic extract was washed with aqueous
saturated NaCl solution, dried over MgSO4, and concentrated to give a
crude mixture. Purification by flash chromatography (silica gel 10 g; elu-
tion with 30% ethyl acetate in hexane) afforded 18 (60.9 mg,
0.057 mmol, 57%) as a white powder. 1H NMR (300 MHz, CDCl3): d =


1.84 (s, 3H), 2.03 (s, 3H), 3.45–3.58 (m, 2H), 3.85 (dd, J=11.4, 4.5 Hz,
1H), 4.18–4.28 (m, 2H), 4.29 (d, J=11.1 Hz, 1H), 4.37 (d, J=11.1 Hz,
1H), 4.43 (dd, J=11.4, 6.6 Hz, 1H), 4.57–4.91 (m, 3H), 5.13 (br t, J=
8.1 Hz, 1H), 5.59 (dd, J=10.5, 3.6 Hz, 1H), 5.85 (dd, J=10.5, 3.6 Hz,
1H), 5.99 (brd, J=2.7 Hz, 1H), 7.00–7.08 (m, 2H), 7.20–7.67 (m, 20H),
7.77–7.83 (m, 2H), 7.87–7.94 (m, 2H), 8.01–8.06 (m, 2H), 8.09–8.15 (m,
2H); 13C NMR (75 MHz, CDCl3): d = 20.72 (CH3), 20.81 (CH3), 61.89
(CH2), 67.71 (CH2), 68.09 (CH), 69.67 (CH), 71.20 (CH), 71.35 (CH),
71.67 (CH), 74.65 (CH2), 75.59 (CH), 75.91 (CH), 79.75 (CH), 80.66
(CH), 101.35 (CH), 127.03 (C), 127.50 (CH), 127.88 (CH), 128.29 (CH),
128.41 (CH), 128.47 (CH), 128.653 (CH), 128.657 (C), 129.02 (C), 129.12
(CH), 129.20 (C), 129.352 (C), 129.70 (CH), 129.78 (CH), 130.02 (CH),
133.21 (CH), 133.30 (CH), 133.59 (CH), 135.12 (CH), 137.34 (C), 165.11
(C=O), 165.58 (C=O, 2C), 166.00 (C=O), 164.48 (C=O), 169.95 (C=O);
IR (KBr): ñ = 1734, 1264, 1101, 1090, 1069, 1026, 710 cm�1; HRMS
(FAB): m/z : calcd for C57H53O16Se: 1073.2499; found 1073.2428 [M+H]+ .


Disaccharide 19 : Bromine (8.0 mg, 0.050 mmol) at �45 8C was added to a
solution of 1a (75.0 mg, 0.10 mmol) in CD2Cl2 (0.6 mL), and the resulting
solution was slowly warmed to room temperature over 30 min. 16
(60.4 mg, 0.10 mmol) in CD2Cl2 (0.6 mL) and 2,6-lutidine (10.8 mg,
0.10 mmol)were added, and the resulting mixture was stirred for 4 h at
room temperature, and was quenched with saturated aqueous NaHCO3.
After the usual workup, a crude oil was obtained. To a solution of the
crude mixture in CD2Cl2 (0.6 mL) was added TMSOTf (2.3 mg,
0.010 mmol) at 0 8C, and the resulting mixture was stirred for 15 min, and
was quenched with saturated aqueous NaHCO3. After the usual workup,
purification by flash chromatography afforded 19 (71.0 mg, 60%).
1H NMR (400 MHz, CDCl3): d = 2.04 (s, 3H), 2.34 (s, 3H), 3.36–3.43
(m, 3H), 3.54 (dd, J=8.8 Hz, 1H), 3.84 (dd, J=11.2, 4.3 Hz, 1H), 4.06
(ddd, J=9.7, 5.0, 3.3 Hz, 1H), 4.11–4.15 (m, 1H), 4.40 (d, J=11.0 Hz),
4.49 (dd, J=12.1, 5.0 Hz, 1H), 4.57 (d, J=11.0 Hz, 1H), 4.61–4.66 (m,
2H), 4.70 (d, J=9.7 Hz, 1H), 4.71 (d, J=11.0 Hz, 1H), 4.79 (d, J=
9.5 Hz, 1H), 4.82 (d, J=10.1 Hz, 1H), 4.94 (d, J=7.9 Hz, 1H), 5.57 (dd,
J=9.7, 7.9 Hz, 1H), 5.68 (dd, J=9.7 Hz, 1H), 5.86 (dd, J=9.7 Hz, 1H),
7.07–8.03 (m, 34H); 13C NMR (100 MHz, CDCl3): d = 14.20 (CH3),
21.20 (CH3), 63.15 (CH2), 67.98 (CH2), 69.80 (CH2), 71.93 (CH), 72.20
(CH), 73.06 (CH), 74.85 (CH2), 75.12 (CH2), 75.58 (CH2), 77.50 (CH),
79.76 (CH), 81.10 (CH), 82.70 (CH), 86.64 (CH), 101.05 (CH), 124.44,
127.51, 127.57, 127.64, 127.70, 127.75, 127.82, 127.91, 127.94, 128.12,
128.14, 128.24, 128.30, 128.35, 128.38, 128.39, 128.48, 128.81, 128.88,
128.89, 129.25, 129.62, 129.73, 129.77, 129.80, 129.83, 129.99, 133.06,
133.11, 133.20, 133.40, 135.01, 137.89, 138.06, 138.10, 138.34, 164.99 (C=
O), 165.21 (C=O), 165.81 (C=O), 166.13 (C=O); IR (KBr): ñ = 1740,


1711, 1453, 1284, 1264, 1109, 1090, 1028, 708 cm�1; HRMS (FAB): m/z :
calcd for C68H62O14SeNa: 1205.3202; found 1205.3225 [M+Na]+ .


Trisaccharide 17h : Bromine (23.9 mg, 0.15 mmol) was added at �25 8C to
a solution of 17g (359 mg, 0.30 mmol) in CH2Cl2 (0.9 mL), and the result-
ing solution was slowly warmed up to room temperature over 30 min. To
this solution was added 12d (408 mg, 0.45 mmol) and 2,6-lutidine
(48.2 mg, 0.45 mmol), and the resulting mixture was stirred for 12 h at
room temperature. After the usual workup, purification by flash column
chromatography (elution with 30% ethyl acetate in hexane) afforded the
corresponding orthoester (437 mg).


To a solution of the orthoester (289 mg, 0.17 mmol) in 1,2-dichroloethane
(0.85 mL) was added TfOH (2.5 mg, 0.017 mmol) at 0 8C, and the result-
ing mixture was stirred for 10 min. After the usual workup, purification
by flash chromatography afforded 17h (272 mg, 81% overall yield).
1H NMR (400 MHz, CDCl3): d = 3.52 (brddd, J=10.0, 3.6, 1.6, Hz, 1H),
3.64–3.71 (m, 3H), 3.82 (t, J=9.3 Hz, 1H), 3.88 (dd, J=11.6, 5.9 Hz,
1H), 4.10 (brdd, J=10.0, 1.6 Hz, 1H), 4.16 (d, J=13.4 Hz, 1H), 4.20 (d,
J=13.4 Hz, 1H), 4.22–4.29 (m, 2H), 4.40 (s, 2H), 4.50 (dd, J=12.1,
4.9 Hz, 1H), 4.60 (d, J=7.9 Hz, 1H), 4.68 (dd, J=12.3, 3.3 Hz, 1H), 5.03
(d, J=9.9 Hz, 1H), 5.06 (d, J=7.8 Hz, 1H), 5.28 (t, J=9.7 Hz, 1H), 5.41
(dd, J=9.7, 7.9 Hz, 1H), 5.57 (t, J=9.4 Hz, 1H), 5.60 (dd, J=9.9, 7.7 Hz,
1H), 5.66 (t, J=9.3 Hz, 1H), 5.72 (t, J=9.7 Hz, 1H), 6.0 (t, J=9.7 Hz,
1H), 6.79–6.82 (m, 2H), 7.00–7.54 (m, 41H), 7.78–7.96 (m, 15H), 7.99–
8.03 (m, 2H); 13C NMR (100 MHz, CDCl3): d = 63.00 (CH2), 67.14
(CH2), 68.42 (CH2), 69.53 (CH), 71.67 (CH), 72.09 (CH), 72.14 (CH),
72.29 (CH), 72.77 (CH), 74.66 (CH2), 74.67 (CH2), 74.97 (CH), 75.13
(CH), 75.55 (CH), 76.27 (CH), 76.33 (CH), 77.21 (CH), 79.57 (CH),
81.20 (CH), 100.57 (CH), 101.57 (CH), 123.45 (C), 127.56 (CH), 127.61
(CH), 127.85 (CH), 127.90 (CH), 128.10 (CH), 128.2–128.5 [128.21,
128.22, 128.29, 128.36, 128.44], 128.84 (C), 128.85 (C), 129.35 (C), 129.37
(C), 129.39 (C), 129.41 (C), 129.54 (C), 129.6–130.0 [129.69, 129.76,
129.82, 129.94], 132.9–133.3 [132.97, 133.04, 133.16, 133.21, 133.30],
135.58 (CH), 137.08 (C), 137.22 (C), 138.45 (C), 165.01 (C=O), 165.05
(C=O), 165.08 (C=O), 165.14 (C=O), 165.58 (C=O), 165.84 (C=O),
166.04 (C=O); IR (KBr): ñ = 1732, 1601, 1452, 1271 (br), 1092 (br),
708 cm�1; HRMS (FAB): m/z : calcd for C94H80O23SeNa: 1679.4153; found
1679.4164 [M+Na]+ .


Tetrasaccharide 17 i : Bromine (12.1 mg, 0.075 mmol) was added at
�25 8C to a solution of 17h (248 mg, 0.15 mmol) in CH2Cl2 (0.5 mL), and
the resulting solution was slowly warmed up to room temperature over
30 min. To this solution was added 12d (205 mg, 0.23 mmol) and 2,6-luti-
dine (7.3 mg, 0.068 mmol), and the resulting mixture was stirred for 12 h
at room temperature. After the usual workup, purification by flash
column chromatography (elution with 30% ethyl acetate in hexane) af-
forded the corresponding orthoester (203 mg).


To a solution of the crude orthoester (41.6 mg) in CH2Cl2 (0.15 mL) was
added TfOH (0.33 mg, 0.0026 mmol) at 0 8C, and the resulting mixture
was stirred for 15 min. The reaction was quenched by addition of aque-
ous saturated NaHCO3 solution. After the usual workup, purification by
flash chromatography afforded 17 i (34.1 mg, 56% overall yield).
1H NMR (400 MHz, CDCl3): d = 3.40–3.46 (m, 1H), 3.62–3.82 (m, 7H),
3.89 (dd, J=11.4, 6.4 Hz, 1H), 3.97 (d, J=10.8 Hz, 1H), 4.03 (d, J=
10.4 Hz, 1H), 4.11–4.27 (m, 5H), 4.32–4.36 (m, 3H), 4.54–4.65 (m, 3H),
4.71 (d, J=7.9 Hz, 1H), 4.32 (d, J=7.9 Hz, 1H), 5.10 (d, J=10.1 Hz,
1H), 5.31 (t, J=9.7 Hz, 1H), 5.39 (dd, J=11.0, 7.9 Hz 1H), 5.39 (t, J=
8.1 Hz, 1H), 5.62 (t, J=9.5 Hz, 1H), 5.63–5.74 (m, 3H), 5.77 (t, J=
9.7 Hz, 1H), 5.96 (t, J=9.7 Hz, 1H), 6.78 (d, J=3.6 Hz, 1H), 6.93–7.06
(m, 8H), 7.11–7.16 (m, 8H), 7.20–7.56 (m, 39H), 7.63–7.67 (m, 2H),
7.79–7.98 (m, 23H), 8.03–8.06 (m, 2H); 13C NMR (100 MHz, CDCl3): d
= 63.4 (CH2), 68.2 (CH2), 68.4 (CH2), 69.8 (CH), 71.6 (CH), 72.1 (CH),
72.2 (CH), 72.5 (CH), 72.5 (CH), 72.8 (CH), 74.2 (CH), 74.5 (CH2), 74.6
(2CH2), 74.9 (CH), 75.2 (CH), 75.4 (CH), 76.0 (CH), 76.2 (CH), 76.5
(CH), 76.6 (CH), 79.3 (CH), 81.1 (CH), 101.0 (CH), 101.3 (CH), 102.1
(CH), 127.4 (C), 127.6 (CH), 127.8 (CH), 127.8 (CH, 2C), 128.1 (CH,
2C), 128.2–128.3 [128.2, 128.2, 128.2, 128.3], 128.4 (CH), 128.5
(CH),128.6 (CH), 128.8 (C), 128.9 (C), 129.0 (CH), 129.4 (C), 129.5–129.6
[129.5, 129.5, 129.5, 129.5, 129.5, 129.6], 129.7–129.9 [129.7, 129.7, 129.8,
129.9, 129.9], 132.8 (CH), 132.9–133.3 [132.9, 133.0, 133.1, 133.2, 133.3,
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133.3], 137.2 (C), 137.3 (C), 164.9 (C=O), 164.9 (C=O), 165.1 (C=O),
165.2 (C=O), 165.2 (C=O), 165.6 (C=O), 165.6 (C=O), 165.9 (C=O),
166.1 (C=O); IR (KBr): ñ = 1732, 1273, 1105, 1094, 1069, 1026,
708 cm�1; HRMS (FAB): m/z : calcd for C121H104O30SeNa: 2139.5675;
found 2139.5637 [M+Na]+ .


Stannylenacetal 20 : A mixture of phenyl 4,6-O-benzylidene-b-d-seleno-
glucopyranoside[40] (4.1 g, 10.0 mmol) and di-n-butyltin oxide (2.8 g,
11.0 mmol) in a mixture of benzene and methanol[41] (55.0 and 7.0 mL,
respectively) was heated under reflux for 2 h at 90 8C. Removal of solvent
under reduced pressure afforded crude 20 (6.0 g), which was used for the
glycosyl-coupling reaction without further purification. 1H NMR
(300 MHz, CDCl3): d = 0.86 (dt, J=16.6, 7.3 Hz, 6H), 1.08–1.53 (m,
8H), 3.18 (t, J=8.9 Hz, 1H), 3.30 (t, J=8.7 Hz, 1H), 3.41 (t, J=9.2 Hz,
1H), 3.55 (distorted dt, J=13.9, 4.7 Hz, 1H), 3.79 (t, J=10.4 Hz, 1H),
4.33 (dd, J=10.5, 5.1 Hz, 1H), 4.97 (d, J=9.3 Hz, 1H), 5.38 (s, 1H),
7.20–7.43 (m, 8H), 7.60–7.68 (m, 2H).


Disaccharide 23d : Bromine (0.30 g, 1.9 mmol) was added at �23 8C to a
solution of 6b[42] (1.8 g, 3.8 mmol) in CH2Cl2 (10.0 mL), and the resulting
solution was slowly warmed to room temperature over 30 min. To this so-
lution was added 20 (1.6 g, 2.5 mmol), and the resulting mixture was stir-
red for 5 h. After the usual workup, the crude mixture was treated with
DMAP (30.5 mg, 0.25 mmol), Et3N (378 mg, 3.8 mmol) and Ac2O
(383 mg, 3.8 mmol) in CH2Cl2 (10.0 mL) at room temperature for 8 h,
and the reaction mixture was quenched by addition of aqueous saturated
NaHCO3 solution. After the usual workup, purification by flash column
chromatography (elution with 40% ethyl acetate in hexane) followed by
recrystllization from ethyl acetate/hexane afforded 21 (1.7 g, 88%).


To a solution of 21 (0.195 g, 0.25 mmol) in CH2Cl2 was added TMSOTf
(5.6 mg, 0.025 mmol) at 0 8C, and the resulting mixture was stirred for
30 min. To this solution was added water (45.1 mg, 2.5 mmol) and the re-
sulting mixture was stirred for 30 min. Et3N (0.03 mL) followed by aque-
ous saturated NaHCO3 solution were added, and organic layer was sepa-
rated. After the usual workup, purification by flash column (elution with
50% ethyl acetate in hexane) afforded 23d (0.122 g, 0.18 mmol, 70%)
and 22 (39 mg, 0.050 mmol), which was hydrolyzed to 23d upon treat-
ment of water (10 equiv) and TMSOTf (0.1 equiv) in CH2Cl2 in 80%
yield. 1H NMR (300 MHz, CDCl3): d = 2.01 (s, 3H), 2.03 (s, 3H), 2.05 (s,
3H), 2.08 (s, 3H), 3.37 (ddd, J=8.9, 5.4, 3.5 Hz, 1H), 3.46 (s, 1H, OH),
3.55 (t, J=9.0 Hz, 1H), 3.61 (t, J=8.4 Hz, 1H), 3.68–3.81 (m, 3 H con-
taining OH), 3.93 (ddd, J=11.5, 6.9, 3.9 Hz, 1H), 4.19 (brd, J=3.9 Hz,
2H), 4.58 (d, J=8.1 Hz, 1H), 4.82 (d, J=9.9 Hz, 1H), 4.96–5.10 (m, 3H),
5.20 (t, J=9.3 Hz, 1H), 7.25–7.38 (m, 3H), 7.53–7.62 (m, 2H); 13C NMR
(75 MHz, CDCl3): d = 20.32 (CH3), 20.50 (CH3, 2C), 20.58 (CH3), 21.07
(CH3), 61.48 (CH2), 62.76 (CH2), 68.16 (CH), 68.83 (CH), 70.64 (CH),
71.50 (CH), 71.91 (CH), 72.46 (CH), 80.92 (CH), 81.40 (CH), 85.84
(CH), 100.91 (CH), 127.70 (C), 128.32 (CH), 129.12 (CH, 2C), 134.41
(CH, 2C), 169.15 (C=O), 169.25 (C=O, 2C), 170.24 (C=O), 170.56 (C=
O); IR (KBr): ñ = 3492, 1752, 1439, 1375, 1233 (br), 1038 (br), 905, 743,
695, 600 cm�1; HRMS (FAB): m/z : calcd for C28H37O15Se, 693.1298;
found 693.1299 [M+H]+ .


Disaccharide 23 f : A solution of disaccharide 23d (422 mg, 0.61 mmol),
tBuMe2SiCl (110 mg, 0.73 mmol), DMAP (7.5 mg, 0.061 mmol), and Et3N
(74.2 mg, 0.73 mmol) in THF (1.6 mL) was heated at 50 8C for 3 h. To
this mixture was added saturated aqueous NaHCO3 solution, and the
aqueous phase was extracted with ethyl acetate, and the combined organ-
ic extract was washed saturated aqueous NaCl solution, dried over
MgSO4, filtered and concentrated. Purification of the crude mixture by
flash chromatography (silica gel 21.2 g; elution with 40% ethyl acetate in
hexane) afforded 23 f as a white powder (456 mg, 93%). 1H NMR
(300 MHz, CDCl3): d = 0.07 (s, 3H), 0.08 (s, 3H), 0.90 (s, 9H), 2.00 (s,
3H), 2.03 (s, 3H), 2.04 (s, 3H), 2.08 (s, 3H), 2.13 (s, 3H), 3.32 (brddd,
J=7.5, 5.4, 1.5 Hz, 1H), 3.37 (s, 1H), 3.53 (t, J=9.0 Hz, 1H), 3.59 (t, J=
8.4 Hz, 1H), 3.74–3.83 (m 1H), 3.78 (dd, J=11.9, 5.6 Hz, 1H), 3.99 (dd,
J=11.4, 1.8 Hz, 1H), 4.16 (dd, J=9.9, 3.3 Hz, 1H), 4.22 (dd, J=12.6,
5.1 Hz, 1H), 4.59 (d, J=7.8 Hz, 1H), 4.80 (d, J=9.9 Hz, 1H), 4.98 (dd,
J=9.9, 7.8 Hz, 1H), 5.01 (dd, J=9.6, 8.1, 1H), 5.06 (t, J=9.6 Hz, 1H),
5.19 (t, J=9.3 Hz, 1H), 7.22–7.35 (m, 3H), 1.56–7.63; 13C NMR (75 MHz,
CDCl3): d = �5.37 (CH3), �5.31 (CH3), 18.36 (CH3), 20.32 (CH3), 20.49


(CH3), 20.56, 21.08 (CH3), 25.09 (CH3, 3C), 61.53 (CH2), 62.88 (CH2),
68.09 (CH), 68.18 (CH), 70.64 (CH), 71.53 (CH), 71.85 (CH), 72.52
(CH), 81.98 (CH, 2C), 86.05 (CH), 100.93 (CH), 127.80 (CH), 128.76
(C), 128.94 (CH, 2C), 133.83 (CH, 2C), 169.16 (C=O), 169.22 (C=O),
169.28 (C=O), 170.23 (C=O), 170.54 (C=O); IR (KBr): ñ = 3500, 2957,
1752, 1464, 1374, 1231, 1065, 1038, 837, 779 cm�1; HRMS (FAB): m/z :
calcd for C34H51O15SeSi: 807.2166; found 807.2162 [M+H]+ .


General procedure for the construction of the oligoglucoside library


Disaccharide 25 f : Bromine (120 mg, 0.75 mmol) at �23 8C was added to
a solution of 13 f (911 mg, 1.5 mmol) in CH2Cl2 (15 mL), and the result-
ing solution was slowly warmed to room temperature over 30 min. To
this solution was added a CH2Cl2 solution of 13e, which was prepared
from 13d (495 mg, 1.0 mmol), allyltributyltin (427 mg, 1.3 mmol), TfOH
(45.1 mg, 0.30 mmol) in CH2Cl2 (7.0 mL), and the resulting mixture was
stirred for 10 min at room temperature. To this mixture was added
TMSOTf (22.2 mg, 0.10 mmol) at 0 8C, and the resulting mixture was stir-
red for 15 min and was quenched by addition of Et3N (0.2 mL) and then
saturated aqueous NaHCO3 solution. After separation of the organic
layer, the aqueous phase was extracted with ethyl acetate, and the com-
bined organic extract was washed saturated aqueous NaCl, dried over
MgSO4, filtered and concentrated to give a crude oil. Purification by
flash chromatography (silica gel 95 g; elution with 25% ethyl acetate in
hexane) afforded 25 f as a white powder (683 mg, 72%). 1H NMR
(400 MHz, CDCl3): d = 0.07 (s, 3H), 0.09 (s, 3H), 0.90 (s, 9H), 1.90 (s,
3H), 1.91 (s, 3H), 1.93 (s, 3H), 2.02 (s, 3H), 3.29 (brdt, J=9.7, 2.9 Hz,
1H), 3.52 (ddd, J=9.5, 5.0, 1.5 Hz, 1H), 3.61 (t, J=9.5 Hz, 1H), 3.71 (dd,
J=11.4, 5.0 Hz, 1H), 3.79 (t, J=9.5 Hz, 1H), 3.87 (dd, J=11.9, 2.4 Hz,
1H), 3.91 (dd, J=11.9, 2.9 Hz, 1H), 4.04 (dd, J=11.5, 1.5 Hz, 1H), 4.51
(d, J=8.1 Hz, 1H), 4.52 (d, J=11.4 Hz, 1H), 4.55 (d, J=11.4 Hz, 1H),
4.59 (d, J=11.4 Hz, 1H), 4.67 (d, J=11.4 Hz, 1H), 4.83 (d, J=10.1 Hz,
1H), 4.86–4.91 (m, 2H), 5.18 (t, J=9.6 Hz, 1H), 5.18 (t, J=8.8 Hz, 1H),
7.18–7.35 (m, 13H), 7.54–7.57 (m, 2H); 13C NMR (100 MHz, CDCl3): d
= �5.36 (CH3), �4.91 (CH3), 18.34 (C), 20.75 (CH3), 20.78 (CH3), 20.80
(CH3, 2C), 25.93 (CH3, 3C), 61.63 (CH2), 68.00 (CH2), 71.39 (CH), 72.17
(CH), 74.72 (CH2, 2C), 75.07 (CH), 75.30 (CH), 75.78 (CH), 75.81 (CH),
75.88 (CH), 79.84 (CH), 81.35 (CH), 100.73 (CH), 127.62 (C), 127.73
(CH, 2C), 127.85 (CH), 127.88 (CH, 2C), 127.99 (CH), 128.33 (CH),
128.46 (CH, 2C), 128.51 (CH, 2C), 129.13 (CH, 2C), 134.69 (CH, 2C),
137.4 (C), 138.00 (C), 169.57 (C=O), 169.70 (C=O), 169.97 (C=O), 170.25
(C=O); IR (KBr): ñ = 3547, 1754, 1375, 1240, 1219, 1049 cm�1; HRMS
(FAB): m/z : calcd for C46H61O14SeSi: 945.2996; found 945.2971 [M+H]+ ;
elemental analysis calcd (%) for C46H60O14SeSi: C 58.53, H 6.41; found:
C 58.25, H 6.41.


Trisaccharide 26 f : Glycosyl donor 13 f (121 mg, 0.20 mmol) and glycosyl
acceptor 23d (69.2 mg, 0.10 mmol); product 26 f (103 mg, 90%).
1H NMR (400 MHz, CDCl3): d = 0.08 (s, 3H), 0.09 (s, 3H), 0.92 (s, 9H),
1.92 (s, 3H), 1.93 (s, 3H), 2.00 (s, 3H), 2.026 (s, 3H), 2.033 (s, 3H), 2.08
(s, 3H), 2.12 (s, 3H), 3.31–3.37 (m, 1H), 3.35 (s, 1H, OH), 3.40–3.50 (m,
2H), 3.56 (t, J=8.5 Hz, 1H), 3.67 (dd, J=11.6, 6.1 Hz, 1H), 3.76 (t, J=
9.5 Hz, 1H), 3.75–3.81 (m, 1H), 3.85–3.92 (m, 2H), 4.20–4.52 (m, 3H),
4.557 (d, J=8.1 Hz, 1H), 4.563 (d, J=8.1 Hz, 1H), 4.60 (d, J=11.5 Hz,
1H), 4.68 (d, J=11.5 Hz, 1H), 4.74 (d, J=10.4 Hz, 1H), 4.85 (dd, J=9.6,
8.1 Hz, 1H), 4.94 (dd, J=10.1, 9.0 Hz, 1H), 4.99 (dd, J=9.7, 8.1 Hz, 1H),
5.05 (t, J=9.7 Hz, 1H), 5.18 (t, J=9.5 Hz, 1H), 5.20 (t, J=9.5 Hz, 1H),
7.23–7.37 (m, 8H), 7.52–7.59 (m, 2H); 13C NMR (100 MHz, CDCl3): d =


�5.41 (CH3), �4.95 (CH3), 18.36 (C), 20.32 (CH3), 20.51 (CH3, 2C), 20.61
(CH3), 20.72 (CH3), 20.82 (CH3), 21.09 (CH3), 25.93 (CH3, 3C), 61.59
(CH2), 61.70 (CH2), 68.30 (CH), 68.32 (CH), 68.77 (CH2), 70.67 (CH),
71.43 (CH), 71.98 (CH), 72.16 (CH), 72.55 (CH), 74.66 (CH2), 74.99
(CH), 75.44 (CH), 75.72 (CH), 80.73 (CH), 81.77 (CH), 85.83 (CH),
100.93 (CH), 100.96 (CH), 127.84 (CH), 127.90 (CH, 2C), 128.12 (CH),
128.23 (C), 128.45 (CH, 2C), 129.16 (CH, 2C), 134.13 (CH, 2C), 138.00
(C), 169.05 (C=O), 169.21 (C=O), 169.23 (C=O), 169.92 (C=O), 170.21
(C=O), 170.23 (C=O), 170.54 (C=O); IR (KBr): ñ = 3498, 2950, 2790,
1754, 1375, 1223 (br), 1048 cm�1; HRMS (FAB): m/z : calcd for
C51H71O22SeSi: 1143.3370; found 1143.3350 [M+H]+ .


Trisaccharide 27 f : Glycosyl donor 23 f (322 mg, 0.40 mmol) and glycosyl
acceptor 13d (98.9 mg, 0.20 mmol); product 27 f (166 mg, 72%).
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1H NMR (400 MHz, CDCl3): d = 0.05 (s, 3H), 0.06 (s, 3H), 0.88 (s, 9H),
1.90 (s, 3H), 2.01 (s, 3H), 2.02 (s, 3H), 2.03 (s, 3H), 2.04 (s, 3H), 2.05 (s,
3H), 2.09 (s, 3H), 3.25–3.30 (m, 1H), 3.40 (s, 1H, OH), 3.52 (distorted t,
J=9.2 Hz, 1H), 3.54–3.62 (m, 3H), 3.69 (dd, J=11.1, 5.4 Hz, 1H), 3.74–
3.82 (m, 1H), 3.81 (dd, J=11.1, 5.3 Hz, 1H), 3.96 (dd, J=11.4, 2.2 Hz,
1H), 4.08 (dd, J=11.2, 1.5 Hz, 1H), 4.19 (dd, J=12.4, 2.8 Hz, 1H), 4.23
(dd, J=12.3, 4.8 Hz, 1H), 4.47 (d, J=8.2 Hz, 1H), 4.51 (d, J=11.4 Hz,
1H), 4.55 (d, J=11.4 Hz, 1H), 4.58 (d, J=8.1 Hz, 1H), 4.83–4.91 (m,
2H), 4.95 (brdt, J=7.6, 2.0 Hz, 1H), 5.04 (dd, J=9.6, 8.1 Hz, 1H), 5.07
(t, J=9.7 Hz, 1H), 5.189 (br t, J=8.2 Hz, 1H), 5.194 (t, J=8.6, 1H),
7.19–7.24 (m, 2H), 7.27–7.37 (m, 6H), 7.56–7.62 (m, 2H); 13C NMR
(100 MHz, CDCl3): d = �5.21 (CH3), �5.18 (CH3), 18.43 (C), 20.39
(CH3), 20.56 (CH3, 2C), 20.62 (CH3), 20.77 (CH3), 20.82 (CH3), 21.01
(CH3), 25.95 (CH3, 3C), 61.68 (CH2), 62.68 (CH2), 67.51 (CH2), 68.34
(CH), 68.40 (CH), 70.79 (CH), 71.44 (CH), 71.95 (CH), 71.99 (CH),
72.62 (CH), 74.64 (CH), 75.85 (CH2), 76.02 (CH), 76.60 (CH), 79.77
(CH), 81.14 (CH), 85.27 (CH), 100.65 (CH), 101.08 (CH), 127.63 (C),
127.73 (CH, 2C), 127.98 (CH), 128.23 (CH), 128.51 (CH, 2C), 129.10
(CH, 2C), 134.78 (CH, 2C), 137.50 (C), 168.94 (C=O), 169.27 (C=O),
169.34 (C=O), 169.57 (C=O), 169.99 (C=O), 170.28 (C=O), 170.59 (C=
O); IR (KBr): ñ = 3504, 1755, 1375, 1235, 1048 cm�1; HRMS (FAB): m/
z : calcd for C56H81O30SeSi: 1143.3372; found 1143.3381 [M+H]+.


Tetrasaccharide 28 f : Glycosyl donor 23 f (322 mg, 0.40 mmol) and glyco-
syl acceptor 23d (138 mg, 0.20 mmol); product 28 f (199 mg, 74%).
1H NMR (400 MHz, CDCl3): d = 0.06 (s, 6H), 0.88 (s, 9H), 2.00 (s, 3H),
2.00 (s, 3H), 2.03 (s, 6H), 2.03 (s, 6H), 2.04 (s, 3H), 2.07 (s, 3H), 2.09 (s,
3H), 2.11 (s, 3H), 3.28 (brddd, J=7.7, 5.3, 2.0 Hz, 1H), 3.32 (br s, 1H,
OH), 3.39 (t, J=9.2 Hz, 1H), 3.40 (br s, 1H, OH), 3.45–3.51 (m, 1H),
3.53 (t, J=9.9 Hz, 1H), 3.56 (t, J=9.6 Hz, 1H), 3.59 (t, J=8.9 Hz, 1H),
3.62 (dd, J=11.4, 6.8 Hz, 1H), 3.74–3.82 (m, 3H), 3.95 (dd, J=11.3,
2.1 Hz, 1H), 4.12–4.25 (m, 5H), 4.44 (d, J=8.2 Hz, 1H), 4.55 (d, J=
8.1 Hz, 1H), 4.59 (d, J=8.2 Hz, 1H), 4.73 (d, J=10.3 Hz, 1H), 4.91 (t,
J=8.7 Hz, 1H), 4.96 (t, J=10.0 Hz, 1H), 4.98–5.09 (m, 4H), 5.18 (t, J=
9.5 Hz, 1H), 5.19 (t, J=9.5 Hz, 1H), 7.28–7.32 (m, 3H), 7.53–7.58 (m,
2H); 13C NMR (100 MHz, CDCl3): d = �5.27 (CH3), �5.19 (CH3), 18.45
(C), 20.35 (CH3), 20.40 (CH3), 20.54 (CH3, 2C), 20.56 (CH3, 2C), 20.62
(CH3), 20.64 (CH3), 20.94 (CH3), 21.10 (CH3), 25.96 (CH3, 3C), 61.65
(CH2), 61.69 (CH2), 62.79 (CH2), 68.33 (CH), 68.35 (CH), 68.39 (CH),
68.57 (CH), 68.91 (CH2), 70.67 (CH), 70.80 (CH), 71.52 (CH), 71.94
(CH), 72.01 (CH), 72.09 (CH), 72.57 (CH), 72.65 (CH), 76.51 (CH),
80.54 (CH), 81.82 (CH), 85.25 (CH), 85.74 (CH), 100.96 (CH), 101.10
(CH), 101.20 (CH), 128.01 (C), 128.38 (CH), 129.15 (CH), 134.16 (CH),
169.06 (C=O, 2C), 169.29 (C=O), 169.39 (C=O, 3C), 170.23 (C=O),
170.25 (C=O), 170.53 (C=O), 170.59 (C=O); IR (KBr): ñ = 3501, 2957,
1755 (s), 1375, 1231 (s), 1169, 1063 (m), 1040 (m), 837 cm�1; HRMS
(FAB): m/z : calcd for C56H81O30SeSi: 1341.3747; found 1341.3763
[M+H]+ .


Tetrasaccharide 29 f : Glycosyl donor 26 f (133 mg, 0.11 mmol) and glyco-
syl acceptor 13d (57.5 mg, 0.11 mmol); product 29 f (45.5 mg, 28%) and
29d (46.5 mg, 31%). Compound 29d could be transformed quantitatively
to 29 f by standard silylation conditions. 1H NMR (400 MHz, CDCl3): d
= 0.04 (s, 3H), 0.05 (s, 3H), 0.89 (s, 9H), 1.87 (s, 3H), 1.88 (s, 3H), 1.95
(s, 3H), 1.98 (s, 3H), 1.995 (s, 3H), 1.996 (s, 3H), 2.01 (s, 3H), 2.02 (s,
3H), 2.07 (s, 3H), 3.34–3.59 (m, 6 H + OH), 3.63–3.81 (m, 4H), 3.81–
3.86 (m, 2H), 4.05–4.16 (m, 2H), 4.16–4.21 (m, 2H), 4.43 (d, J=8.1 Hz,
1H), 4.47–4.66 (m, 7H), 4.79–4.93 (m, 3H), 4.99 (dd, J=9.6, 8.1 Hz, 1H),
5.04 (t, J=9.7 Hz, 1H), 5.14–5.22 (m, 3H), 7.18–7.32 (m, 13H), 7.57 (dd,
J=7.9, 1.5 Hz, 2H); 13C NMR (100 MHz, CDCl3): d = �5.41 (CH3),
�4.97 (CH3), 18.34 (C), 20.31 (CH3), 20.52 (CH3, 2C), 20.63 (CH3), 20.74
(CH3), 20.78 (CH3, 2C), 20.92 (CH3), 25.93 (CH3, 3C), 61.63 (CH2), 61.74
(CH2), 67.04 (CH2), 68.35 (CH), 68.47 (CH2), 68.71 (CH), 70.70 (CH),
71.44 (CH), 71.96 (CH), 72.01 (CH), 72.14 (CH), 72.52 (CH), 74.59
(CH2), 74.67 (CH2), 74.85 (CH), 75.52 (CH), 75.70 (CH), 75.82 (CH),
75.88 (CH), 75.92 (CH), 79.62 (CH), 80.71 (CH), 85.09 (CH), 100.32
(CH), 101.07 (CH), 101.11 (CH), 127.22 (C), 127.66 (CH, 2C), 127.76
(CH), 127.80 (CH, 2C), 127.93 (CH), 128.33 (CH), 128.41 (CH, 2C),
128.50 (CH, 2C), 129.05 (CH, 2C), 135.06 (CH, 2C), 137.60 (C), 138.09
(C), 168.75 (C=O), 169.20 (C=O), 169.24 (C=O), 169.46 (C=O), 169.64
(C=O), 170.00 (C=O), 170.13 (C=O), 170.23 (C=O), 170.55 (C=O); IR


(KBr): ñ = 1755 (s), 1375 (m), 1238 (s), 1156, 1048 (s), 837, 743,
700 cm�1; HRMS (FAB): m/z : calcd for C68H90O29SeNaSi: 1501.4400;
found 1501.4414 [M+Na]+ .


Tetrasaccharide 30 f : Glycosyl donor 13 f (62.2 mg, 0.10 mmol) and glyco-
syl acceptor 26d (51.2 mg, 0.050 mmol); product 30 f (41.9 mg, 57%).
1H NMR (400 MHz, CDCl3): d = 0.06 (s, 3H), 0.08 (s, 3H), 0.90 (s, 9H),
1.88, (s, 3H), 1.89 (s, 3H), 1.92 (s, 3H), 1.97 (s, 3H), 1.97 (s, 3H), 2.00 (s,
3H), 2.00 (s, 3H), 2.05 (s, 3H), 2.08, (s, 3H), 3.28 (brdt, J=9.7, 2.7 Hz,
1H), 3.35 (brd, J=0.8 Hz, 1H, OH), 3.40 (distorted t, J=10.7 Hz, 1H),
3.40–3.46 (m, 1H), 3.49 (distorted ddd, J=9.9, 5.3, 1.3 Hz, 1H), 3.56 (t,
J=8.6 Hz, 1H), 3.61 (t, J=9.5 Hz, 1H),3.67 (dd, J=29.5, 5.7 Hz, 1H),
3.67 (t, J=5.8 Hz, 1H), 3.71–3.77 (m, 1H), 3.74 (t, J=9.5 Hz, 1H), 3.83–
3.88 (m, 2H), 4.01 (brdd, J=11.3, 1.3 Hz, 1H), 4.10–4.19 (m, 2H), 4.19
(brdd, J=10.1, 1.1 Hz, 1H), 4.53–4.57 (m, 2H), 4.65 (d, J=11.4 Hz, 1H),
4.71 (d, J=10.3 Hz, 1H), 4.85 (dd, J=9.5, 8.1 Hz, 1H), (dd, J=9.5,
8.1 Hz, 1H), 4.91 (dd, J=10.2, 9.1 Hz, 1H), 4.96 (dd, J=9.7, 8.2 Hz, 1H),
5.01 (t, J=9.7 Hz, 1H), 5.147 (t, J=9.6 Hz, 2H), 5.152 (t, J=9.5 Hz,
1H), 5.20 (t, J=9.5 Hz, 1H), 7.20–7.34 (m, 13H), 7.51–7.54 (m, 2H);
13C NMR (100 MHz, CDCl3): d = �5.35 (CH3), �4.93 (CH3), 18.36 (C),
20.34 (CH3), 20.53 (CH3, 2C), 20.66 (CH3, 2C), 20.81 (CH3, 2C), 20.82
(CH3), 21.08 (CH3), 25.95 (CH3, 3C), 61.58 (CH2), 61.68 (CH2), 67.73
(CH2), 68.24 (CH), 68.31 (CH), 69.14 (CH2), 70.72 (CH), 71.47 (CH),
71.99 (CH), 72.05 (CH), 72.08 (CH), 72.63 (CH), 74.65 (CH2), 74.69
(CH2), 74.91 (CH), 75.02 (CH), 75.07 (CH), 75.37 (CH), 75.88 (CH),
76.17 (CH), 80.62 (CH), 81.77 (CH), 85.50 (CH), 100.78 (CH), 100.88
(CH), 101.07 (CH), 127.79 (CH, 2C), 127.85 (CH), 127.93 (CH, 2C),
128.01 (CH), 128.11 (CH), 128.25 (C), 128.46 (CH, 2C), 128.53 (CH,
2C), 129.18 (CH, 2C), 134.10 (CH, 2C), 137.53 b(C), 138.02 (C), 169.05
(C=O), 169.24 (C=O, 2C), 169.65 (C=O), 169.81 (C=O), 170.07 (C=O),
170.23 (C=O), 170.25 (C=O), 170.53 (C=O); IR (KBr): ñ = 3495, 1755
(s), 1374 (m), 1242 (s), 1223 (s), 1049 (s), 835, 743, 698 cm�1; HRMS
(FAB): m/z : calcd for C68H91O29SeSi: 1479.4581; found 1479.4619
[M+H]+ .


Pentasaccharide 31 f : Glycosyl donor 26 f (57.1 mg, 0.050 mmol) and gly-
cosyl acceptor 23d (41.5 mg, 0.06 mmol); product 31 f (31.0 mg, 37%).
1H NMR (400 MHz, CDCl3): d = 0.08 (s, 3H), 0.09 (s, 3H), 0.92 (s, 9H),
1.90 (s, 3H), 1.995 (s, 3H), 1.999 (s, 3H), 2.002 (s, 3H), 2.02 (s, 3H), 2.03
(s, 3H), 2.06 (s, 3H), 2.09 (s, 3H), 3.32 (brdt, J=9.6, 2.4 Hz, 1H), 3.36–
3.89 (m, 17H; containing 2 OH), 4.12–4.24 (m, 4H), 4.41 (d, J=8.1 Hz,
1H), 4.55–4.62 (m, 4H), 4.66 (d, J=11.5 Hz, 1H), 4.73 (d, J=10.3 Hz,
1H), 4.83 (dd, J=9.7, 7.9 Hz, 1H), 4.87–5.09 (m, 7H), 5.14–5.22 (m, 3H),
7.23–7.35 (m, 8H), 7.52–7.56 (m, 2H); 13C NMR (100 MHz, CDCl3): d =


�5.40 (CH3), �4.94 (CH3), 18.36 (C), 20.34 (CH3, 2C), 20.52 (CH3, 4C),
20.63 (CH3), 20.65 (CH3), 20.78 (CH3), 20.82 (CH3), 20.85 (CH3), 21.06
(CH3), 25.94 (CH3, 3C), 61.68 (CH2, 3C), 68.30 (CH2), 68.35 (CH, 3C),
68.68 (CH), 69.14 (CH2), 70.72 (CH, 2C), 71.53 (CH), 71.97 (CH, 2C),
72.20 (CH), 72.56 (CH), 72.64 (CH), 74.62 (CH2), 74.88 (CH), 75.46
(CH), 75.72 (CH), 75.77 (CH), 77.55 (CH), 80.42 (CH), 81.84 (CH),
85.05 (CH), 85.37 (CH), 100.80 (CH), 101.01 (CH), 101.07 (CH), 101.29
(CH), 121.45 (C), 127.82 (CH), 127.92 (CH, 2C), 127.98 (CH), 128.44
(CH, 2C), 129.16 (CH, 2C), 134.02 (CH, 2C), 138.04 (C), 168.94 (C=O),
169.04 (C=O), 169.27 (C=O, 3C), 169.30 (C=O), 169.81 (C=O), 170.16
(C=O), 170.21 (C=O), 170.22 (C=O), 170.52 (C=O), 170.56 (C=O);
HRMS (FAB): m/z : calcd for C75H100O37SeNaSi: 1699.4776; found
1699.4816 [M+Na]+ .


Pentasaccharide 32 f : Glycosyl donor 23 f (80.6 mg, 0.10 mmol) and gly-
cosyl acceptor 26d (51.4 mg, 0.050 mmol); product 32 f (26.8 mg, 32%)
and 32d (20.3 mg, 26%). 1H NMR (400 MHz, CDCl3): d = 0.05 (s, 3H),
0.06 (s, 3H), 0.88 (s, 9H), 1.91 (s, 3H), 1.93 (s, 3H), 1.99 (s, 3H), 2.01 (s,
3H), 2.03 (s, 9H), 2.04 (s, 3H), 2.05 (s, 3H), 2.09 (s, 6H), 2.12 (s, 3H),
3.27 (ddd, J=8.6, 5.8, 2.6 Hz, 1H), 3.33 (br s, 1H, OH), 3.40 (br t, J=
9.0 Hz, 1H), 3.43 (br s, 1H, OH), 3.47–3.61 (m, 6H), 3.61–3.69 (m, 2H),
3.74–3.86 (m, 2H), 3.95 (dd, J=11.2, 2.0 Hz, 1H), 4.05 (brd, J=10.0 Hz,
1H), 4.12–4.26 (m, 5H), 4.45 (d, J=8.0 Hz, 1H), 4.50–4.60 (m, 4H), 4.75
(d, J=10.4 Hz, 1H), 4.87 (dd, J=9.6, 8.0 Hz, 1H), 4.93 (dd, J=10.0,
9.2 Hz, 1H), 4.95 (t, J=8.8 Hz, 1H), 4.99 (t, J=9.0 Hz, 1H), 5.01 (t, J=
8.4 Hz, 1H), 5.07 (t, J=9.6 Hz, 2H), 5.14–5.25 (m, 3H), 7.21–7.38 (m,
8H), 7.52–7.58 (m, 2H); 13C NMR (100 MHz, CDCl3): d = �5.25 (CH3),
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�5.22 (CH3), 18.40 (C), 20.32 (CH3), 20.38 (CH3), 20.53 (CH3, 4C), 20.59
(CH3), 20.65 (CH3), 20.68 (CH3), 20.80 (CH3), 20.97 (CH3), 21.08 (CH3),
25.92 (CH3, 3C), 61.50 (CH2), 61.58 (CH2), 62.67 (CH2), 67.40 (CH2),
68.23 (CH, 2C), 68.35 (CH), 68.38 (CH), 69.18 (CH2), 70.59 (CH), 70.72
(CH), 71.42 (CH), 71.82 (CH), 71.89 (CH), 71.99 (CH), 72.07 (CH),
72.55 (CH, 2C), 74.41 (CH), 74.52 (CH2), 74.99 (CH), 76.26 (CH), 76.69
(CH), 80.47 (CH), 81.63 (CH), 85.34 (CH), 85.59 (CH), 100.64 (CH),
100.93 (CH), 101.00 (CH, 2C), 127.73 (CH, 2C), 127.96 (CH), 128.13
(CH), 128.49 (CH, 2C and C, 1 C), 129.14 (CH, 2C), 134.17 (CH, 2C),
137.51 (C), 168.89 (C=O), 169.06 (C=O), 169.26 (C=O, 4C), 169.81 (C=
O), 170.06 (C=O), 170.22 (C=O, 2C), 170.57 (C=O), 170.58 (C=O); IR
(KBr): ñ = 3495, 1759, 1373, 1229, 1169, 1043 cm�1; HRMS (FAB): m/z :
calcd for C73H101O37SeSi: 1677.4956; found 1677.4935 [M+H]+ .


Pentasaccharide 33 f : Glycosyl donor 26 f (114.2 mg, 0.10 mmol) and gly-
cosyl acceptor 25d (44.6 mg, 0.054 mmol); product 33 f (31.4 mg, 33%)
and 33d (16.4 mg, 18%). 1H NMR (400 MHz, CDCl3): d = 0.08 (s, 3H),
0.09 (s, 3H), 0.92 (s, 9H), 1.86 (s, 3H), 1.89 (s, 3H), 1.91 (s, 3H), 1.95 (s,
3H), 1.96 (s, 3H), 2.00 (s, 3H), 2.01 (s, 3H), 2.022 (s, 3H), 2.024 (s, 3H),
2.03 (s, 3H), 2.08 (s, 3H), 3.25 (t, J=9.3 Hz, 1H), 3.34 (br s, 1H, OH),
3.39–3.89 (m, 14H), 4.03–4.24 (m, 5H), 4.40 (d, J=8.1 Hz, 1H), 4.45 (d,
J=11.2 Hz, 1H), 4.48 (d, J=8.0 Hz, 1H), 4.52 (d, J=11.2 Hz, 1H), 4.53–
4.59 (m, 3H), 4.62 (d, J=11.4 Hz, 1H), 4.65 (d, J=8.1 Hz, 1H), 4.75–4.80
(m, 2H), 4.85 (dd, J=9.6, 8.5 Hz, 1H), 4.88 (t, J=8.3 Hz, 1H), 4.90 (dd,
J=9.9, 8.1 Hz, 1H), 4.97 (dd, J=9.6, 8.0 Hz, 1H), 5.04 (t, J=9.7 Hz,
1H), 5.12 (dt, J=9.2, 4.6 Hz, 1H), 5.16 (t, J=9.1 Hz, 1H), 5.17–5.25 (m,
2H), 7.17–7.38 (m, 18H), 7.59–7.65 (m, 2H); 13C NMR (100 MHz,
CDCl3): d = �5.31 (CH3), �4.91 (CH3), 18.42 (C), 20.30 (CH3), 20.54
(CH3, 2C), 20.65 (CH3), 20.70 (CH3), 20.75 (CH3), 20.79 (CH3), 20.81
(CH3, 2C), 20.83 (CH3), 21.01 (CH3), 26.01 (CH3, 3C), 61.58 (CH2), 62.02
(CH2), 67.03 (CH2), 67.80 (CH2), 68.31 (CH), 68.59 (CH), 68.89 (CH2),
70.60 (CH), 71.24 (CH), 71.94 (CH), 71.96 (CH), 71.98 (CH), 72.17
(CH), 72.49 (CH), 73.88 (CH), 74.62 (CH2), 74.72 (CH2), 74.84 (CH2),
74.88 (CH), 75.24 (CH), 75.71 (CH), 75.76 (CH), 75.90 (CH, 3C), 76.23
(CH), 79.06 (CH), 80.23 (CH), 85.23 (CH), 100.29 (CH), 100.36 (CH),
101.03 (CH), 101.48 (CH), 126.35 (C), 127.68 (CH, 2C), 127.74 (CH,
2C), 127.96 (CH, 4C), 128.04 (CH), 128.51 (CH, 2C), 125.55 (CH, 2C),
128.59 (CH,3C), 129.14 (CH, 2C), 135.66 (CH, 2C), 137.69 (C), 137.73
(C), 137.88 (C), 168.74 (C=O), 169.07 (C=O), 169.23 (C=O), 169.41 (C=
O), 169.47 (C=O), 169.52 (C=O), 170.10 (C=O), 170.12 (C=O), 170.20
(C=O), 170.26 (C=O), 170.58 (C=O); IR (KBr): ñ = 1752, 1375, 1240,
1159, 1049 cm�1; HRMS (FAB): m/z : calcd for C85H110O16SeNaSi:
1837.5609; found 1837.5658 [M+Na]+ .


Pentasaccharide 34 f : Glycosyl donor 25 f (94.4 mg, 0.10 mmol) and gly-
cosyl acceptor 26d (51.4 mg, 0.050 mmol); product 34 f (49.0 mg, 37%).
1H NMR (400 MHz, CDCl3): d = 0.09 (s, 3H), 0.11 (s, 3H), 0.93 (s, 9H),
1.90 (s, 6H), 1.93 (s, 3H), 1.94 (s, 3H), 1.98 (s, 6H), 1.99 (, 3H), 2.02 (s,
3H), 2.03 (s, 3H), 2.07 (s, 3H), 2.11 (s, 3H), 3.32 (dt, J=9.7, 2.1 Hz, 1H),
3.41 (br s, 1H, OH), 3.37–3.46 (m, 2H), 3.36–3.68 (m, 5H), 3.70–3.80 (m,
5H), 3.86–3.92 (m, 2H), 4.00 (brd, J=10.2 Hz, 1H), 4.12 (brd, J=
11.0 Hz, 1H), 4.13–4.18 (m, 2H), 4.25 (brd, J=10.4 Hz, 1H), 4.53–4.62
(m, 9H), 4.65 (d, J=10.0 Hz, 1H), 4.68 (d, J=10.3 Hz, 1H), 4.84–4.93
(m, 4H), 4.97 (dd, J=9.6, 8.0 Hz, 1H), 5.12 (t, J=9.6 Hz, 1H), 5.17 (t,
J=10.0 Hz, 1H), 5.18 (t, J=10.0 Hz, 1H), 5.19 (t, J=9.9 Hz, 1H), 5.22
(t, J=9.3 Hz, 1H), 7.20–7.38 (m, 18H), 7.52–7.59 (m, 2H); 13C NMR
(100 MHz, CDCl3): d = �5.30 (CH3), �4.89 (CH3), 18.37 (C), 20.35
(CH3), 20.55 (CH3, 2C), 20.66 (CH3), 20.68 (CH3), 20.82 (CH3, 2C), 20.83
(CH3, 2C), 20.85 (CH3), 21.11 (CH3), 25.97 (CH3, 3C), 61.67 (CH2, 2C),
67.50 (CH2), 68.04 (CH2), 68.09 (CH), 68.38 (CH), 69.22 (CH2), 70.73
(CH), 71.51 (CH), 71.96 (CH), 72.04 (CH, 3C), 72.68 (CH), 74.69 (CH2),
74.72 (CH2), 74.76 (CH2), 74.95 (CH), 75.00 (CH), 75.05 (CH), 75.07
(CH), 75.11 (CH), 75.40 (CH), 75.90 (CH), 76.15 (CH), 76.32 (CH),
80.45 (CH), 81.70 (CH), 85.44 (CH), 100.54 (CH), 100.85 (CH), 101.02
(CH), 101.11 (CH), 127.73 (CH, 2C), 127.83 (CH, 2C), 127.86 (CH),
127.95 (CH, 2C), 128.02 (CH), 128.03 (CH), 128.10 (CH), 128.28 (C),
128.49 (CH, 2C), 128.54 (CH, 2C), 128.57 (CH, 2C), 129.19 (CH, 2C),
134.06 (CH, 2C), 137.52 (C), 137.55 (C), 138.03 (C), 169.05 (C=O),
169.23 (C=O), 169.26 (C=O), 169.47 (C=O), 169.55 (C=O), 169.84 (C=
O), 170.10 (C=O), 170.13 (C=O), 170.20 (C=O), 170.27 (C=O), 170.56


(C=O); IR (KBr): ñ = 1755, 1374, 1242, 1221, 1049 cm�1; HRMS (FAB):
m/z : calcd for C85H110O36SeNaSi: 1837.5609; found 1837.5612 [M+Na]+ .


Hexasaccharide 35 f : Glycosyl donor 26 f (343 mg, 0.30 mmol) and glyco-
syl acceptor 26d (206 mg, 0.20 mmol); product 35 f (141 mg, 35%) and
35d (75.9 mg, 20%). 1H NMR (400 MHz, CDCl3): d = 0.07 (s, 3H), 0.08
(s, 3H), 0.92 (s, 9H), 1.90 (s, 3H), 1.92 (s, 3H), 1.94 (s, 3H), 1.99 (s, 6H),
2.00 (s, 3H), 2.029 (s, 6H), 2.033 (s, 6H), 2.05 (s, 3H), 2.088 (s, 3H), 2.09
(s, 3H), 2.12 (s, 3H), 3.28–3.92 (m, 19H; containing 2 OH), 4.15–4.27 (m,
7H), 4.47 (d, J=8.2 Hz, 1H), 4.52–4.67 (m, 8H), 4.72 (d, J=10.3 Hz,
1H), 4.81–5.10 (m, 7H), 5.14–4.25 (m, 5H), 7.22–7.35 (m, 13H), 7.52–
7.58 (m, 2H); 13C NMR (100 MHz, CDCl3): d = �5.25 (CH3), �4.93
(CH3), 18.37 (C), 20.35 (CH3), 20.37 (CH3), 20.54 (CH3, 4C), 20.64
(CH3), 20.66 (CH3), 20.72 (CH3), 20.81 (CH3, 2C), 20.84 (CH3), 20.99
(CH3), 21.10 (CH3), 25.98 (CH3, 3C), 61.58 (CH2, 2C), 61.80 (CH2), 67.30
(CH2), 68.30 (CH2), 68.34 (CH, 2C), 68.70 (CH), 68.85 (CH2), 69.29
(CH2), 70.65 (CH), 70.70 (CH), 71.58 (CH), 71.92 (CH), 71.94 (CH),
72.08 (CH), 72.15 (CH), 72.17 (CH), 72.52 (CH), 72.65 (CH), 74.39
(CH), 74.63 (CH), 74.69 (CH), 74.90 (CH), 75.14 (CH), 75.56 (CH),
75.64 (CH), 75.96 (CH), 76.36 (CH), 80.39 (CH), 81.64 (CH), 85.28
(CH), 85.57 (CH), 100.50 (CH), 100.98 (CH), 101.01 (CH), 101.08 (CH),
101.34 (CH), 127.77 (CH, 2C), 127.84 (CH), 127.95 (CH, 2C), 127.99
(CH), 128.09 (CH), 128.27 (C), 128.47 (CH, 2C), 128.54 (CH, 2C),
129.16 (CH, 2C), 134.19 (CH, 2C), 137.62 (C), 138.05 (C), 168.76 (C=O),
169.10 (C=O), 169.18 (C=O), 169.25 (C=O), 169.27 (C=O), 169.29 (C=
O), 169.63 (C=O), 169.87 (C=O), 170.08 (C=O), 170.13 (C=O), 170.21
(C=O), 170.24 (C=O), 170.57 (C=O), 170.60 (C=O); IR (KBr): ñ = 1755,
1375, 1238, 1167, 1049 cm�1; HRMS (FAB): m/z : calcd for C75H100O37-
SeNaSi: 2035.5985; found 2035.5975 [M+Na]+ .


Hexasaccharide 36 f : Glycosyl donor 26 f (114 mg, 0.10 mmol) and glyco-
syl acceptor 27d (51.4 mg, 0.050 mmol); product 36 f (32.0 mg, 34%) and
36d (18.0 mg, 19%). 1H NMR (400 MHz, CDCl3): d = 0.08 (s, 3H), 0.10
(s, 3H), 0.92 (s, 9H), 1.88 (s, 3H), 1.90 (s, 3H), 1.98 (s, 3H), 1.99 (s, 3H),
2.00 (s, 3H), 2.007 (s, 3H), 2.014 (s, 3H), 2.02 (s, 3H), 2.03 (s, 6H), 2.05
(s, 3H), 2.06 (s, 3H), 2.08 (s, 3H), 2.09 (s, 3H), 3.32–3.82 (m, 17H; con-
taining 2 OH), 3.83–3.91 (m, 2H), 4.05–4.26 (m, 7H), 4.38 (d, J=8.1 Hz,
1H), 4.44 (d, J=8.1 Hz, 1H), 4.45 (d, J=11.2 Hz, 1H), 4.52 (d, J=
8.0 Hz, 1H), 4.55 (d, J=8.8 Hz, 1H), 4.55–4.61 (m, 2H), 4.62 (d, J=
8.0 Hz, 1H), 4.66 (d, J=11.4 Hz, 1H), 4.79–5.09 (m, 9H), 5.13–5.22 (m,
4H), 7.18–7.36 (m, 13H), 7.56–7.62 (m, 2H); 13C NMR (100 MHz,
CDCl3): d = �5.36 (CH3), �4.92 (CH3), 18.89 (C), 20.30 (CH3), 20.35
(CH3), 20.55 (CH3, 4C), 20.65 (CH3), 20.68 (CH3), 20.75 (CH3), 20.80
(CH3), 20.81 (CH3), 20.82 (CH3), 20.87 (CH3), 20.95 (CH3), 25.97 (CH3,
3C), 61.62 (CH2), 61.70 (CH2), 61.77 (CH2), 61.17 (CH2), 68.32 (CH),
68.37 (CH, 2C), 68.42 (CH2), 68.60 (CH and CH2), 70.67 (CH), 70.71
(CH), 71.37 (CH), 71.85 (CH), 71.94 (CH), 71.02 (CH), 72.07 (CH),
72.17 (CH), 72.55 (CH), 72.59 (CH), 74.61 (CH2), 74.67 (CH2), 74.88
(CH), 75.00 (CH), 75.53 (CH), 75.70 (CH), 75.81 (CH, 2C), 75.93 (CH),
79.50 (CH), 80.63 (CH), 84.62 (CH), 85.05 (CH), 100.40 (CH), 100.92
(CH), 101.06 (CH), 101.09 (CH), 101.32 (CH), 127.00 (C), 127.74 (CH,
2C), 127.88 (CH), 127.96 (CH, 2C), 128.02 (CH), 128.41 (CH), 128.48
(CH, 2C), 128.56 (CH, 2C), 129.12 (CH, 2C), 135.17 (CH, 2C), 137.59
(C), 137.99 (C), 168.80 (C=O), 168.88 (C=O), 169.20 (C=O), 169.27 (C=
O), 169.31 (C=O), 169.32 (C=O), 169.45 (C=O), 169.76 (C=O), 170.03
(C=O), 170.17 (C=O), 170.20 (C=O), 170.24 (C=O), 170.53 (C=O),
170.58 (C=O); IR (KBr): ñ = 3499, 1755, 1373, 1236, 1163, 1045 cm�1;
HRMS (FAB): m/z : calcd for C90H120O44SeNaSi: 2035.5985; found
2035.5996 [M+Na]+ .


Hexasaccharide 37 f : Glycosyl donor 27 f (114 mg, 0.10 mmol) and glyco-
syl acceptor 26d (51.4 mg, 0.050 mmol); product 37 f (31.1 mg, 31%).
1H NMR (400 MHz, CDCl3): d = 0.04 (s, 3H), 0.06 (s, 3H), 0.88 (s, 9H),
1.91 (s, 3H), 1.92 (s, 3H), 1.94 (s, 3H), 1.995 (s, 6H), 2.000 (s, 3H), 2.01
(s, 3H), 2.02 (s, 3H), 2.03 (s, 6 H9, 2.04 (s, 3H), 2.08 (s, 3H), 2.09 (s, 3H),
2.11 (s, 3H), 3.24–3.30 (m, 1H), 3.34–3.85 (m, 16H; containing 2 OH),
3.95 (dd, J=11.4, 2.0 Hz, 1H), 4.02–4.11 (m, 2H), 4.11–4.27 (m, 6H),
4.42 (d, J=8.3 Hz, 1H), 4.50–4.61 (m, 8H), 4.75 (d, J=10.2 Hz, 1H),
5.84–5.04 (m, 7H), 5.07 (t, J=9.7 Hz, 1H), 5.14–5.25 (m, 4H), 7.21–7.37
(m, 13H), 7.51–7.58 (m, 2H); 13C NMR (100 MHz, CDCl3): d = �5.20
(CH3), �5.18 (CH3), 18.42 (C), 20.36 (CH3, 2C), 20.55 (CH3, 4C), 20.61
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(CH3), 20.66 (CH3), 20.69 (CH3), 20.80 (CH3), 20.82 (CH3), 20.85 (CH3),
21.00 (CH3), 21.10 (CH3), 25.96 (CH3, 3C), 61.65 (CH2), 61.74 (CH2),
62.67 (CH2), 67.35 (CH2), 67.55 (CH2), 68.23 (CH), 68.32 (CH), 68.34
(CH), 68.42 (CH), 69.14 (CH2), 70.73 (CH), 70.81 (CH), 71.51 (CH),
71.84 (CH), 71.9 (CH), 71.95 (CH), 72.01 (CH), 72.08 (CH), 72.62 (CH),
72.65 (CH), 74.41 (CH), 74.53 (CH2), 74.65 (CH2), 74.86 (CH), 75.01
(CH), 75.05 (CH), 76.30 (CH), 76.39 (CH), 76.71 (CH), 80.57 (CH),
81.79 (CH), 85.34 (CH), 85.42 (CH), 100.59 (CH), 100.69 (CH), 100.87
(CH), 101.00 (CH), 101.07 (CH), 127.74 (CH, 2C), 127.75 (CH, 2C),
127.96 (CH), 128.09 (CH), 128.15 (CH), 128.26 (C), 128.51 (CH, 2C),
128.62 (CH, 2C), 129.22 (CH, 2C), 134.08 (CH, 2C), 137.47 (C), 137.64
(C), 168.84 (C=O), 169.08 (C=O), 169.26 (C=O), 169.28 (C=O, 3C),
169.51 (C=O), 169.84 (C=O), 170.07 (C=O), 170.11 (C=O), 170.25 (C=O,
2C), 170.58 (C=O), 170.59 (C=O); IR (KBr): ñ = 1755, 1375, 1235, 1167,
1049 cm�1; HRMS (FAB): m/z : calcd for C90H120O44SeNaSi: 2035.5985;
found 2035.5966 [M+Na]+ .


Heptasaccharide 38 f : Glycosyl donor 26 f (114.2 mg, 0.10 mmol) and gly-
cosyl acceptor 28d (61.3 mg, 0.050 mmol); product 38 f (17.2 mg, 16%)
and 38d (30.0 mg, 34%). 1H NMR (400 MHz, CDCl3): d = 0.08 (s, 3H),
0.10 (s, 3H), 0.92 (s, 9H), 1.89 (s, 3H), 1.99 (s, 3H), 2.00 (s, 6H), 2.02 (s,
6H), 2.03 (s, 3H), 2.03 (s, 9H), 2.04 (s, 3H), 2.05 (s, 3H), 2.07 (s, 3H),
2.08 (s, 3H), 2.085 (s, 3H), 2.090 (s, 3H), 2.11 (s, 3H), 3.31–3.65 (m, 15H;
containing 3 OH), 3.67–3.84 (m, 5H), 3.86–3.91 (m, 2H), 4.11–4.26 (m,
9H), 4.39 (d, J=7.7 Hz, 1H), 4.41 (d, J=7.9 Hz, 1H), 4.53–4.63 (m, 5H),
4.67 (d, J=11.4 Hz, 1H), 4.73 (d, J=10.3 Hz, 1H), 4.80–5.09 (m, 10H),
5.14–5.23 (m, 4H), 7.23–7.36 (m, 8H), 7.53–7.57 (m, 2H); 13C NMR
(100 MHz, CDCl3): d = �5.37 (CH3), �4.92 (CH3), 18.39 (C), 20.36
(CH3), 20.37 (CH3), 20.39 (CH3), 20.56 (CH3, 6C), 20.64 (CH3), 20.68
(CH3), 20.73 (CH3), 20.81 (CH3, 2C), 20.87 (CH3), 20.89 (CH3), 21.10
(CH3), 25.97 (CH3, 3C), 61.61 (CH2), 61.69 (CH2), 61.73 (CH2, 2C), 68.31
(CH), 68.34 (CH), 68.39 (CH, 2C), 68.51 (CH and CH2, 2C), 68.69 (CH
and CH2, 2C), 69.20 (CH2), 70.64 (CH), 70.73 (CH, 2C), 71.54 (CH),
71.92 (CH), 71.97 (CH), 71.99 (CH), 72.06 (CH, 2C), 72.17 (CH), 72.56
(CH), 72.61 (CH), 72.65 (CH), 74.64 (CH2), 74.86 (CH), 75.11 (CH),
75.48 (CH), 75.69 (CH), 75.73 (CH), 80.42 (CH), 81.66 (CH), 84.56
(CH), 85.12 (CH), 96.62 (CH), 100.91 (CH), 100.94 (CH), 101.07 (CH),
101.11 (CH), 101.27 (CH), 101.32 (CH), 127.86 (CH), 127.97 (CH, 2C),
128.04 (CH), 128.23 (C), 128.48 (CH, 2C), 129.16 (CH, 2C), 134.22 (CH,
2C), 138.03 (C), 169.00 (C=O, 2C), 169.05 (C=O), 169.27 (C=O), 169.32
(C=O), 169.33 (C=O, 2C), 169.38 (C=O), 169.83 (C=O), 170.17 (C=O),
170.19 (C=O, 2C), 170.22 (C=O, 2C), 170.55 (C=O), 170.59 (C=O),
170.61 (C=O); IR (KBr): ñ = 3503, 1755, 1375, 1229, 1167, 1042 cm�1;
HRMS (FAB): m/z : calcd for C95H130O52SeNaSi: 2233.6360; found
2233.6409 [M+Na]+ .


Heptasaccharide 39 f : Glycosyl donor 28 f (147 mg, 0.10 mmol) and glyco-
syl acceptor 26d (51.4 mg, 0.050 mmol); product 39 f (30.3 mg, 26%).
1H NMR (400 MHz, CDCl3): d = 1.04 (s, 9H), 1.91 (s, 3H), 1.92 (s, 3H),
1.990 (s, 3H), 1.992 (s, 3H), 1.994 (s, 3H), 2.01 (s, 3H), 2.03 (s, 12H),
2.038 (s, 3H), 2.043 (s, 6H), 2.07 (s, 3H), 2.08 (s, 6H), 2.13 (s, 3H), 3.31–
3.85 (m, 19H, containing 3 OH), 3.89 (dd, J=11.2, 5.2 Hz, 1H), 3.98
(brd, J=9.6 Hz, 1H), 4.07 (brd, J=10.8 Hz, 1H), 4.10–4.28 (m, 9H),
4.43 (d, J=8.0 Hz, 1H), 4.48 (d, J=8.4 Hz, 1H), 4.51 (d, J=11.2 Hz,
1H), 4.53–4.64 (m, 5H), 4.76 (d, J=10.4 Hz, 1H), 4.83–5.10 (m, 10H),
5.13–5.24 (m, 4H), 7.20–7.74 (m, 20H); 13C NMR (100 MHz, CDCl3): d
= 19.27 (C), 20.33 (CH3, 3C), 20.53 (CH3, 4C), 20.58 (CH3, 3C), 20.64
(CH3, 2C), 20.70 (CH3), 20.78 (CH3), 20.91 (CH3), 20.96 (CH3), 21.07
(CH3), 26.77 (CH3, 3C), 61.52 (CH2), 61.60 (CH2, 3C), 63.10 (CH3), 67.02
(CH2), 68.17 (CH), 68.24 (CH, 3C), 68.37 (CH), 68.53 (CH), 69.12 (CH2),
70.56 (CH), 70.61 (CH), 70.74 (CH), 71.44 (CH), 71.71 (CH), 71.75
(CH), 71.90 (CH), 72.02 (CH), 72.06 (CH), 72.16 (CH), 72.44 (CH),
72.55 (CH), 72.60 (CH), 74.36 (CH), 74.47 (CH2), 74.89 (CH), 75.08
(CH), 76.26 (CH), 76.47 (CH), 80.44 (CH), 81.63 (CH), 84.98 (CH),
85.31 (CH), 85.54 (CH), 100.044 (CH), 100.92 (CH, 3C), 101.00 (CH),
101.38 (CH), 127.61 (CH, 4C), 127.80 (CH, 2C), 128.04 (C), 128.12
(CH), 128.55 (CH, 2C), 129.17 (CH, 2C), 129.52 (CH, 2C), 133.46 (C),
133.49 (C), 135.59 (CH, 2C), 135.66 (CH, 2C), 137.43 (C), 168.80 (C=O),
168.97 (C=O), 169.06 (C=O), 169.25 (C=O, 3C), 169.28 (C=O), 169.30
(C=O), 169.32 (C=O), 169.83 (C=O), 170.03 (C=O), 170.16 (C=O),
170.19 (C=O, 2C), 170.51 (C=O), 170.57 (C=O, 2C); IR (KBr): ñ =


3504, 1751, 1429, 1371, 1225, 1169, 1040, 907, 704 cm�1; HRMS (FAB):
m/z : calcd for C104H130O53SeNaSi: 2357.6673; found 2357.6663 [M+Na]+ .


General procedure for the deprotection of tBuMeSi group


Tetrasaccharide 29d : An aqueous 5% solution of hydrofluoric acid in
acetonitrile (78.6 mg, 0.20 mmol, water/acetonitrile 1:20) was added to a
solution of 29 f (154 mg, 0.10 mmol) in CH2Cl2 (1.5 mL), and the resulting
mixture was stirred for 15 h at room temperature and was quenched with
aqueous saturated NaHCO3 solution. After separation of the organic
layer, the aqueous phase was extracted with ethyl acetate, and the com-
bined organic extract was washed with aqueous saturated NaCl solution,
dried over MgSO4, and concentrated. Purification by flash chromatogra-
phy afforded 29d (118 mg, 0.086 mmol, 83%). 1H NMR (400 MHz,
CDCl3): d = 1.91 (s, 3H), 1.93 (s, 3H), 2.00 (s, 3H), 2.01 (s, 3H), 2.03 (s,
6H), 2.04 (s, 3H), 2.05 (s, 3H), 2.10 (s, 3H), 3.39–3.62 (m, 7H), 2.62–3.83
(m, 5H), 3.87 (brd, J=11.9 Hz, 1H), 4.06–4.16 (m, 3H), 4.20 (dd, J=
12.4, 4.9 Hz, 1H), 4.24 (dd, J=12.4, 2.6 Hz, 1H), 4.44 (d, J=8.0 Hz, 1H),
4.53 (d, J=11.2 Hz, 1H), 4.56 (d, J=8.4 Hz, 1H), 4.57 (d, J=11.2 Hz,
1H), 4.60 (d, J=11.3 Hz, 1H), 4.64 (d, J=11.3 Hz, 1H), 4.66 (d, J=
7.9 Hz, 1H), 4.84–4.97 (m, 4H), 5.01 (dd, J=9.7, 8.1 Hz, 1H), 5.08 (t, J=
9.7 Hz, 1H), 5.16–5.22 (m, 2H), 5.25 (t, J=9.5 Hz, 1H), 7.20–7.37 (m,
13H), 7.54–7.64 (m, 2H); 13C NMR (100 MHz, CDCl3): d = 20.36 (CH3),
20.55 (CH3, 2C), 20.67 (CH3), 20.76 (CH3), 20.78 (CH3), 20.81 (CH3, 2C),
20.94 (CH3), 61.44 (CH2), 61.48 (CH2), 67.63 (CH2), 68.21 (CH), 68.53
(CH), 69.16 (CH2), 70.70 (CH), 71.46 (CH), 71.93 (CH), 71.96 (CH),
72.09 (CH), 72.51 (CH), 74.75 (CH and CH2, 2C), 75.36 (CH), 75.54
(CH), 75.85 (CH, 2C), 79.59 (CH), 80.87 (CH), 85.00 (CH), 100.66 (CH),
101.06 (CH), 101.40 (CH), 127.39 (C), 127.79 (CH, 2C), 127.91 (CH,
2C), 127.97 (CH), 127.99 (CH), 128.32 (CH), 128.51 (CH, 2C), 128.53
(CH, 2C), 129.09 (CH), 134.95 (CH, 2C), 137.58 (C), 137.66 (C), 168.78
(C=O), 169.25 (C=O, 2C), 169.60 (C=O), 169.63 (C=O), 170.05 (C=O),
170.10 (C=O), 170.27 (C=O), 170.63 (C=O); IR (KBr): ñ = 3490, 1754,
1377, 1238, 1048 cm�1; HRMS (FAB): m/z : calcd for C62H76O29NaSe:
1387.3535; found 1387.3541 [M+Na]+ .


Disaccharide 25d : Substrate 25 f (320 mg, 0.34 mmol); reaction time: 8 h;
product 25d (241 mg, 73%). 1H NMR (300 MHz, CDCl3): d = 1.93 (s,
3H), 1.95 (s, 3H), 1.96 (s, 3H), 2.05 (s, 3H), 3.40 (ddd, J=9.7, 3.8,
2.5 Hz, 1H), 3.54 (ddd, J=9.8, 4.8, 1.5 Hz, 1H), 3.61 (t, J=9.5 Hz, 1H),
3.68–3.82 (m, 3H), 3.89 (ddd, J=12.2, 5.2, 2.2 Hz, 1H), 4.02 (dd, J=11.3,
1.4 Hz, 1H), 4.53 (d, J=11.7 Hz, 1H), 4.57 (d, J=7.8 Hz, 1H), 4.58 (d,
J=11.4 Hz, 1H), 4.61 (d, J=11.4 Hz, 1H), 4.66 (d, J=11.4 Hz, 1H), 4.86
(d, J=10.6 Hz, 1H), 4.89–4.98 (m, 2H), 5.20 (t, J=8.7 Hz, 1H), 5.24 (t,
J=9.5 Hz, 1H), 7.20–7.39 (m, 13H), 7.56 (m, 2H); 13C NMR (75 MHz,
CDCl3): d = 20.73 (CH3), 20.81 (CH3, 3C), 61.41 (CH2), 68.19 (CH2),
71.22 (CH), 71.93 (CH), 74.75 (CH2), 74.80 (CH2), 75.24 (CH, CH2, 2C),
75.32 (CH), 75.62 (CH), 75.83 (CH), 79.63 (CH), 81.53 (CH), 100.61
(CH), 127.62 (C), 127.76 (CH, 2C), 127.99 (CH, 2C), 128.06 (CH),
128.10 (CH), 128.38 (CH), 128.56 (CH, 4C), 129.19 (CH, 2C), 134.54
(CH, 2C), 137.35 (C), 137.43 (C), 169.63 (C=O), 170.04 (C=O), 170.20
(C=O); IR (KBr): ñ = 3489, 1752 (s), 1375, 1240, 1221, 1076, 1049, 743,
698 cm�1; HRMS (FAB): m/z : calcd for C40H47O14Se: 831.2131; found
831.2122 [M+H]+ .


Trisaccharide 26d : Substrate 26 f (302 mg, 0.26 mmol); reaction time:
2 h; product 26d (249 mg, 92%). 1H NMR (400 MHz, CDCl3): d = 1.95
(s, 3H), 2.00 (s, 3H), 2.02 (s, 3H), 2.03 (s, 3H), 2.08 (s, 3H), 2.11 (s, 3H),
3.40–3.50 (m, 4H), 3.57 (t, J=8.8 Hz, 1H), 3.69–3.80 (m, 4H), 3.89 (ddd,
J=12.3, 5.0, 2.5 Hz, 1H), 4.14–4.22 (m, 3H), 4.56 (d, J=8.2 Hz, 1H),
4.58–4.66 (m, 3H), 4.74 (d, J=5.1 Hz, 1H), 4.90 (dd, J=9.2, 8.0 Hz, 1H),
4.95 (dd, J=10.1, 9.0 Hz, 1H), 4.98 (dd, J=9.5, 8.1 Hz, 1H), 5.06 (t, J=
9.5 Hz, 1H), 5.17 (t, J=9.6 Hz, 1H), 5.24 (t, J=9.3 Hz, 1H), 7.23–7.37
(m, 10H), 7.54–7.58 (m, 2H); 13C NMR (100 MHz, CDCl3): d = 20.3
(CH3), 20.5 (CH3, 2C), 20.7 (CH3), 20.7 (CH3), 20.8 (CH3), 61.4 (CH2),
61.5 (CH2), 68.2 (CH), 68.3 (CH), 69.4 (CH2), 70.7 (CH), 71.4 (CH), 72.0
(CH), 72.5 (CH), 74.8 (CH2), 75.2 (CH), 75.5 (CH), 80.8 (CH), 81.9
(CH), 85.7 (CH), 101.0 (CH), 101.1 (CH), 128.0 (CH, 2C), 128.1 (CH),
128.2 (CH), 128.3 (C), 128.6 (CH, 2C), 129.2 (CH, 2C), 134.1 (CH, 2C),
137.5 (C), 169.1 (C=O), 169.3 (C=O, 2C), 169.9 (C=O), 170.1 (C=O),
170.3 (C=O), 170.6 (C=O); IR (KBr): ñ = 3484 (br), 2950, 2250, 1754,
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1375, 1230 (br), 1048 (br), 745 cm�1; HRMS (FAB): m/z : calcd for
C45H57O22Se: 1029.2507; found 1029.2512 [M+H]+ .


Trisaccharide 27d : Substrate 27 f (300 mg, 0.26 mmol); reaction time:
1 h; product 27d (244 mg, 91%). 1H NMR (400 MHz, CDCl3): d = 1.92
(s, 3H), 2.01 (s, 3H), 2.027 (s, 3H), 2.033 (s, 3H), 2.04 (s, 3H), 2.05 (s,
3H), 2.09 (s, 3H), 2.21 (br s, 1H, OH), 3.36 (dd, J=8.9, 5.7, 3.3 Hz, 1H),
3.48–3.63 (m, 5H containing OH), 3.71–3.84 (m, 3H), 3.93 (brd, J=
11.2 Hz, 1H), 3.95–4.01 (m, 1H), 4.15–4.26 (m, 2H), 4.49 (d, J=8.0 Hz,
1H), 4.53 (d, J=11.2 Hz, 1H), 4.56 (d, J=11.2 Hz, 1H), 4.58 (d, J=
7.6 Hz, 1H), 4.85 (d, J=10.0 Hz, 1H), 4.91 (t, J=9.4 Hz, 1H), 4.94–5.02
(m, 1H), 5.02 (dd, J=9.6, 8.0 Hz, 1H), 5.07 (t, J=9.4 Hz, 1H), 5.19 (t,
J=8.8 Hz, 1H), 5.20 (t, J=9.4 Hz, 1H), 7.20–7.27 (m, 2H), 7.28–7.37 (m,
6H), 7.56–7.61 (m, 2H); 13C NMR (100 MHz, CDCl3): d = 20.34 (CH3),
20.53 (CH3, 2C), 20.59 (CH3), 20.78 (CH3, 2C), 20.92 (CH3), 61.56 (CH2),
62.66 (CH2), 67.90 (CH2), 68.23 (CH), 69.24 (CH), 70.69 (CH), 71.27
(CH), 71.84 (CH), 71.95 (CH), 72.46 (CH), 74.68 (CH2), 75.66 (CH),
75.71 (CH), 75.83 (CH), 79.69 (CH), 81.42 (CH), 85.14 (CH), 100.71
(CH), 101.02 (CH), 127.65 (C), 127.73 (CH, 2C), 128.03 (CH), 128.28
(CH), 128.52 (CH, 2C), 129.14 (CH, 2C), 134.55 (CH, 2C), 137.45 (C),
168.86 (C=O), 169.24 (C=O, 2C), 169.54 (C=O), 170.02 (C=O), 170.25
(C=O), 170.56 (C=O); IR (KBr): ñ = 3600, 1754, 1375, 1237, 1163,
1042 cm� ; HRMS (FAB): m/z : calcd for C45H57O22Se: 1029.2507; found
1029.2510 [M+H]+ .


Tetrasaccharide 28d : Substrate 28 f (302 mg, 0.23 mmol); reaction time:
1 h; product 28d (228 mg, 83%). 1H NMR (400 MHz, CDCl3): d = 2.00
(s, 3H), 2.01 (s, 3H), 2.03 (s, 3H), 2.04 (s, 6H), 2.05 (s, 3H), 2.06 (s, 3H),
2.08 (s, 3H), 2.09 (s, 3H), 2.11 (s, 3H), 3.33–3.64 (m, 8 H containing 2
OH), 3.66–3.83 (m, 4H), 3.92 (ddd, J=11.2, 7.2, 3.4 Hz, 1H), 4.09–4.25
(m, 5H), 4.50 (d, J=8.0 Hz, 1H), 4.56 (d, J=8.0 Hz, 1H), 4.58 (d, J=
7.6 Hz, 1H), 4.74 (d, J=10.0 Hz, 1H), 4.91–5.02 (m, 4H), 5.06 (t, J=
9.6 Hz, 1H), 5.17 (dd, J=9.6, 8.0 Hz, 1H), 5.20 (dd, J=9.6, 8.0 Hz, 1H),
7.29–7.34 (m, 3H), 7.54–7.59 (m, 2H); 13C NMR (100 MHz, CDCl3): d =


20.33 (CH3), 20.37 (CH3), 20.54 (CH3, 4C), 20.61 (CH3), 20.66 (CH3),
20.90 (CH3), 21.07 (CH3), 61.41 (CH2), 61.59 (CH2), 62.62 (CH2), 68.10
(CH), 68.24 (CH), 68.36 (CH), 69.19 (CH), 69.31 (CH2), 70.60 (CH),
70.70 (CH), 71.37 (CH), 71.83 (CH), 71.95 (CH), 72.08 (CH), 72.50 (CH,
2C), 75.64 (CH), 80.86 (CH), 81.91 (CH), 85.15 (CH), 85.67 (CH), 100.91
(CH), 101.05 (CH), 101.35 (CH), 128.06 (CH), 128.43 (C), 129.17 (CH,
2C), 134.01 (CH, 2C), 168.97 (C=O), 169.06 (C=O), 169.25 (C=O),
169.27 (C=O), 169.28 (C=O), 169.32 (C=O), 170.23 (C=O, 2C), 170.57
(C=O), 170.63 (C=O); IR (KBr): ñ = 3495, 1755, 1373, 1231, 1040 cm�1;
HRMS (FAB): m/z : calcd for C50H67O30Se: 1227.2882; found 1227.2889
[M+H]+ .


Heptasaccharide 40 : Bromine (7.2 mg, 0.045 mmol) was added at �23 8C
to a solution of 26 f (103 mg, 0.09 mmol) in CH2Cl2 (1.0 mL), and the re-
sulting solution was slowly warmed to room temperature over 30 min. To
this solution was added 2,6-lutidine (1.4 mg, 0.014 mmol) and 29e, which
was prepared by mixing 29d (61.7 mg, 0.045 mmol), allyltributyltin
(19.5 mg, 0.059 mmol), and TfOH (2.0 mg, 0.030 mmol) in CH2Cl2
(1.2 mL), and the resulting mixture was stirred for 1 h at room tempera-
ture. To this mixture was added TMSOTf (1.0 mg, 0.0045 mmol) at 0 8C,
and the resulting mixture was stirred for 30 min. Triethylamine (0.03 mL)
followed by aqueous saturated NaHCO3 solution were added, and organ-
ic layer was separated. The aqueous phase was extracted with ethyl ace-
tate, and the combined organic extract was washed with aqueous saturat-
ed NaCl solution, dried over MgSO4, and concentrated to give a crude
mixture. Purification by flash chromatography afforded 40 (26.4 mg,
0.011 mmol, 25%) and the desilylated compound (35.2 mg, 0.016 mmol,
35%), which could be transformed to 40 by standard silylation condi-
tions. 1H NMR (400 MHz, CDCl3): d = 0.019 (s, 3H), 0.023 (s, 3H), 0.88
(s, 9H), 1.87 (s, 3H), 1.88 (s, 3H), 1.90 (s, 3H), 1.95 (s, 3H), 1.97 (s, 6H),
1.98 (s, 3H), 1.999 (s, 6H), 2.002 (s, 3H), 2.01 (s, 3H), 2.019 (s, 3H),
2.024 (s, 3H), 2.03 (s, 3H), 2.06 (s, 3H), 2.07 (s, 3H), 3.26–3.31 (m, 1H),
3.30 (br s, 1H, OH), 3.34–3.42 (m, 2H), 3.45 (br s, 1H, OH), 3.44–3.64 (m,
8H), 3.70–3.86 (m, 9H), 3.98 (d, J=9.5 Hz, 1H), 4.03–4.12 (m, 3H),
4.15–4.24 (m, 4H), 4.44 (d, J=8.0 Hz, 1H), 4.45 (d, J=8.0 Hz, 1H), 4.46–
4.62 (m, 9H), 4.66 (d, J=8.0 Hz, 1H), 4.81–5.01 (m, 8H), 5.02 (t, J=
10.0 Hz, 1H), 5.07 (t, J=9.8 Hz, 1H), 5.12–5.24 (m, 5H), 7.17–7.33 (m,


18H), 7.56–7.60 (m, 2H); 13C NMR (125 MHz, CDCl3): d = �5.37
(CH3), �5.01 (CH3), 18.33 (C), 20.33 (CH3, 2C), 20.49 (CH3, 2C), 20.53
(CH3, 2C), 20.58 (CH3), 20.69 (CH3), 20.75 (CH3, 4C), 20.78 (CH3, 2C),
20.91 (CH3), 25.97 (CH3, 3C), 61.39 (CH2), 61.55 (CH2), 61.88 (CH2),
67.42 (CH2), 67.98 (CH2), 68.27 (CH), 68.31 (CH), 69.22 (CH2), 69.31
(CH2), 70.60 (CH), 70.66 (CH), 71.56 (CH), 71.94 (CH, 2C), 72.00 (CH),
72.06 (CH), 72.11 (CH), 72.26 (CH), 72.42 (CH), 72.59 (CH), 74.09
(CH), 74.62 (CH2), 74.66 (CH2), 74.72 (CH2), 74.95 (CH), 75.01 (CH),
75.12 (CH), 75.38 (CH), 75.71 (CH), 75.90 (CH), 76.16 (CH), 76.25
(CH), 79.28 (CH), 80.69 (CH), 84.99 (CH), 85.47 (CH), 100.40 (CH),
100.71 (CH), 101.05 (CH), 101.15 (CH), 101.26 (CH), 101.56 (CH),
127.22 (C), 127.65 (CH, 2C), 127.76 (CH, 2C), 127.80 (CH), 127.87 (CH,
2C), 127.91 (CH), 128.29 (CH), 128.43 (CH, 2C), 128.45 (CH, 2C),
128.47 (CH, 2C), 129.03 (CH, 2C), 135.15 (CH, 2C), 137.71 (C), 137.78
(C), 138.04 (C), 168.67 (C=O), 168.89 (C=O), 169.07 (C=O), 169.23 (C=
O), 169.28 (C=O, 2C), 169.53 (C=O), 169.58 (C=O, 2C), 170.00 (C=O),
170.13 (C=O), 170.16 (C=O), 170.20 (C=O), 170.49 (C=O), 170.57 (C=
O), one sp3 CH carbon signal and one sp2 CH carbon signal could not be
characterized due to overlapping with solvent signals for the former and
other signals for the latter. HRMS (FAB): m/z : calcd for C107H140O51-
SeNaSi: 2371.7194; found 2371.7290 [M+Na]+ .


Heptasaccharide 41: Bromine (0.11 mL, 2.2 mmol) at �23 8C was added to
a solution of 40 (10.4 mg, 4.4 mmol) in CH2Cl2 (0.3 mL), and the resulting
solution was slowly warmed to room temperature over 30 min. To this so-
lution was added water (1.6 mL, 44 mmol), and the resulting mixture was
stirred for 0.6 h at room temperature. After the usual workup, a crude
mixture was passed thorough a short pad of silica gel to afford a mixture
of products (13.1 mg).


To this mixture (5.0 mg) dissolving in CH2Cl2 (2 mL) was added 5% of
hydrofluoric acid in acetonitrile (3 mg, 7.6 mmol, water/acetonitrile 1:20)
room temperature, and the resulting mixture was stirred for over night.
After the usual workup, a crude mixture was obtained (6.5 mg), which
was used to the next step without further purification.


The crude mixture (4.1 mg) and Pd(OH)2 on carbon powder (1.0 mg,
20% Pd) in ethanol (2.0 mL) was stirred under 50 kgcm�2 of H2 atmos-
phere for 16 h. The mixture was passed through a pad of Celite, and re-
moval of the solvent afforded a crude mixture (6.4 mg). The crude mix-
ture was treated with Ac2O (2.6 mL, 27 mmol), Et3N (5.5 mL, 39 mmol),
and DMAP (0.5 mg, 4 mmol) in CH2Cl2 (0.5 mL) at room temperature of
16 h. After the usual workup, purification by silica gel chromatography
followed by preparative GPC afforded 41 as a 1:1 mixture of a- and b-
anomers (3.3 mg, total 75% yield). 1H NMR (500 MHz, CDCl3): d =


1.95–2.19 (m, 69H), 3.46–5.25 (series of m, 47.5H), 5.46 (t, J=9.9 Hz,
0.5H), 5.67 (d, J=8.2 Hz, 0.5H, b-isomer), 6.23 (d, J=3.7 Hz, 0.5H, a-
isomer); IR (KBr): ñ = 1754 (s), 1375, 1225 (s), 1038 cm�1; HRMS
(FAB): m/z : calcd for C87H114O60SeNa: 2141.6131; found 2141.6101
[M+Na]+ .
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Introduction


Polyhedral hydrocarbon cages, due to their rigidity, unique
shape, and esthetic beauty have long attracted considerable
attention of both experimentalists and theoreticians.[1,2]


Simple functionalized derivatives, particularly of adaman-
tane, display pronounced pharmacological activities.[3] Some
cage hydrocarbons, however, cannot easily be functionalized
selectively, especially when they are prone to undergo rear-
rangement due to high ring strain. Hence, only moderately
strained cage hydrocarbons (e.g., adamantane) have a rich
chemistry and are used for a number of practical applica-
tions.[2,4] This is in line with the ease of selective adamantane
functionalizations under ionic (bromination, nitroxylation)
and free-radical (chlorination, hydroxylation) conditions.
Herein we present and discuss the preparation, structural
and energetic features as well as the reactivity of [D3d]-octa-


Abstract: The synthesis of the (CH)12


hydrocarbon [D3d]-octahedrane (hepta-
cyclo[6.4.0.02,4.03,7.05,12.06,10.09,11]dode-
cane) 1 and its selective functionaliza-
tion retaining the hydrocarbon cage is
described. The B3LYP/6-311+G* strain
energy of 1 is 83.7 kcalmol�1 (4.7 kcal
mol�1 per C�C bond) which is signifi-
cantly higher than that of the structur-
ally related (CH)16 [D4d]-decahedrane 2
(75.4 kcalmol�1; 3.1 kcalmol�1 per C�C
bond) and (CH)20 [Ih]-dodecahedrane 3
(51.5 kcalmol�1; 1.7 kcalmol�1 per C�C
bond); the heats of formation for 1–3
computed according to homodesmotic
equations are 52, 35, and 4 kcalmol�1.
Catalytic hydrogenation of 1 leads to
consecutive opening of the two cyclo-
propane rings to give C2-bisseco-octa-


hedrane (pentacyclo[6.4.0.02,6.03,11.04,9]-
dodecane) 16 as the major product. Al-
though 1 is highly strained, its carbon
skeleton is kinetically quite stable:
Upon heating, 1 does not decompose
until above 180 8C. The B3LYP/6-31G*
barriers for the SR2 attack of the tBuOC
and Br3CC radicals on a carbon atom of
one of the cyclopropane fragments
(DG�


298 = 27–28 kcalmol�1) are higher
than those for hydrogen atom abstrac-
tion. The latter barriers are virtually
identical for the abstraction from the


C1-H and C2-H positions with the
tBuOC radical (DG�


298 = 17.4 and
17.9 kcalmol�1, respectively), but sig-
nificantly different for the reaction at
these positions with the Br3CC radical
(DG�


298 = 18.8 and 21.0 kcalmol�1).
These computational results agree well
with experiments, in which the chlori-
nation of 1 with tert-butyl hypochlorite
gave a mixture of 1- and 2-chloroocta-
hedranes (ratio 3:2). The bromination
with carbon tetrabromide under phase-
transfer catalytic (PTC) conditions
(nBu4NBr/NaOH) selectively gave 1-
bromooctahedrane in 43% isolated
yield. For comparison, the PTC bromi-
nation was also applied to 2,4-dehy-
droadamantane yielding 54% 7-bromo-
2,4-dehydroadamantane.


Keywords: density functional calcu-
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hedrane (1), which has been suggested[5] to be the most
stable of all (CH)12 hydrocarbons.[6] For comparison, the
structurally related higher (CH)n polyhedranes, that is [D4d]-
decahedrane (2, n=16) and [Ih]-dodecahedrane (3, n=20)
(Figure 1) will also be evaluated.


Results and Discussion


Preparation of [D3d]-octahedrane (1):[7] The literature proce-
dure[8] for the preparation of the precursor 4 of the dimethyl
octahedrane-2,10-dicarboxylate (8) (Scheme 1) was im-
proved by using a sodium cyclopentadienide solution pre-
pared with metallic sodium[9] instead of sodium hydride
(overall yield 12–14%). Reduction of 4 with sodium in tolu-
ene in the presence of chlorotrimethylsilane according to
the published procedure[10] yielded a mixture of endo,endo-,
endo,exo-, and exo,exo-stereoisomers of diester 6 in a
75:13:2 ratio (80–91% yield). Base-catalyzed isomerization
in the presence of sodium methoxide[10] gave a mixture en-
riched with the exo,exo-diastereomer (ratio 1:21:67). The ad-
dition of bromine to 6 provided a mixture of dibromodiest-
ers including 7 which, upon treatment with sodium methox-
ide, underwent twofold g-dehydrobromination to yield 8
(13–14%). When the crude product after reduction of 4,
containing mostly the endo,endo-diastereomer of diester 6
was used, the yield of 8 was only 7–8%. A number of other
brominating agents (e.g., dioxane dibromide and pyridinium
hydrobromide perbromide) led to tarry product mixtures.
Hydrolysis of diester 8 with methanolic-aqueous sodium hy-
droxide gave diacid 9, which is almost insoluble in common
organic solvents. Decarboxylation[11] of 9 via the diacid di-
chloride 10 and the Barton ester generated from 10 by reac-
tion with the sodium salt of N-hydroxypyridine-2-thione
gave octahedrane 1 in 50–70% yield.


Structures and energies : The structures of [D3d]-octahedrane
(1), the next higher polyhedranes [D4d]-decahedrane (2)[12–14]


as well as [Ih]-dodecahedrane (3),[12] were computed at dif-
ferent levels of theory (Figure 2, Table 1). The bond lengths
computed at the MP2/6-31G* level agree particularly well
with the available X-ray crystal data (in parentheses) for 1[7]


and 3.[15]


The strain energies of polyhedranes 1–3 were evaluated
according to the homodesmotic Equations (1)–(3) at
B3LYP/6-311+G*. In contrast to dodecahedrane 3, which


displays nearly an idealized tetrahedral geometry around all
carbon atoms,[12,16] and which is strained mainly due to non-
bonding interactions [1.7 kcalmol�1 per C�C bond according
to Eq. (3)], the central belts of 1 and 2 are severely distort-
ed: The CCC angle in the six-membered ring of 1 is 101.08,
and in the eight-membered ring of 2 it is 106.98. This, in ad-
dition to the strain arising from the presence of the two
small rings in each case, increases the strain energies per C�
C bond of 1 and 2 to 4.7 and 3.1 kcalmol�1, respectively.
The DFT and MP2/6-31G* (54.0 kcalmol�1) calculated
strain energies of 3 are slightly lower than previous esti-
mates from isodesmotic equations[17] and bond force compu-
tations (65.4 kcalmol�1),[18] but somewhat higher than most
recent HF/6-31G* calculations according to Equation (3)
(43.7 kcalmol�1).[19] At the uncorrelated HF/6-31G* level
the strain energy of 2 is similarly underestimated[19]


[71.2 kcalmol�1 according to Eq. (2)].


Figure 1. [D3d]-Octahedrane 1 and selected structurally related higher
(CH)n (n=16 and 20) polyhedranes.


Scheme 1. Preparation of [D3d]-octahedrane 1.


Table 1. B3LYP/6-311+G* energies of the selected computed species.


Structure Symmetry �E ZPVE �DH298


group [au] [kcalmol�1] [au]
B3LYP B3LYP B3LYP
/6-311+G* /6-311+G* /6-311+G*


C2H6 D3d 79.84841 46.83 79.76935
C3H8 C2v 119.17050 64.83 119.06172
i-C4H10 C3v 158.49339 82.47 158.35534
diamantane (11) D3d 545.68177 197.78 545.35678
adamantane (12) Td 390.80460 153.17 390.55275
C12H12 (1) D3d 464.51641 130.28 464.30183
C16H16 (2) D4d 619.41292 177.21 619.12247
C20H20 (3) Ih 774.33430 224.51 773.96680
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1 þ 18CH3CH3 ¼ 12 ðCH3Þ3CH DE ¼ 83:7 kcalmol�1 ð1Þ


2 þ 24CH3CH3 ¼ 16 ðCH3Þ3CH DE ¼ 75:4 kcalmol�1 ð2Þ


3 þ 30CH3CH3 ¼ 20 ðCH3Þ3CH DE ¼ 51:5 kcalmol�1 ð3Þ


Several homodesmotic equations were used to calculate
the experimentally unknown enthalpies of formation of poly-
hedranes 1–3 employing B3LYP/6-311+G* reaction enthal-
pies and experimental heats of formation[20] of various refer-
ence hydrocarbons. These values coincide well for hydrocar-
bon 1 [DHf


298=++51.0, +52.5, and +51.8 kcalmol�1 accord-
ing to Eqs. (1), (4), and (5), respectively], as well as for 2
[DHf


298=++34.4 and +35.5 kcalmol�1 from Eqs. (2), and
(6)].


Previous calculations of the enthalpy of formation of 3 by
various approaches[17,21,22] varied from �8.4 to 62.3 kcal
mol�1. Current B3LYP/6-311+G* computations give DHf


298=


+3.0 and +4.4 kcalmol�1 ac-
cording to Equations (3) and
(7), respectively; the MP2/6-
31G* energy values are virtual-
ly identical to those at DFT.
Thus, accurate DFT and MP2
computations decrease the
computed enthalpy of forma-
tion of 3 to 3–4 kcalmol�1; ear-
lier HF/6-31G* and MP2/6-
31G*//HF/6-31G* values range
from 13 to 19 kcalmol�1.[22]


Reactivities of [D3d]-octahe-
drane (1): The hydrocarbon 1
turned out to be rather stable
thermally. Thus, no changes


were observed in the 1H NMR spectrum after heating a so-
lution of 1 in [D6]DMSO (1 mg of 1 in 0.5 mL [D6]DMSO,
d=1.61 and 2.98 ppm) for 13 h at 120 as well as at 140 8C.
However, upon heating this sample at 170 8C, rearrangement
did occur with 84% conversion after 13 h. Three unidenti-
fied products in the ratio 1:1:3.3 were formed, each contain-
ing a double bond. According to differential scanning calo-
rimetry (DSC) measurements, however, the hydrocarbon
melts at 110 8C and shows another first order transition at
160 8C, but starts to decompose only above 180 8C. Thus, the
observed rearrangement in [D6]DMSO at 170 8C must have
been enhanced by the solvent.


The hydrogenolytic opening of a single bond in 1 can lead
to the three isomeric seco-octahedranes 13–15 ; according to
B3LYP/6-311+G* calculations, isomer 13 (Figure 3) is the
least strained one. It is not surprising that addition of one
equivalent of hydrogen to 1 is expected to be quite selective
for the opening of one of the three-membered rings. Hydro-
genolytic opening of both three-membered rings would give
16 and 17, which are closer in energy than 13–15, but still
11.3 kcalmol�1 apart.


Experimentally, catalytic hydrogenation of 1 in acetic
acid/pentane 3:1 over platinum oxide[23,24] after consumption
of one equivalent of hydrogen gave a mixture of 21% mon-
oseco- 13 as well as both isomeric bisseco-[D3h]-octahe-


Figure 2. Optimized geometries of [D3d]-octahedrane (1), [D4d]-decahedrane (2), and [Ih]-dodecahedrane (3) at
different levels of theory [bond lengths in Q, experimental (X-ray) bond lengths in parentheses].


Figure 3. Monoseco- (13–15) and selected bisseco-[D3h]-octahedranes (16
and 17) (relative B3LYP/6-311+G* energies in kcalmol�1).
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dranes 16 (43%) and 17 (8%) along with unchanged start-
ing material 1 (28%). This indicates that hydrogenolytic
opening of the remaining cyclopropane ring in the monose-
co-hydrocarbon 13 occurs even more rapidly than that of
the first one in 1 (Scheme 2). As predicted by the computa-


tions, the C2-symmetrical bisseco derivative 16 is formed
predominantly. After consumption of two equivalents of hy-
drogen, the bisseco-[D3h]-octahedranes 16 and 17 were ob-
tained in quantitative yield in a ratio of 6.7:1. The structural
assignments rest on a comparison of the 13C NMR spectra of
both reaction mixtures, taking the symmetries of hydrocar-
bons 13, 16, 17 into account. Thus, since 13 possesses a
plane of symmetry, eight signals should be observed in its
13C NMR spectrum (1 signal 2RCH2, 3 signals 2RCH and 4
signals 1RCH each). The bisseco-derivative 17 has C2h sym-
metry, and accordingly only four signals are observed in its
13C NMR spectrum (1 signal 4RCH2, 2 signals 2RCH each
and 1 signal 4RCH). The isomer 16 is C2-symmetric only,
and its 13C NMR spectrum thus shows six signals of equal in-
tensities. Thus, in this case the thermodynamically most
stable isomer 16 is formed upon hydrogenolytic opening of
both three-membered rings in 1. This is remarkable, since
hydrogenolysis of oligocyclic hydrocarbons with more than
one cyclopropane moiety does not necessarily occur with
thermodynamic control, as had previously been hypothe-
sized,[25] but may be governed by the mode of adsorption on
the catalyst surface.[26]


Direct functionalizations of several cage hydrocarbons, es-
pecially adamantane (12), with electrophilic (bromination,[27]


nitroxylation[28]) or radical (halogenation,[29] oxygenation[30])
reagents have been studied. Bromination of the structurally
related hydrocarbon diamantane 11 occurs at the “belt” C-
H position under mild conditions.[31] Due to the high stabili-
ty of the planarized dodecahedryl cation 19,[32] the electro-
philic C-H substitutions of dodecahedrane (3) occur with
similar ease and give monosubstituted derivatives in high
yields.[33] The cage of [D3d]-octahedrane (1) is much more
rigid and the “belt” position of the 1-octahedryl cation 18 is
not able to planarize. This places 18 20.1 kcalmol�1 above[34]


the dodecahedryl (19) and 26.2 kcalmol�1 above the 1-dia-
mantyl (20) cations [Eqs. (8) and (9), B3LYP/6-311+G*].
Due to significantly higher flexibility of the cage, the deca-
hedryl cation 21 is 11.8 kcalmol�1 more stable than 18
[Eq. (10)]. Thus, any C-H substitution of the octahedrane
cage is unlikely to occur with electrophilic reagents; the al-
ternative attack of the electrophile at the cyclopropane
moiety with concomitant ring opening is more likely.[35] On


the other hand, the destabilization of the 1-octahedryl radi-
cal 22 is less pronounced as the homodesmotic reactions ac-
cording to Equations (11) and (12) are significantly less ex-
ergonic relative to Equations (8) and (9). This makes the ab-
straction of hydrogen from the octahedrane cage and its
substitution with radical reagents feasible.


Free-radical C-H substitutions are well documented in hy-
drocarbon chemistry.[29] For the case of [D3d]-octahedrane
(1), two different types of abstracting species, namely the
oxygen- and carbon-centered radicals tBuOC and Br3CC that
have proven to be useful for metal-free alkane functionali-


zations, were chosen.[30] Both C-H substitution paths were
computed because the 1-octahedryl radical 22 is only
3.5 kcalmol�1 more stable than 2-octahedryl isomer 25
(Figure 4); the SR2 attack on the cyclopropane ring of 1 was
also considered (Figure 4, DG298, B3LYP/6-31G*; Table 2).
The cyclopropane ring openings with tBuOC (TS1) and Br3CC
(TS2) to give 26 and 27, respectively, are favored thermody-
namically (DG298=�8.1 and �9.5 kcalmol�1), but require
higher activation energies than hydrogen abstractions by the
tBuOC radical with 17.4 and 17.9 kcalmol�1 (DDG�


298 =


0.5 kcalmol�1 for TS3 vs TS4). Whereas radical C-H ab-
straction by tBuOC would be unselective, the attack by Br3CC
should allow for discrimination between the C1-H and C2-H
positions of 1 (DDG�


298=2.2 kcalmol�1 for TS5 vs TS6). The


Scheme 2. Hydrogenation of [D3h]-octahedrane 1 under PtO2 catalysis
with one and two equivalents of hydrogen.
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differences in the selectivities of the tBuOC and Br3CC arise
from the relative positions of TS3–TS6 along the reaction
coordinate. The crucial C···H distances (Figure 5) in the


early TS3 and TS4 are shorter (1.34
and 1.32 Q) than in TS5 and TS6
(1.41 and 1.38 Q). The latter two
resemble the differences in the sta-
bilities of the octahedryl radicals 22
and 25 closely. Thus, computations
reveal that the selectivities in the
radical substitutions of the [D3d]-
octahedrane 1 are higher for
carbon-centered than for oxygen-
centered radicals.[29,30, 36]


The computational results were
probed experimentally by photo-
chlorination of 1 with tert-butyl hy-
pochlorite[37] and by bromination
with carbon tetrabromide under
PTC conditions[38] as previously es-
tablished for hydrocarbon C-H
functionalizations[36] involving the
Br3CC radical (Scheme 3).[39] Irradi-
ation of tert-butyl hypochlorite in


the presence of 1 in CCl3F gave the 1- (28) and 2-octahedryl
chlorides 29 in low yields (9 and 6%, respectively), along
with the dichloride 30 (12%) arising from the C�C bond


cleavage of one of the cyclo-
propane rings.


In contrast to the photo-
chlorination with tert-butyl hy-
pochlorite, the PTC bromina-
tion of 1 with carbon tetrabro-
mide gave the single C-H sub-
stitution product 1-bromoocta-
hedrane 31 in 43% isolated
yield along with only a small
amount (12%) of the dibro-
mide 32 arising from an addi-
tion of bromine across one of
the cyclopropane single bonds.
This is in complete accord with
the computational results
above (Figure 4).


The PTC halogenation once
again demonstrates its high po-
tential for the effective C-H
substitution of strained hydro-
carbon cages, as in, for exam-
ple, cubane[36] with a high
degree of cage conservation.
[D3d]-Octahedrane (1) is a
more difficult case than cubane
because cage opening would
be highly favorable, in contrast
to cubane in which breaking
just one C�C bond causes only
little structural changes.[40] To
emphasize the power of this
method further, the PTC pro-


Figure 4. B3LYP/6-31G* computed paths for the reactions of [D3d]-octahedrane 1 with tBuOC and Br3CC
radicals (relative B3LYP/6-31G* DG298 in kcalmol�1).


Figure 5. B3LYP/6-31G* optimized geometries of TS3–TS6 (bond lengths in Q).
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tocol was applied to the bromination of 2,4-dehydroadaman-
tane[41] (33), which had served as a model for strained hydro-
carbon functionalizations in a number of previous studies.[42]


Previous brominations of 33 with Br2 under radical (pho-
tobromination) and ionic conditions exclusively gave the
ring-opened diastereomeric dibromides a,e- and e,e-34 in a
ratio of 1.4 to 2.[43] With carbon tetrabromide under PTC
conditions (Scheme 4), only small amounts (<10%) of di-
bromides 34 were formed, and 7-bromo-2,4-dehydroada-
mantane (35) was isolated in 54% yield. Thus, the PTC bro-


mination protocol is especially valuable for C-H substitu-
tions of strained hydrocarbons.


Due to the instability of the 1-octahedryl cation, 1-halo-
28 as well as 31 and 2-halooctahedrane 29, resist SN1 solvol-
ysis even under drastic reaction conditions. Heating 31 in a
methanol/water mixture in the presence of potassium car-
bonate in a sealed tube at 160 8C for 48 h gave only products
of CH3OH addition to the cyclopropane C�C bond leaving
the C�Hal bond untouched.


Conclusion


Despite being the most stable isomer among the (CH)12 hy-
drocarbons, [D3d]-octahedrane (1) is more strained (Estr=


83.7 kcalmol�1) and has a higher enthalpy of formation
(DHf


298=++52 kcalmol�1; 4.7 kcalmol�1 per one C�C bond)
than the structurally related polyhedranes (CH)16 [D4d]-deca-
hedrane 2 (DHf


298=++35 kcalmol�1; 3.1 kcalmol�1 per C�C)
and (CH)20 [Ih]-dodecahedrane 3 (DHf


298=++4 kcalmol�1;
1.7 kcalmol�1 per C�C). The B3LYP/6-311+G* enthalpy of
formation of 3 (DHf


298=3–4 kcalmol�1) substantially differs
from previous estimates obtained at lower computational
levels (13–19 kcalmol�1 at HF/6-31G* and MP2/6-31G*//
HF/6-31G*).


Traditional methods for the functionalization of cage hy-
drocarbons in the case of 1 mostly lead to ring-opened prod-
ucts. Owing to the instability of the 1-octahedryl cation, the
C-H substitution of 1 with electrophilic reagents is severely
hampered. The photochlorination of 1 with tert-butyl hypo-
chlorite does give low yields of C-H substitution, but also
cyclopropane addition products. The functionalization is
possible with the more selective carbon-centered radical
Br3CC generated under phase-transfer catalytic conditions.
This procedure gave 1-bromooctahedrane (31) in 45% iso-
lated yield. The PTC protocol again proves to be generally
useful for the C-H functionalization of strained cage hydro-
carbons. The analogous bromination of 2,4-dehydroadaman-
tane (33) yielded 54% 7-bromo-2,4-dehydroadamantane
(35).


Experimental Section


General methods : NMR: Varian VXR-300 and Bruker spectrometers at
300 and 250 MHz (1H NMR) and 75 and 62.9 MHz (13C NMR) in CDCl3.
The chemical shifts are given in ppm; the internal standard was tetrame-
thylsilane. The GC/MS analyses were performed on an HP5890 with an
H5971 A detector (HP GC-MS capillary column 50 mR0.2 mm, Ultra1,
silicone, 80–250 8C). All compounds showed adequate IR and DEPT
13C NMR spectra.


All solvents, especially THF, must be strictly anhydrous and free of
oxygen. Even a trace of oxygen in THF led to an intensive tar formation
in the course of the reaction and hampers the isolation (foaming, forma-
tion of stable emulsions) and purification of the target compounds. As a
result the yields were significantly lowered.


Dimethyl 3,3a,3b,4,6a,7a-hexahydro-3,4,7-metheno-7H-cyclopenta[a]pen-
talene-7,8-dicarboxylate (4) (as adapted from ref. [8]): In a 2 L three-
necked flask, fitted with a highly efficient mechanical stirrer (Hershberg


Table 2. B3LYP/6-31G* energies of the computed species.


Structure Symmetry Nim �E ZPVE �DG298


group [au] [kcalmol�1] [au]
B3LYP B3LYP B3LYP
/6-31G* /6-31G* /6-31G*


TS1 C1 1 697.40455 208.57 697.11328
TS2 C1 1 8217.55067 134.18 8217.38017
TS3 C1 1 697.41466 205.36 697.13010
TS4 C1 1 697.41587 205.42 697.13095
TS5 Cs 1 8217.55313 131.15 8217.39000
TS6 C1 1 8217.55721 131.19 8217.39349
octahedrane (1) D3d 0 464.42639 131.18 464.24608
octahedr-1-yl
radical (22)


Cs 0 463.75048 122.81 463.58584


octahedr-2-yl
radical (25)


Cs 0 463.74512 122.99 463.58020


26 C1 0 697.46713 210.62 697.17160
27 C1 0 8217.61334 135.85 8217.43869
Br3CC C3v 0 7753.15065 3.38 7753.17739
Me3COC Cs 0 233.00617 77.25 232.91261
CHBr3 C3v 0 7753.80644 11.24 7753.82003
Me3COH Cs 0 233.67096 85.45 233.56379


Scheme 3. Halogenations of 1 with tBuOCl under irradiation and with
CBr4 under PTC conditions.


Scheme 4. Brominations of 2,4-dehydroadamantane (33) with Br2 (with
or without irradiation) and with CBr4 under PTC conditions.
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type), a reflux condenser with a bubbler, and a gas inlet, were placed an-
hydrous toluene (250 mL), and under a sweep of nitrogen sodium (40.8 g,
1.77 mol) was added. The mixture was heated to boiling, and the sodium
was finely dispersed by rapid stirring. Stirring was stopped after 1–2 min,
and the mixture allowed to cool to ambient temperature under nitrogen.
The bulk of the toluene was removed with a syringe, the residue was
washed twice with anhydrous THF (100 mL each, with a syringe), then
anhydrous THF (850 mL) was added. The stirrer was exchanged for one
with a regular Teflon blade and the reaction flask was equipped with a
250 mL pressure-equalizing jacketed addition funnel. The sodium disper-
sion in THF was cooled in an ice-bath and the jacket of the addition
funnel was cooled with dry ice/acetone. From the addition funnel was
added dropwise freshly distilled cyclopentadiene (117 g, 1.77 mol) at such
a rate as to avoid loss of cyclopentadiene through the reflux condenser,
and stirring was continued for about 1 h in the ice-bath and for an addi-
tional 1 to 2 h at RT, after which an almost clear, colorless solution of
sodium cyclopentadienide in THF had formed.


The jacketed addition funnel was removed, and CuBr·Me2S complex
(0.64 g, 3.1 mmol) was added. A 500 mL pressure-equalizing addition
funnel was attached to the flask, and a solution of sublimed iodine
(224.8 g, 0.886 mol) in anhydrous deoxygenated THF (215 mL) was
added dropwise with stirring to the sodium cyclopentadienide solution
under cooling in a dry ice-acetone bath within 1.5–2 h. The solution was
stirred for an additional 15–20 min, dimethyl acetylenedicarboxylate
(140 g, 0.985 mol) was added dropwise within 10–15 min, and stirring was
continued for 30 min. At this point the reaction mixture may be left in
the cooling bath overnight.


The cooling bath was removed, and stirring was maintained for 4–5 h. A
precipitate of sodium iodide formed, and a gentle exotherm was ob-
served. The reaction mixture was filtered through a pad of Celite (~1 cm
thick), and the solids were washed repeatedly with anhydrous THF (total
of ~0.7 L). The combined dark brown filtrates were concentrated under
reduced pressure below 30 8C on a rotary evaporator. The residue was
taken up in diethyl ether (0.7 L), the mixture was kept in motion on the
rotary evaporator for 15 min, again filtered through Celite and concen-
trated below 30 8C to yield a dark red-brown oil. The oil was dissolved in
methanol (850 mL), and this solution was placed in a three-necked 2 L
flask equipped with a magnetic stirrer, internal thermometer, a 250 mL
addition funnel with gas inlet, and a bubbler. The solution was cooled to
�5 8C in an ice-salt bath. A solution of KOH (95 g) in water (170 mL)
was added dropwise at such a rate as to keep the temperature below
10 8C. The reaction mixture was stirred at 0 8C for an additional 2 h and
at RT for 1 h prior to the addition of glacial acetic acid (43 mL). The re-
sulting neutral dark solution was filtered through Celite. Concentration
of the filtrate below 35 8C under reduced pressure afforded a dark liquid
(ca. 400 mL). This rather time-consuming step (at least 3 h) should be
carried out with great care to avoid formation of a stable emulsion in the
subsequent extraction.


The liquid was diluted with water (900 mL) and extracted with distilled
pentane (8R250 mL). The combined extracts were washed with sat. aque-
ous Na2S2O3 solution (350 mL) and dried over MgSO4 overnight. The
pentane was evaporated under reduced pressure, and the tan, somewhat
tarry solid residue (34.6 g, 14.3%), was washed with pentane(50 mL) to
leave behind slightly yellow transparent crystals (31.0 g, 12.8%; purity
>99% by GC, 160 to 250 8C, 15 8Cmin�1, tr = 2.8–2.9 min) of 4 ; from
the pentane solution an additional amount of 4 (3.6 g, 1.5%) was ob-
tained as a yellow oil with crystalline inclusions (~80% purity) which
could be purified by column chromatography on silica. The spectroscopic
data were as reported in ref. [8].


Dimethyl 2a,3,3a,5a,6,6a,6b,6c-octahydrodicyclopenta[cd,gh]pentalene-
3,6-dicarboxylate (6): In a 2 L three-necked flask, fitted with a powerful
turbo stirrer, a reflux condenser with a bubbler, and a gas inlet, were
placed anhydrous toluene (1.35 L), and under a sweep of nitrogen
sodium (51.0 g, 2.22 mol). The mixture was heated to boiling, and the
sodium finely dispersed by rapid stirring. Stirring was stopped after 1–
2 min, and the mixture allowed to cool to ambient temperature under ni-
trogen. The turbo stirrer was replaced by an ordinary mechanical stirrer,
and the reaction flask equipped with a 250 mL pressure-equalizing addi-


tion funnel. The sodium suspension was heated at 70–80 8C, and Me3SiCl
(300 mL, 257 g, 2.36 mol) was added with a syringe. A solution of diester
4 (15.42 g, 56.6 mmol) in anhydrous toluene (150 mL) was added drop-
wise. After having been stirred under reflux for 14 h, the mixture was fil-
tered through Celite.


CAUTION! Finely dispersed sodium on a filter is pyrophoric. It must im-
mediately be transferred to a suitable flask and destroyed by cautious ad-
dition of ethanol and subsequently water.


The filtrate was concentrated to ~300 mL on a rotary evaporator (bath
temperature <70 8C) and then added dropwise with stirring under nitro-
gen to anhydrous methanol (1.5 L). After dilution of the methanol solu-
tion with water (7.5 L) the resulting emulsion was extracted with distilled
pentane (3R1.5 L). The pentane solution was washed with water (3R3 L)
and dried overnight (MgSO4). The pentane was removed in vacuo to give
a yellow oil (14.7 g), which (GC, 160 to 250 8C, 15 8Cmin�1) consisted of
75% endo,endo-, 13% endo,exo-, 2% exo,exo-diester 6 (tr = 4.35, 3.98,
and 3.81 min, respectively), and about 10% side products. The total yield
of all three stereoisomers of 6 was 85%. This mixture can be separated
by column chromatography on silica gel, eluting first with petroleum
ether (PE), then PE/Et2O 3:1. On the average, the yield of 6 was 80–
91%. The crude product contained 60–70% endo,endo-, 10–23% en-
do,exo-, and 1–5% exo,exo-diester 6. Very often a spontaneous crystalli-
zation of this oil at room temperature was observed. The spectroscopic
data were as reported in ref. [10].


endo,endo- ! exo,exo-Isomerization of diester 6 : The crude mixture of
stereoisomers 6 obtained in the previous step (14.7 g, ~48 mmol) was dis-
solved in anhydrous MeOH (500 mL) and stirred with a solution of
sodium (2.46 g, 0.107 mol) in thoroughly degassed anhydrous MeOH-
(200 mL) for 5.5 d under nitrogen. After the addition of sat. aqueous am-
monium chloride (250 mL), the reaction mixture was diluted with water
(7 L) and extracted with Et2O (3R2.4 L). The combined organic extracts
were washed with water (3R5 L), brine (5 L) and dried (MgSO4) over-
night. Removal of the solvent yielded a yellow oil (11.7 g, 80%), which
(GC, 160 to 250 8C, 15 8Cmin�1) consisted of 67% exo,exo-, 21% en-
do,exo-, 1% endo,endo-diester 6 and ~11% impurities.


ATTENTION! This product turned out to be rather sensitive towards
oxygen, and after 10–20 min in the air at RT a significant amount of a
dark brown tar formed, which was insoluble in pentane (the endo,endo-
isomer of 6 predominating before isomerization is somewhat more
stable). The mixture enriched in exo,exo-6 can be stored in a refrigerator
(upon which slow crystallization occurs) or as a solution.


In several experiments, the average yield at this stage was 80–90%. The
crude product contained 65–75% exo,exo-, 18–25% endo,exo-, and 1–3%
endo,endo-diester 6. With a catalytic amount[10] of sodium methoxide
(about 0.1 mol for 1 mol of diester) the isomerization occurred very
slowly and took longer than one month at room temperature. Attempts
to accelerate the isomerization at somewhat elevated temperature (45–
55 8C) led to very dark reaction mixtures and loss of product (yields 15–
50%).


Dimethyl [D3d]-octahedrane-2,10-dicarboxylate (8): Into a 1 L three-
necked flask, fitted with a magnetic stirring bar, an immersing thermome-
ter, a 100 mL pressure-equalizing addition funnel with a gas inlet, and
with a bubbler, was placed a solution of crude exo,exo-diester 6 (7.03 g,
25.6 mmol) obtained after the isomerization (70% exo,exo-, 19% en-
do,exo-, and ~1% endo,endo-isomer) in pentane (400 mL). This solution
was cooled in an ice-salt bath under a sweep of nitrogen, and a solution
of bromine (5.12 g, 32 mmol) in pentane (80 mL) was added dropwise at
such a rate as to keep the temperature under 0 8C. A precipitate of dibro-
mides formed, colorless at the beginning, yellow-orange towards the end
of the addition. The solvent was evaporated under reduced pressure
(white clouds of HBr!), the residue, a mixture of isomeric dibromides
(GC, 160 to 250 8C, 15 8Cmin�1, a set of peaks, tr = 7–7.9 min; the weight
of solids corresponded to a quantitative yield of dibromides 7), was dis-
solved in anhydrous MeOH (350 mL). A solution of sodium (5.9 g, 0.256
mol, 5-fold excess) in anhydrous MeOH (175 mL) was added under nitro-
gen, and the resulting mixture was heated under reflux for 2 h, cooled to
ambient temperature and poured into a solution of NH4Cl (15 g) in
water (1.5 L). The turbid mixture was extracted with Et2O (500 + 450 +
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2R300 mL), the combined extracts, which contained (GC, 160 to 250 8C,
15 8Cmin�1) 37% of the title compound 8 (tr = 4.25–4.4 min), and a
number of monobromides (tr = 5.3–6.0 min), were dried overnight
(MgSO4). The organic solution was concentrated to 50–70 mL on a rotary
evaporator, and the residual solution left at �60 8C for 4–6 h. Fast filtra-
tion afforded slightly grayish diester 8 (925 mg, 13.2%; >99%, GC). Re-
crystallization from hexane or methanol gave very light, colorless crystals
of pure diester 8 (>99%, GC). In several experiments the average yield
for this step was 13–14%. An X-ray crystal structure analysis has been
reported in the preliminary communication.[7] 1H NMR (250 MHz, C6D6,
d(C6D5H)=7.16 ppm): d=2.26 (m, 4H), 2.86 (m, 4H), 3.31 (s, 6H), 3.58
(m, 2H); 13C NMR (62.9 MHz, CDCl3): d=45.8 [C-3(4,9,11)], 47.9 [C-5-
(7,8,12)], 51.5 [C-2(10)], 61.1 [CH3 or C-1(6)], 61.2 [C-1(6) or CH3],
171.9 (C=O).


Octahedrane-2,10-dicarboxylic acid (9): A mixture of diester 8 (1.09 g,
4 mmol) and a solution of NaOH (1.6 g, 40 mmol) in methanol/water 1:1
(80 mL) was heated under reflux for 1.5 h with stirring under nitrogen.
The colorless solid dissolved completely. After cooling in an ice-bath,
conc. HCl (5 mL) was added. The voluminous colorless precipitate was
filtered off, washed with acetone (2R5 mL), and carefully dried under re-
duced pressure (<1R10�2 Torr) up to a constant weight to give 9 as a col-
orless powder (970 mg, 99%).


[D3d]-Octahedrane (heptacyclo[6.4.0.02,4.03,7.05,12.06,10.09,11]dodecane, 1): In
a 250 mL Schlenk flask, equipped with a magnetic stirring bar and a
reflux condenser with a bubbler, were placed diacid 9 (606 mg,
2.48 mmol) and freshly distilled SOCl2 (25 mL), and the mixture was
heated with stirring under reflux for 4 h under a slow stream of nitrogen.
The reaction mixture was then cooled to ambient temperature, and the
excess of thionyl chloride was removed in vacuo. The yield of diacid di-
chloride 10 was virtually quantitative. To the residue was added anhy-
drous benzene (100 mL), sodium pyridine-2-thione-N-oxide (Barton salt;
900 mg, 6.03 mmol), 4-dimethylaminopyridine (61 mg, 0.5 mmol), and
this mixture was stirred at RT under nitrogen for 30 min (strong direct
light should be avoided). tert-Butylmercaptane (1.17 g, 13 mmol, a well
ventilated hood is essential!) was added, and the greenish-yellow reac-
tion mixture under nitrogen was heated under reflux for 2.5 h. AIBN
(65 mg, 0.4 mmol) was added, and the resulting suspension was irradiated
with a 500 W tungsten lamp under nitrogen at ambient temperature with
stirring in a water bath until the yellow color had completely disappeared
(5R0.5 h). The reaction mixture was subjected to flash chromatography
on silica gel (15 g; 100 mL pentane). The benzene fraction, clearly visible
in the column, and the first 25–35 mL of pentane contained the main part
of the product 1 (GC, 40 to 140 8C, 15 8Cmin�1, tr = 5.9–6.0 min; 100 to
250 8C, 15 8Cmin�1, tr ~2.7 min). The solvents were carefully removed by
distillation at ambient pressure, the creamy white, slightly waxy residue
was sublimed with gentle heating in vacuo (5–7 mm Hg) giving heavy col-
orless crystals of 1 (214 mg, 55%; >95% purity by GC). Repeated subli-
mation gave a sample of high purity (>99%), m.p. 110 8C (DSC). The
yield of 1 in several runs varied from 50–70%, and the purity from 95 to
>99%. 1H NMR (500 MHz, CDCl3): d=1.60 [6H, 2(3,4,9,10,11)-H], 3.00
[6H, 1(5,6,7,8,12)-H]; 13C NMR (125.7 MHz, CDCl3): d=33.6 [1JC,H=


170 Hz, C-2(3,4,9,10,11)], 62.3 [1JC,H=140 Hz, C-1(5,6,7,8,12)]. An X-ray
crystal structure analysis has been reported in the preliminary communi-
cation.[7] MS (EI): m/z (%): 157 (11), 156 (51) [M+], 155 (45), 154 (20),
153 (32), 152 (20), 151 (6), 142 (8), 141 (48), 139 (6), 129 (29), 128 (46),
127 (25), 126 (6), 116 (9), 115 (51), 103 (5), 102 (12), 92 (25), 91 (100), 89
(14), 79 (10), 78 (57), 77 (41), 76 (29), 75 (11), 74 (8), 65 (34), 64 (21), 63
(31), 62 (10), 53 (5), 52 (26), 51 (39), 50 (28).


General procedure (GP) for the hydrogenation of [D3d]-octahedrane (1):
Under stirring, a suspension of platinum dioxide in acetic acid (6 mL)
was prehydrogenated with H2 under ambient pressure for 15 min. After
this, a solution of octahedrane (1) (70 mg, 0.448 mmol) in pentane (2 mL)
was added in one portion, and the mixture was stirred at ambient temper-
ature for the time indicated, monitoring the volume of consumed hydro-
gen. The reaction mixture was then diluted with pentane (50 mL),
washed with H2O (2R50 mL), sat. NaHCO3 solution (50 mL), brine
(50 mL), dried and concentrated under reduced pressure.


Hydrogenation of [D3d]-octahedrane (1) with one equivalent of hydro-
gen : Octahedrane 1 (70 mg, 0.448 mmol) and PtO2 (20 mg, 0.088 mmol,
20 mol%) were hydrogenated according to the GP. After 15 min,
10.0 mL (1 equiv) of hydrogen had been consumed, and work-up gave a
mixture (72 mg, 100%) which contained 28% starting material 1, 21%
hexacyclo[6.4.0.02,6.03,11.04,9.05,7]dodecane (13), 43% pentacy-
clo[6.4.0.02,6.03,11.04,9]dodecane (16), and 8% pentacyclo[6.3.1.02,7.03,10.05,9]-
dodecane (17) according to the NMR spectra of the mixture.


Compound 13 : 13C NMR (62.9 MHz, CDCl3): d=34.7 (2 CH), 37.1 (CH),
39.7 (2 CH2), 40.8 (CH), 44.3 (CH), 56.1(2 CH), 58.0 (2 CH), 59.8 (CH).


Compound 16 : 1H NMR (250 MHz, CDCl3): d=1.81–1.86 (m, 8H), 1.95–
2.05 (m, 2H), 2.01–2.17 (m, 2H), 2.30–2.35 (m, 2H), 2.41–2.49 (m, 2H);
13C NMR (62.9 MHz, CDCl3): d=36.8 (2 CH), 41.0 (2 CH2), 42.6 (2 CH),
42.8 (2 CH2), 51.3 (2 CH), 53.2 (2 CH).


Compound 17: 13C NMR (62.9 MHz, CDCl3): d=22.4 (2 CH), 41.6 (4
CH2), 42.1 (2 CH), 52.3 (4 CH).


Hydrogenation of [D3d]-octahedrane (1) with two equivalents of hydro-
gen : Octahedrane 1 (70 mg, 0.448 mmol) and PtO2 (30 mg, 0.132 mmol,
30 mol%) were hydrogenated according to the GP. After 15 min,
20.1 mL (2 equiv) of hydrogen had been consumed, and work-up gave a
mixture (72 mg, 100%) which contained 16 (87%), and 17 (13%).


Photochlorination of [D3d]-octahedrane (1) with tert-butyl hypochlorite :
A solution of 1 (187 mg, 1.2 mmol) and tert-butyl hypochlorite (195 mg,
1.8 mmol) in CCl3F (25 mL) was irradiated under nitrogen at �40 to
�45 8C (dry ice-methanol bath) in a 50 mL Pyrex photo reactor with a
150 W medium-pressure Hg lamp for 1.5 h. GC and GC-MS monitoring
(130 8C, 3 min, then 15 8Cmin�1 up to 250 8C, ratio of peak areas without
calibration coefficients) showed only traces of 1- and 2-monochloroocta-
hedranes (tr = 3.35 and 3.29 min, respectively), but about 5–7% higher
molecular mass product (tr ~6 min), which had the molecular formula
C12H12Cl2 (GC-MS) and was shown to be 4,6-dichlorohexacy-
clo[9.1.0.02,7.03,10.05,9.08,12]dodecane (30), along with ~90% starting materi-
al 1 (tr = 2.1–2.2 min). An additional amount of tert-butyl hypochlorite
(195 mg, 1.8 mmol) in CCl3F (5 mL) was added, and the irradiation was
continued for 1 h, after which the mixture contained 12% monochlor-
ides, <1% dichlorides (tr = 4.5–4.7 min) and ~3.5% trichloride (tr
~6.8 min). Another batch of tert-butyl hypochlorite (195 mg, 1.8 mmol) in
CCl3F (5 mL) was added, and the mixture was irradiated for 2 h. Accord-
ing to GC, the resulting mixture contained about 45% starting hydrocar-
bon 1, ~35% 1- and 2-chlorooctahedranes in a ratio of ~4:1, 4–5% di-
chlorides, ~5% trichlorides (tr = 6.65 and 6.8 min), and traces of tetra-
chloro derivatives (tr =7.4–7.8 min). The turbid reaction mixture was
concentrated, the residue (320 mg) was separated by flash chromatogra-
phy on silica gel (30 g; pentane). First, octahedrane 1 (47 mg, 25%), then
2-chlorooctahedrane 29 (~5 mg, 2%; >90% pure GC), 1-chlorooctahe-
drane (28) (23 mg, 10%; >94% pure GC), as well as di- and trichlorides
were eluted.


1-Chlorooctahedrane (28): Low-melting colorless solid; 1H NMR: d=


1.63–1.77 (m, 3H), 1.77–1.86 (m, 2H) [3(4),9(11),10-H]; 1.90–1.97 (de-
formed t, J=7 Hz, 1H, 2-H), 3.02–3.18 (m, 3H, 5(7),6-H), 3.20–3.28 (m,
2H, 8(12)-H); 13C NMR: d=32.8, 33.3 [C-3(4), C-9(11)]; 34.1 (C-10),
38.6 (C-2), 60.9 (C-6), 62.0 [C-5(7)], 70.5 [C-8(12)], 92.6 (C-1); MS (EI):
m/z (%): 193 (2) [M +], 192 (9) [M +], 191 (4) [M +], 190 (26) [M +], 156
(13), 155 (100), 154 (34), 153 (47), 152 (24), 151 (13), 149 (6), 129 (16),
128 (26), 127 (47), 126 (16), 125 (99), 115 (19), 114 (10), 112 (23), 102 (8),
101 (5), 92 (7), 91 (79), 90 (7), 89 (10), 78 (29), 77 (32), 76 (23), 75 (14),
74 (7), 73 (5), 65 (9), 64 (10), 63 (18), 62 (7), 52 (7), 51 (25), 50 (15);
HRMS: m/z : calcd for C12H11Cl: 190.0549; found: 190.0549.


2-Chlorooctahedrane (29): Light-yellow oil; 1H NMR: d=1.65 (m, 3H),
2.0 (m, 2H), 2.96–3.06 (m, 1H), 3.1–3.3 (br, m, 5H); 13C NMR: d=32.9
(C-10), 33.4 [C-9(11)], 42.8 [C-3(4)], 59.1 [C-5(7) or C-8(12)], 61.5 (C-6),
62.4 (C-2), 63.5 [C-8(12) or C-5(7)], 70.2 (C-1); MS (EI): m/z (%): 193
(0.5) [M +], 192 (3) [M +], 191 (2) [M +], 190 (10) [M +], 156 (4), 155
(41), 154 (15), 153 (27), 152 (15), 151 (6), 129 (8), 128 (15), 127 (41), 126
(13), 125 (100), 115 (11), 114 (8), 112 (14), 102 (5), 91 (59), 89 (7), 78
(18), 77 (19), 76 (16), 75 (8), 65 (6), 64 (6), 63 (14), 62 (5), 52 (5), 51 (16),
50 (10); HRMS: m/z : calcd for C12H11Cl: 190.0549; found: 190.0549.
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In another run, a solution of octahedrane 1 (430 mg, 2.75 mmol) and tert-
butyl hypochlorite (450 mg, 4.14 mmol) in CCl3F (100 mL; dist. from
P2O5) was irradiated at �40 to �45 8C with a 450 W medium-pressure Hg
lamp for 30 min. The gas chromatogram showed about 3% 1- and 2-
chlorooctahedranes, ~17% dichloride 30 and ~80% starting hydrocar-
bon 1. A solution of tert-butyl hypochlorite (675 mg, 6.22 mmol) in CCl3F
(5 mL) was added and irradiation was continued for 30 min. Separation
of the resulting mixture on silica gel (56 g) gave starting material 1
(75 mg, 17%), a mixture of 1 and 2-chlorooctahedrane (29) ~4:6 (50 mg;
i.e., ~5% 1 and 6% 2-chlorooctahedrane 29), 1-chlorooctahedrane 28
(47 mg, 9%), a mixture of di- and trichlorides and after that dichloride
30 (76 mg, 12%).


10,12-Dichlorohexacyclo[6.4.0.02,6.03,11.04,9.05,7]dodecane (30): Clear oil;
1H NMR: d = 2.06 [ddd, J=6.8, 3.0, 1.5 Hz, 2H, 5(6)-H], 2.23 (td, J=
6.8, 4.3 Hz, 1H, 7-H), 2.45 (m, 1H, 8-H), 2.68 [tm, J=~4.5 Hz, 2H, 1(9)-
H], 2.75 (dt, J=5.5, 1.5 Hz, 1H, 11-H), 3.18 (tdt, J=7, 5.5, 1.5 Hz, 1H, 3-
H), 3.30 [m, 2H, 2(4)-H], 4.14 [br s, 2H, 10(12)-H]; 13C NMR: d=34.9
[C-5(6)], 40.5 (C-7), 46.3 (C-8), 53.6 [C-2(4)], 56.7 (C-3), 57.4 (C-11),
64.1 [C-1(9)], 66.9 (C-Cl). The signal assignments in the NMR spectra
were confirmed by CH correlation and COSY experiments. MS (EI): m/z
(%): 230 (2) [M +], 229 (1) [M +], 228 (11) [M +], 227 (3) [M +], 226 (17)
[M +], 193 (6), 192 (6), 191 (18), 190 (13), 162 (5), 160 (6), 156 (13), 155
(92), 154 (19), 153 (24), 152 (17), 151 (15), 141 (11), 129 (15), 128 (39),
127 (47), 126 (41), 125 (100), 117 (16), 116 (13), 115 (47), 114 (20), 113
(32), 112 (11), 103 (13), 102 (14), 101 (22), 100 (12), 99 (7), 92 (7), 91
(97), 89 (18), 80 (6), 79 (64), 78 (42), 77 (85), 76 (32), 75 (16), 74 (8), 73
(7), 67 (13), 66 (16), 65 (23), 64 (14), 63 (25), 62 (9), 52 (14), 51 (41), 50
(18), 49 (7).


Bromination of [D3d]-octahedrane (1): A mixture of 1 (100 mg,
0.64 mmol), CBr4 (0.5 g, 1.5 mmol), fluorobenzene (6 mL), 50% aqueous
NaOH (2.7 mL), and tetrabutylammonium bromide (16 mg, 0.05 mmol)
was stirred at 70 8C for 120 h, then diluted with water (10 mL), and the
mixture extracted with CH2Cl2 (3R5 mL). The organic extracts were
washed with water (3R3 mL) and dried over Na2SO4; the solvents were
removed in vacuo. Column chromatography on silica gel (50 g; pentane)
gave the starting hydrocarbon 1 (31 mg), 1-bromooctahedrane (31;
64 mg, 43%) and 10,12-dibromohexacyclo[6.4.0.02,6.03,11.04,9.05,7]dodecane
(32 ; 24 mg, 12%).


1-Bromooctahedrane (31): Colorless solid; m.p. 83–84 8C (n-hexane);
1H NMR: d=1.65–1.78 (m, 3H), 1.71–1.87 (m, 2H), 2.04 (t, J=7 Hz,
1H), 3.11 (m, 3H), 3.38 (m, 2H); 13C NMR: d=33.1, 33.3 [C-3(4), C-
9(11)], 33.8 (C-10), 39.8 (C-2), 60.7 (C-6), 62.4 [C-5(7)], 71.6 [C-8(12)],
84.5 (C-1); MS (EI): m/z (%): 236/234 (11, 11) [M +], 171 (72), 169 (74),
190 (26), 156 (13), 155 (100), 154 (34), 153 (47), 152 (24), 151 (13), 149
(6), 155 (100), 129 (16), 139 (3), 129 (21), 128 (22), 127 (15), 126 (4), 115
(18), 78 (23), 77 (25), 76 (27), 64 (7), 63 (10), 51 (15), 50 (6); elemental
analysis calcd for C12H11Br (235.1): C 61.30, H 4.72, Br 33.98; found: C
61.49, H 4.57, Br 34.16.


10,12-Dibromohexacyclo[6.4.0.02,6.03,11.04,9.05,7]dodecane (32): Colorless
solid; m.p. 93–94 8C (n-hexane); 1H NMR: d=2.07 (m, 2H), 2.31 (m,
1H), 2.50 (m, 1H), 2.81 (m, 2H), 3.13 (m, 1H), 3.22 (m, 1H), 3.42 (m,
2H), 4.28 (br s, 2H); 13C NMR: d=34.7 [C-5(6)], 41.3 (C-7), 47.2 (C-8),
54.8 [C-2(4)], 56.8 (C-3), 58.3 (C-11), 58.6 [C-10(12)], 64.4 [C-1(9)]; MS
(EI): m/z (%): 318/316/314 (2/5/2) [M +], 229 (1), 228 (11), 227 (3), 226
(17), 193 (6), 192 (6), 191 (18), 190 (13), 162 (5), 160 (6), 156 (13), 155
(92), 154 (19), 153 (24), 152 (17), 151 (15), 141 (11), 129 (15), 128 (39),
127 (47), 126 (41), 125 (100), 117 (16), 116 (13), 115 (47), 114 (20), 113
(32), 112 (11), 103 (13), 102 (14), 101 (22), 100 (12), 99 (7), 92 (7), 91
(97), 89 (18), 80 (6), 79 (64), 78 (42), 77 (85), 76 (32), 75 (16), 74 (8), 73
(7), 67 (13), 66 (16), 65 (23), 64 (14), 63 (25), 62 (9), 52 (14), 51 (41), 50
(18), 49 (7); elemental analysis calcd for C12H12Br2 (316.0): C 45.61, H
3.83, Br 50.57; found: C 45.39, H 3.87, Br 50.37.


Bromination of 2,4-dehydroadamantane (33): A mixture of hydrocarbon
33 (130 mg, 0.97 mmol), CBr4 (0.6 g, 1.81 mmol), CH2Cl2, (3 mL), 50%
aqueous NaOH (2 mL), and tetrabutylammonium bromide (16 mg,
0.05 mmol) was stirred at room temperature for 120 h, then diluted with
water (10 mL) and extracted with CH2Cl2 (3R5 mL). The extracts were
washed with water, dried over Na2SO4, and the solvents removed in


vacuo. Column chromatography on silica gel (60 g; pentane) gave starting
hydrocarbon 33 (42 mg) and 7-bromo-2,4-dehydroadamantane (35 ;
113 mg, 54%). 1H NMR (250 MHz, CDCl3): d =1.43–1.6 (m, 4H), 2.03
(m, 4H), 2.18 (m, 1H), 2.21 (m, 4H); 13C NMR: d = 22.4, 26.7, 36.5,
40.2, 44.9, 51.3, 65.9; MS (EI): m/z (%): 214/212 (7/7) [M +], 170 (6), 133
(81), 117 (11), 105 (22), 91 (84), 79 (100), 78 (65), 77 (24), 65 (13), 55 (8);
elemental analysis calcd for C10H13Br (213.1): C 56.36, H 6.15, Br 37.49;
found: C 56.39, H 6.28, Br 37.77.


Computational methods : Geometries were optimized at the B3LYP/6-
311+G* and MP2/6-31G* (hydrocarbons), as well as at B3LYP/6-31G*
(reactions of 1 with radicals) levels of theory including frequency analy-
ses to disclose the nature of the stationary points (Number of imaginary
frequencies, Nim=0 for minima and 1 for transition structures) as imple-
mented in the Gaussian 03 program package.[44] The G298-values were
computed at the B3LYP/6-31G* level. The reaction pathways along both
directions from the transition structures were followed by the IRC
method.[45]
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DFT Calculations of the Electric Field Gradient at the Tin Nucleus as a
Support of Structural Interpretation by 119Sn Mçssbauer Spectroscopy
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Introduction


Mçssbauer spectroscopy[1] is a valuable tool to obtain infor-
mation about the valency state and the symmetry of the
local environment of particular isotopes in solid-state sys-
tems, and involves nuclear transitions occurring in the
gamma rays energy range. Specifically, in 119Sn Mçssbauer


spectroscopy, the value of the isomer shift (IS) parameter,
which is related to the electron density at the tin nucleus
and is observed in clearly separated energy ranges for SnII


and SnIV, is normally used as a fingerprint criterion to assign
the oxidation state of the metal atom. Moreover, informa-
tion about the geometry of tin compounds can be extracted
from the nuclear quadrupole splitting (DE) parameter,
which is related to the geometrical environment of tin.[2] In
particular, DE is dependent on the configuration of tin in or-
ganotin(iv) compounds,[2] and is related to the electronic
properties of the organic groups.[3]


The nuclear quadrupole splitting indicates the presence at
the nucleus of an electric field gradient (EFG), according to
Equation (1),[1–9] where h= (Vxx�Vyy)/Vzz is the so-called
asymmetry parameter, e is the electronic charge, and Q is
the quadrupole moment of the first excited nuclear state
that can be experimentally determined.


DE ¼ 1=2eQVzzð1 þ 1=3h
2Þ1=2 ¼ 1=2eQV ð1Þ


Abstract: DFT calculations, using an
all-electron basis set and with full ge-
ometry optimization, were performed
on 34 SnII and SnIV compounds of
known structure and 119Sn Mçssbauer
parameters, to obtain the theoretical
values of the electric field gradient
components, Vxx, Vyy, and Vzz, at the tin
nucleus. These were used to determine


the quantity V=Vzz


�
1+ 1


3


�
Vxx�Vyy


Vzz


�
2


�
1/2,


for each investigated compound, which
is related to the quadrupole splitting
(DE) parameter according to DE=
1=2eQV, where e is the electronic charge
and Q is the quadrupole moment of
the tin nucleus. The linear fitting of the
correlation plot of the experimental


DE, versus the corresponding calculat-
ed V values, produced a slope that is
equal to 0.93�0.03 and a correlation
coefficient R=0.982. The value of Q
obtained, 15.2�4.4 fm2, is in agree-
ment with that previously experimen-
tally determined or calculated by anal-
ogous procedures. The calculation
method is able to establish the sign of
the electric field gradient component
Vzz, in agreement with the sign of DE
determined experimentally by Mçssba-
uer–Zeeman spectroscopy. The calcu-
lated structural parameters are in good


agreement with the corresponding ex-
perimental data, determined by X-ray
crystallography in the solid state, with
average structural deviations of about
3% for bond lengths and angles in the
tin environment. Calculated values of
DE were obtained from the calibration
fitting constant and from the values of
V. By comparing experimental and cal-
culated DE parameters, the structure
assignment of configurational isomers
was successful in two test cases, in
agreement with the experimental X-ray
crystallographic structures. These re-
sults indicate that the method can be
used as a tool to support the routine
structure interpretation of tin com-
pounds by 119Sn Mçssbauer spectrosco-
py.


Keywords: density functional calcu-
lations · Mçssbauer spectroscopy ·
nuclear quadrupole splitting · tin
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Vxx, Vyy, and Vzz are the diagonal components of the dia-
gonalized EFG tensor matrix, chosen such that jVzz j� jVyy j
� jVxx j .[1–9]


The magnitude and the sign of DE, which depend upon
the components of the diagonalized EFG tensor matrix,
mainly the one along the z axis of the molecule (Vzz), are in-
fluenced by the stereochemistry of the considered com-
pound and by the nature of the tin–ligand bonding.[1–3]


Information about the hyperfine parameters IS and DE
can be combined with data obtained from computational
chemistry. In fact, quantum-chemical methods, nowadays
implemented in commercial packages, provide support for
structure interpretation of data obtained by most of the
spectroscopic techniques.[10a] In particular, DFT methods
that partly take into account electron correlation contribu-
tions are able to furnish molecular structures in good
agreement with the corresponding experimental data, even
for large-size systems at reasonable computational ef-
fort.[10b]


Previous theoretical studies[4–9] have dealt with the calcu-
lation of the EFG and of the electron density at the tin nu-
cleus, to produce linear correlation plots with the experi-
mental DE and IS values, respectively, providing a physical
interpretation of the 119Sn Mçssbauer spectroscopy parame-
ters. In particular, the calculation of 1) the EFG components
and of 2) the electron density at the tin nucleus permitted
the theoretical evaluation of 1) the nuclear quadrupole
moment of tin and 2) the fractional change of the nuclear
charge radius of tin following the nuclear excitation, respec-
tively. However, only simple model systems, such as metallic
tin and tin alloys, or small molecules, such as halides, chalco-
genides, and methyltin compounds, have been considered so
far,[4–9] and semiempirical[4–8] or ab initio methods, the latter
with minimal basis sets,[9] have been used.


The qualitative interpretation of 119Sn Mçssbauer spectra
of organotin(iv) compounds, regardless of their size and
structural complexity, has been made possible up to now by
the empirical point charge method. This has been used suc-
cessfully in the assignment of coordination number and con-
figuration of the tin environment, and also provides the pos-
sibility to study the interaction of organotin(iv) with biologi-
cal macromolecules.[2] Following this approach, for a given
coordination geometry, each coordinated ligand atom con-
tributed to DE, in agreement with Equation (1), by way of a
partial quadrupole splitting (pqs) value.[2,3] The comparison
between the experimental and the calculated DE values was
then used as a tool to discriminate among structural hypoth-
eses for the tin environment.[2]


However the point charge model has, inter alia, the fol-
lowing three serious limitations:[2,3] 1) it can be applied to
Mçssbauer atoms where the nonbonding metal electrons do
not influence the EFG, ruling out, for example, the applica-
tion to SnII compounds; 2) the tabulated pqs values have
been determined taking into account nearly symmetric geo-
metries, so that structural distortions (the norm rather than
the exception) cannot be unambiguously estimated; 3) the
method does not furnish detailed values of structural param-


eters for the tin environment, in particular with regard to
the tin–ligand coordination distances.


Quantum-chemical calculations of the EFG should be
able to overcome the limitations inherent to the point
charge model formalism and, by exploiting the present com-
putational hardware and software resources, it should be
possible to obtain an up to date routine tool for detailed
structure analysis of any kind of tin compounds by 119Sn
Mçssbauer spectroscopy.


To test the capabilities of DFT methods as an improved
support for the structural characterization of tin compounds
by 119Sn Mçssbauer spectroscopy, we performed full geome-
try optimizations at the B3LYP level[11] with the all-electron
DZVP basis set[12] (see Computational details) on 34 select-
ed tin compounds containing up to 94 atoms, which showed
various coordination numbers and regular or distorted geo-
metries (see below), whose structures were previously deter-
mined by X-ray crystallography in the solid state and whose
119Sn Mçssbauer DE parameters were known. The correla-
tion of the experimental DE with the calculated EFG com-
ponents was then used to obtain a calibration function
[Eq. (1)] to evaluate the theoretical DE value for the consid-
ered structures.


The comparison of the calculated with the experimental
structural parameters, the analysis of correlation plot, and
the application of this procedure to three isomers of two in-
vestigated tin compounds, allowed us to discuss the advan-
tages and limitations of such a procedure.


Results and Discussion


Statistical analysis of the results obtained : Compounds 1–34
are tin and organotin complexes, neutral or anionic, with co-
ordination numbers ranging from 3 to 7, and with tin oxida-
tion states 4 and 2 (the latter for example, in 2, 4, 16, 17, 22,
25). Their solid-state structures, which were previously de-
termined by X-ray crystallography,[13–38] were compared with
the in vacuo structures obtained in the present work after
geometry optimization. The 34 tin compounds investigated
were mainly selected on the basis of their experimental DE
values,[13–38] regularly covering the range analyzed (see
Figure 1).


The 119Sn Mçssbauer parameters h, Vzz, and V, obtained
by the DFT calculations (see Computational Details), and
the experimental DE values, are reported in Table 1. The
correlation plot of the experimental DE versus the corre-
sponding values of V of the compounds 1–34 investigated is
shown in Figure 1.


The comparison of experimental and theoretical geomet-
rical parameters, that is, bond lengths and angles involving
the tin atom, is given in the Supporting Information Table
S1 (except in the case of compound 30, whose detailed ex-
perimental data are not given[37a]). Average deviations of
3.1�0.2% and 3.3�0.2% were observed for distances and
angles, respectively, as determined by a statistical analysis
performed considering 156 distance and 327 angle values,
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with structural difference maxima of 17% and 19%, for the
Sn�N distances in 21 and 23, respectively, and of 18%, for
the C-Sn-C angle of 6. The observed deviations between cal-
culated and experimental geometrical parameters, larger
with respect to those observed in structures containing
atoms lighter than tin, can be attributed to the fact that we
decided to neglect the relativistic effects[39] in our calcula-


tions (see Computational details). Evidently, the Vxx, Vyy,
and Vzz components of the EFG summed to zero for 34 and
generally for all the spherically symmetric systems consid-
ered, like SnX6


2� (X=F, Cl, Br and I), in conformity with
literature data.[38b] The sign of Vzz calculated for five com-
pounds, 1, 30–33, was equal to the sign of DE experimentally
determined from Mçssbauer–Zeeman spectroscopy meas-
urements.[13,37] This result provides the possibility to predict
the sign of Vzz, which is known to be affected by subtle ef-
fects of the geometrical disposition of the ligands around
the tin atom (see for example reference [37a]).


As a consequence of such a result, we attributed positive
and negative signs, not experimentally determined, to the
DE of the compounds investigated, both in the plot in
Figure 1 and in Table 1. This possibility was not considered
in previous studies,[4–9] in which absolute values were as-
sumed in the comparison of the calculated EFG components
with the experimental DE values


From a linear regression analysis, by imposing the condi-
tion of zero intercept, we obtained 0.93�0.03 mms�1 au�1


for the slope, with a linear correlation coefficient R=0.982.
Using the slope as a calibration constant, it was possible to
obtain calculated values of DE (Table 1) from the calculated
values of V for each of the compounds 1–34 by using Equa-
tion (2).


Figure 1. Correlation plot of the experimental DE values versus the cor-
responding calculated values of V for compounds 1–34 (see Table 1).
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DEcalcd ¼ 0:93V � 0:58mms�1 ð2Þ


The nuclear quadrupole moment of tin obtained from the
value of the slope from Equation (2) was Q=15.2�4.4 fm2.
This value is in agreement both with the experimental, jQ j
=10.9�0.8 fm2,[40] and with recently
calculated[4,7] values of Q. Such
result, together with the prevision
of the sign of DE, supports the DFT
method used in the present study,
compared to previous theoretical
approaches,[4–9] for the satisfactory
evaluation of the EFG in systems of
medium to large dimensions.


The scattering of data points in Figure 1 was analyzed in
terms of the differences between the experimental and the
calculated structures considered. The largest deviations from
the fitted straight line of Figure 1 were observed for 2 and
31 (see Table 1), for which jdDE j is within the range 1.0–
1.40 mms�1, where dDE=DE�DEcalcd. The analysis of the
structural data of these two compounds (see Table S1 in the
Supporting Information) showed that their calculated struc-
ture was in reasonable agreement with the corresponding
experimental one, with deviations less than 6%. On the
other hand, some of the compounds showing significant dif-
ferences between calculated and experimental structural pa-
rameters, such as 21 (see Table S1 in the Supporting Infor-
mation), exhibited dDE values within the associated error
(see Equation (2)).


These results allowed us to conclude that the departures
of the data from the linear trend in Figure 1 do not depend
on the observed discrepancies between the solid-state and
the calculated structures. In our opinion the scattering of
the data points observed in Figure 1 should be attributable
to the difficulty associated with the numerical calculation of
second-order quantities like the EFG components. Relativis-
tic effects should also be considered for a better description
of the electronic structure of tin compounds. However, we
have point out that the aim of the present study was not to
quantitatively determine the value of DE of the considered
compounds. Instead, the comparison of the DEcalcd values,
estimated for a series of trial structures, with the experimen-
tal DE, has to be used as a supporting tool for establishing
the structural features of the tin compounds investigated.


Determination of the configuration of organotin(iv) com-
pounds : To verify the possibility of applying the method de-
scribed in the previous section for structural assignment pur-
poses, the calculated values of the quadrupole splitting
[Eq. (2)] relative to some exemplary structures, fully opti-
mized at the same level of theory (see Computational De-
tails), were compared with the corresponding experimental
DE values, to address the choice among possible structural
hypotheses. The compounds selected, 20a, 28a and 28b are
geometrical isomers of 20[29] and 28,[35] respectively, and the
results obtained were collected in Table 2.


Compounds 20 and 20a : The energy values of the two iso-
mers are very close (see Table 2), 20 being slightly higher in
energy than 20a. Therefore it is not possible to decide
which structure is actually the dominant one in the solid


Table 1. Asymmetry parameter, h, Vzz component (in atomic units) of
the diagonalized EFG tensor and the quantity V, obtained from DFT cal-
culations for 1–34, together with the corresponding experimental and cal-
culated DE values. V and DE are plotted in Figure 1.


Compound h[a] Vzz
[a] V[b] DE[c] DEcalcd


[d] Reference[e]


1 0.84 �2.07 �2.30 �2.24 �2.14 [13a,b]


2 0.70 4.11 4.44 (+)2.73 4.12 [14a]


3 0.98 �2.51 �2.88 (�)2.53 �2.68 [15a,b]


4 0.38 2.42 2.48 (+)1.34 2.31 [16]


5 0.97 2.52 2.88 (+)2.94 2.68 [17a,b]


6 0.93 �2.54 �2.88 (�)3.20 �2.67 [17a,b]


7 0.95 2.71 3.09 (+)2.87 2.87 [18]


8 0.99 �2.46 �2.83 (�)3.11 �2.63 [19]


9 0.76 2.12 2.32 (+)2.84 2.15 [20]


10 0.98 2.53 2.91 (+)2.65 2.70 [15a,b]


11 0.15 �0.90 �0.90 (�)1.65 �0.83 [21]


12 0.71 �2.00 �2.17 (�)2.58 �2.01 [22]


13 0.16 2.16 2.17 (+)2.23 2.02 [23]


14 0.16 1.70 1.70 (+)1.89 1.58 [23]


15 0.18 1.68 1.69 (+)1.71 1.57 [24]


16 0.41 2.43 2.50 (+)1.98 2.32 [25]


17 0.00 1.65 1.65 (+)1.38 1.53 [26]


18 0.51 �0.88 �0.92 (�)0.73 �0.85 [27]


19 0.15 4.37 4.39 (+)3.46 4.07 [28a,b]


20 0.19 4.57 4.60 (+)3.93 4.27 [29a,b]


21 0.18 4.43 4.45 (+)4.29 4.14 [30a,b]


22 0.42 2.46 2.53 (+)1.99 2.35 [25]


23 0.18 3.55 3.57 (+)4.00 3.31 [31]


24 0.16 4.42 4.43 (+)3.72 4.12 [32]


25 0.75 3.43 3.74 (+)2.79 3.48 [14a,b]


26 0.16 4.61 4.63 (+)4.14 4.30 [33]


27 0.21 �0.93 �0.94 (�)1.56 �0.87 [34]


28 0.14 3.48 3.49 (+)3.98 3.24 [35]


29 0.20 �0.38 �0.39 (�)0.43 �0.36 [36]


30 0.00 �2.79 �2.79 �3.49 �2.59 [37a]


31 0.00 �2.04 �2.04 �3.02 �1.89 [37a,b]


32 0.00 �2.62 �2.62 �3.31 �2.43 [37a,c]


33 0.63 2.63 2.80 +2.06 2.60 [37a,d]


34 –- 0.00 0.00 0.00 0.00 [38a,b]


[a] h= (Vxx�Vyy)/Vzz with jVzz j� jVyy j� jVxx j . [b] V=Vzz(1 + 1=3h
2)1/2, in


atomic units, see Equation (1). [c] Experimental values of the nuclear
quadrupole splitting parameter (in mms�1), obtained from the corre-
sponding references; the sign in parentheses is added to DE following the
sign of V obtained from theoretical calculations. [d] See Equation (2),
DEcalcd is the quadrupole splitting parameter calculated from the slope
obtained by the linear fitting of Figure 1. [e] The quoted literature refers
both to the 119Sn Mçssbauer and X-ray crystallographic experimental
data.
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phase, because the perturbation due to the solid-state pack-
ing may well affect the equilibrium. In this case, the experi-
mental value of the quadrupole splitting along with its theo-
retical evaluation on 20 and 20a helps to determine which is
the predominant isomer in the solid state. In fact the co-
presence of tin compounds with different structures is easily
detected by 119Sn Mçssbauer spectroscopy.[2,3]


The value of dDE obtained for 20 is below the uncertainty
associated with DEcalcd, implying that the calculated DE
value for the structure 20 is consistent with the experimental
one,[29] whereas the same analysis performed on 20a allows
us to conclude that this structure, characterized by a jdDE j
value larger than the associated error, has to be unequivo-
cally discharged.


Compounds 28, 28a and 28b : The results reported in
Table 2 show that compound 28 is more than 30 kJmol�1


more stable than the isomers 28a and 28b. In this case,
solid-state packing factors can with confidence be consid-
ered negligible for determining the stability order, 28 being
by far the most stable among the three isomers.


It is important to outline that the value of dDE observed
for 28 can by itself not allow an unambiguous assignment of
the involved structure. However, the far larger values of
dDE obtained for 28a and 28b enable us to rule out a signif-
icant number of these isomers, confirming the conclusions
reached by the energetic considerations.


The cases here presented outline that the theoretical eval-
uation of the quadrupole splitting on the optimized struc-
tures of an isomeric mixture of tin compounds, along with
the corresponding experimental evaluation, are able to pro-
vide a correct evaluation of the stability order in the solid
phase, even if the involved isomers are approximately isoe-
nergetic when considered in vacuo.


Conclusions


DFT-calculated values of the electric field gradient compo-
nents at the tin nucleus, on the optimized structures of 34
tin compounds, with a standard all-electron basis set and


without considering relativistic effects, were correlated to
the corresponding 119Sn Mçssbauer quadrupole splitting
values. This approach proved to be a valid tool for obtaining
detailed structural information on tin and organotin deriva-
tives, being more suitable than the point charge model for
structure assignment. This method can provide useful infor-
mation concerning the structural characterization and the
determination of the most stable configurations of any type
of tin compound by 119Sn Mçssbauer spectroscopy. Such a
computational method is useful, in particular, for the struc-
tural analysis of tin compounds for which X-ray crystallogra-
phy cannot be performed, for example when it is not possi-
ble to obtain suitable crystalline structures.


This work provides further evidence of the ability of DFT
methods to support structural interpretations obtained by
spectroscopic techniques.


Computational Details


DFT calculations, by using the hybrid BeckeRs three-parameter method
with the Lee–Yang–Parr correlation functional (B3LYP),[11] were per-
formed on the systems 1–34, 20a, 28a and 28b, using the all-electron
double-zeta valence plus polarization (DZVP) basis set,[12] with full opti-
mization of the geometry, by using the Gaussian03W[41] program pack-
age.


The DZVP basis set has been optimized for DFT calculations,[12] and has
been reported to produce structures and energies comparable to those
obtained using the better tested basis sets, like 6-31+G(d), for the study
of metal compounds,[42] in particular for the study of tin compounds.[43,44]


Concerning the importance of relativistic effects for the tin atom, we out-
line that all-electron relativistic calculations, even at scalar level, are ex-
tremely costly.[43] Moreover, the use of relativistic effective core potential
basis sets[43] in our calculations was ruled out by the importance, in our
study, of the core electrons, as we have verified in preliminary investiga-
tions. In fact, the choice of an all-electron basis set was fundamental for
obtaining a reliable estimate of the EFG at the tin nucleus.


The eigenvalues of the diagonalized EFG components, Vii, where i=x, y,
z, calculated at the same level of theory, were used to derive the quantity
V, which is related to the theoretical DE, in accord with Equation (1).
Here Vii is the negative value of the second derivative of the electrostatic
potential with respect to the tin coordinates.[1–9]


The experimental DE values[13–38] of the compounds 1–34 investigated,
spanning the range 0	jDE j<4.5 mms�1, were plotted in Figure 1 versus
the corresponding values of V (see Table 1). The starting coordinates of
1–34 were taken from X-ray crystallography structural data.[13–38] To mini-
mize structural contributions due to the solid-state packing, only tin com-
pounds producing monomer units in the crystalline unit cell have been
selected in the present investigation.
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Development of a Novel Environmentally Friendly Electrolytic System by
Using Recyclable Solid-Supported Bases for In Situ Generation of a
Supporting Electrolyte from Methanol as a Solvent: Application for Anodic
Methoxylation of Organic Compounds


Toshiki Tajima and Toshio Fuchigami*[a]


Introduction


Electroorganic synthesis is one of the most useful methods
in organic synthesis and is even applied in large-scale indus-
trial processes.[1] For example, the electrohydrodimerization
of acrylonitrile to adiponitrile, an intermediate to nylon 66,
originally developed by Monsanto Co. in early 1960s, is op-
erating at several sites worldwide now. Furthermore, electro-
organic synthesis has recently attracted much interest as an
environmentally friendly method because electrons are in-
herently environmentally friendly reagents compared with
conventional oxidizing and reducing reagents. However,
large amounts of supporting electrolytes are necessary to
provide sufficient electrical conductivity to the solvents for
electrolyses. Therefore, after the electrolyses, separation of
the supporting electrolytes is required, and the separated
supporting electrolytes generally become industrial waste


because they are mostly unrecyclable except for some indus-
trialized cases.[2] Furthermore, the inefficient separation of
the supporting electrolytes from the solvents requires a
huge consumption of energy and causes large amounts of
additional industrial waste.
In order to solve such separation and industrial waste


problems, a capillary gap cell has been developed to mini-
mize addition of supporting electrolytes.[3] On the other
hand, a polymeric electron carrier system,[4] solid polymer
electrolytes,[5] an aqueous silica gel disperse system,[6] and
thermomorphic biphasic electroorganic synthesis[7] have
been developed to eliminate the steps for the separation of
supporting electrolytes. Furthermore, recently, electrochemi-
cal microreactors[8] and a thin-layer flow cell[9] have also
been developed to conduct electroorganic synthesis without
intentionally added supporting electrolytes. To our knowl-
edge, an ideal electroorganic synthetic system from the
viewpoint of green sustainable chemistry should be an elec-
trolytic system not requiring the addition of any supporting
electrolytes. Although electrochemical microreactors and a
thin-layer flow cell realize such an ideal electroorganic syn-
thetic system, they require special equipments.
On the other hand, it is well known that electron transfer


between a solid and a solid is very difficult.[10] Therefore, it
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can be expected that solid-supported bases play the role of
bases in bulk solutions as well as electrochemically inactive
reagents at an electrode surface. In the presence of solid-
supported bases such as amines, protic organic solvents such
as methanol would be dissociated into anions and protons to
some extent [Eqs. (1) and (2)]. This system would be suita-
ble for electroorganic synthesis because the protons derived
from protic organic solvents would act as the main carrier of
an electronic charge via ammonium ions [Eq. (2)].[11] There-
fore, in this system, protic organic solvents would serve as
both a solvent and a supporting electrolyte generated in
situ. Herein, we report a novel environmentally friendly
electrolytic system using recyclable solid-supported bases
for in situ generation of a supporting electrolyte from meth-
anol as a solvent[12] and its application to anodic methoxyla-
tion of various organic compounds.


Results and Discussion


Electrochemical properties of solid-supported bases : At
first, we examined the electrochemical properties of solid-
supported bases. The cyclic voltammograms of N-methylpi-
peridine (1) and polystyrene-supported piperidine 2 were
measured in 0.1m nBu4NBF4/anhydrous acetonitrile. As
shown in Figure 1a, 1 was easily oxidized at about 1.3 V
versus SCE, while 2 was not oxidized at all even under stir-
ring. This means that solid-supported bases are not oxidized
at the electrode surface. Then, 2 was added into methanol
(0.1m based on the concentration of piperidine), and the
cyclic voltammogram of this solution was measured. As
shown in Figure 1b, the oxidation wave for MeO� at about
1.0 V versus SCE and the reduction current for H+ were ob-
served. Therefore, it is clear that solid-supported bases dis-
sociate methanol into methoxide anions and protons, and
the resulting protons seem to act as the main carrier of an
electronic charge.


Anodic methoxylation of phenyl 2,2,2-trifluoroethyl sulfide
using solid-supported bases : Next, we investigated anodic
methoxylation using solid-supported bases. As a model reac-
tion we chose the anodic methoxylation of phenyl 2,2,2-tri-
fluoroethyl sulfide (3).[13] Anodic methoxylation processes
such as 2,5-dimethoxylation of furans, anodic benzylic me-
thoxylation of aromatic compounds, and a-methoxylation of
organonitrogen compounds, are performed widely in organic
synthesis and on an industrial scale.[14] The overall experi-
mental procedure is illustrated in Figure 2. As shown in
Figure 2, at first, solid-supported bases were added into
methanol, and this solution was stirred for 1 h in order to
dissociate methanol into methoxide anions and protons.


Then, anodic methoxylation of a substrate was carried out.
After the electrolysis, the corresponding methoxylated prod-
uct and the solid-supported bases were easily separated by
only filtration without neutralization. Finally, the desired
pure methoxylated product was readily isolated simply by
concentration of the filtrate.
At first, anodic methoxylation of 3 was carried out by


using various solid-supported piperidines. As shown in
Table 1, anodic methoxylation of 3 with polystyrene-sup-
ported piperidine provided the corresponding a-methoxylat-
ed product 4 in low yield (entry 1). In this case, the cell volt-
age was higher than 50 V since polystyrene-supported piper-
idine did not dissociate methanol into methoxide anions and
protons efficiently. This means that the piperidine, which is
inside in the polystyrene, does not interact with methanol


Figure 1. Cyclic voltammograms of a) N-methylpiperidine (0.1m) and
polystyrene-supported piperidine (0.1m) in 0.1m nBu4NBF4/MeCN (c :
1,c : 2), and b) methanol in the presence of polystyrene-supported pi-
peridine (0.1m) recorded at a Pt disk anode (f=0.8 mm). The scan rate
was 100 mVs�1.


Figure 2. Experimental procedure.
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because polystyrene is not swelled in methanol. On the
other hand, anodic methoxylation of 3 proceeded efficiently
to provide 4 in good to excellent yields with porous polystyr-
ene-supported and silica gel-supported piperidine (entries 2,
3). These results indicate that the solvent compatibility of
solids is highly significant.
Next, anodic methoxylation of 3 was carried out with vari-


ous silica gel-supported bases. As shown in Table 2, the me-
thoxylated product 4 was obtained in moderate yields by


using silica gel-supported pyridine and imidazole; their ba-
sicities are much lower compared with that of piperidine
(entries 1, 2). In these cases, the cell voltage was higher than
50 V since silica gel-supported pyridine and imidazole did
not dissociate methanol into methoxide anions and protons
efficiently. On the other hand, the methoxylated product 4
was formed in good to high yields using relatively strong
silica gel-supported bases (entries 3–6). However, the cell
voltage in entry 6 was higher than those in entries 3–5. This
can be explained as follows. Silica gel-supported B in entry 6
can dissociate methanol into methoxide anions and protons
efficiently; however, silica gel-supported B strongly captures
the protons because B has a high basicity. Therefore, the
equilibrium (2) shifts to the left, and the resulting proton
mobility is much lower compared with those of the other
bases.[15] Thus, it was found that relatively strong bases,
which have conjugated acid acidities close to that of metha-
nol (pKa 15.5), are suitable for the dissociation of methanol
and anodic methoxylation. It is notable that the current effi-
ciency for the anodic methoxylation of 3 was greatly in-
creased about three times compared with our previous work
using a conventional supporting electrolyte, Et4NOTs.


[13]


Recyclability of solid-supported bases : The recyclability of
solid-supported bases was also examined. Anodic methoxy-
lation of 3 was carried out 10 times by the recycling of silica
gel-supported piperidine. In the recycling process, the silica
gel-supported piperidine was easily separated and recovered
by only filtration, and reused (Figure 2). As shown in
Figure 3, the yield of 4 was always more than 70% and did


not decrease at all upon the reuse of silica gel-supported pi-
peridine. In addition, the appearance of silica gel-supported
piperidine did not change at all before and after electrolysis.
This clearly suggests that solid-supported bases are recycla-
ble for many times because solid-supported bases are not
subject to oxidative decomposition at the electrode surface.


Generality of the electrolytic system using solid-supported
bases : The generality of the new electrolytic system was


Table 1. Anodic methoxylation of 3 with various solid-supported piperi-
dines.


Entry Solid n Yield[a] [%]


1 PS[b] 1 39
2 PS[c] 2 92 (87)[e]


3 SiO2
[d] 3 76 (73)


[a] 19F NMR yield based on the CF3 group using monofluorobenzene as
an internal standard. [b] Polystyrene. [c] Porous polystyrene. [d] Silica
gel. [e] Isolated yield in parentheses.


Table 2. Anodic methoxylation of 3 with various silica gel-supported
bases.


Entry Base Yield[a] [%]


1 52


2 51


3 65


4 89 (84)[b]


5 76 (73)


6 70


[a] 19F NMR yield based on the CF3 group using monofluorobenzene as
an internal standard. [b] Isolated yield in parentheses.


Figure 3. Yield of methoxylated product 4 in the reuse of silica gel-sup-
ported piperidine.
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demonstrated. As shown in Table 3, anodic methoxylation
of carbamates 5a and 6a was carried out to provide the cor-
responding a-methoxylated products 5b and 6b in excellent
yields (entries 1, 2 in Table 3).
Anodic 2,5-dimethoxylation of
furan (7a) proceeded to pro-
vide 7b in 78% yield as a ster-
eoisomeric mixture (entry 3 in
Table 3). In this case, although
7a was completely consumed,
no by-product was formed.
Then, anodic 2,5-dimethoxyla-
tion of furans 8a and 9a was
also attempted to provide 8b
and 9b in excellent yields (en-
tries 4, 5 in Table 3). Anodic
methoxylation of furans gener-
ally requires a Br�/Br+ media-
tor.[16] On the other hand, sur-
prisingly, anodic methoxylation
of furans proceeded smoothly
without a Br�/Br+ mediator in
this electrolytic system (en-
tries 3–5 in Table 3).
Next, as shown in Table 4,


anodic methoxylation of phe-
nols 10a and 11a was carried
out to provide the correspond-
ing ring methoxylated products
10b and 11b in excellent yields
(entries 1, 2 in Table 4). Anodic
methoxylation of 1,4-dimethox-
ybenzene (12a) also proceeded
to provide the corresponding
ring dimethoxylated product
12b in high yield (entry 3 in
Table 4). Furthermore, anodic
benzylic methoxylation of p-
methoxytoluene (13a) took
place to provide the benzylic
mono- and dimethoxylated
products 13b and 13c in 58 and
31% yields, respectively
(entry 4 in Table 4). However,
anodic benzylic methoxylation
of 14a and 15a did not proceed
smoothly and 14a and 15a were
mostly recovered after the elec-
trolyses, because the oxidation
potentials of 14a and 15a are
higher than that of methanol
(entries 5, 6 in Table 4). There-
fore, methanol seems to be
mainly oxidized at the anode.
From these results, it was dem-
onstrated that the new electro-
lytic system by using solid-sup-


ported bases is effective for the wide range of anodic me-
thoxylation except for some substrates whose oxidation po-
tentials are higher than that of methanol.


Table 3. Anodic methoxylation of carbamates and furans with silica gel-supported piperidine.


Entry Substrate Current density [mAcm�2] Electricity [Fmol�1] Product Yield[a] [%]


1 5 5 94


2 10 5 98


3 10 7 78[b] (cis/trans 1:1)


4 10 7 96[b]


5 10 7 94[b]


[a] Isolated yield. [b] Stereoisomeric mixture.


Table 4. Anodic methoxylation of substituted benzenes with silica gel-supported piperidine.


Entry Substrate Current density [mAcm�2] Electricity [Fmol�1] Product Yield[a] [%]


1 10 3 94


2 5 7 91


3 5 4 88


4 5 6 58[f]


31[f]


5 10 10 18[g]


6 10 10 0[h]


[a] Isolated yield. [b] Oxidation peak potential (Ep
ox)=1.72 V vs SCE. [c] Ep


ox=2.14 V vs SCE. [d] Ep
ox=


2.36 V vs SCE. [e] Oxidation peak potentials (Ep
ox) of 13a, 14a, and 15a (0.01m) were measured in 0.1m


nBu4NBF4/MeCN. The scan rate was 100 mVs
�1. [f] 1H NMR yield based on the benzylic proton using toluene


as an internal standard. [g] 74% of 14a were recovered. [h] 93% of 15a were recovered.
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Conclusion


We have successfully developed a novel environmentally
friendly electrolytic system for anodic methoxylation using
recyclable solid-supported bases. This system has many prac-
tical advantages and characteristics: a) an electrolytic
system without intentionally added supporting electrolytes;
b) a supporting electrolyte generated in situ from methanol
as a solvent; c) easy and simple separation of methoxylated
products and solid-supported bases by only filtration with-
out neutralization; d) simple isolation of methoxylated prod-
ucts; e) electrochemical stability and recyclability of solid-
supported bases. It is hoped that this new electrolytic system
will make significant contributions to green sustainable
chemistry and open a new aspect of electroorganic synthesis.


Experimental Section


General methods : 1H and 19F NMR spectra were recorded on JEOL
JNM EX-270 (1H: 270 MHz, 19F: 254 MHz) spectrometer in CDCl3. The
chemical shifts for 1H and 19F NMR spectra were given in d (ppm) from
internal TMS and monofluorobenzene (�36.5 ppm), respectively. EI mass
spectra were recorded on Shimadzu GCMS-QP5050A mass spectrometer.


Materials : Phenyl 2,2,2-trifluoroethyl sulfide (3) was synthesized accord-
ing to the literature.[17] All reagents except for 3 were purchased from
commercial suppliers and used without further purification. All solid-sup-
ported bases were purchased from Aldrich. As a typical example, the
loading of silica gel-supported piperidine was 1.1 mmolg�1. In addition,
silica gel size was 40–63 mm.


Cyclic voltammetry : Cyclic voltammetry was performed by using a com-
puter-controlled electrochemical system (ALS/CHI 600). Cyclic voltam-
metry was carried out with a three-electrode system using a platinum
disk (f=0.8 mm) working electrode, a platinum wire counter electrode,
and a saturated calomel electrode (SCE) as a reference electrode.


General procedure for anodic methoxylation : Preparative electrolysis ex-
periments were carried out with a Metronnix Corp. Tokyo constant-cur-
rent power supply. Solid-supported bases (0.1m based on the concentra-
tion of a base) were added into methanol (10 mL), and this solution was
stirred for 1 h before electrolyses. Anodic methoxylation of a substrate
(1 mmol) was carried out with platinum plate electrodes (2L2 cm2) in
CH3OH (10 mL) containing various solid-supported bases (0.1m based
on the concentration of a base) by using an undivided cell. Constant cur-
rent electrolysis was applied. When silica gel-supported piperidine was
used (a typical procedure), the cell voltage was 7–16 V. The conversion
of a substrate was monitored by TLC. After the electrolysis, the electro-
lytic solution was passed through a glass filter (pore size: 10–16 mm) to
remove the solid-supported bases. The filtrate was evaporated to provide
a pure methoxylated product, which was identified by authentic samples
(7b, 8b, 10b, 12b, 13b, 13c, 14b, and 15b) and literatures (4,[13] 5b,[18]


6b,[18] 9b,[19] and 11b[20]) using 1H, 19F NMR and Mass spectroscopy. How-
ever, when the yield of a methoxylated product was low, the residue was
purified by Shimadzu LC-6AD liquid chromatography eluting with
CH3CN to give a pure methoxylated product. The yield of 4 was deter-
mined by 19F NMR spectroscopy using monofluorobenzene as an internal
standard material. The yields of 13b and 13c were determined by
1H NMR spectroscopy using toluene as an internal standard material.
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Oxazoline Halipeptin Analogues
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Introduction


The halipeptins (A–C, 1–3, Figure 1) are a group of marine
derived natural products whose
structural identity and biological
properties were shrouded with
mystique until very recently.
Their story began in 2001 when
the Gomez-Paloma group re-
ported the isolation of halipep-
tins A and B from the sponge
Haliclona sp., the assignment of
a striking, 1,2-oxazetidine-con-
taining structure (i.e. , 4,


Figure 1) to one of them (A), and the impressive antiinflam-
matory properties of halipeptin A (60 % reduction of carra-
geenan-induced paw edema in mice at the intraperitoneal


dose of 0.3 mg kg�1 body weight).[1] Soon thereafter in 2002,
the isolation and more accurate structural assignment of hal-
ipeptin C[2] as a thiazoline-containing structure 3 forced the
Gomez-Paloma group to revise their structures for halipep-
tins A and B from the oxazetidine structures[1,3] to the thia-
zoline structures 1 and 2, respectively. Yet another halipep-
tin (halipeptin D, 5, Figure 2) was later isolated (by Manam
and Faulkner, see below) from a different marine species. It
is important to note that neither we nor the Gomez-Paloma
group[1] could assign absolute stereochemistries at C-3 and
C-4 of the decanoic acid residue (e.g. 10a, Figure 3), al-
though the former group determined the stereochemical
identity at C-7 as being (S) in halipeptin B (2).[1] Based on
biosynthetic considerations, the assumption that all four hal-
ipeptins possess 7S configuration is reasonable but not con-
clusive. In addition, both we and the Gomez-Paloma group
did recognize the syn relationship of the substituents at this


Keywords: halipeptins · natural
products · oxazolines · peptides ·
total synthesis


Abstract: The isolation from the marine sponge Leiosella cf. arenifibrosa and
structural elucidation of halipeptin D (5), a relative of the previously isolated hali-
peptins A–C (1–3), is described along with the total synthesis of a number of oxa-
zoline analogues (7a–d and epi-7c–d). The developed synthetic strategy provides a
flexible entry into the various isomers of the polyketide domain of the halipeptins
and improvises for a late stage construction of the oxazoline ring after a macrolac-
tamization process which secures the required macrocycle.
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Figure 1. Structures of halipeptins A-C (1–3)[2] and the original structural assignment for halipeptin A (4).[1]
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site (C-3/C-4), leaving open the precise structure as being
either 3S,4R,7S or 3R,4S,7S. It was not until recently that
the absolute configuration of halipeptin A[4,5] and halipeptin
D[4] could be revealed by total synthesis and that further de-
tails about their biological activity were obtained.[4] In this
article, we describe the isolation and structural elucidation
of halipeptin D (5) and the total synthesis of a number of its
oxazoline analogues.


Results and Discussion


Isolation and structural elucidation of halipeptin D : The iso-
lation of halipeptin D (5, Figure 2) began with the collection
of the sponge Leiosella cf. arenifibrosa from the northwest-
ern waters off Boracay Island (Philippines) and was aided
by chromatographic techniques and biological assays. Thus,
the ethyl acetate soluble material from a methanol extract
of the sponge was purified by chromatography on sephadex
LH-20 by using methanol as eluent. The active fractions
were combined and re-chromatographed, first on silica gel
and then by normal-phase HPLC applying a hexane/ethyl
acetate gradient. Halipeptin D was isolated along with sev-
eral other highly active compounds; their structures and bio-
logical activities will be reported elsewhere in due course.
The new halipeptin was obtained as a colorless viscous oil
([a]25


D =�26.0, c=0.2, CHCl3) and exhibited an [M+H]+ ion
at m/z 611.3932 and an [M+Na]+ ion at m/z 633.3745 in its
HRMS (MALDI FTMS), from which a molecular formula
of C31H54O6N4S was deduced. Preliminary 1H and 13C NMR
studies suggested a peptide-type structure, a conclusion that
was supported by IR bands at nmax = 3412, 3366, 1731, 1672
and 1637 cm�1. The combined analysis of the 13C and DEPT-
1358 NMR spectra indicated eleven methyl, six methylene,


seven methine and two quater-
nary carbon atoms, one double
bond (C=N), and four carbonyl
groups from which three were
associated with amides (d=
169.2, 172.3 and 173.4 ppm) and
one with an ester (d=
169.5 ppm), based on the ob-
served connectivities (see
Figure 2). On the basis of 2D
NMR analysis (Table 1), spin
systems for two alanines [dH=


7.01 (d, NH), 4.79 (quintet,
Ha), 1.42 (d, CH3) and 7.22 (d,
NH), 4.84 (quintet, Ha), 1.52
(d, CH3)] were easily identified.
The isoleucine spin system [dH=


5.01 (d, Ha), 2.22 (m, Hb), 1.34
(m, Hg), 0.98 (t, CH3g), 0.96 (d,
CH3b)] was also characterized
through well defined 2D NMR
connectivities. The N-Me group


was assigned to isoleucine, based on the strong HMBC cor-
relation between its signal and that of Ca[dH=2.81 (NMe)/
dC=65.4 (Ca)]. The COSY, TOCSY and HMBC data con-
nected the other long chain fragment as 3-hydroxy-7-me-
thoxy-2,2,4-trimethyl decanoic acid (e.g. 10a, Figure 3). Da-
tabase searches (MarinLit, SciFinder) for the defined sub-
structures and the molecular formulae found only three
near matches, halipeptins A-C (1–3, Figure 1), among which
halipeptin A (1)[1,2] was the closest. Most significantly, the
NMR spectroscopic data, including coupling constants, for
halipeptin D were almost identical to those of halipeptin A


Figure 2. Proposed structure and HMBC correlations (curved arrows) of
halipeptin D (5).


Figure 3. Retrosynthetic analysis of halipeptins (e.g. of one likely structure, 5a, of halipeptin D) and their oxa-
zoline counterparts (e.g. 7a).


www.chemeurj.org E 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6197 – 62116198



www.chemeurj.org





(1). Hence, based on comparison with literature data,[2] the
remaining residue was identified as a-methyl cysteine and
structure 5 (Figure 2) was assigned to halipeptin D. The dif-
ference between halipeptins A (1) and D (5) is only an
extra oxygen atom residing at the terminus of the hydroxyi-
soleucine side chain within the structure of the former natu-
ral product 1.


In sharp contrast to the biological properties described
for halipeptin A,[1] halipeptin D (5) obtained as described
above exhibited a strong in vitro inhibitory activity against a
human colon cancer (HCT-116) cell line (IC50=7 nm)[6] and
an average IC50=420 nm against a BMS ODCA (oncology
diverse cell panel) of tumor cell lines.[7] In light of its struc-
tural similarity to halipeptins A–C (1–3) for which no such
activity was reported, the cytotoxicity of halipeptin D (5)
was rather puzzling and compounded the intrigue surround-
ing these natural products. Because of the scarcity of the
naturally occurring substances, and in order to demystify
these ambiguities, we undertook their total synthesis.[4]


Total synthesis of oxazoline hal-
ipeptin analogues : In contem-
plating a synthetic pathway to
the halipeptins (e.g. 5,
Figure 2), flexibility for the con-
struction of all plausible iso-
mers as well as their oxazoline
counterparts (e.g. 7a, Figure 3)
was deemed important. In fact,
the oxazoline analogues (e.g.
7a) were defined as the first
targets to be synthesized, for it
was anticipated that they could
serve as precursors to the natu-
rally occurring thiazolines via a
two-step thiolytic ring opening–
cyclization sequence[8] (see
Figure 3). The late-stage casting
of the five-membered heterocy-
cle within the halipeptin struc-
ture was preferred since the
stereocenter adjacent to that
structural motif was expected
to readily isomerize;[8b, 9] fur-
thermore, the larger macrocycle
involved in this approach was
expected to form with greater
ease than its oxazoline-contain-
ing counterpart due to less
strain. The most suitable site
for the macrocyclization was,
however, not obvious at the
outset, and it was only after
considerable experimentation
that successful entries into the
macrocycle were found, the
original of which will be report-
ed here. Rupturing of all five


strategic bonds as shown in Figure 3 revealed fragments 9–
13 as the required building blocks for the projected con-
structions. Significantly, the routes chosen to synthesize
some of these key intermediates could deliver any of the de-
sired stereoisomers, thus satisfying our flexibility criteria.


The construction of the most likely required decanoic
acid[10] fragments proceeded as exemplified for the two
3S,4R isomers 10a and 10b in Scheme 1. Thus, the readily
available hydroxy methyl ester 14 was converted by a modi-
fication of a known sequence[11] and in high yield into alco-
hol 18 which, after Swern oxidation to the corresponding al-
dehyde,[12] was subjected to a Mukaiyama-type aldol reac-
tion with methyl trimethylsilyl dimethylketene acetal in the
presence of BF3·Et2O to afford a 7:3 mixture of the insepa-
rable diastereomeric alcohols 19 and 20 in a combined 79 %
yield from alcohol 18. Elaboration of the latter mixture by
TBS protection (for abbreviations of reagents and protect-
ing groups, see legends in schemes) and debenzylation af-
forded major isomer 21 in 88 % (49% from alcohol 18)


Table 1. 1H, 13C and HMBC data of halipeptin D (5) as isolated from L. cf. arenifibrosa (CDCl3).


Residue dC (100 MHz) dH, mult, J in Hz (300 MHz) HMBC


Ala 1
CO 169.5
a 49.9 4.79, quintet, 7.0 Me-b, CO
b 18.6 1.42, d, 7.0 Ca


NH 7.01, d, 7.0 CO-NMeIle
NMeIle
CO 169.2
a 65.4 5.01, d, 11.0 CO, Cb, Me-b, NMe, CO-a-MeCys
b 34.1 2.22, m
Me-b 18.3 0.96, d, 6.5 Ca, Cb, Cg


g 25.6 1.34, m
d 13.1 0.98, t, 7.0 Cg


NMe 31.2 2.81, s Ca, CO-a-MeCys
a-MeCys
CO 172.3
a 84.2
Me-a 23.7 1.47, s Ca, Cb, CO
b1 44.8 3.31, d, 12.0 Ca, SC=N-Ala2, Me-a
b2 4.16, d, 12.0 Ca, CO, Me-a
N
Ala 2
SC=N 177.0
a 49.0 4.84, quintet, 7.0 SC=N, Cb


b 22.6 1.52, d, 7.0 SC=N, Ca


NH 7.22, d, 7.0 CO-HTMMD
HTMMD
1 173.4
2 46.2
Me-2 26.7 1.15, s C1, C2, C3, Me’-2
Me’-2 22.9 1.22, s C1, C2, C3, Me-2
3 82.8 4.71, d. 2.0 C1
4 34.7 1.92, m
Me-4 15.0 0.82, d, 7.0 C3, C4, C5
5 32.4 1.37, m
6 31.8 1.46, m
7 80.8 3.10, m
7-OMe 56.8 3.31, s C-7
8 36.2 1.34, m
9 19.1 1.30, m
10 14.9 0.92, t, 6.5 C-8, C-9


Chem. Eur. J. 2005, 11, 6197 – 6211 E 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 6199


FULL PAPERNatural Products



www.chemeurj.org





yield after chromatographic removal of its diastereomeric
counterpart. Swern oxidation to the aldehyde, and Brown al-
lylation employing (�)-(Ipc)2 allylborane (>90 % dr) fol-
lowed by methylation of the resulting alcohol furnished
compound 22b in excellent overall yield (75 %). Subsequent
hydrogenation of the olefin, desilylation and saponification
led to the targeted hydroxy acid 10b in 92 % overall yield
from 22b. The application of (+ )-(Ipc)2 allylborane in the
allylation step led to hydroxy decanoic acid 10a, and the re-
maining stereoisomers possessing 3,4-syn configuration (10c
and 10d) were obtained starting from ent-14 by application
of each of the enantiomeric allylboranes.


The synthesis of the highly congested fragment 28 featur-
ing a carboxylic acid group and an azide moiety was carried
out following the sequence shown in Scheme 2. Thus, the a-
methyl serine methyl ester derivative 24[13] was silylated and
thence hydrolyzed under basic conditions to afford carboxyl-
ic acid 12 (96 % yield). A stepwise coupling of 12 with iso-
leucine methyl ester followed by methylation of the nitrogen
atom within the resulting amide 26 proved much superior to
coupling of 12 with N-methyl isoleucine derivatives, and
yielded compound 27 in 87 % yield from acid 12. Since
azide reduction of 27 led to instantaneous cyclization to the
corresponding diketopiperazine, chain elongation from the
N-terminus of 27 was abandoned in favor of coupling the C-
terminus to building block 31 (see Scheme 3). The required
methyl ester hydrolysis within 27 proved troublesome and
was best accomplished with aqueous nBu4NOH[14] at 0 8C in
THF, furnishing the desired carboxylic acid 28 in a 70 %
crude yield.


The assembly of the synthesized fragments 10a–d
(Scheme 1), 28 (Scheme 2), and 11[15] into the macrocycliza-
tion precursor 34 are shown in Scheme 3. Thus, coupling of,
for example, decanoic acid segment 10a with alanine methyl
ester, followed by ester formation at the free hydroxyl
group of the resulting product (29a) with a 19-fold excess of
alanine-derived acid chloride 11[15] in the presence of 4-
DMAP at 50 8C in DMF afforded the amide ester 30a in
88 % overall yield. Gratifyingly, no epimerization was ob-
served under these rather harsh conditions. The configura-
tion of the presumably stereochemically labile acid chloride
14 was shown to be intact by comparing the spectroscopic
data of 30a with those of a sample derived from 29a and
ent-11. Subsequent reduction of the azide group within 30a
was accomplished by catalytic hydrogenation (10 % Pd/C),
furnishing the desired amine 31a. Coupling of the crude
amine 31a with a slight excess carboxylic acid fragment 28
in the presence of PyAOP, HOAt and iPr2NEt afforded
azide methyl ester 32a in 71 % overall yield from azide 30a.
Selective hydrolysis of the methyl ester within compound
32a, under the mild conditions of Me3SnOH,[16] gave carbox-
ylic acid 33a in 95 % yield; the azide moiety was hydrogeno-
lyzed, generating the required amino acid 34a. Direct mac-
rocyclization of 34a could be carried out with a number of
coupling agents (e.g. EDC/HOAt/iPr2NEt/CH2Cl2: 33 %,
pentafluorophenyl diphenylphosphinate (FDPP)/iPr2NEt/
CH2Cl2: 25 %), but was best achieved with HATU/HOAt/


iPr2NEt in CH2Cl2 at a 1 mm concentration yielding macro-
cycle 35a in 68–74 % overall yield in several experiments.
Removal of the TBS group from compound 35a led to its
hydroxy counterpart 8a, paving the way for the final step.


Scheme 1. Synthesis of hydroxy decanoic acids 10a–d. a) TBDPSCl
(1.0 equiv), imidazole (3.0 equiv), CH2Cl2, 25 8C, 76 h, 99 %; b) DIBAL-
H (1.1 equiv), toluene, �78 8C, 1.5 h; c) (EtO)2P(O)CH2CO2Et
(1.2 equiv), LiCl (1.2 equiv), DBU (1.2 equiv), CH3CN, 25 8C, 19 h; d) H2


(1 atm), 5% Pd/C (33 % by weight), EtOAc, 25 8C, 20 h, 82% (three
steps); e) DIBAL-H (2.5 equiv), toluene, �78 ! 25 8C, 2 h, 93%; f)
BnTCAI (1.5 equiv), TESOTf (2 %), CH2Cl2, 25 8C, 8 h; g) TBAF
(3.0 equiv), THF, 25 8C, 3 h, 69% (two steps); h) DMSO (2.8 equiv),
(COCl)2 (1.9 equiv), CH2Cl2, �78 8C; then Et3N (5.0 equiv), �78 !
25 8C, 3 h, product not isolated; i) BF3·Et2O (1.1 equiv), Me2C=C-
(OMe)OTMS (1.2 equiv), CH2Cl2, �78 8C, 1.5 h, 79 % (two steps, 19/20
7:3); j) TBSOTf (1.3 equiv), 2,6-lut. (1.5 equiv), CH2Cl2, 0 8C, 1 h, 99 %;
k) H2 (1 atm), 10 % Pd/C (20 % by weight), EtOH, 25 8C, 24 h, separation
of diastereoisomers, 88 % (two steps, major isomer 21); l) (+)-(Ipc)2B-
allyl (2.0 equiv), Et2O, �100 ! �46 8C; then H2O2, aq NaOH; m)
Me3OBF4 (10.0 equiv based on 21), proton sponge (16 equiv), CH2Cl2,
25 8C, 75 % (three steps); n) H2 (1 atm), 10 % Pd/C (50 % by weight),
EtOH, 25 8C, 2 h; o) TFA:H2O (9:1), �10 8C, 5 min, 93 % (two steps); p)
LiOH·H2O (6.0 equiv), MeOH:H2O (4:1), 25 8C, 24 h, 99%. 2,6-lut.=2,6-
lutidine; BnTCAI=benzyl 2,2,2-trichloroacetimidate; DBU=1,8-diazabi-
cyclo-[5.4.0]-undec-7-ene; DIBAL-H=diisobutylalmuninumhydride;
Ipc= isopinocampheyl; TBAF= tetra-n-butylammonium fluoride;
TBDPSCl= tert-butyldiphenylsilyl chloride; TBS= tert-butylsilyl;
TESOTf= triethylsilyl trifluoromethanesulfonate; TFA= trifluoroacetic
acid; TMS= trimethylsilyl.
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Indeed, exposure of crude 8a to DAST[8c] at �78 8C generat-
ed oxazoline halipeptin D 7a in 74 % yield. Starting from
the other 3S,4R-decanoic acid (10b), differing in stereo-
chemistry from 10a only at the remote position C-7; the epi-
meric oxazoline 7b was also obtained in almost identical
overall yield (Scheme 3).


The synthetic sequence to 7a/b was also employed to con-
struct the oxazoline analogues 7c and 7d (Scheme 4). Start-
ing from the 3R,4S decanoic acids 10c and 10d (Scheme 1),
the macrocyclization substrates 34c and 34d were construct-
ed as described for 34a/b in Scheme 3. The further transfor-
mation of these compounds into oxazolines 7c and 7d was
accompanied by a number of interesting observations. Thus,
out of all coupling conditions applied to achieve macrocycli-
zation of 34c and 34d (EDC/HOAt/iPr2NEt/CH2Cl2, FDPP/
iPr2NEt/CH2Cl2, DPPA/NaHCO3/DMF), only those em-
ployed previously (HATU/HOAt/iPr2NEt/CH2Cl2) furnished
the desired cyclic depsipeptides, although the reaction was
much slower and the yields of the macrocyclic products
were considerably lower (36/44%) than in the case of mac-
rocyclization of the 3S,4R-isomers 34a and 34b. Additional-
ly, the generated macrocycles 35c and 35d were accompa-
nied by their alanine epimers, epi-35c and epi-35d (ca. 1:1
ratio, easily separable by silica gel flash column chromatog-
raphy). After TBAF-induced desilylation, the resulting hy-
droxy amides 8c,d and epi-8c,d (compare Figure 3) were
subjected to DAST[8c] in order to generate the correspond-
ing oxazolines. Presumably due to an unfavorable build-up


of further ring strain, the yields
in this step were again low.
Starting from epi-35c/d, the ox-
azolines epi-7c/d were formed
in 31/36 % yields. The reaction
between the alcohols derived
from 35c/d by TBAF deprotec-
tion and DAST also furnished
the corresponding cyclodehy-
dration products, oxazolines 7c/
d (in 43/40 % yields), however,
they were accompanied by
major by-products, presumed to
be the fluorinated compounds
36c/d (45/51 %).[17]


Attempts towards thiolysis
(H2S under various conditions)
of oxazoline halipeptin D
(i.e.,7a) to the corresponding
hydroxy thioamide (i.e., 6a,
Figure 3) as a prelude to the
synthesis of halipeptin D (5),
however, failed. Prolonged re-
action times at elevated temper-
atures (MeOH/Et3N 2:1, satura-
tion with H2S, 60 8C, one week)
only led to methanolic cleavage
of the alanine ester bond with-
out any incorporation of H2S as
suggested by MS fragmentation
experiments. Apparently, the
constraints imposed upon 7a by
its own molecular architecture
did not allow it to undergo the
intended rupture, demanding,


Scheme 2. Synthesis of Ser(aMe)-MeIle-OH dipeptide 28. a) TBSOTf
(2.0 equiv), 2,6-lut. (4.0 equiv), CH2Cl2, 0 8C, 2 h, 98%; b) LiOH·H2O
(3.0 equiv), MeOH/H2O (4:1), 25 8C, 3 h, 96 %, c) H-Ile-OMe (1.3 equiv),
EDC (1.1 equiv), HOAt (1.1 equiv), iPr2NEt (3.0 equiv), CH2Cl2, 25 8C,
24 h, 91%; d) NaH (3.0 equiv), MeI (4.0 equiv), DMF, 0 8C, 1 h, 96 %; e)
nBu4NOH (2.0 equiv), 0 8C, 6 h, approx. 70 %. EDC=1-(3-dimethylami-
nopropyl)-3-ethylcarbodiimide hydrochloride; HOAt=1-hydroxy-7-aza-
benzotriazole.


Scheme 3. Assembly of key building blocks 31a and 8a and synthesis of halipeptin D analogues 7a and 7b
starting from 3(S),4(R) decanoic acids 10a and 10b. a) EDC (5.0 equiv), HOAt (4.0 equiv), H-Ala-OMe·HCl
(4.0 equiv), iPr2NEt (10.0 equiv), DMF, 25 8C, 3 h, 94%; b) 11 (19 equiv), 4-DMAP (0.5 equiv), Et3N
(25 equiv), DMF, 50 8C, 24 h, 94 %; c) H2 (1 atm), 10% Pd/C (60 % by weight), 25 8C, 2 h; d) 28 (1.4 equiv),
PyAOP (4.1 equiv), HOAt (3.7 equiv), iPr2NEt (4.8 equiv), DMF, 25 8C, 15 h, 71% (two steps); e) Me3SnOH
(20 equiv), 1,2-dichloroethane, 50 8C, 18 h, 95%; f) H2 (1 atm), 20% Pd(OH)2/C (300 % by weight), EtOH,
0 8C, 0.5 h; g) HATU (1.5 equiv), HOAt (3.0 equiv), iPr2NEt (3.0 equiv), CH2Cl2, 25 8C, 21 h, 74% (two steps);
h) TBAF (1.1 equiv), THF, �10 8C, 1.5 h; i) DAST (2.3 equiv), CH2Cl2, �78 ! �12 8C, 1 h, 74%. DAST= (di-
ethylamino)sulfurtrifluoride; HATU=O-(7-azabenzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium hexafluoro-
phosphate; PyAOP= (7-azabenzotriazole-1-yloxy) tripyrrolidinophosphonium hexaflurophosphate.
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instead, a new strategy[4] for the total synthesis of halipeptin
D and its siblings.


Biological evaluation of synthesized oxazoline halipeptin an-
alogues : The synthesized halipeptin analogues 7a–d and epi-
7c–d were tested against HCT-116 human colon carcinoma
cells and were found to be only weakly active (IC50 values:
7a : 74.7 mm, 7b : inactive, 7c : 58.0 mm, 7d : inactive, epi-7c :
8.2 mm, epi-7d : 4.6 mm).[18] These results were somewhat sur-
prising in light of the previously attributed activity of hali-
peptin D (5) against a human colon cancer (HCT-116) cell
line[6] and a BMS ODCA (oncology diverse cell panel) of
tumor cell lines,[7] thereby inviting further investigations
with the chemical synthesis of halipeptin D (5) became the
most urgent. The accomplishment of this goal and a specula-
tion regarding the above curiosity are reported elsewhere.[4]


Conclusion


The isolation of halipeptin D (5) adds a new member to the
growing class of halipeptins isolated from marine sponges.
The potent cytotoxicity originally attributed to this new sub-
stance coupled with its scarcity and structural similarity to
the previously isolated halipeptins A–C prompted us to un-
dertake its total synthesis. The developed synthesis, howev-
er, failed to deliver the thiazoline-containing natural prod-
uct, leading instead to a series of oxazoline analogues. The
insignificant cytotoxicity of the synthesized analogues creat-
ed a suspicion with regard to the initially obtained biological
results from the naturally derived material, making the total
synthesis of halipeptin D itself an even more urgent task.
The completion of this task together with associated findings
and the assignment of the absolute configuration of halipep-


tin D by total synthesis are described in a separate commu-
nication.[4]


Experimental Section


General procedures : All reactions were carried out under an argon at-
mosphere with dry solvents under anhydrous conditions. Dry tetrahydro-
furan (THF), toluene, diethyl ether (Et2O) and methylene chloride
(CH2Cl2) were obtained by passing commercially available pre-dried,
oxygen-free formulations through activated alumina columns. Reagents
and dry N,N-dimethylformamide (DMF), dimethylsulfoxide (DMSO)
and 1,2-dichloroethane were purchased at the highest commercial quality
and used without further purification. Yields refer to chromatographical-
ly and spectroscopically (1H NMR) homogeneous materials, unless other-
wise stated. Reactions were monitored by thin-layer chromatography
(TLC) carried out on 0.25 mm E. Merck silica gel plates (60F-254) by
using UV light as visualizing agent and an aqueous (aq) solution of
cerium ammonium nitrate, ammonium molybdate and sulfuric acid, and
heat as developing agents. E. Merck silica gel (60, particle size 0.040–
0.063 mm) was used for flash column chromatography. NMR spectra
were recorded on Bruker DRX-600, DRX-500 and AMX-400 or Varian
Inova-400 and Mercury-300 instruments and calibrated by using residual
undeuterated solvent as an internal reference. The following abbrevia-
tions were used to explain the multiplicities: s= singlet, d=doublet, t=
triplet, q=quartet, m=multiplet, br=broad. IR spectra were recorded
on a Perkin–Elmer 1600 series FT-IR spectrometer. Electrospray ioniza-
tion (ESI) mass spectrometry (MS) experiments were performed on an
API 100 Perkin–Elmer SCIEX single quadrupole mass spectrometer at
4000 V emitter voltage. High resolution mass spectra (HRMS) were re-
corded on a VG ZAB-ZSE mass spectrometer using MALDI (matrix-as-
sisted laser-desorption ionization) or an Agilent ESI TOF (time of flight)
mass spectrometer at 4000 V emitter voltage.


Compound 15 : Hydroxy ester 14 (20.0 mL, 0.181 mol) and imidazole
(37.03 g, 0.544 mol) were dissolved in CH2Cl2 (200 mL) and cooled to
0 8C. After the addition of TBDPSCl (47.0 mL, 0.18 mol) the solution
was stirred for 76 h at ambient temper-
ature and then washed with 1m aq
HCl (500 mL). The organic layer was
washed with brine (500 mL), the aq
layers were re-extracted with CH2Cl2


Scheme 4. Macrocyclization and oxazoline synthesis starting from linear depsipeptides 34c and 34d incorporating 3(R),4(S) decanoic acids 10c and 10d.
a) as described for 34a in Scheme 3; b) HATU (1.5 equiv), HOAt (3.0 equiv), iPr2NEt (3.0 equiv), CH2Cl2, 25 8C, 24 h, 35c : 14 %, epi-35c : 22 %, 35d :
25%, epi-35d : 19%; c) TBAF (1.1 equiv), THF, 0 8C, 1 h (not isolated); d) DAST (3.0 equiv), CH2Cl2, �78 ! �12 8C, 1 h, 7c : 43%, 36c : 45%, 7d :
40%, 36d : 51%, epi-7c : 31 %, epi-7d : 36% (yields over two steps).
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(2 O 150 mL), and the combined organic extracts were dried (Na2SO4), fil-
tered through a plug of silica gel and evaporated to dryness yielding 15
(64.34 g, 0.180 mmol, 99 %) as a colorless liquid. Rf=0.48 (silica gel, 10%
EtOAc in hexanes); [a]25


D =++16.4 (c=1.4, CHCl3); 1H NMR (600 MHz,
CDCl3): d=7.65 (d, J=6.9 Hz, 4 H), 7.45–7.35 (m, 6H), 3.77 (ddd, J=
15.4, 9.8, 6.3 Hz, 2 H), 3.68 (s, 3H), 2.72 (m, 1H), 1.16 (d, J=7.0 Hz, 3 H),
1.03 ppm (s, 9 H); 13C NMR (150 MHz, CDCl3): d=175.4, 135.5, 134.8,
129.6, 127.6, 65.9, 51.5, 42.4, 26.7, 19.2, 13.4 ppm; IR (film): nmax=3048,
2932, 2857, 1741, 1589, 1472, 1428, 1389, 1361, 1257, 1199, 1176, 1112,
1026, 823, 739, 702, 614, 505 cm�1; HRMS (ESI-TOF): m/z : calcd for
C21H28O3SiNa: 379.1705, found: 379.1700 [M+Na]+ .


Compound 17: A 1.5m DIBAL-H solution in toluene (6.0 mL, 9.0 mmol)
was added at �78 8C to a solution of ester 15 (2.92 g, 8.19 mmol) in tolu-
ene (80 mL). After 1.5 h, MeOH (5 mL) was added, the mixture was al-


lowed to warm to 25 8C and was then
partitioned between water (500 mL)
and Et2O (200 mL). The organic layer
was washed with brine (200 mL), the
aq layers were re-extracted with Et2O
(2 O 100 mL) and the combined organic


layer was dried (Na2SO4), filtered and evaporated. The residue was puri-
fied by flash column chromatography (silica gel, 2.5% EtOAc in hex-
anes) yielding TBDPS-protected (S)-3-hydroxy-2-methyl-propanal
(2.58 g, 7.90 mmol, 96%) as a colorless liquid which was dissolved in ace-
tonitrile (80 mL) and treated with triethyl phosphonoacetate (1.90 mL,
9.48 mmol) and DBU (1.45 mL, 9.48 mmol) in the presence of LiCl
(400 mg, 9.48 mmol) at ambient temperature. After 19 h, the solution was
partitioned between Et2O (100 mL) and sat aq NH4Cl (200 mL). The or-
ganic layer was washed with brine (200 mL), and the aq layers were re-
extracted with Et2O (100 mL). The combined organic layer was dried
(MgSO4), filtered through a plug of silica gel and evaporated to dryness
yielding TBDPS-protected (R)-5-hydroxy-4-methyl-2-pentenoic acid
ethyl ester (2.71 g, 7.20 mmol, 91 %) as a colorless liquid. The product
was dissolved in EtOAc (5 mL) and added to a suspension of Pd (5 % on
activated charcoal, 0.90 g) in EtOAc (50 mL). The mixture was then stir-
red under an H2-atmosphere at ambient pressure for 20 h. Subsequent
saturation with Ar, filtration of the catalyst and evaporation to dryness
gave pentanoic ester 17 (2.71 g, 6.80 mmol, 82 % from 15) as a colorless
liquid. Rf=0.47 (silica gel, 10% EtOAc in hexanes); [a]25


D =++2.5 (c=4.5,
CHCl3); 1H NMR (500 MHz, CDCl3): d=7.66 (dd, J=7.9, 1.5 Hz, 4 H),
7.45–7.35 (m, 6 H), 4.11 (q, J=7.0 Hz, 2 H), 3.48 (m, 2 H), 2.29 (m, 2 H),
1.81 (m, 1H), 1.68 (m, 1H), 1.48 (m, 1 H), 1.25 (t, J=7.0 Hz, 3H), 1.05 (s,
9H), 0.92 ppm (d, J=6.8 Hz, 3H); 13C NMR (100 MHz, CDCl3): d=


173.9, 135.6, 133.8, 129.6, 127.6, 68.4, 60.2, 35.2, 32.0, 28.4, 26.9, 19.3, 16.5,
14.2 ppm; IR (film): nmax=3070, 2958, 2931, 2857, 1737, 1589, 1472, 1428,
1178, 1112, 824, 740, 702, 614, 505 cm�1; HRMS (ESI-TOF): m/z : calcd
for C24H34O3SiNa: 421.2169, found: 421.2167 [M+Na]+ .


Compound 18 : A 1m solution of DIBAL-H in hexane (109 mL,
109 mmol) was added at �78 8C to a solution of ester 17 (17.42 g,


43.7 mmol) in toluene (300 mL). The
solution was allowed to warm to 25 8C
and stirred for 2 h before MeOH
(20 mL) was added. The mixture was
extracted with a sat aq K/Na tartrate


(800 mL), the organic layer was washed with brine (300 mL), the aq
layers were re-extracted with Et2O (2 O 200 mL) and the combined organ-
ic layer was dried (MgSO4). Filtration through a plug of silica gel, con-
centration and evaporation in vacuo afforded (R)-5-(tert-butyldiphenylsi-
lyloxy)-4-methyl-pentanol (14.50 g, 40.1 mmol, 93 %, pure based on
1H NMR analysis). The product was dissolved in CH2Cl2 (200 mL),
benzyl trichloroacetimidate (11.3 mL, 60.2 mmol) was added, the solution
was cooled to 0 8C and treated with TESOTf (180 mL, 0.80 mmol). After
stirring for 8 h at ambient temperature, the solution was washed with
brine (400 mL). The aq layer was re-extracted with CH2Cl2 (200 mL),
and the combined organic layer was dried (MgSO4), filtered through a
plug of silica gel and evaporated, yielding a crude product (19.63 g) con-
taminated with major amounts of Bn2O and BnOH. To a solution of this
crude material (6.31 g) in THF (100 mL) was added TBAF (1m in THF,
5% water, 39 mL, 39 mmol). The mixture was stirred at ambient temper-


ature and after 3 h was washed with sat aq NH4Cl (400 mL) and with
brine (400 mL). The aq layers were re-extracted with Et2O (2 O 150 mL)
and the combined organic layer was dried (MgSO4), filtered and concen-
trated. The residue was purified by flash column chromatography (silica
gel, 10 ! 30 % ethyl acetate in hexanes) to afford alcohol 18 (1.89 g,
9.06 mmol, 69 % over two steps) as a colorless liquid. Rf=0.25 (silica gel,
30% EtOAc in hexanes); [a]25


D =++8.2 (c=6.8, CHCl3); 1H NMR
(600 MHz, CDCl3): d=7.30–7.15 (m, 5 H), 4.23 (s, 2 H), 3.39 (t, J=
6.6 Hz, 2 H), 3.42–3.29 (m, 2H), 2.1 (s, 1H), 1.62 (m, 1 H), 1.53 (m, 1H),
1.40 (m, 1H), 1.11 (m, 1H), 0.84 ppm (d, J=6.8 Hz, 3H); 13C NMR
(150 MHz, CDCl3): d=138.4, 128.3, 127.6, 127.4, 72.8, 70.6, 67.8, 35.4,
29.5, 27.0, 16.5 ppm; IR (film): nmax=3392, 3063, 2934, 2868, 1496, 1454,
1204, 1098, 1028, 736, 698, 619 cm�1; HRMS (ESI-TOF): m/z : calcd for
C13H20O2Na: 231.1355, found: 231.1350 [M+Na]+ .


Compound 21: A solution of DMSO (1.90 mL, 26.8 mmol) in CH2Cl2


(10 mL) was slowly added at �78 8C to a solution of oxalyl chloride
(1.57 mL, 17.6 mmol) in CH2Cl2


(100 mL). After 10 min, a solution of
alcohol 18 (1.89 g, 9.06 mmol) in
CH2Cl2 (10 mL) was added and the
mixture was stirred for 0.5 h before
the addition of Et3N (6.25 mL,
47 mmol). After 3 h, the solution was
allowed to warm to �20 8C and was then poured into 1m aq HCl
(100 mL, pre-cooled to 0 8C). The organic layer was washed with sat aq
NaHCO3 (100 mL) and with brine (100 mL), the aq layers were re-ex-
tracted with CH2Cl2 (100 mL), and the combined organic layer was dried
(Na2SO4), filtered through a plug of silica gel and evaporated. The crude
product was dissolved in CH2Cl2 (90 mL) and cooled to �78 8C before
BF3·Et2O (48 %, 1.28 mL, 10 mmol) and methyl trimethylsilyl dimethyl-
ketene acetal (2.20 mL, 10.9 mmol) were added. The solution was stirred
for 1.5 h at �78 8C and then partitioned between ice cold Et2O (300 mL)
and 1m aq HCl (100 mL). The organic layer was washed with brine
(200 mL), the aq layers were re-extracted with Et2O (200 mL), and the
combined organic layer was dried (Na2SO4), filtered, concentrated and
purified by flash column chromatography (silica gel, 25 % EtOAc in hex-
anes) to yield an inseparable mixture of hydroxy esters 19 and 20
(2.205 g, 7.16 mmol, 79%, 7:3 according to 1H NMR) as a colorless oil.


This mixture was reacted with TBSOTf (2.2 mL, 9.3 mmol) and 2,6-luti-
dine (1.25 mL, 10.7 mmol) in CH2Cl2 (50 mL) at 0 8C. After 1 h, the solu-
tion was washed with 1m aq HCl (100 mL) and subsequently with brine
(100 mL), the aq layers were re-extracted with CH2Cl2 (100 mL) and the
combined organic layer was dried (MgSO4), filtered through a plug of
silica gel and evaporated to dryness. The residue was dissolved in EtOH
(10 mL) and added to a suspension of Pd (10 % on activated charcoal,
600 mg) in EtOH (40 mL) under an Ar atmosphere. The mixture was stir-
red under H2 at ambient pressure and temperature for 18 h and then de-
gassed, filtered and evaporated. The residue was purified by flash column
chromatography (silica gel, 33 ! 50% Et2O in hexanes) to afford 21
(1.225 g, 3.68 mmol, 41% from 18), its C-3 epimer (472 mg, 1.42 mmol,
16% from 18) and a mixture of both (399 mg, 1.20 mmol, 13 %, 21/epi-21
1.2:1) as colorless oils. Compound 21: Rf=0.26 (silica gel, 20 % EtOAc in
hexanes); [a]25


D =++9.0 (c=2.2, CHCl3); 1H NMR (500 MHz, CDCl3): d=
3.85 (d, J=1.5 Hz, 1 H), 3.85 (s, 3H), 3.61 (t, J=6.6 Hz, 2 H), 1.62–1.22
(m, 6H), 1.16 (s, 3 H), 1.12 (s, 3 H), 0.90 (s, 9H), 0.87 (d, J=6.8 Hz, 3 H),
0.08 (s, 3 H), 0.04 ppm (s, 3 H); 13C NMR (125 MHz, CDCl3): d=177.8,
79.2, 63.0, 51.6, 49.4, 35.5, 33.4, 30.9, 26.2, 23.5, 20.1, 18.6, 15.3, �3.0,
�4.5 ppm; IR (film): nmax=3356, 2953, 2885, 2857, 1728, 1472, 1257, 1142,
1110, 1065, 1004, 837, 774 cm�1; HRMS (ESI-TOF): m/z : calcd for
C17H36O4SiNa: 355.2275, found: 355.2278 [M+Na]+ .


Compound 22a : Primary alcohol 21 (2.156 g, 6.48 mmol) was oxidized
with DMSO (1.33 mL, 19.4 mmol), oxalyl chloride (11.5 mL, 12.9 mmol)
and Et3N (3.40 mL, 25.6 mmol) in CH2Cl2 (60 mL) as described above for
the oxidation of primary alcohol 18.
After aq work-up and filtration
through a pad of silica gel, the crude
product was dissolved in Et2O (30 mL)
and the solution was cooled to


Chem. Eur. J. 2005, 11, 6197 – 6211 E 2005 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 6203


FULL PAPERNatural Products



www.chemeurj.org





�100 8C. A solution of (+)-(Ipc)2BCH2CHCH2 (approximately 0.2m in
Et2O, 65 mL, 13 mmol) was added. After 4 h, the temperature was al-
lowed to reach �46 8C and stirring at this temperature was continued for
0.5 h. The reaction mixture was treated with a solution of H2O2 (35 % in
H2O, 16 mL) and NaOH (980 mg) in water (36 mL). After 5 min, the
mixture was buffered by the addition of aq NaH2PO4 (4.43 g in 100 mL
water) and allowed to warm to 25 8C. The organic layer was washed with
brine (100 mL) and the aq layers were re-extracted with Et2O (2 O
100 mL). The combined organic layer was dried (Na2SO4), filtered
through a plug of silica gel and concentrated, yielding a crude product
that was contaminated with IpcOH. This mixture was dissolved in
CH2Cl2 (100 mL) and proton sponge (1,8-bis[dimethylamino]-naphtha-
lene, 25.72 g, 120 mmol) and Me3OBF4 (11.83 g, 80 mmol) were added.
After 20 h, the solvent was removed and the residue was partitioned be-
tween Et2O (300 mL) and sat aq citric acid (300 mL). The organic layer
was washed with brine (500 mL), the aq layers were re-extracted with
Et2O (2 O 200 mL) and the combined organic layer was dried (Na2SO4),
filtered through a plug of silica gel and evaporated. The residue was puri-
fied by flash column chromatography (silica gel, 30 ! 55% CH2Cl2 in
hexanes) to yield homoallylic ether 22a (1.896 g, 4.89 mmol, 75% from
alcohol 21) as a colorless oil. Rf=0.28 (silica gel, 5% EtOAc in hexanes);
[a]25


D =++14.4 (c=2.7, CHCl3); 1H NMR (500 MHz, CDCl3): d=5.78 (m,
1H), 5.09–5.01 (m, 2H), 3.82 (d, J=1.5 Hz, 1H), 3.63 (s, 3H), 3.32 (s,
3H), 3.16 (d, J=5.8 Hz, 1H), 2.24 (m, 2H), 1.50–1.25 (m, 5H), 1.15 (s,
3H), 1.10 (s, 3 H), 0.89 (s, 9 H), 0.83 (d, J=6.7 Hz, 3 H), 0.07 (s, 3H),
0.02 ppm (s, 3 H); 13C NMR (125 MHz, CDCl3): d=177.7, 134.8, 116.8,
80.3, 79.4, 56.5, 51.5, 49.3, 37.7, 35.8, 32.7, 31.4, 26.1, 23.2, 20.2, 18.5, 15.1,
�3.0, �4.6 ppm; IR (film): nmax=3072, 2931, 2849, 1740, 1461, 1255, 1190,
1108, 832, 773 cm�1; HRMS (ESI-TOF): m/z : calcd for C21H42O4SiNa:
409.2744, found: 409.2738 [M+Na]+ .


Compound 22b (prepared from 21 in 71 % yield using (�)-
(Ipc)2BCH2CHCH2): Rf=0.53 (silica gel, 30% Et2O in hexanes); [a]25


D =


+6.5 (c=0.4, CHCl3); 1H NMR
(500 MHz, CDCl3): d=5.81 (m, 1H),
5.11–5.03 (m, 2H), 3.83 (d, J=1.3 Hz,
1H), 3.64 (s, 3H), 3.32 (s, 3 H), 3.17
(m, 1H), 2.25 (dd, J=7.0, 5.8 Hz, 2H),
1.51–1.18 (m, 5 H), 1.16 (s, 3 H), 1.11


(s, 3 H), 0.90 (s, 9 H), 0.85 (d, J=6.6 Hz, 3 H), 0.09 (s, 3 H), 0.04 ppm (s,
3H); 13C NMR (125 MHz, CDCl3): d=177.7, 134.8, 116.9, 80.6, 70.3, 56.6,
51.6, 49.3, 37.7, 35.8, 33.0, 31.5, 26.2, 23.2, 20.3, 18.6, 15.2, �2.9,
�4.5 ppm; IR (film): nmax=2931, 2857, 2822, 1738, 1641, 1472, 1463, 1256,
1111, 835, 774 cm�1; HRMS (ESI-TOF): m/z : calcd for C21H42O4SiNa:
409.2744, found: 409.2718 [M+Na]+ .


Compound 23a : Compound 22a (1.896 g, 4.89 mmol) was dissolved in
EtOH (10 mL) and added to a suspension of Pd (10 % on activated char-
coal, 1.05 g) in EtOH (30 mL). The mixture was stirred under an atmos-


phere of H2 at ambient temperature
for 2 h. After saturation with Ar, fil-
tration of the catalyst and evaporation
of the solvent, the crude saturated in-
termediate (1.833 g) was obtained. A
portion of this intermediate (893 mg)


was cooled to �10 8C and treated with a TFA/H2O mixture (9:1, 20 mL).
After 5 min, to the mixture was carefully added sat aq NaHCO3 enough
to neutralize all TFA, and the mixture was extracted with EtOAc
(100 mL). The organic was washed with brine (100 mL), the aq layers
were re-extracted with EtOAc (2 O 100 mL), and the combined organic
layer was dried (Na2SO4), filtered through a plug of silica gel and evapo-
rated to dryness to afford hydroxy ester 23a (590 mg, 2.16 mmol, 93%)
as a colorless viscous oil. Rf=0.44 (silica gel, 20% EtOAc in hexanes);
[a]25


D =�9.8 (c=2.3, CHCl3); 1H NMR (600 MHz, CDCl3): d=3.64 (s,
3H), 3.42 (br s, 1 H), 3.26 (s, 3 H), 3.06 (m, 1 H), 2.92 (br s, 1 H), 1.59 (m,
1H), 1.56–1.22 (m, 8 H), 1.24 (s, 3 H), 1.12 (s, 3H), 0.86 (t, J=7.1 Hz,
3H), 0.71 ppm (d, J=6.8 Hz, 3H); 13C NMR (150 MHz, CDCl3): d=


178.6, 80.8, 79.9, 56.4, 51.9, 45.7, 35.6, 34.6, 31.4, 31.2, 24.6, 21.9, 18.4,
14.2, 13.2 ppm; IR (film): nmax=3476, 2933, 2877, 1730, 1458, 1266, 1192,
1141, 1096, 988 cm�1; HRMS (ESI-TOF): m/z : calcd for C15H30O4Na:
297.2036, found: 297.2036 [M+Na]+ .


Compound 23b (prepared from 22b in
91% yield): Rf=0.44 (silica gel, 20 %
EtOAc in hexanes); [a]25


D =++1.35 (c=
1.4, CHCl3); 1H NMR (600 MHz,
CDCl3): d=3.69 (s, 3 H), 3.46 (d, J=
2.0 Hz, 1 H), 3.31 (s, 3H), 3.11 (m, 1H), 1.65 (m, 1 H), 1.52–1.24 (m, 8 H),
1.30 (s, 3H), 1.16 (s, 3 H), 0.91 (t, J=7.2 Hz, 3H), 0.75 ppm (d, J=6.7 Hz,
3H); 13C NMR (150 MHz, CDCl3): d=178.7, 81.0, 80.3, 56.5, 53.4, 52.0,
35.7, 34.7, 31.5, 31.2, 25.0, 21.9, 18.4, 14.3, 13.0 ppm; IR (film): nmax=


3482, 2934, 2874, 1729, 1459, 1380, 1262, 1192, 1140, 1096, 991 cm�1;
HRMS (ESI-TOF): m/z : calcd for C15H30O4Na: m/z : 297.2036, found:
297.2036 [M+Na]+ .


Compound 10a : LiOH·H2O (184 mg, 4.38 mmol) was added at ambient
temperature to a solution of methyl ester 23a (200 mg, 0.730 mmol) in
MeOH/H2O 4:1 (7 mL). The reaction
mixture was stirred for 24 h and then
partitioned between EtOAc (50 mL)
and 1m aq HCl (50 mL). The organic
layer was washed with brine (50 mL),
the aq layers were re-extracted with
EtOAc (2 O 50 mL) and the combined organic layer was dried (Na2SO4),
filtered and evaporated. The residue was purified by column chromatog-
raphy (silica gel, 25 % EtOAc in hexanes with 5 % AcOH) to afford dec-
anoic acid 10a (187.3 mg, 0.720 mmol, 99 %) as a colorless viscous oil.
Rf=0.23 (silica gel, 20 % EtOAc in hexanes with 10 % AcOH); [a]25


D =


�28.9 (c=1.1, CHCl3); 1H NMR (400 MHz, CDCl3): d=3.50 (d, J=
2.3 Hz, 1 H), 3.29 (s, 3H), 3.13 (m, 1H), 1.67 (m, 1 H), 1.49–1.22 (m, 8 H),
1.33 (s, 3H), 1.13 (s, 3 H), 0.87 (t, J=7.2 Hz, 3H), 0.80 ppm (d, J=6.9 Hz,
3H); 13C NMR (100 MHz, CDCl3): d=181.9, 81.1, 79.8, 56.3, 45.1, 35.4,
34.6, 30.9, 30.8, 25.5, 21.6, 18.4, 14.2, 12.9 ppm; IR (film): nmax=3426,
2927, 2871, 1698, 1460, 1255, 1150, 1088, 977 cm�1; HRMS (ESI-TOF):
m/z : calcd for C14H28O4Na: 283.1880, found: 283.1880 [M+Na]+ .


Compound 10b (prepared from ester 23b in 81 % yield): Rf=0.15 (silica
gel, 20% EtOAc in hexanes with 5 % AcOH); [a]25


D =�36.7 (c=0.7,
CHCl3); 1H NMR (400 MHz, CDCl3):
d=3.54 (d, J=1.9 Hz, 1 H), 3.32 (s,
3H), 3.14 (m, 1H), 1.68 (m, 1H),
1.54–1.24 (m, 8 H), 1.32 (s, 3 H), 1.15
(s, 3 H), 0.90 (t, J=7.2 Hz, 3H),
0.83 ppm (d, J=6.8 Hz, 3H);
13C NMR (100 MHz, CDCl3): d=181.7, 81.4, 79.4, 56.4, 45.2, 35.5, 34.6,
31.1, 31.0, 25.6, 21.6, 18.4, 14.2, 13.1 ppm; IR (film): nmax=3380, 2935,
2873, 1698, 1462, 1152, 1094, 980 cm�1; HRMS (ESI-TOF): m/z : calcd for
C14H28O4Na: 283.1880, found: 283.1874 [M+Na]+ .


Compound 25 : A solution of compound 24 (327 mg, 2.06 mmol) in
CH2Cl2 (20 mL) was cooled to 0 8C and 2,6-lutidine (0.96 mL, 8.24 mmol)
and TBSOTf (0.94 mL, 4.09 mmol)
were added. The solution was stirred
for 2 h at 25 8C and then treated with
MeOH (5 mL). Stirring was continued
for 15 min, the solution was evaporat-
ed and the residue was purified by
column chromatography (silica gel,
5% EtOAc in hexanes) to furnish azido ester 25 (550.1 mg, 2.02 mmol,
98%) as a colorless oil. 25 : Rf=0.72 (silica gel, 10% EtOAc in hexanes);
[a]25


D =++28.5 (c=0.9, CHCl3); 1H NMR (500 MHz, CDCl3): d=3.95 (d,
J=9.8 Hz, 1 H), 3.79 (s, 3H), 3.75 (d, J=9.8 Hz, 1H), 1.31 (s, 3H), 0.88
(s, 9 H), 0.07 (s, 3H), 0.05 ppm (s, 3 H); 13C NMR (125 MHz, CDCl3): d =


171.8, 69.5, 67.6, 52.6, 25.6, 19.7, 18.1, �5.7, �5.8 ppm; IR (film): nmax=


2955, 2931, 2142, 2104, 1745, 1462, 1389, 1362, 1258, 1106, 840, 779 cm�1;
HRMS (ESI-TOF): m/z : calcd for C11H23N3O3NaSi: 296.1401, found:
296.1387 [M+Na]+ .


Compound 12 : LiOH·H2O (200 mg,
4.77 mmol) was added at ambient tem-
perature to a solution of TBS-protect-
ed alcohol 25 (417 mg, 1.52 mmol) in
MeOH/H2O 4:1 (30 mL) and the reac-
tion mixture was stirred for 3 h. The
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solution was partitioned between 1m aq HCl (50 mL) and Et2O (50 mL)
and the organic layer was washed with brine (50 mL). The aq layers were
re-extracted with Et2O (3 O 50 mL) and the combined organic layer was
dried (Na2SO4). Filtration followed by evaporation and flash column
chromatography (silica gel, 5% MeOH in EtOAc) yielded carboxylic
acid 12 (379 mg, 96%) as a colorless oil. Rf=0.61 (silica gel, 10 % MeOH
in EtOAc); [a]25


D =++12.4 (c=0.3, CHCl3); 1H NMR (500 MHz, CDCl3):
d = 3.97 (d, J=10.5 Hz, 1 H), 3.80 (d, J=10.5 Hz, 1H), 1.39 (s, 3H), 0.90
(s, 9 H), 0.10 (s, 3H), 0.09 ppm (s, 3 H); 13C NMR (125 MHz, CDCl3): d =


175.8, 69.1, 67.1, 25.6, 19.6, 18.1, �5.6, �5.8 ppm; IR (film): nmax=3420,
2925, 2855, 2104, 1719, 1460, 1258, 1108, 834, 778 cm�1; HRMS (negative
ESI-TOF): m/z : calcd for C10H20N3O3Si: 258.1279, found: 258.1269
[M�H]� .


Compound 26 : H-Ile-OMe (385 mg, 2.12 mmol), EDC·HCl (343 mg,
1.79 mmol), HOAt (244 mg, 1.79 mmol) and iPr2NEt (0.85 mL,
4.88 mmol) were added to a solution of carboxylic acid 12 (422 mg,


1.63 mmol) in CH2Cl2 (25 mL). The re-
action mixture was stirred at ambient
temperature for 24 h and then concen-
trated. The residue was purified by
flash column chromatography (silica
gel, 10 ! 20 % EtOAc in hexanes) af-
fording compound 26 as a colorless oil


(573 mg, 1.48 mmol, 91 %). Rf=0.43 (silica gel, 20% EtOAc in hexanes);
[a]25


D =++38.6 (c=0.9, CHCl3); 1H NMR (500 MHz, CDCl3): d = 7.10 (d,
J=8.5 Hz, 1 H), 4.51 (dd, J=8.5, 5.0 Hz, 1H), 3.87 (d, J=10.3 Hz, 1H),
3.82 (d, J=10.3 Hz, 1H), 3.74 (s, 3H), 1.91–1.87 (m, 1H), 1.50 (s, 3H),
1.46–1.41 (m, 1H), 1.21–1.15 (m, 1H), 0.93–0.86 (m, 15 H), 0.09 (s, 3H),
0.08 ppm (s, 3H); 13C NMR (125 MHz, CDCl3): d = 171.9, 170.4, 68.4,
67.8, 56.5, 52.1, 37.8, 25.7, 25.1, 19.1, 18.2, 15.5, 11.5, �5.6, �5.7 ppm; IR
(film): nmax=3416, 2959, 2932, 2858, 2119, 1746, 1688, 1682, 1514, 1463,
1384, 1362, 1258, 1208, 1108, 1006, 840, 779 cm�1; HRMS (ESI-TOF):
m/z : calcd for C17H35N4O4Si: 387.2422, found: 387.2423 [M+H]+ .


Compound 27: A solution of TBS-protected dipeptide 26 (572.8 mg,
1.48 mmol) in DMF (50 mL) was cooled to 0 8C. NaH (60 % in mineral
oil, 179 mg, 4.48 mmol) was added followed by iodomethane (0.370 mL,


5.93 mmol) after 20 min. The reaction
mixture was stirred at 0 8C for 45 min
before it was partitioned between
Et2O (50 mL) and sat aq NH4Cl
(50 mL). The organic layer was
washed with brine (50 mL), the aq
layers were re-extracted with Et2O


(2 O 50 mL), and the combined organic layer was dried (MgSO4). Filtra-
tion, followed by evaporation and flash column chromatography (silica
gel, 9% EtOAc in hexanes) gave pure compound 27 (572.5 mg, 96 %) as
a colorless oil. Rf=0.59 (silica gel, 20% EtOAc in hexanes); [a]25


D =�67.1
(c=0.8, CHCl3); 1H NMR (600 MHz, CDCl3): d = 4.82 (d, J=10.8 Hz,
1H), 4.10 (br d, J=9.6 Hz, 1 H), 3.83 (d, J=10.2 Hz, 1 H), 3.72 (br s, 3H),
3.26 (br s, 3 H), 2.05 (m, 1 H), 1.46 (br m, 4H), 1.10–1.07 (m, 1H), 0.97 (d,
J=6.6 Hz, 3 H), 0.91–0.88 (m, 13 H), 0.10 (s, 3 H), 0.09 ppm (s, 3H);
13C NMR (150 MHz, CDCl3): d = 172.0, 171.2, 69.5, 67.3, 61.9, 51.8, 32.7,
31.9, 30.3, 25.7, 25.1, 19.2, 18.2, 15.9, 10.6, �5.6, �5.7 ppm; IR (film):
nmax=2958, 2932, 2858, 2112, 1742, 1650, 1462, 1393, 1257, 1200, 1106,
1068, 1006, 838, 778 cm�1; HRMS (ESI-TOF): m/z : calcd for
C18H37N4O4Si: 401.2578, found: 401.2581 [M+H]+ .


Compound 29a : Decanoic acid 10a (514 mg, 1.98 mmol), H-Ala-
OMe·HCl (1.122 g, 8.00 mmol), HOAt (1.081 g, 8.00 mmol) and
EDC·HCl (1.926 g, 10.0 mmol) were dissolved in DMF (20 mL) and
iPr2NEt (2.7 mL, 20 mmol) was added. The solution was stirred at ambi-
ent temperature for 16 h and then partitioned between Et2O (50 mL) and


1m aq HCl (100 mL). The organic
layer was washed with brine (100 mL),
the aq layers were re-extracted with
Et2O (2 O 50 mL), and the combined or-
ganic layer was dried (Na2SO4), filtered
and evaporated. The residue was puri-
fied by column chromatography (silica


gel, 45% EtOAc in hexanes) yielding amide 29a (640 mg, 1.85 mmol,
94%) as a slightly yellowish viscous oil. Rf=0.43 (silica gel, 50% EtOAc
in hexanes); [a]25


D =�11.9 (c=1.6, CHCl3); 1H NMR (400 MHz, CDCl3):
d=6.81 (d, J=7.0 Hz, 1 H), 4.52 (dt, J=7.2 Hz, 1H), 3.80 (d, J=6.8 Hz,
1H), 3.72 (s, 3 H), 3.42 (dd, J=6.8, 2.0 Hz, 1 H), 3.29 (s, 3 H), 3.10 (m,
1H), 1.64 (m, 1H), 1.48–1.27 (m, 8H), 1.37 (d, J=7.2 Hz, 3H), 1.31 (s,
3H), 1.13 (s, 3H), 0.88 (t, J=7.1 Hz, 3H), 0.76 ppm (d, J=6.8 Hz, 3H);
13C NMR (100 MHz, CDCl3): d=178.0, 173.6, 80.9, 80.8, 56.5, 52.4, 47.9,
44.4, 35.6, 34.7, 31.2, 31.1, 26.9, 21.5, 18.5, 17.9, 14.3, 13.0 ppm; IR (film):
nmax=3324, 2938, 2864, 1742, 1636, 1531, 1452, 1374, 1213, 1177, 1149,
1094, 983 cm�1; HRMS (ESI-TOF): m/z : calcd for C18H36NO5: 346.2593,
found: 346.2583 [M+H]+ .


Compound 29b (prepared from 10b in 84% yield): Rf=0.39 (silica gel,
50% EtOAc in hexanes); [a]25


D =�9.2 (c=1.4, CHCl3); 1H NMR
(400 MHz, CDCl3): d=6.83 (d, J=
7.0 Hz, 1 H), 4.52 (dt, J=7.0 Hz, 1H),
3.80 (d, J=6.6 Hz, 1H), 3.73 (s, 3H),
3.43 (dd, J=6.6, 2.0 Hz, 1H), 3.30 (s,
3H), 3.08 (m, 1H), 1.64 (m, 1H),
1.62–1.25 (m, 9H), 1.38 (d, J=7.1 Hz,
3H), 1.31 (s, 3 H), 1.13 (s, 1H), 0.89 (t,
J=7.0 Hz, 3 H), 0.76 ppm (d, J=
6.6 Hz, 3H); 13C NMR (100 MHz,
CDCl3): d=178.0, 173.6, 81.1, 80.7, 56.5, 52.4, 47.8, 44.3, 35.6, 34.7, 31.4,
31.1, 27.0, 21.5, 18.4, 17.9, 14.2, 13.0 ppm; IR (film): nmax=3316, 2960,
2936, 2865, 1739, 1638, 1530, 1447, 1376, 1210, 1175, 1145, 1091, 985 cm�1;
HRMS (ESI-TOF): m/z : calcd for C18H36NO5: 346.2593, found: 346.2582
[M+H]+ .


Compound 29c (prepared from decanoic acid 10c in 88% yield): Rf=


0.20 (silica gel, 33% EtOAc in hexanes); [a]25
D =++6.5 (c=0.6, CHCl3);


1H NMR (500 MHz, CDCl3): d=6.85
(d, J=7.0 Hz, 1 H), 4.53 (d, J=7.0 Hz,
1H), 3.97 (d, J=7.4 Hz, 1H), 3.73 (s,
3H), 3.40 (dd, J=7.0, 1.8 Hz, 1 H), 3.29
(s, 3H), 3.10–3.06 (m, 1H), 1.65–1.62
(m, 1H), 1.38 (d, J=7.4 Hz, 3H), 1.31
(s, 3H), 1.49–1.24 (m, 8H), 1.12 (s,
3H), 0.88 (d, J=7.2 Hz, 3H), 0.75 ppm
(d, J=7.0 Hz, 3 H); 13C NMR
(125 MHz, CDCl3): d = 178.1, 173.6, 81.2, 81.1, 56.5, 52.5, 47.8, 44.0,
35.6, 34.9, 31.3, 31.3, 27.3, 21.8, 18.4, 18.2, 14.3, 12.8 ppm; IR (film):
nmax=3323, 2960, 2924, 2875, 1747, 1644, 1529, 1457, 1208, 1178, 1093,
984 cm�1; HRMS (ESI-TOF): m/z : calcd for C18H36NO5: 346.2588, found:
346.2582 [M+H]+ .


Compound 29d (prepared from decanoic acid 10d in 84% yield): Rf=


0.20 (silica gel, 33% EtOAc in hexanes); [a]25
D =++13.3 (c=1.2, CHCl3);


1H NMR (600 MHz, CDCl3): d = 6.83
(d, J=7.0 Hz, 1H), 4.52–4.49 (m, 1H),
3.99 (d, J=7.0 Hz, 1H), 3.72 (s, 3H),
3.39 (d, J=5.3 Hz, 1H), 3.27 (s, 3H),
3.10–3.06 (m, 1 H), 1.65–1.61 (m, 1H),
1.37 (d, J=7.0 Hz, 3H), 1.30 (s, 3H),
1.46–1.25 (m, 8 H), 1.11 (s, 3 H), 0.97
(t, J=7.0 Hz, 3H), 0.74 ppm (d, J=
6.5 Hz, 3H); 13C NMR (150 MHz,
CDCl3): d = 178.1, 173.5, 81.2, 80.9, 56.5, 52.4, 47.8, 44.0, 35.6, 34.8, 31.2,
31.2, 27.2, 21.7, 18.4, 18.1, 14.3, 12.8 ppm; IR (film): nmax=3320, 2957,
2933, 2872, 1746, 1643, 1522, 1455, 1376, 1310, 1213, 1176, 1092, 983 cm�1;
HRMS (ESI-TOF): m/z : calcd for C18H36NO5: 346.2588, found: 346.2584
[M+H]+ .


Compound 30a : A solution of (S)-2-azido propionic acid[15] (4.28 g,
37.2 mmol) in DMF (19 mL) was cooled (NaCl ice bath) and oxalyl chlo-
ride (2.85 mL, 32.8 mmol) was added
cautiously. The solution was allowed
to reach ambient temperature and was
stirred for 0.5 h. The resulting mixture
was then slowly added to a cooled
(NaCl ice bath) solution of hydroxy
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amide 29a (592 mg, 1.71 mmol), 4-DMAP (115 mg, 0.943 mmol) and
Et3N (6.50 mL, 46.7 mmol) in DMF (10 mL). The reaction mixture was
stirred at 50 8C for 24 h. After cooling to 25 8C, the mixture was parti-
tioned between EtOAc (100 mL) and sat aq NaHCO3 (200 mL). The or-
ganic layer was washed with 1m aq HCl (200 mL) and with brine
(200 mL), the aq layers were re-extracted with EtOAc (2 O 100 mL), and
the combined organic layer was dried (Na2SO4). After filtration and
evaporation, the residue was purified by flash column chromatography
(silica gel, 25 % EtOAc in hexanes) to yield ester 30a (712 mg,
1.609 mmol, 94%) as a reddish oil. Rf=0.63 (silica gel, Et2O); [a]25


D =


+1.0 (c=0.95, CHCl3); 1H NMR (600 MHz, CDCl3): d=6.59 (d, J=
6.9 Hz, 1H), 5.07 (d, J=1.9 Hz, 1H), 4.51 (m, 1 H), 4.08 (m, 1 H), 3.71 (s,
3H), 3.25 (s, 3H), 3.05 (m, 1 H), 1.82 (m, 1 H), 1.51 (d, J=7.1 Hz, 3H),
1.52–1.38 (m, 3H), 1.36 (d, J=7.2 Hz, 3H), 1.35–1.23 (m, 5H), 1.19 (s,
3H), 1.18 (s, 3H), 0.88–0.83 ppm (m, 6 H); 13C NMR (150 MHz, CDCl3):
d=174.5, 173.5, 170.1, 82.1, 80.5, 57.9, 56.3, 52.3, 48.1, 45.9, 35.6, 34.1,
31.4, 31.0, 23.7, 22.5, 18.4, 17.9, 16.9, 14.6, 14.1 ppm; IR (film): nmax=


3397, 2948, 2869, 2820, 2102, 1742, 1657, 1518, 1448, 1379, 1339, 1304,
1259, 1194, 1095, 935 cm�1; HRMS (ESI-TOF): m/z : calcd for
C21H39N4O6: 443.2864, found: 443.2859 [M+H]+ .


Compound 30b (prepared from 29b in 65% yield): Rf=0.35 (silica gel,
33% EtOAc in hexanes); [a]25


D =++2.7 (c=0.2, CHCl3); 1H NMR
(500 MHz, CDCl3): d=6.59 (d, J=
6.9 Hz, 1 H), 5.07 (d, J=2.8 Hz, 1H),
4.53 (dt, J=7.1 Hz, 1H), 4.09 (q, J=
7.1 Hz, 1H), 3.72 (s, 3H), 3.27 (s, 3H),
1.84 (m, 1H), 1.53 (d, J=7.0 Hz, 3H),
1.47–1.40 (m, 3H), 1.39 (d, J=7.1 Hz,
3H), 1.30–1.20 (m, 5 H), 1.19 (s, 3H),
1.19 (s, 3 H), 1.19–1.13 (m, 1 H), 0.89–
0.86 ppm (m, 6H); 13C NMR


(125 MHz, CDCl3): d=174.6, 173.6, 170.1, 82.2, 80.6, 58.0, 56.3, 52.4, 48.2,
45.9, 35.5, 34.2, 31.3, 30.8, 23.9, 22.6, 18.5, 18.0, 17.0, 14.7, 14.2 ppm; IR
(film): nmax=3402, 2929, 2864, 2100, 1743, 1636, 1517, 1452, 1253, 1195,
1092 cm�1; HRMS (ESI-TOF): m/z : calcd for C21H39N4O6: 443.2864,
found: 443.2862 [M+H]+ .


Compound 30c (prepared from 29c in 95% yield): Rf=0.39 (silica gel,
33% EtOAc in hexanes); [a]25


D =++23.7 (c=0.8, CHCl3); 1H NMR
(500 MHz, CDCl3): d = 6.67 (d, J=
6.5 Hz, 1 H), 5.06 (d, J=2.6 Hz, 1H),
4.51 (dq, J=7.0, 6.5 Hz, 1H), 4.12 (q,
J=7.0 Hz, 1H), 3.73 (s, 3 H), 3.26 (s,
3H), 3.08–3.03 (m, 1 H), 1.86–1.80 (m,
1H), 1.53 (d, J=7.0 Hz, 3H), 1.37 (d,
J=7.4 Hz, 3 H), 1.61–1.22 (m, 8H),
1.18 (s, 6H), 0.87 (t, J=7.0 Hz, 3H),
0.83 ppm (d, J=6.8 Hz, 3H);


13C NMR (125 MHz, CDCl3): d = 174.7, 173.5, 170.3, 82.3, 80.6, 57.6,
56.3, 52.4, 48.2, 46.0, 35.5, 34.1, 31.4, 30.7, 23.8, 22.7, 18.5, 18.4, 16.8, 14.4,
14.2 ppm; IR (film): nmax=3396, 2960, 2935, 2875, 2100, 1747, 1669, 1517,
1457, 1378, 1196, 1093, 936 cm�1; HRMS (ESI-TOF): m/z : calcd for
C21H39N4O6: 443.2864, found: 443.2864 [M+H]+ .


Compound 30d (prepared from 29d in 98% yield): Rf=0.39 (silica gel,
33% EtOAc in hexanes); [a]25


D =++26.6 (c=0.9, CHCl3); 1H NMR
(600 MHz, CDCl3): d = 6.65 (d, J=
6.1 Hz, 1 H), 5.06 (d, J=2.6 Hz, 1H),
4.53–4.48 (m, 1H), 4.11 (q, J=7.0 Hz,
1H), 3.72 (s, 3 H), 3.26 (s, 3H), 3.07–
3.03 (m, 1 H), 1.84–1.80 (m, 1 H), 1.54
(d, J=8.8 Hz, 3 H), 1.37 (d, J=7.0 Hz,
3H), 1.45–1.26 (m, 8 H), 1.18 (s, 6H),
0.87 (t, J=7.0 Hz, 3H), 0.83 ppm (d,
J=6.6 Hz, 3H); 13C NMR (150 MHz,


CDCl3): d = 174.7, 173.5, 170.3, 82.3, 80.6, 57.6, 56.3, 52.4, 48.2, 46.0,
35.5, 34.1, 31.4, 30.8, 23.8, 22.7, 18.5, 18.4, 16.8, 14.,4, 14.2 ppm; IR (film):
nmax=3393, 2956, 2932, 2885, 2097, 1746, 1649, 1515, 1455, 1376, 1303,
1195, 1092, 934 cm�1; HRMS (ESI-TOF): m/z : calcd for C21H39N4O6:
443.2864, found: 443.2868 [M+H]+ .


Compound 32a : An aq nBu4NOH solution (40 %, 2.0 mL, 3.1 mmol) at
0 8C was added to a solution of methyl ester 27 (620 mg, 1.55 mmol) in
THF (30 mL). The solution was stirred for 6 h at this temperature and
then partitioned between a pre-cooled (0 8C) mixture of Et2O (100 mL)
and 1m aq HCl (100 mL). The organic layer was washed with brine
(100 mL) and the aq layers were re-extracted with Et2O (2 O 50 mL). The
combined organic layer was dried (Na2SO4), filtered and evaporated
(during the work-up the temperature was kept at approximately 0 8C),
yielding crude acid 28 (430 mg, ca. 1.1 mmol, 70 %) which was subse-
quently coupled to amine 31a without further purification.


Under an Ar atmosphere, Pd (10 % on activated charcoal, 190 mg) was
suspended in EtOH (20 mL). Azide 30a (340 mg, 0.768 mmol) was added
as a solution in EtOH (total volume 4 mL) and the mixture was saturated
with H2 at ambient temperature. After 2 h, the H2 was exchanged with
Ar, the catalyst was filtered off and the filtrate was concentrated to
afford the crude amine 31a. The residue was dried by azeotropic distilla-
tion with toluene (3 O 10 mL).


Amine 31a and acid 28 obtained above were dissolved in DMF (10 mL)
and at 0 8C, HOAt (384 mg, 2.82 mmol), PyOAP (1.669 mg, 3.19 mmol)
and iPr2NEt (0.64 mL, 3.70 mmol) were added. The resulting solution
was stirred for 20 h at ambient temperature and then partitioned between
Et2O (50 mL) and sat aq NH4Cl (100 mL). The organic layer was washed
with brine (100 mL) and the aq layers were re-extracted with Et2O (2 O
50 mL). The combined organic layer was dried (Na2SO4), filtered, evapo-
rated and purified by flash column chromatography (silica gel, 30%
EtOAc in hexanes) yielding depsipeptide 32a (430 mg, 0.548 mmol, 71 %
from azide 30a) as a yellowish oil. Rf=0.31 (silica gel, 25 % EtOAc in
hexanes); [a]25


D =�69.7 (c=1.2, CHCl3); 1H NMR (400 MHz, CDCl3): d=
6.77 (d, J=7.4 Hz, 1 H), 6.60 (d, J=6.7 Hz, 1H), 5.07 (d, J=2.8 Hz, 1H),
4.58–4.52 (m, 3H), 4.15 (d, J=9.9 Hz, 1 H), 3.81 (d, J=9.9 Hz, 1H), 3.45
(s, 3H), 3.29 (s, 3H), 3.20 (s, 3 H), 3.07 (m, 1 H), 2.16 (m, 1 H), 1.79 (m,
1H), 1.61–1.43 (m, 2H), 1.42 (d, J=7.1 Hz, 3H), 1.41 (d, J=7.1 Hz, 3H),
1.41–1.36 Hz (m, 2 H), 1.36 (s, 3 H), 1.36–1.20 (m, 6H), 1.20 (s, 3H), 1.19
(s, 3 H), 1.03 (m, 1 H), 0.93–0.84 (m, 20H), 0.10 (s, 3 H), 0.09 ppm (s,
3H); 13C NMR (100 MHz, CDCl3): d=174.6, 173.5, 172.0, 171.7, 169.3,
81.5, 80.5, 69.8, 67.3, 61.9, 56.3, 52.3, 48.1, 48.0, 45.9, 35.6, 34.3, 31.3, 31.1,
31.1, 30.6, 30.2, 25.6, 24.3, 23.4, 22.8, 19.1, 18.4, 18.1, 18.0, 17.9, 15.5, 14.8,
14.2, 10.1, �5.6, �5.8 ppm; IR (film): nmax=3342, 2955, 2941, 2865, 2097,
1743, 1666, 1619, 1519, 1455, 1378, 1255, 1190, 1091, 838, 779 cm�1;
HRMS (ESI-TOF): m/z : calcd for C38H73N6O9Si: 785.5203, found:
785.5189 [M+H]+ .


Compound 32b (prepared from 30b in 64% yield): Rf=0.29 (silica gel,
25% EtOAc in hexanes): [a]25


D =�66.2 (c=0.6, CHCl3); 1H NMR
(500 MHz, CDCl3): d= 6.74 (d, J=7.4 Hz, 1 H), 6.57 (d, J=6.9 Hz, 1 H),
5.04 (d, J=2.7 Hz, 1 H), 4.54–4.49 (m, 3 H), 4.11 (d, J=9.9 Hz, 1H), 3.78
(d, J=9.9 Hz, 1 H), 3.71 (s, 3H), 3.25 (s, 3H), 3.16 (s, 3 H), 3.04 (m, 1 H),
2.10 (m, 1 H), 1.78 (m, 1 H), 1.57–1.13 (m, 25H), 1.01 (m, 1H), 0.96–0.82
(m, 20 H), 0.07 (s, 3 H), 0.05 ppm (s, 3H); 13C NMR (125 MHz, CDCl3):
d=174.5, 173.6, 172.1, 171.8, 169.3, 81.7, 80.7, 69.8, 67.4, 62.0, 56.3, 52.4,
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48.2, 48.1, 46.0, 35.5, 34.4, 31.3, 30.9, 30.6, 25.7, 24.4, 23.5, 22.9, 19.2, 18.4,
18.2, 18.1, 17.9, 15.6, 15.4, 14.7, 14.2, 10.2, �5.6, �5.7 ppm; IR (film):
nmax=3342, 2931, 2860, 2108, 1743, 1666, 1631, 1519, 1455, 1373, 1255,
1096, 832, 779 cm�1; HRMS (ESI-TOF): m/z : calcd for C38H73N6O9Si:
785.5203, found: 785.5198 [M+H]+ .


Compound 32c (prepared from 30c in 40% yield): Rf=0.32 (silica gel,
33% EtOAc in hexanes): [a]25


D =�51.9 (c=0.5, CHCl3); 1H NMR
(500 MHz, CDCl3): d = 6.96 (d, J=6.8 Hz, 1H), 6.71 (d, J=6.5 Hz, 1H),
4.97 (d, J=2.0 Hz, 1 H), 4.58–4.51 (m, 3 H), 4.12 (d, J=10.0 Hz, 1H), 3.79
(d, J=10.0 Hz, 1H), 3.72 (s, 3 H), 3.26 (s, 3H), 3.18 (s, 3 H), 3.10–3.00 (m,
1H), 2.15–2.01 (m, 1 H), 1.85–1.81 (m, 1H), 1.46–1.26 (m, 16H), 1.18 (s,
3H), 1.17 (s, 3 H), 1.13–0.99 (m, 2H), 0.88 (s, 9 H), 0.88–0.72 (m, 12 H),
0.08 (s, 3H), 0.07 ppm (s, 3 H); 13C NMR (150 MHz, CDCl3): d = 174.9,
173.7, 172.4, 172.1, 169.7, 81.7, 80.6, 69.8, 67.5, 61.9, 56.3, 52.3, 48.5, 48.1,
45.7, 35.6, 34.1, 31.3, 31.1, 30.8, 30.7, 25.7, 24.6, 24.4, 23.0, 19.3, 18.5, 18.3,
18.2, 17.8, 15.5, 14.3, 14.0, 10.2, �5.6, �5.7 ppm; IR (film): nmax=3372,
3311, 2960, 2924, 2875, 2112, 1747, 1668, 1620, 1505, 1462, 1359, 1251,
1196, 1160, 1099, 1069, 845 cm�1; HRMS (ESI-TOF): m/z : calcd for
C38H73N6O9Si: 785.5203, found: 785.5202 [M+H]+ .


Compound 32d (prepared from 30d in 46% yield): Rf=0.32 (33 %
EtOAc in hexanes); [a]25


D =�53.0 (c=0.6, CHCl3); 1H NMR (600 MHz,
CDCl3): d=6.95 (d, J=6.6 Hz, 1 H), 6.70 (d, J=6.5 Hz, 1H), 4.97 (d, J=
1.7 Hz, 1 H), 4.57–4.53 (m, 3H), 4.12 (d, J=9.9 Hz, 1 H), 3.80 (d, J=
9.9 Hz, 1 H), 3.72 (s, 3 H), 3.26 (s, 3 H), 3.18 (s, 3H), 3.06–3.02 (m, 1H),
2.12–2.08 (m, 1H), 1.84–1.81 (m, 1H), 1.59 (s, 3 H), 1.46–1.20 (m, 15H),
1.18 (s, 3H), 1.17 (s, 3H), 1.06–0.99 (m, 1H), 0.92–0.87 (m, 15H), 0.84 (t,
J=7.4 Hz, 3H), 0.81 (d, J=7.0 Hz, 3 H), 0.08 (s, 3 H), 0.07 ppm (s, 3H);
13C NMR (150 MHz, CDCl3): d = 174.9, 173.6, 172.4, 172.1, 169.7, 81.7,
80.6, 69.8, 67.4, 61.9, 56.4, 52.3, 48.5, 48.1, 45.7, 35.7, 34.1, 31.3, 31.2, 31.1,
30.8, 25.7, 24.6, 24.4, 23.0, 19.3, 18.4, 18.3, 18.2, 17.8, 15.5, 14.3, 14.0, 10.2,
�5.6, �5.7 ppm; IR (film): nmax=3381, 3320, 2957, 2932, 2860, 2108, 1746,
1655, 1618, 1522, 1461, 1382, 1255, 1195, 1158, 1098, 1067, 837 cm�1;
HRMS (ESI-TOF): m/z : calcd for C38H73N6O9Si: 785.5203, found:
785.5200 [M+H]+ .


Compound 33a : Methyl ester 32a (61.8 mg, 0.079 mmol) was dissolved in
1,2-dichloroethane (5 mL). The solution was degassed with Ar and
Me3SnOH (290 mg, 1.60 mmol) was added. The reaction vessel was
sealed and heated to 50 8C for 18 h. After cooling to 25 8C, the suspension
was diluted with CH2Cl2 (20 mL) and evaporated. The residue was dis-
solved in Et2O (20 mL) and washed with 1m aq HCl (50 mL) and subse-


quently with brine (50 mL). The aq layers were re-extracted with Et2O
(3 O 20 mL) and the combined organic layers dried (Na2SO4), filtered and
evaporated. The crude product was purified by flash column chromatog-
raphy (silica gel, 40% EtOAc in hexanes with 2% AcOH) to give acid
33a (57.8 mg, 0.075 mmol, 95 %) as a colorless viscous oil. Rf=0.20
(silica gel, 40 % EtOAc in hexanes with 2 % AcOH); [a]25


D =�36.8 (c=
0.6, CHCl3); 1H NMR (600 MHz, CDCl3): d = 6.93 (d, J=7.9 Hz, 1H),
6.63 (d, J=7.0 Hz, 1 H), 5.06 (d, J=2.6 Hz, 1H), 4.58–4.50 (m, 3H), 4.09
(d, J=10.1 Hz, 1 H), 3.79 (d, J=10.1 Hz, 1H), 3.26 (s, 3H), 3.20 (s, 3H),
3.06 (m, 1H), 2.09 (m, 1 H), 1.78 (m, 1H), 1.45–1.21 (m, 13H), 1.41 (d,
J=7.2 Hz, 3 H), 1.38 (d, J=7.1 Hz, 3 H), 1.18 (s, 3H), 1.17 (s, 3H), 1.00
(m, 1 H), 0.91–0.81 (m, 12H), 0.87 (s, 9H), 0.07 (s, 3 H), 0.06 ppm (s,
3H); 13C NMR (150 MHz, CDCl3): d = 175.4, 175.4, 172.2, 171.5, 169.3,
81.3, 80.7, 69.7, 67.4, 62.1, 56.2, 48.2, 48.1, 46.1, 35.5, 34.2, 31.3, 31.3, 31.0,
30.7, 30.2, 29.6, 25.6, 24.3, 23.5, 22.0, 18.4, 18.4, 18.1, 17.9, 17.5, 15.5, 14.9,
14.2, 10.1, �5.6, �5.8 ppm; IR (film): nmax=3331, 2931, 2861, 2108, 1737,
1684, 1625, 1461, 1373, 1255, 1196, 1108, 1061, 844 cm�1; HRMS (ESI-
TOF): m/z : calcd for C37H71N6O9Si: 771.5029, found: 771.5029 [M+H]+ .


Compound 33b (prepared from methyl ester 32b in 92 % yield): Rf=0.20
(silica gel, 40 % EtOAc in hexanes with 2 % AcOH); [a]25


D =�31.2 (c=
0.7, EtOH); 1H NMR (500 MHz, CDCl3): d= 6.91 (d, J=7.6 Hz, 1H),
6.54 (d, J=6.9 Hz, 1 H), 5.05 (d, J=2.2 Hz, 1H), 4.56 (m, 2 H), 4.52 (m,
1H), 4.08 (d, J=10.0 Hz, 1H), 3.77 (d, J=10.0 Hz, 1H), 3.26 (s, 3H),
3.19 (s, 3 H), 3.06 (m, 1H), 2.10 (m, 1 H), 1.79 (m, 1 H), 1.45–1.18 (m,
19H), 1.18 (s, 3 H), 1.16 (s, 3 H), 0.98 (m, 1 H), 0.91–0.81 (m, 12 H), 0.87
(s, 9H), 0.06 (s, 3 H), 0.05 ppm (s, 3 H); 13C NMR (125 MHz, CDCl3): d=
175.5, 175.5, 172.2, 171.4, 169.2, 81.4, 80.8, 69.7, 67.4, 62.1, 56.3, 48.2, 48.1,
46.2, 35.5, 34.2, 31.4, 31.3, 30.9, 30.8, 29.7, 25.7, 24.3, 23.5, 21.8, 19.1, 18.4,
18.2, 17.8, 17.5, 15.6, 14.8, 14.2, 10.2, �5.6, �5.8 ppm; IR (film): nmax=


3331, 2931, 2861, 2108, 1737, 1684, 1625, 1461, 1373, 1255, 1196, 1108,
844 cm�1; HRMS (ESI-TOF): m/z : calcd for C37H71N6O9Si: 771.5029,
found: 771.5029 [M+H]+ .


Compound 33c (prepared from methyl ester 32c in 90% yield): Rf=0.21


(silica gel, EtOAc); [a]25
D =�40.4 (c=0.7, CHCl3); 1H NMR (500 MHz,


CDCl3): d = 7.13 (d, J=9.7 Hz, 1 H), 6.89 (d, J=7.5 Hz, 1H), 4.91 (d,


J=2.2 Hz, 1H), 4.69–4.63 (m, 1 H), 4.53–4.47 (m, 2H), 4.02 (d, J=


12.3 Hz, 1 H), 3.76 (d, J=12.3 Hz, 1 H), 3.26 (s, 3H), 3.20 (s, 3 H), 3.05–


3.02 (m, 1H), 2.11–2.05 (m, 1H), 1.89–1.83 (m, 1 H), 1.44–1.40 (m, 10 H),


1.38–1.22 (m, 8H), 1.18 (s, 3 H), 1.17 (s, 3 H), 1.10–0.93 (m, 2H), 0.89 (s,


9H), 0.88–0.81 (m, 10H), 0.72 (d, J=8.4 Hz, 3 H), 0.07 (s, 3H), 0.06 ppm


(s, 3H); 13C NMR (125 MHz, CDCl3): d = 175.9, 175.3, 172.2, 171.8,


168.9, 82.0, 80.6, 69.4, 67.8, 62.9, 56.4, 48.6, 48.6, 45.4, 35.5, 33.8, 31.5,


31.3, 31.3, 30.9, 30.3, 25.7, 24.9, 24.1, 22.5, 19.5, 18.4, 18.2, 18.1, 15.8, 14.2,


13.6, 10.6, �5.6, �5.7 ppm; IR (film): nmax=3329, 2957, 2920, 2858, 2117,


1743, 1620, 1527, 1459, 1385, 1255, 1194, 1150, 1101, 1070, 835, 780 cm�1;


HRMS (ESI-TOF): m/z : calcd for C37H71N6O9Si: 771.5046, found:


771.5051 [M+H]+ .
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Compound 33d (prepared from methyl ester 32d in 88 % yield): Rf=0.36
(silica gel, 5 % MeOH in EtOAc); [a]25


D =�38.3 (c=3.2, CHCl3);
1H NMR (400 MHz, CDCl3): d = 6.95 (br s, 1 H), 6.89 (d, J=6.2 Hz,
1H), 4.95 (br s, 1 H), 4.66–4.59 (m, 1H), 4.53 (d, J=11.1 Hz, 1 H), 4.47
(m, 1 H), 4.06 (d, J=9.8 Hz, 1H), 3.77 (d, J=9.8 Hz, 1 H), 3.26 (s, 3H),
3.19 (s, 3H), 3.07–3.01 (m, 1H), 2.14–2.05 (m, 1 H), 1.86–1.81 (m, 1H),
1.56–1.19 (m, 19H), 1.17 (s, 6H), 1.08–0.95 (m, 1 H), 0.88–0.81 (m, 18H),
0.73 (d, J=9.1 Hz, 3H), 0.07 (s, 3H), 0.06 ppm (s, 3H); 13C NMR
(100 MHz, CDCl3): d = 175.0, 172.1, 172.0, 169.1, 81.8, 80.7, 69.6, 67.7,
62.6, 56.4, 48.7, 48.5, 45.6, 35.7, 33.9, 31.6, 31.4, 31.1, 31.1, 25.7, 24.2, 22.8,
19.4, 18.5, 18.4, 18.2, 18.1, 15.8, 14.2, 14.0, 10.4, �5.6, �5.7 ppm; IR
(film): nmax=3342, 2955, 2919, 2861, 2108, 1743, 1619, 1537, 1455, 1384,
1255, 1190, 1155, 1096, 838, 779 cm�1; HRMS (ESI-TOF): m/z : calcd for
C37H71N6O9Si: 771.5046, found: 771.5039 [M+H]+ .


Compound 35a : Pd(OH)2 (20 % on activated charcoal, 200 mg) was sus-
pended in EtOH (8 mL). The mixture was stirred for 0.5 h under an at-
mosphere of H2 and subsequently degassed with Ar. Azide 33a (61.8 mg,
0.080 mmol), dissolved in EtOH (2 mL), was added and the mixture was
stirred for 0.5 h under an atmosphere of H2. After saturation with Ar, the
catalyst was filtered off, the filtrate was evaporated, and the residue was
taken up in toluene (3 O 5 mL) and evaporated to dryness. The resulting


crude amino acid 34a was dissolved in CH2Cl2 (40 mL) and the resulting
solution was added to a solution of HATU (45.4 mg, 0.120 mmol), HOAt
(32.7 mg, 0.241 mmol) and iPr2NEt (40 mL, 0.24 mmol) in CH2Cl2


(40 mL) over a period of 4 h at ambient temperature. After 17 h of stir-
ring, the solution was concentrated to approximately 20 mL and washed
with sat aq NaHCO3 (50 mL) and then with brine (50 mL). The aq layers
were re-extracted with CH2Cl2 (2 O 20 mL) and the combined organic
layer was dried (Na2SO4), filtered and evaporated. The crude product
was purified by flash column chromatography (silica gel, 55 % EtOAc in
hexanes) yielding macrocycle 35a (43.3 mg, 0.060 mmol, 74%) as a white
wax. 35a : Rf=0.28 (silica gel, 50% EtOAc in hexanes); [a]25


D =�38.0 (c=
0.6, CHCl3); 1H NMR (300 MHz, CDCl3, spectrum contains at least three
sets of poorly resolved signals due to hindered rotation): d= 7.85 (br s,
1H), 7.76 (br s, 1H), 7.54 (d, J=6.9 Hz, 1H), 7.37 (d, J=6.4 Hz, 1H),
7.26 (br s, 1 H), 7.00 (d, J=6.1 Hz, 1H), 4.92 (d, J=2.5 Hz, 1 H), 4.90
(br s, 2H), 4.79–4.57 (m, 5H), 4.48 (m, 2 H), 4.31 (br d, J=8 Hz, 1H), 4.21
(d, J=10.1 Hz, 2H), 4.12–3.99 (m, 1 H), 3.91–3.67 (m, 2H), 3.84 (d, J=
10.1 Hz, 2H), 3.61 (br s, J=8 Hz, 1 H), 3.26 (s, 3H), 3.25 (s, 3H), 3.08–
3.00 (br s, 3 H), 3.02 (s, 3H), 2.75 (m, 1 H), 2.69 (s, 3H), 2.04–1.93 (m,
1H), 1.93–1.77 (m, 3H), 1.59–0.73 (m), 0.07–0.00 ppm (m, 15H);
13C NMR (75 MHz, CDCl3, at least two sets of poorly resolved signals):
d= 175.9, 175.5, 174.5, 172.3, 171.9, 170.0, 170.3, 169.4, 167.7, 164.4, 81.3,
80.6, 80.5, 80.3, 77.2, 69.2, 65.7, 64.3, 64.1, 61.1, 59.8, 56.5, 50.2, 49.9, 48.8,
48.2, 48.1, 46.4, 45.7, 39.9, 39.9, 37.6, 36.2, 35.6, 34.6, 33.6, 33.3, 31.7, 31.6,
31.4, 31.3, 30.9, 30.6, 29.7, 26.9, 26.6, 25.9, 25.8, 23.2, 21.7, 20.6, 20.5, 18.4,
18.2, 18.1, 17.9, 17.3, 16.5, 16.4, 15.0, 14.8, 14.2, 12.6, 12.4, 11.9, 10.8, �5.4,
�5.5 ppm; IR (film): nmax=3370, 3301, 2956, 2927, 2858, 1744, 1675, 1636,


1518, 1459, 1380, 1252, 1212, 1094, 1065, 966, 838, 774 cm�1; HRMS (ESI-
TOF): m/z : calcd for C37H71N4O8Si: 727.5035 found: 727.5030 [M+H]+ .


Compound 35b (obtained from 33b in 73 % yield): Rf=0.24 (silica gel,
50% EtOAc in hexanes); [a]25


D =�75.1 (c=0.4, CHCl3); 1H NMR
(500 MHz, CDCl3, spectrum contains at least three sets of poorly re-
solved signals due to hindered rotation): d= 7.77 (br s, 1H), 7.63 (br s,
1H), 7.55 (d, J=6.8 Hz, 1H), 7.38 (d, J=6.4 Hz, 1 H), 7.26 (br s, 1H),
6.99 (d, J=6.1 Hz, 1H), 4.98–4.87 (m, 1.5H), 4.93 (d, J=2.5 Hz, 1H),
4.78–4.66 (br s, 1.5H), 4.69 (d, J=8.0 Hz, 1 H), 4.63 (dt, J=6.7 Hz, 1H),
4.43 (dt, J=7.1 Hz, 1 H), 4.31 (br d, J=9.1 Hz, 1 H), 4.21 (d, J=10.1 Hz,
1H), 3.91 (d, J=3.1 Hz, 0.5 H), 3.88 (d, J=10.1 Hz, 1 H), 3.80 Hz (d, J=
9.5 Hz, 0.5H), 3.69 (d, J=9.4 Hz, 0.5 H), 3.60 (br d, J=9.2 Hz, 1H), 3.26
(s, 3H), 3.24 (s, 3H), 3.12–2.98 (br s, 3 H), 3.02 (s, 3H), 2.19 (s, 1.5H),
2.04–1.75 (m, 5H), 1.68 (m, 1H), 1.62–0.74 (m, >120 H), 0.14–
[�0.06 ppm] (m, 15H); IR (film): nmax=4338, 3307, 2931, 2861, 1743,
1678, 1637, 1519, 1455, 1378, 1255, 1096, 1067, 834, 779 cm�1; HRMS
(ESI-TOF): m/z : calcd for C37H71N4O8Si: 727.5035 found: 727.5038
[M+H]+ .


Compound 35c/epi-35c (obtained from 33c ; 35c : 14 %, epi-35c : 22%).
35c : Rf=0.36 (silica gel, 5 0 % EtOAc in hexanes); [a]32


D =�55.3 (c=0.7,
CHCl3); 1H NMR (600 MHz, CDCl3): d = 7.50 (br d, J=5.2 Hz, 1H),
7.33 (d, J=6.3 Hz, 1 H), 7.13 (br s, 1 H), 6.96 (s, 1 H), 6.83 (br s, 1 H), 6.71
(d, J=5.9 Hz, 1 H), 4.90 (s, 1 H), 4.81 (s, 1 H), 4.62 (d, J=7.7 Hz, 1H),
4.62–4.51 (m, 1 H), 4.44–4.38 (m, 1H), 4.29–4.27 (m, 1 H), 4.12 (d, J=
10.3 Hz, 1 H), 3.84 (d, J=10.3 Hz, 1 H), 3.63 (br d, J=9.2 Hz, 1 H), 3.29
(s, 3H), 3.27 (s, 1 H), 3.11 (s, 1H), 3.08–3.01 (m, 1 H), 2.71 (s, 3H), 2.04–
2.00 (m, 1H), 1.87–1.80 (m, 1 H), 1.60 (s, 3H), 1.53 (s, 1H), 1.41 (s, 3 H),
1.35 (d, J=6.6 Hz, 3 H), 1.16 (s, 3H), 1.13 (s, 1 H), 1.06 (d, J=6.3 Hz,
3H), 1.46–1.19 (m, 9 H), 0.87 (s, 9H), 0.94–0.85 (m, 13H), 0.05 (s, 6 H),
0.02 ppm (s, 6H); IR (film): nmax=3305, 2962, 2928, 2873, 1744, 1683,
1638, 1516, 1455, 1256, 1095, 1067, 840, 773 cm�1; HRMS (ESI-TOF):
m/z : calcd for C37H71N4O8Si: 727.5035, found: 727.5037 [M+H]+ .


Compound epi-35c : Rf=0.28 (silica gel, 50% EtOAc in hexanes); [a]25
D =


�7.3 (c=0.2, CHCl3); 1H NMR (500 MHz, CDCl3, spectrum contains at
least two sets of poorly resolved signals due to hindered rotation): d =


6.68 (br s, 1 H), 6.64 (br d, J=7.0 Hz, 1 H), 6.38 (s, 1 H), 5.01 (d, J=
2.6 Hz, 1H), 4.98–4.95 (m, 1H), 4.50–4.45 (m, 1H), 3.90–3.88 (m, 2 H),
3.56 (d, J=10.3 Hz, 1H), 3.27 (s, 3H), 3.07–3.02 (m, 1H), 2.92 (s, 3H),
2.04–1.97 (m, 1H), 1.88–1.84 (m, 1 H), 1.70 (d, J=7.7 Hz, 3H), 1.55 (s,
3H), 1.29 (d, J=7.0 Hz, 3H), 1.24 (s, 3H), 1.16 (s, 3 H), 1.52–1.06 (m,
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9H), 1.00 (d, J=6.3 Hz, 3H), 0.91 (s, 9 H), 0.93–0.90 (m, 4 H), 0.88 (t, J=
7.0 Hz, 3H), 0.83 (t, J=7.4 Hz, 3H), 0.10 ppm (s, 6 H); 13C NMR
(125 MHz, CDCl3, signals of most abundant rotomer): d = 175.8, 172.0,
170.9, 170.7, 170.6, 80.6, 79.8, 66.0, 61.7, 56.4, 51.3, 48.5, 46.1, 35.5, 34.2,
31.3, 30.9, 30.3, 25.8, 24.4, 24.3, 22.3, 20.3, 19.4, 18.4, 18.2, 16.9, 16.8, 14.8,
14.3, 10.9, �5.4, �5.6 ppm; IR (film): nmax=3370, 3304, 2956, 2917, 2858,
1749, 1641, 1518, 1459, 1360, 1252, 1193, 1119, 1099, 961, 838, 779 cm�1;
HRMS (ESI-TOF): m/z : calcd for C37H71N4O8Si: 727.5035, found:
727.5033 [M+H]+ .


Compound 35d/epi-35d (obtained from 33d ; 35d : 25%, epi-35d : 19%).
35d : Rf=0.32 (silica gel, 50% EtOAc in hexanes); [a]25


D =�46.7 (c=0.7,
CHCl3); 1H NMR (600 MHz, CDCl3, spectrum contains at least two sets
of poorly resolved signals due to hindered rotation): d=7.52 (d, J=
6.6 Hz, 1H), 7.34 (d, J=6.0 Hz, 1H), 7.02 (br s, 1H), 6.72 (d, J=6.0 Hz,
1H), 4.91 (br s, 1 H), 4.81 (br s, 1 H), 4.63 (d, J=8.4 Hz, 1H), 4.59–4.54
(m, 1 H), 4.42–4.39 (m, 1H), 4.29 (br d, J=9.6 Hz, 1 H), 4.12 (d, J=
9.6 Hz, 1 H), 3.84 (d, J=9.6 Hz, 1 H), 3.63 (br d, J=9.6 Hz, 1H), 3.30–
3.27 (m, 3H), 3.10 (s, 3H), 3.05 (m, 1H), 2.70 (s, 1H), 2.02 (m, 1 H),
1.84–1.79 (m, 1H), 1.62–1.60 (m, 3 H), 1.53 (s, 3 H), 1.35 (d, J=6.6 Hz,
3H), 1.23 (s, 3H), 1.15 (s, 3 H), 1.72–1.07 (m, 10H), 0.92–0.87 (m, 18H),
0.64 (d, J=5.4 Hz, 1H), 0.57 (d, J=6.6 Hz, 3 H), 0.04 (s, 6 H), 0.02 ppm
(s, 1 H); 13C NMR (75 MHz, CDCl3, major signals): d = 175.3, 174.8,
174.7, 172.7, 172.5, 171.7, 171.5, 169.7, 169.3, 81.4, 81.3, 80.8, 80.7, 64.7,
64.7, 60.7, 60.3, 56.5, 50.3, 49.6, 49.4, 48.6, 45.1, 44.9, 36.4, 35.7, 33.9, 33.7,
33.5, 31.7, 31.6, 31.4, 31.2, 31.0, 29.7, 26.6, 25.9, 25.8, 25.6, 22.6, 22.2, 19.5,
19.4, 18.5, 18.3, 18.2, 18.1, 17.7, 14.3, 14.1, 13.3, 12.9, �5.3, �5.2 ppm; IR
(film): nmax=3303, 2944, 2920, 2585, 1743, 1638, 1515, 1459, 1373, 1249,
1095, 1064, 959, 835, 774 cm�1; HRMS (ESI-TOF): m/z : calcd for
C37H71N4O8Si: 727.5035, found: 727.5036 [M+H]+ .


Compound epi-35d : Rf=0.24 (silica gel, 50 % EtOAc in hexanes); [a]25
D =


�8.8 (c=0.5, CHCl3); 1H NMR (500 MHz, CDCl3, spectrum contains at
least two sets of poorly resolved signals due to hindered rotation): d =


6.74–6.65 (br s, 1 H), 6.66 (d, J=7.4 Hz, 1H), 6.45 (br s, 1 H), 6.03 (br s,
1H), 5.00 (d, J=2.3 Hz, 1H), 4.95 (m, 1 H), 4.48 (dq, J=7.2 Hz, 1H),
4.12–4.03 (m, 1 H), 3.92–3.84 (m, 1 H), 4.92 (d, J=3.1 Hz, 1 H), 3.87 (d,
J=10.2 Hz, 1 H), 3.81 (d, J=9.5 Hz, 1H), 3.73–3.66 (m, 1 H), 3.69 (d, J=
9.5 Hz, 1 H), 3.57 (d, J=10.2 Hz, 1 H), 3.26 (br s, 6H), 3.07–2.99 (m, 2 H),
2.92 (s, 3H), 2.91 (br s, 3H), 2.05–1.96 (m, 1H), 1.96–1.88 (m, 2 H), 1.88–
1.79 (m, 1 H), 1.72–1.06 (m, > 60H), 0.94–0.79 (m, > 40 H), 0.10 (s, 6H),
0.05–0.02 (m, 4 H), 0.04 (s, 3 H), 0.03 ppm (s, 3H); 13C NMR (125 MHz,
CDCl3, major signals): d = 175.8, 172.0, 170.6, 167.7, 164.4, 80.7, 79.7,
69.2, 66.0, 65.7, 61.7, 59.7, 56.6, 51.3, 48.5, 46.0, 37.6, 33.6, 31.6, 29.7, 26.6,
25.8, 24.4, 24.2, 22.3, 20.3, 19.4, 16.9, 16.8, 14.8, 14.3, 14.1, 12.4, 10.9, �5.5,
�5.6 ppm; IR (film): nmax=3367, 3296, 2956, 2932, 2860, 1746, 1655, 1643,
1509, 1455, 1393, 1362, 1257, 1195, 1101, 835, 780 cm�1; HRMS (ESI-
TOF): m/z : calcd for C37H71N4O8Si: 727.5035, found: 727.5030 [M+H]+ .


Compound 7a : Macrocycle 35a (21.6 mg, 0.030 mmol) was dissolved in
THF (5 mL) and treated with a 1m TBAF solution in THF (water con-
tent ~5%, 34 mL, 0.034 mmol) at �10 8C. After 1.5 h at that temperature,


all starting material was consumed and the solution was partitioned be-
tween EtOAc (10 mL) and sat aq NH4Cl (30 mL). The organic layer was
washed with brine (30 mL), the aq layers were re-extracted with EtOAc
(2 O 10 mL) and the combined organic layers dried over Na2SO4. After fil-
tration through a plug of silica and evaporation of the solvents, the resi-
due was taken up in toluene (3 O 10 mL) and evaporated to dryness. The
crude hydroxy amide 8a thus obtained was dissolved in CH2Cl2 (10 mL),
cooled to �78 8C and reacted with DAST (9 mL, 0.07 mmol). After 0.5 h,
the temperature was raised to �12 8C and after an additional 0.5 h, sat aq
NaHCO3 (10 mL) was added. After washing of the organic layer with
brine (10 mL), the aq layers were re-extracted with CH2Cl2 (2 O 10 mL),
and the combined organic layer was dried (Na2SO4), filtered and evapo-
rated. The resulting residue was purified by flash column chromatogra-
phy (silica gel, 40 ! 50 % EtOAc in hexanes) to afford oxazoline 7a
(12.9 mg, 0.022 mmol, 74%) as a colorless oil. Rf=0.38 (silica gel, 60 %
EtOAc in hexanes); [a]25


D =�68.8 (c=0.4, CHCl3); 1H NMR (600 MHz,
CDCl3): d=7.78 (d, J=10.1 Hz, 1H), 7.07 (d, J=8.3 Hz, 1 H), 5.01 (dq,
J=10.1, 7.0 Hz, 1H), 4.84 (d, J=2.6 Hz, 1H), 4.81 (d, J=9.2 Hz, 1H),
4.79–4.72 (m, 2H), 4.29 (d, J=9.2 Hz, 1H), 3.27 (s, 3 H), 3.07–3.04 (m,
1H), 2.80 (s, 3 H), 2.24–2.17 (m, 1H), 1.94–1.88 (m, 1 H), 1.52–1.39 (m,
3H), 1.42–1.41 (m, 6 H), 1.36 (d, J=7.0 Hz, 3H), 1.36–1.23 (m, 6 H), 1.20
(s, 3H), 1.18 (s, 3 H), 0.98–0.94 (m, 4H), 0.90–0.86 (m, 6 H), 0.83 ppm (d,
J=7.0 Hz, 3H); 13C NMR (150 MHz, CDCl3): d = 173.9, 171.8, 171.0,
169.0, 168.6, 82.5, 80.5, 79.2, 74.3, 64.1, 56.5, 48.8, 45.6, 43.7, 35.6, 34.5,
33.2, 31.5, 31.2, 29.7, 27.3, 26.5, 24.8, 22.3, 19.3, 19.1, 18.4, 16.8, 14.3, 14.3,
12.4 ppm; IR (film): nmax=3323, 2982, 1727, 1663, 1527, 1451, 1286, 1251,
1216, 1140, 1063, 981, 746, 699 cm�1; HRMS (ESI-TOF): m/z : calcd for
C31H55N4O7: 595.4065, found: 595.4067 [M+H]+ .


Compound 7b (obtained from 35b in 63% yield): Rf=0.38 (silica gel,
60% EtOAc in hexanes); [a]25


D =�50.8 (c=0.6, CHCl3); 1H NMR
(600 MHz, CDCl3): d = 7.78 (d, J=10.1 Hz, 1H), 7.06 (d, J=7.9 Hz,
1H), 5.01 (dq, J=10.1, 7.1 Hz, 1 H), 4.84 (d, J=2.6 Hz, 1 H), 4.81 (d, J=
9.2 Hz, 1 H), 4.77–4.74 (m, 1H), 4.73 (d, J=11.0 Hz, 1 H), 4.29 (d, J=
9.2 Hz, 1 H), 3.27 (s, 3H), 3.07 (m, 1H), 2.80 (s, 3 H), 2.24–2.17 (m, 1H),
1.94–1.88 (m, 1H), 1.48–1.42 (m, 3 H), 1.42 (s, 3 H), 1.42 (d, J=6.2 Hz,
3H), 1.36 (d, J=7.0 Hz, 3H), 1.36–1.23 (m, 6H), 1.20 (s, 3H), 1.17 (s,
3H), 0.98–0.92 (m, 4 H), 0.91–0.84 (m, 6 H), 0.83 ppm (d, J=6.6 Hz, 3H);
13C NMR (150 MHz, CDCl3): d = 173.9, 171.8, 171.1, 168.9, 168.6, 82.6,
80.5, 79.1, 74.3, 64.1, 56.4, 48.8, 45.6, 43.7, 35.5, 34.5, 33.2, 31.2, 30.8, 29.7,
27.3, 26.6, 24.8, 22.3, 19.3, 19.0, 18.4, 16.8, 14.3, 14.2, 12.4 ppm; IR (film):
nmax=3295, 2926, 2868, 1749, 1673, 1634, 1513, 1450, 1380, 1242, 1086,
1029, 965 cm�1; HRMS (ESI-TOF): m/z : calcd for C31H55N4O7: 595.4065,
found: 595.4056 [M+H]+ .


Compound 7c (obtained from 35c in 43% yield): Rf=0.35 (silica gel,
50% EtOAc in hexanes); [a]25


D =�8.3 (c=0.1, CHCl3); 1H NMR
(600 MHz, CDCl3): d=8.16 (d, J=10.0 Hz, 1 H), 7.08 (d, J=7.6 Hz, 1H),
5.00 (d, J=2.0 Hz, 1 H), 4.96–4.81 (m, 3 H), 4.63 (d, J=10.8 Hz, 1H), 4.25
(d, J=9.1 Hz, 1 H), 3.27 (s, 3H), 3.03–2.98 (m, 1 H), 2.80 (s, 3H), 2.23–
2.14 (m, 1 H), 1.94–1.89 (m, 1H), 1.45 (s, 3H), 1.42 (d, J=4.4 Hz, 3 H),
1.35 (d, J=7.0 Hz, 3 H), 1.47–1.22 (m, 9 H), 1.19 (s, 3 H), 1.14 (s, 3 H),
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1.08–0.99 (m, 1 H), 0.96–0.93 (m, 6H), 0.92–0.84 ppm (m, 6H); 13C NMR
(150 MHz, CDCl3): d = 174.8, 171.6, 170.4, 170.2, 168.7, 81.8, 80.6, 78.9,
74.8, 64.6, 56.5, 48.1, 45.2, 43.6, 35.6, 34.3, 33.2, 31.1, 30.0, 29.7, 27.8, 27.3,
24.6, 22.1, 20.2, 19.4, 18.5, 17.4, 14.2, 13.7, 12.4 ppm; IR (film): nmax=


2919, 1729, 1680, 1636, 1554, 1516, 1453, 1385, 1259, 1240, 1095, 1041,
972, 798, 609 cm�1; HRMS (ESI-TOF): m/z : calcd for C31H55N4O7:
595.4065, found: 595.4057 [M+H]+ .


Compound epi-7c (obtained from epi-35c in 31% yield): Rf=0.21 (silica
gel, 50% EtOAc in hexanes); [a]25


D =�46.2 (c=0.1, CHCl3); 1H NMR
(600 MHz, CDCl3): d=7.50 (d, J=10.0 Hz, 1 H), 6.50 (d, J=7.4 Hz, 1H),
5.06 (d, J=11.2 Hz, 1H), 5.00 (d, J=2.3 Hz, 1 H), 4.79 (d, J=9.7 Hz,
1H), 4.89–4.72 (m, 2 H), 4.34 (d, J=9.7 Hz, 1H), 3.30 (s, 3 H), 3.13–3.07
(m, 1 H), 2.82 (s, 3H), 2.23–2.16 (m, 1 H), 1.80–1.75 (m, 1H), 1.48 (s, 3 H),
1.39 (d, J=7.0 Hz, 3 H), 1.28 (s, 3 H), 1.20–1.18 (m, 6 H), 1.52–1.31 (m,
9H), 1.01–0.97 (m, 4 H), 0.94 (d, J=6.5 Hz, 3H), 0.89 (t, J=7.2 Hz, 3H),
0.81 ppm (d, J=6.8 Hz, 3 H); 13C NMR (150 MHz, CDCl3): d = 174.8,
172.2, 170.7, 170.6, 168.4, 81.6, 80.7, 79.1, 75.1, 63.8, 56.5, 47.5, 46.8, 43.9,
35.6, 33.0, 32.7, 32.5, 31.2, 29.7, 28.2, 25.2, 23.8, 19.1, 19.1, 18.4, 18.4, 16.6,
15.4, 14.3, 12.2 ppm; IR (film): nmax=3317, 2958, 2925, 2870, 1743, 1694,
1667, 1628, 1530, 1454, 1312, 1252, 1094, 1056, 974, 794 cm�1; HRMS
(ESI-TOF): m/z : calcd for C31H55N4O7: 595.4065, found: 595.4071
[M+H]+ .


Compound 7d (obtained from 35d in 40% yield): Rf=0.42 (silica gel,
50% EtOAc in hexanes); [a]25


D =�18.0 (c=0.2, CHCl3); 1H NMR
(500 MHz, CDCl3): d=8.16 (d, J=10.0 Hz, 1 H), 7.08 (d, J=7.5 Hz, 1H),
5.00 (d, J=1.5 Hz, 1 H), 4.88 (d, J=9.0 Hz, 1H), 4.93–4.82 (m, 2H), 4.63
(d, J=10.5 Hz, 1H), 4.25 (d, J=9.0 Hz, 1H), 3.25 (s, 3 H), 3.00–2.98 (m,
1H), 2.80 (s, 3 H), 2.18 (m, 1H), 1.90 (m, 1H), 1.45 (s, 3 H), 1.43 (d, J=
7.5 Hz, 3 H), 1.36 (d, J=7.0 Hz, 3 H), 1.20 (s, 3H), 1.14 (s, 3H), 1.45–1.14
(m, 10H), 0.96–0.95 (m, 6H), 0.91–0.88 ppm (m, 6 H); 13C NMR
(100 MHz, CDCl3): d = 174.8, 171.6, 170.4, 170.2, 168.7, 81.5, 80.7, 78.8,
74.8, 64.5, 56.6, 48.1, 45.2, 43.6, 35.6, 34.2, 33.2, 31.4, 30.9, 30.0, 27.8, 27.3,
24.6, 22.0, 20.2, 19.4, 18.3, 17.5, 14.3, 14.0, 12.4 ppm; IR (film): nmax=


3421, 3296, 2958, 2935, 2868, 1746, 1633, 1509, 1458, 1374, 1233, 1092,
1041, 968 cm�1; HRMS (ESI-TOF): m/z : calcd for C31H55N4O7: 595.4065,
found: 595.4061 [M+H]+ .


Compound epi-7d (obtained from epi-35d in 36% yield): Rf=0.23 (silica
gel, 50% EtOAc in hexanes); [a]25


D =�51.0 (c=0.1, CHCl3); 1H NMR
(500 MHz, CDCl3): d=7.48 (d, J=10.0 Hz, 1 H), 6.49 (d, J=7.0 Hz, 1H),
5.06 (d, J=11.0 Hz, 1H), 5.01 (d, J=2.5 Hz, 1 H), 4.80 (d, J=9.5 Hz,


1H), 4.86–4.74 (m, 2 H), 4.33 (d, J=9.5 Hz, 1H), 3.29 (s, 3 H), 3.30–3.18
(m, 1 H), 2.82 (s, 3H), 2.20–2.15 (m, 1 H), 1.79–1.72 (m, 1H), 1.49 (s, 3 H),
1.39 (d, J=7.5 Hz, 3H), 1.28 (s, 3 H), 1.49–1.22 (m, 9H), 1.19 (d, J=
7.5 Hz, 3H), 1.18 (s, 3 H), 0.99–0.96 (m, 4H), 0.94 (d, J=6.5 Hz, 3H),
0.89 (t, J=7.0 Hz, 3H), 0.82 ppm (d, J=7.0 Hz, 3H); 13C NMR
(125 MHz, CDCl3): d = 174.8, 172.2, 170.6, 170.6, 168.3, 81.3, 80.7, 79.1,
75.1, 63.8, 56.5, 47.5, 46.7, 43.9, 35.7, 33.0, 32.7, 32.6, 31.6, 29.7, 28.2, 25.2,
23.8, 19.1, 19.1, 18.4, 18.4, 16.6, 15.7, 14.3, 12.2 ppm; IR (film): nmax=


3319, 2958, 2919, 2850, 1741, 1635, 1556, 1537, 1454, 1312, 1253, 1126,
1097, 965 cm�1; HRMS (ESI-TOF): m/z : calcd for C31H55N4O7: 595.4065,
found: 595.4058 [M+H]+ .
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Introduction


Organic semiconducting molecules are very attractive for
the fabrication of organic thin-film transistors (OTFTs) in
various molecular electronics applications, such as electronic
papers and flexible displays.[1–3] Because of its high carrier
mobility as both single crystals[4] and thin films,[5] pentacene
is one of the most promising candidates as a p-type semicon-
ductor for offsets. Field-effect mobilities of greater than
1.0 cm2V�1 s�1 have been reported for OTFTs by using
vacuum-deposited pentacene. Unfortunately, the low solu-
bility of the pentacene in common organic solvents is a sig-
nificant obstacle to its widespread use, because the expen-
sive vacuum deposition method is required for the prepara-
tion of the pentacene devices. The development of a simple,
solution-based fabrication method is vital for the widespread
use of pentacene in this field. To achieve solution-processed
OTFTs of pentacene, the existence of several soluble penta-
cene derivatives with simple structures have been report-
ed,[6,7] and some of them showed conductivity performance
as p- or n-type semiconductors.[7] Although such derivatiza-


Abstract: A novel a-diketone precur-
sor of pentacene, 6,13-dihydro-6,13-
ethanopentacene-15,16-dione, was pre-
pared and converted successfully to
pentacene in 74% yield by photolysis
of the precursor in toluene: Irradiation
of the diketone solution in toluene
with light of 460 nm under an Ar at-
mosphere caused the solution to
change from yellow to fluorescent
orange-pink within a few minutes, after
which, purple precipitates appeared.
After 35 min, the solution changed to
colorless and the purple precipitates
were filtered to give pentacene in 74%
yield. By contrast, in the presence of
oxygen, the color of the solution


changed from yellow to pale yellow,
and only 6,13-endoperoxide of penta-
cene was quantitatively obtained. The
rate of the reaction upon photolysis
was measured by observing the decay
of n–p* absorption of the precursor at
460 nm, and was found to be similar in
both the presence and absence of
oxygen. Therefore, the photoreaction
of the a-diketone precursor seemed to
occur via the singlet excited state. Be-
cause the T–T absorption of pentacene


was observed upon photolysis of the
precursor in the nanosecond transient
absorption measurement under an Ar
atmosphere, the excited triplet state of
the pentacene generated singlet oxygen
by sensitization, and it reacted with the
ground-state pentacene to give the
6,13-endoperoxide. The a-diketone de-
posited on glass was also converted
successfully to pentacene film by pho-
toirradiation. In addition, diketone pre-
cursors of a mixture of 2,8- and 2,9-di-
bromopentacene and 2,6-trianthrylene
were also prepared and their photocon-
version was performed.
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tion is important, the use of pentacene itself is also critical.
To utilize the pentacene, the soluble precursors, which can
be converted easily to pentacene on substrates, have shown
promise. Some Diels–Alder adducts of pentacene have been
utilized for this purpose.[8] The adducts were reported to re-
convert to pentacene by means of the retro Diels–Alder re-
action at 120–250 8C in solvents, or in the form of thin films.
The mobilities of the pentacene films, prepared by a solu-
tion process using these precursors, tend to become larger as
the weight ratio of the leaving groups is reduced; that is,
0.1 cm2V�1 s�1 for 1,2,3,4-tetrachlorobenzene (losing weight,
43%);[8a] 0.25 cm2V�1 s�1 for N-sulfinyl-tert-butylcarbamate
(37%);[9] 0.42 cm2V�1 s�1 for N-sulfinylacetamide (27%).[8c]


One reason for this trend is thought to be the contamination
of the leaving groups in the prepared film, which cannot be
removed from films following the retro Diels–Alder reac-
tion.[4] If this trend is general, then the mobility should be
higher when the precursors with smaller leaving groups are
used, and ideally the leaving groups are volatile at the reac-
tion conditions to avoid contamination in the film.


Although the thermal conversion of the pentacene precur-
sors on the substrate is very promising for solution-pro-
cessed OTFT applications, photochemical conversions of
precursors to pentacene would have the additional advant-
age of being useful for photopatternable devices. To the best
of our knowledge, only two photopatternable pentacene
precursors have been reported.[9,10] In these reports, two
steps were required for the preparation of the photopat-
terned pentacene films, because the precursors did not
change directly to pentacene: firstly, a photochemical poly-
merization of a pentacene-precursor-linked monomer[10] or a
photochemical acid generation,[9] and secondly, thermal
retro Diels–Alder reaction from the precursors to penta-
cene. Furthermore, the films obtained were not pure, but in-
cluded impurities, such as photopolymer or photoinitiator,
which might have lowered their mobilities. In view of these
points, the direct photoconversion of the precursors to pen-
tacene would be desirable for the preparation of high-per-
formance pentacene films.


Homallylically conjugated bi- or polycyclic a-diketones
are known to eliminate two molecules of carbon monoxide
upon the formation of cyclic conjugated dienes by photoirra-
diation.[11] As the two CO molecules are removed from pen-


tacene precursors to give pentacene, the change in weight is
only 17%, which is the smallest change of the other known
pentacene precursors stated above. Considering the trend of
mobility and the weight% of the leaving groups, diketone
precursors are highly promising as the solution-processed
precursors for the OFETs. Furthermore, CO molecules gen-
erated during the preparation may escape from the film to
the air, which may increase the purity of the pentacene film
obtained. Here, we report a novel diketone precursor of
pentacene, 6,13-dihydro-6,13-ethanopentacene-15,16-dione,
which can be easily and directly converted to pentacene by
photoirradiation.[12] Although the general photochemistry of
a-diketones has been well studied,[13] only a few reports
have been issued concerning the mechanism of the photo-
chemical elimination of two CO molecules from homallyli-
cally conjugated bi- or polycyclic a-diketones, resulting in
the formation of cyclic conjugated dienes.[11a,d] We have ex-
amined carefully the reaction mechanism upon photolysis of
the diketone precursors, and conclude that the cleavage re-
action proceeds from a singlet excited state of diketone pre-
cursors to give pentacene. The spin-coating film of the a-di-
ketone precursor was also prepared and converted success-
fully to pentacene film by photoirradiation.[12]


To investigate the utility of the photolysis reaction of a-di-
ketone precursors to acenes, the precursors of dibromopen-
tacene and trianthrylene were also prepared and photolysis
reactions were performed. Because the solubility of penta-
cene in common organic solvents is quite low, the derivatiza-
tion of pentacene is very difficult. However, the precursors
of dibromopentacenes are soluble and show the potential to
be developed into a variety of derivatives by using the
bromo substituents. Therefore, the preparation of the pre-
cursors is promising for the development of high-perfor-
mance pentacene compounds. Furthermore, we could pre-
pare the diketone precursor of 2,6-trianthrylene, 2,6-di-
anthryl-9,10-dihydro-9,10-ethanoanthracene-11,12-dione. 2,6-
Trianthrylene and its derivatives were reported to show mo-
bilities comparable to that of pentacene,[14] and are expected
to be chemically stable materials, compared to higher acene
series, such as pentacene. In conclusion, we report the gener-
al synthesis of diketone precursors of acene analogues and
their photochemical conversion to corresponding acenes.


Results and Discussion


Preparation of 6,13-dihydro-6,13-ethanopentacene-15,16-
dione (1) and its derivatives : The diketone precursors, 1–3,
prepared in this study, are shown below with reference com-
pound 4[11d] and photochemically obtained acenes, 5–7. The
synthetic routes for 6,13-dihydro-6,13-ethanopentacene-
15,16-dione (1)[12] and its dibromo derivative 2 are shown in
Scheme 1. 6,13-Dihydro-6,13-ethenopentacene (9) was pre-
pared from commercially available bicyclo[2.2.2]oct-7-ene-
2,3,5,6-tetracarboxylic dianhydride via tetraene 8, as previ-
ously reported.[15] Dihydroxylation of the etheno bridge of
6,13-dihydro-6,13-ethanopentacene (9) with OsO4 gave diol
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10 in good yield (route A).[16] Otherwise, the diol 10 was
prepared from pentacene by a Diels–Alder reaction with
commercially available vinylene carbonate, followed by hy-
drolysis in good yield (route B).[17] Swern oxidation of diol
10 under the modified conditions gave the targeted a-dike-
tone 1 in moderate yield.[17] An X-ray crystallographic meas-
urement was performed on 1 (Figure 1). The bond lengths
of C(7)�C(8), C(8)�C(9), C(18)�C(19), C(19)�C(20), C(8)�
C(24), and C(19)�C(23), were 1.520(4), 1.513(5), 1.518(4),
1.518(4), 1.501(4), and 1.511(4) L, respectively, and were
shorter than the length of C(23)�C(24), 1.558(6) L. The
angle made by two naphthalene planes was calculated to be
121.57(3)8. The angles made by naphthalene planes and the
O(1)-C(23)-C(24)-O(2) plane were 117.97(3) and 120.37(0)8,
respectively.[18]


The dibromo derivative 2 was prepared according to
route A (Scheme 1). Tetraene 8 was reacted with 2-amino-5-
bromobenzoic acid in the presence of isoamyl nitrite, fol-
lowed by the oxidation with 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ) to give a 1:1 mixture of 2,9-dibromo-


and 2,10-dibromo-6,13-dihydro-6,13-ethenopentacene (12) in
27% yield in two steps. This mixture was used for the fol-
lowing reaction without purification. The OsO4 oxidation of
12 followed by the Swern oxidation gave a 1:1 mixture of
2,9-dibromo- and 2,10-dibromo-6,13-dihydro-6,13-ethano-
pentacene-15,16-dione (2) in 10% yield in two steps. Be-
cause the Rf values of the two dibromo derivatives are
equal, subsequent photolysis was performed without further
purification.


2,6-Dianthryl-9,10-dihydro-9,10-ethanopentacene-11,12-di-
one (3) was prepared by the method shown in Scheme 2.
The Diels–Alder reaction of 2,6-dibromoanthracene (14)
with vinylene carbonate gave compound 15 in 72% yield.
The boronic ester 16 was prepared from 2-bromoanthracene
according to the literature,[14] and was coupled with com-
pound 15 to give trianthrylene precursor 17 in 25% yield.
Hydrolysis followed by Swern oxidation gave diketone 3 in


69% yield in two steps.


Photolysis of the a-diketone 1
and its reaction mechanism :
The UV-visible absorption spec-
tra of a-diketone 1, pentacene
5, and reference diketone com-
pound 4[11d] in toluene are
shown in Figure 2. The peaks of
the n–p* absorption of the a-di-
ketone compounds and the
peak of pentacene at 577 nm
were normalized to 1.0. The a-
diketone 1 shows a typical n–p*
absorption at 465 nm (e=
1220m�1 cm�1), which is similar
to the n–p* absorption of refer-
ence compound 4.[11d]


Scheme 1. Synthesis of diketones 1 and 2. Reagents and conditions: Route A: i) for 9, anthranic acid, isoamyl
nitrite, dry THF, reflux, 2 h; for 12, 2-amino-5-bromobenzoic acid, isoamyl nitrite, dry THF, reflux, 2 h.
ii) DDQ, CHCl3, RT, 2 h, 71% for 9 and 27% for 12 in two steps. iii) OsO4, N-methylmorpholine (NMO), ace-
tone, RT, 32 h, 98% for 10 and 7 h, 67% for 13. iv) trifluoroacetic anhydride, dry DMSO, dry CH2Cl2, �60!
70 8C, 1.5 h, 43% for 1 and 15% for 2. Route B: v) vinylene carbonate, xylene, autoclave, 180 8C, 3 d, 88%.
vi) aqueous NaOH, dioxane, reflux, 2 h, 90%.


Figure 1. ORTEP drawing of the X-ray structure of a-diketone 1. Hydro-
gen atoms are omitted for clarify. Selected bond lengths [L]: O(1)�
C(23), 1.191(4); O(2)�C(24), 1.197(4); C(7)�C(8), 1.520(4); C(8)�C(9),
1.513(5); C(18)�C(19), 1.518(4); C(19)�C(20), 1.518(4); C(8)�C(24),
1.501(4); C(19)�C(23), 1.511(4); C(23)�C(24), 1.558(5). Selected angles
[8]: O(1)-C(23)-C(19), 127.6(3); O(1)-C(23)-C(24), 121.4(3); O(2)-C(24)-
C(23), 122.6(3); O(2)-C(24)-C(8), 126.8(3).
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The typical photolysis of a-diketone to pentacene was
performed as follows: the a-diketone 1 (6.64 mg) was dis-
solved in 10 mL of toluene in a 20 mL round-bottomed
flask. After bubbling Ar through the solution for 15 min, the
solution was irradiated by using a super-high-pressure mer-
cury lamp (500 W), through a blue filter (>390 nm) and a
Na2SO4 aqueous solution, which acted as UV and IR cut-off
filters, respectively. The color of the photolyzed solution
changed from yellow to fluorescent orange-pink within a
few minutes, after which purple precipitates appeared. The
irradiation was continued for 35 min until the solution
turned colorless. The purple precipitate was collected by fil-
tration to give pentacene in 74% yield. The pentacene was
identified by recording EI-mass and absorption spectra. The
NMR spectrum could not be observed because of the low
solubility of pentacene in common organic solvents.[19] The
solvent of the filtrate was removed under reduced pressure
and the residue was assigned by 1H NMR to be a mixture of
mainly 6,13-pentacene-endoperoxide (19)[20] and 6,13-penta-
cenequinone (20).[4]


To monitor the photoreaction process, the change in the
UV-visible absorption spectra was measured at intervals
during photolysis. The 5.25O10�1 mm solution of a-diketone
1 in toluene under an Ar atmosphere was irradiated with
light at 460 nm. The results are shown in Figure 3a. The ab-


sorption peaks at 465 and
470 nm at 0 min correspond to
a-diketone 1. During irradia-
tion, these peaks decreased
gradually, and at the same time
new peaks at 495, 530, and
578 nm, which are characterized
as pentacene, increased.[21] Al-
though the diketone peaks
simply decreased during the re-
action, the pentacene peaks in-
creased for 25 min, and then
started to decrease. At the
same time, purple precipitates
started to appear in the solu-
tion. The reaction mechanism
was investigated by recording


the time profiles of the absorbance at 465 and at 577 nm, as
shown in Figure 4, even though a quantitative interpretation
of the results of the UV-visible absorption spectra could be
difficult owing to the precipitates that appeared during the
reaction. Because both the a-diketone 1 and pentacene 5
absorb at 465 nm (see Figure 2), the profile of the diketone
was obtained by compensating for the contribution of penta-
cene at 465 nm by using Equation (1),


Absðdiketone :465Þ ¼ Absð465Þ�Absð577Þ � 0:128 ð1Þ


in which Abs(diketone:465) is the absorbance of a-diketone
1 at 465 nm, Abs(465) is the observed absorbance at
465 nm, Abs(577) is the observed absorbance of pentacene


Scheme 2. Synthesis of diketone 3. Reagents and conditions: i) vinylene carbonate, xylene, autoclave, 180 8C,
3 d, 72%. ii) [Pd(PPh3)4], toluene, aqueous Na2CO3, reflux, 18 h, 25%. iii) aqueous NaOH, dioxane, reflux, 1 h,
85%. iv) trifluoroacetic anhydride, dry DMSO, dry CH2Cl2, �60!70 8C, 1.5 h, 81%.


Figure 2. Absorption spectra of a-diketone 1 (solid line), reference di-
ketone 4 (dotted line), and pentacene 5 (broken line) in toluene.


Figure 3. The change in the absorption spectra during photolysis (lEX=
460 nm) of a-diketone 1 in toluene under a) Ar and b) O2 atmospheres.
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5 at 577 nm, and 0.128 is the ratio of the absorbance of pen-
tacene 5 at 465 nm and 577 nm obtained from Figure 2. Al-
though the diketone peaks simply decreased during the re-
action, the pentacene peaks increased until 25 min into the
reaction, after which they started to decrease. After 25 min,
the precipitation of pentacene was observed and the purple
precipitates increased gradually. This result indicates that
pentacene had been supersaturated until 25 min, and then
precipitation began. At 30 min, a broad absorption over
600 nm started to appear, and did not disappear until the
end of the reaction (Figure 3a). Because the pentacene
amorphous films are known to give a red-shifted absorp-
tion,[21] the broad absorption band seems to correspond to
the stacked pentacene that deposited on the glass surface of
the UV cell.


The same measurement was performed on an O2-saturat-
ed toluene solution of a-diketone 1. Under the O2 atmos-
phere, the pentacene was not obtained and the color of the
solution changed from yellow to pale yellow during the irra-
diation. The spectral change is shown in Figure 3b. The dike-
tone peaks at 465 and 470 nm were observed at the begin-
ning of the reaction and gradually decreased. The rate of de-
crease of the diketone under an O2 atmosphere was almost
the same as that under an Ar atmosphere (Figure 4), which
indicated that photolysis of a-diketone 1 proceeded via a
singlet excited state. Pentacene peaks at 495, 530, and
578 nm were observed only weakly until 15 min, after which
they decreased, and were not observed after 90 min (Fig-
ure 3b). These results suggest that, in the presence of
oxygen, pentacene was generated, but it was soon converted
into other products.


To identify the product under an O2 atmosphere, the pho-
toreaction was performed in
CDCl3 in an NMR tube.[12] The
CDCl3 solution of a-diketone 1
was bubbled with O2 gas in ad-
vance of the irradiation. The
result is shown in Figure 5.
Before the irradiation, only the
peaks corresponding to a-dike-
tone 1 (7.94, 7.84, 7.52, and
5.31 ppm) were observed.
During the irradiation by the
light of 460 nm, these peaks


gradually decreased, and after 2 h, they had been completely
consumed. On the other hand, the peaks belonging to 6,13-
endoperoxide 19 (7.89, 7.85, 7.51, and 6.29 ppm) appeared
at 30 min and increased until the end of the reaction.[20,22]


According to the NMR spectra, only 6,13-endoperoxide was
observed, and 1,4- or 5,14-endoperoxides were not observed,
which is in accordance with the results reported by Rigaudy
et al.[20] The UV-visible absorption spectra of the endoperox-
ide 19 correlated well with the absorption spectrum of the
photolysis product under the O2-saturated atmosphere
stated above. In addition, the peaks of pentacene could not
be observed by NMR analysis, although they were apparent
from UV-visible measurements during the first 25 min (Fig-
ure 3b). The results indicate that, in an O2 atmosphere, a-di-
ketone 1 produced pentacene photochemically, but this pen-
tacene reacted immediately with an O2 molecule to give en-
doperoxide 19 quantitatively. The photoaddition of singlet
oxygen to acenes is well known to give endoperoxides by
[4+2]-cycloadditions.[23] Because pentacenequinone 20,
which was observed in the filtrate as a byproduct of photoly-
sis under an Ar atmosphere, was not observed from the
NMR measurements reported here, it was probably ob-
tained by the oxidation of 19 during the workup and the
rate of the reaction of 19 to 20 was slower than that of pen-
tacene 5 to 19. From these results, the reaction mechanism
can be summarized, as shown in Scheme 3.


Figure 4. Time profiles of the absorbance at 465 (solid lines) and 577 nm
(dotted lines) during photolysis (lEX=460 nm) of a-diketone 1 in toluene
under Ar (closed circles) and O2 (open circles) atmospheres.


Figure 5. Changes in the NMR spectrum during photolysis of diketone 1
in CDCl3 under an O2 atmosphere. The reaction was monitored at 0, 10,
30, 60, and 120 min. lEX=460 nm; O2 atmosphere. The peak of solvent is
marked with *.


Scheme 3. Photolysis of a-diketone 1 in the presence and absence of oxygen.
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To investigate the formation process of singlet oxygen,
nanosecond transient absorption measurements on the pho-
tolysis of a-diketone 1 in toluene under an Ar atmosphere
were performed (Figure 6). The transient absorption spec-


trum observed for this system
at the delay time of 3.0 ms after
laser excitation (around
460 nm) is shown in Figure 6a.
The absorption had a peak of
510 nm, which correlated well
with the reported T–T absorp-
tion of pentacene.[24] The time
profile of the absorbance at
510 nm is shown in Figure 6b.
The lifetime of the transient ab-
sorption was 48.48 (�0.15) ms,
and this transient absorption
disappeared completely as
oxygen was bubbled into the
solution. These results suggest
that the transient absorption at
around 510 nm was due to the
T–T absorption of the excited
triplet state of pentacene, and it
was quenched effectively by the
presence of oxygen. Therefore,
the expected photoreaction
mechanism can be summarized,


as shown in Scheme 4. Once pentacene 5 was obtained by
the photoreaction of a-diketone 1, the following occurred:
i) the generated pentacene was easily excited by photoirra-
diation and formed a triplet excited state in high yield
(through the intersystem crossing from the singlet excited
state); ii) the triplet state of pentacene caused photosensiti-
zation and generated singlet oxygen (1O2) from the ground-
state triplet oxygen by energy transfer; and subsequently,
iii) 1O2 reacted with ground-state pentacene to give endoper-
oxide 19. These phenomena suggest that, although the pho-
toreaction was performed after 20 min of bubbling with Ar,
the oxygen adduct could still be observed because the reac-
tivity of pentacene to 1O2 was very high, and pentacene re-
acted effectively with slightly contaminated O2. This high re-
activity of pentacene with oxygen might be the obstacle for
the widespread use of pentacene in related applications.


Photolysis of diketone compounds of dibromo derivative (2)
and 2,6-trianthrylene (3): Photolysis of the dibromo deriva-
tive 2 was also performed under the same experimental con-
ditions as the photoreaction of a-diketone 1. The toluene so-
lution of diketone 2 (1.26 mm) was bubbled with Ar in the
dark for 20 min before irradiation. Upon irradiation with
light of over 390 nm by using a super-high-pressure mercury
lamp (500 W), the color of the solution started to change
from yellow to colorless, and no fluorescence was observed
during the reaction. Purple precipitates started to appear
just after irradiation, and after 35 min, the solution became
completely colorless. The precipitates were filtered to give a
mixture of 2,9- and 2,10-dibromopentacenes 6, which were
identified from the EI-mass spectrum, in 79% yield. The re-
action was monitored by measuring UV-visible absorption
spectra (Figure 7a). Although the n–p* absorption of the di-


Scheme 4. Schematic mechanism of photolysis of a-diketone 1.


Figure 6. a) Transient absorption spectrum at the delay time of 3.0 ms
after excitation, observed upon photolysis of a-diketone 1 in toluene
under an Ar atmosphere. b) Time evolutions of the transient absorption
at 510 nm observed upon photolysis of a-diketone 1 in toluene under Ar
(solid line) and O2 (dotted line) atmospheres.


Chem. Eur. J. 2005, 11, 6212 – 6220 G 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6217


FULL PAPERPhotochemical Synthesis of Pentacene



www.chemeurj.org





ketone at 465 nm decreased gradually, the widespread ab-
sorption from 450 nm to 800 nm increased. At the same
time, purple precipitates appeared on the surface of the UV
cell. The time profiles at 465, 583, and 684 nm are shown in
Figure 8. The peak at 465 nm decreased gradually, and at
the same time, the peaks at 583 and 684 nm increased, to
give similar curves. These results show that the solubility of
dibromopentacene is quite low, and the peaks that appeared
at 550, 591, 640, and 684 nm would correspond to the
stacked dibromopentacene. This molecular stacking induced
the self-quenching of the fluorescence state of pentacene,
which explains why no fluorescence was observed during
the present photoreaction. In the presence of oxygen, pho-
tolysis of the precursor gave a mixture of 2,9-dibromo- and
2,10-dibromopentacene-6,13-endoperoxide 21, identified by
NMR and EI-mass spectra, in place of dibromopentacene,
which was similar to the photoreaction of diketone 1 (Fig-
ure 7b).


A photoreaction of trianthrylene diketone 3 was also per-
formed under the same conditions. The color of the solution
changed from pale yellow to yellow under an Ar atmos-
phere, and yellow precipitates appeared. The precipitates
could not be identified by NMR spectroscopy because of
their low solubility;[14] however, a TOF-MS measurement re-
vealed the parent peak (see Figure S2 of the Supporting In-
formation) of trianthrylene. Monitoring the reaction by re-
cording absorption spectra was difficult, because both the
starting material and the photolysis product have similar
UV-visible absorption spectra. However, these results sug-
gest that photolysis of diketone 3 gave trianthrylene.


Photolysis of deposited a-diketone 1 on glass : The a-dike-
tone 1 was deposited on glass by employing a spin-coating
method under an Ar atmosphere. It was then photoirradiat-
ed by using a metal-halide lamp in a dry box.[12] The UV-
visible absorption spectra of the deposited film before and
after photoirradiation are shown in Figure 9. Before irradia-


tion, the color of the deposited film was yellow, and the typ-
ical n–p* absorption was observed at 470 nm. After irradia-
tion, the color of the film changed from yellow to purple,
and the n–p* absorption at 470 nm disappeared. At the
same time, the peaks at 585, 627, and 648 nm appeared,
which were about 70 nm red-shifted from the pentacene
peaks in toluene (see Figure 2), and are similar to those re-
ported in the literature.[21] Upon irradiation in air, the film
color changed from yellow to colorless. Because this result
corresponded with the photoreaction of a-diketone 1 in so-
lution under an O2 atmosphere, the oxygen adduct of penta-
cene was formed in air.


Conclusion


We have succeeded in both the preparation of novel photo-
precursors of pentacene (1), and in their photochemical con-
version to pentacene in good yield, both in solution and on
glass. The reaction mechanism of photolysis of the a-dike-
tone precursor was investigated. The dibromo-substituted
pentacene and trianthrylene could also be prepared by pho-


Figure 7. The changes in the absorption spectra during photolysis (lEX=
460 nm) of a-diketone 2 in toluene under a) Ar and b) O2 atmospheres.


Figure 8. Time profile of the absorbance at 465 (solid lines), 583 (dotted
lines), and 684 nm (broken line) during photolysis (lEX=460 nm) of a-di-
ketone 2 in toluene under Ar (closed circles) and O2 (open circles) at-
mospheres.


Figure 9. Absorption spectra of a spin-coated film of a-diketone 1 before
(broken line) and after (solid line) photoirradiation by using a metal-
halide lamp in a dry box.
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tolysis of the corresponding precursors, 2 and 3, respectively.
These results suggest that this photolysis reaction is very
useful for the preparation of a variety of acenes with low
solubility from soluble diketone precursors in a single step,
both in solution and in a film condition, and, therefore,
could contribute to the development of acenes with high
mobilities.


Experimental Section


General : Melting points were measured by using a Yanaco M500-D melt-
ing point apparatus. 1H NMR and 13C NMR spectra were recorded by
using a JEOL JNM-AL 400 spectrometer with tetramethylsilane as an in-
ternal standard. IR spectra were measured by using a Hitachi 270–30
with KBr disks. FAB and DI-EI mass spectra were measured by using a
JEOL JMS-MS700 V spectrometer. MALDI-TOF mass spectra were
measured by using a Voyager DE Pro (Applied Biosystems). Elemental
analyses were performed by using a Yanaco MT-5 elemental analyzer.
Nanosecond transient absorption measurements were made by using a
conventional nanosecond laser-photolysis system (UNISOKU TSP-1000
based). A dye-laser (UNISOKU TSP-611) operated with a courmarin-
110 ethanol solution excited by a Nd-YAG laser (Continuum Surelight-I,
THG 355 nm, 2 Hz) was used as the excitation light source (around
460 nm) for the transient absorption experiment.


Materials : All solvents and chemicals were of reagent grade quality, ob-
tained commercially, and used without further purification, except as
noted. For photoreactions or spectral measurements, spectral grades of
toluene and chloroform were purchased from Nacalai Tesque. Thin-layer
chromatography (TLC) and column chromatography were performed by
using Art. 5554 (Merck) and Silica Gel 60N (Kanto Chemical), respec-
tively.


Photoreactions : The photoreactions were performed by using Pyrex
round-bottomed flasks under an Ar atmosphere. Typically, a solution of
diketone 1 in toluene (2.0 mm) was irradiated through a thermal cut-off
filter and a blue filter to cut out UV light (transmission range>390 nm)
by using a super-high-pressure mercury lamp (Hamamatsu Photonics,
500 W). To monitor the reaction by recording UV/Vis spectra, the dike-
tone solution (0.53 mm) in a quartz UV cell was irradiated with mono-
chromatic excitation light through a monochrometer (Ritsu MC-10N) by
using a 500 W Xenon lamp (Ushio XB-50102 AA-A). The deposition of
a diketone on glass was performed by using a standard spin-coating
method (Oshigane, SC-200, 1000 rpm, 30 s) using a diketone solution dis-
solved in CHCl3. The film was irradiated by using a metal-halide lamp
(Nippon P. I. PCS-UMX250, 330 W) in a dry box.


Acknowledgements


The authors are grateful to Prof. Nagao Azuma of Ehime University for
his help with using a super-high-pressure mercury lamp for the photore-
actions, and to Prof. Shin-ichi Nagaoka of Ehime University for his help
in operating a conventional nanosecond laser-photolysis system. This
work was partially supported by Canon Inc., and by Grants-in-Aid for
the Scientific Research C (16550016) and Scientific Research on Priority
Areas “Application of Molecular Spins: Nanomagnets to Biological Spin
Systems” (Area No. 769, 15087104) from the Japanese Ministry of Educa-
tion, Culture, Sports, Science, and Technology (MEXT). In addition, H.Y.
would like to thank the Hayashi Memorial Foundation for Female Natu-
ral Scientists for their financial support.


[1] F. WRrthner, Angew. Chem. 2001, 113, 1069–1071; Angew. Chem.
Int. Ed. 2001, 40, 1037–1039.


[2] A. Kraft, ChemPhysChem 2001, 2, 163–165.
[3] C. D. Dimitrakopoulos, P. R. L. Malenfant, Adv. Mater. 2002, 14, 99–


117.
[4] O. D. Jurchescu, J. Baas, T. T. M. Palstra, Appl. Phys. Lett. 2004, 84,


3061–3063.
[5] a) D. Knipp, R. A. Street, B. Krusor, R. Apte, J. Ho, J. Non-cryst.


Solids 2002, 299–302, 1042–1046; b) H. Klauk, M. Halik, U. Zschie-
schang, F. Eder, G. Schmid, C. Dehm, Appl. Phys. Lett. 2003, 82,
4175–4177; c) J. A. Nichols, D. J. Gundlach, T. N. Jackson, Appl.
Phys. Lett. 2003, 83, 2366–2368; d) N. Kitamura, T. Imada, Y. Ara-
kawa, Appl. Phys. Lett. 2003, 83, 3410–3412.


[6] a) T. Takahashi, M. Kitamura, B. Shen, K. Nakajima, J. Am. Chem.
Soc. 2000, 122, 12876–12877; b) J. E. Anthony, J. S. Brooks, D. L.
Eaton, S. R. Parkin, J. Am. Chem. Soc. 2001, 123, 9482–9483;
c) J. E. Anthony, D. L. Eaton, S. R. Parkin, Org. Lett. 2002, 4, 15–
18; d) C. D. Sheraw, T. N. Jackson, D. L. Eaton, J. E. Anthony, Adv.
Mater. 2003, 15, 2009–2011; e) M. J. Joung, J. H. Ahn, S. Y. Kang,
K. H. Baek, S. D. Ahn, L. M. Do, C. A. Kim, G. H. Kim, I. K. You,
S. M. Yoon, K. S. Suh, Bull. Korean Chem. Soc. 2003, 24, 1862–
1864; f) M. M. Payne, S. A. Odom, S. R. Parkin, J. E. Anthony, Org.
Lett. 2004, 6, 3325–3328; g) M. M. Payne, S. R. Parkin, J. E. Antho-
ny, C.-C. Kuo, T. N. Jackson, J. Am. Chem. Soc. 2005, 127, 4986–
4987; h) S. H. Chan, H. K. Lee, Y. M. Wang, N. Y. Fu, X. M. Chen,
Z. W. Cai, H. N. C. Wong, Chem. Commun. 2005, 66–68.


[7] a) H. Meng, M. Bendikov, G. Mitchell, R. Helgeson, F. Wudl, Z.
Bao, T. Siegrist, C. Kloc, C.-H. Chen, Adv. Mater. 2003, 15, 1090–
1093; b) Y. Sakamoto, T. Suzuki, M. Kobayashi, Y. Gao, Y. Fukai, Y.
Inoue, F. Sato, S. Tokito, J. Am. Chem. Soc. 2004, 126, 8138–8140.


[8] a) A. R. Brown, A. Pomp, D. M. de Leeuw, D. B. M. Klaassen, E. E.
Havinga, P. Herwig, K. MRllen, J. Appl. Phys. 1996, 79, 2136–2138;
b) P. T. Herwig, K. MRllen, Adv. Mater. 1999, 11, 480–483; c) A.
Afzali, C. D. Dimitrakopoulos, T. L. Breen, J. Am. Chem. Soc. 2002,
124, 8812–8813; d) N. Vets, M. Smet, W. Dehaen, Tetrahedron Lett.
2004, 45, 7287–7289.


[9] K. P. Weidkamp, A. Afzali, R. M. Tromp, R. J. Hamers, J. Am.
Chem. Soc. 2004, 126, 12740–12741.


[10] A. Afzali, C. D. Dimitrakopoulos, T. O. Graham, Adv. Mater. 2003,
15, 2066–2069.


[11] a) J. Strating, B. Zwanenburg, A. Wagenaar, A. C. Udding, Tetrahe-
dron Lett. 1969, 10, 125–128; b) D. SRlzle, T. Weiske, H. Schwarz,
Int. J. Mass Spectrom. Ion Processes 1993, 125, 75–79; c) H. Chen,
J. L. Holmes, Int. J. Mass Spectrom. Ion Processes 1994, 133, 111–
119; d) M. B. Rubin, M. Kapon, J. Photochem. Photobiol. A 1999,
124, 41–46.


[12] H. Uno, Y. Yamashita, M. Kikuchi, H. Watanabe, H. Yamada, T.
Okujima, T. Ogawa, N. Ono, Tetrahedron Lett. 2005, 46, 1981–1983.


[13] M. B. Rubin, Top. Curr. Chem. 1985, 129, 1–56.
[14] K. Ito, T. Suzuki, Y. Sakamoto, D. Kubota, Y. Inoue, F. Sato, S.


Tokito, Angew. Chem. 2003, 115, 1191–1194; Angew. Chem. Int. Ed.
2003, 42, 1159–1162.


[15] H. Uno, H. Watanabe, Y. Yamashita, N. Ono, Org. Biomol. Chem.
2005, 3, 448–453.


[16] Molecular packing in the crystal structure of diol 10 is shown in Fig-
ure S1 of the Supporting Information.


[17] M. M. Wright, M. E. Welker, J. Org. Chem. 1996, 61, 133–141.
[18] CCDC 270597 contains the supplementary crystallographic data for


this paper. These data can be obtained free of charge from The
Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/
data_request/cif.


[19] M. Nagano, T. Hasegawa, M. Norikatsu, J. Yamaguchi, K. Itaka, H.
Fukumoto, T. Yamamoto, H. Koinuma, Jpn. J. Appl. Phys. Part 2,
2004, 43, L315–L316.


[20] D. Sparfel, F. Gobert, J. Rigaudy, Tetrahedron 1980, 36, 2225–2235.
[21] Y. Kamura, I. Shirotani, H. Inokuchi, Y. Maruyama, Chem. Lett.


1974, 627–630.
[22] The same reaction was performed in an Ar atmosphere, and NMR


spectroscopy was used in an attempt to monitor the pentacene
peaks. Although the color of the reaction mixture changed to purple
during photoirradiation, precipitates of pentacene appeared during


Chem. Eur. J. 2005, 11, 6212 – 6220 G 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6219


FULL PAPERPhotochemical Synthesis of Pentacene



www.chemeurj.org





the NMR measurements, and no peaks of the pentacene were ob-
served.


[23] a) J.-M. Aubry, B. Mandard-Cazin, M. Rougee, R. V. Bensasson, J.
Am. Chem. Soc. 1995, 117, 9159–9164; b) A. R. Wartini, H. A.
Staab, F. A. Neugebauer, Eur. J. Org. Chem. 1998, 1161–1170; c) X.
Zhou, M. Kitamura, B. Shen, K. Nakajima, T. Takahashi, Chem.
Lett. 2004, 33, 410–411.


[24] a) C. Hellner, L. Lindqvist, P. C. Roberge, J. Chem. Soc. Faraday
Trans. 2 1972, 68, 1928–1937; b) K. A. Nguyen, J. Kennel, R. Pacht-
er, J. Chem. Phys. 2002, 117, 7128–7136.


Received: May 23, 2005
Published online: August 1, 2005


www.chemeurj.org G 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6212 – 62206220


H. Yamada, N. Ono et al.



www.chemeurj.org






DOI: 10.1002/chem.200500291


A New Synthesis of (PhPSe2)2 (Woollins Reagent) and Its Use in the
Synthesis of Novel P–Se Heterocycles


Ian P. Gray, Pravat Bhattacharyya, Alexandra M. Z. Slawin, and J. Derek Woollins*[a]


Introduction


The synthesis and wide variety of reactions of dithiadiphos-
phetane disulfides has been the subject of many reviews, ar-
ticles and communications over many years.[1] In contrast,
their selenium analogues, the diselenaphosphetane disele-
nides, have received very little attention. Shore et al.[2] re-
ported the synthesis of (tBuPSe2)2 from dichloro-tert-butyl-
phosphine and Li2Se2, and, although this compound was
studied crystallographically, its potential chemistry has been
overlooked. Hahn and co-workers were also able to obtain
this compound and its methyl and phenyl analogues[3] from
the reaction of the silyl esters of the triselenophosphonic
acids and DMSO, although no detailed experimental proce-
dure or spectroscopic data was reported. Karaghiosoff and
co-workers[4] and Woollins et al.[5] have reported a range of
diselenaphosphetane diselenides synthesised from the oxida-
tion of the corresponding homocyclic pentamers (PR)5 (R=


Me, Et, 4-Me2NC6H4, An and Ph) by 10 equivalents of ele-
mental selenium, including WR (R=Ph).


In recent years, the chemistry of (PhPSe2)2 1 (which has
become known as Woollins reagent, WR) has been the sub-


ject of a few reports. Baxter et al. ,[6] Bhattacharyya et al.[7]


and Bethke et al.[8a] have reported the selenation reactions
of WR in the synthesis of selenoketenyl complexes and a
range of selenoamides and selenoaldehydes, and Knapp and
Darout very recently described its use for the selenation of
carboxylic acids.[8b] We have also reported the use of WR in
the preparation of novel phosphorus–selenium heterocycles
by the reaction with several organic substrates containing re-
active unsaturated C=C double bonds, C�C triple bonds and
C�N triple bonds.[9] A further range of novel phosphorus–
selenium heterocycles were prepared by treating WR with
dibasic nucleophiles.[10]


Results and Discussion


To date, no suitable general method for the synthesis of dis-
elenaphosphetane diselenides has been established. Here,
we describe a new method that gives WR with excellent
purity and high yield. Reactions were carried out with WR
and two reactive substrates to yield four new phosphorus–
selenium heterocycles and a useful selenocarbonyl com-
pound. As a direct comparison, the reaction between one of
these substrates, diphenylcyclopropenone, and Lawesson=s
reagent was performed and gave the analogous thiocarbonyl
compound in high yield.


Preparation of Woollins reagent from (PhP)5 : WR is usually
prepared from the pentamer (PhP)5 by following the litera-
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ture procedure[5c] (Scheme 1). Although this method produ-
ces the desired product, as indicated by the results of micro-
analysis and IR spectra, it has limitations. The pentamer is a


highly unpleasant compound, is air-sensitive and has a lin-
gering stench. One other major limitation of this method is
that the pentamer can be readily prepared on a small scale
only (5–10 g), which makes it an unsuitable precursor for
large-scale synthesis.


Preparation of WR from PhPCl2 and Na2Se : We have em-
ployed a new method to synthesise WR, producing material
of high purity in high yield. Elemental selenium was added
to sodium metal dissolved in liquid ammonia at �78 8C, and
was allowed to reflux at �34 8C. Once the ammonia was re-
moved, Na2Se was obtained as an off-white solid. The am-
monia was replaced by toluene, PhPCl2 was added and the
mixture was heated to reflux. The reaction was filtered to
remove the precipitated NaCl byproduct from the yellow so-
lution. A second portion of selenium was added and reflux
was continued. WR was isolated as red crystals in very high
yield (86%), which were identified by performing micro-
analysis, IR spectroscopy, mass spectrometry, powder dif-
fraction and 31P solid-state NMR spectroscopy. The IR and
solid-state 31P NMR[11] spectra are identical to those ob-
tained for WR by using the previous method, and also to lit-
erature values.


The powder diffraction pattern of the product of this reac-
tion was compared to a theoretical pattern calculated from
single crystal data, unambiguously showing it to be Woollins
reagent (Figure 1). A low intensity peak, due to an unidenti-
fied impurity, was also observed with 2q at 498. A powder
diffraction pattern was also collected for a sample produced
by the pentamer method, and showed it to contain a signifi-
cant amount of red selenium.


The use of 31P NMR spectroscopy allows us to monitor
the course of the reaction (Scheme 2). After 18 h of the ini-
tial reflux, a 31P NMR spectrum was recorded (Figure 2),
which shows the presence of both 2 (d=102.3, 101.1, 89.9,
82.9 ppm) and 3 (d=119.0, 108.8, 106.2, 92.8, 90.1 ppm), the
chemical shifts and coupling constants in accordance with
known literature values.[4,5] The spectrum also shows the
presence of the starting PhPCl2 (d=161.5 ppm) and
PhP(Se)Cl2 (d=58.3 ppm) (Figure 2). This suggests that the
reactive heterocycles 2 and 3 are formed by the reaction of


Scheme 1.


Figure 1. The upper spectrum shows the actual powder diffraction pattern
obtained for 1; the lower spectrum shows the powder diffraction pattern
simulated from single crystal data of 1.


Scheme 2.


Figure 2. 31P-{1H} NMR spectrum obtained after 18 h of reflux of Na2Se
and PhPCl2 in toluene.
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PhPCl2 with Na2Se, and upon further addition of selenium,
they are converted to WR.


This new method involves the use of the unpleasant di-
chlorophenylphosphine and the potentially hazardous liquid
ammonia; however, it bypasses the handling of the pentam-
er (PhP)5. In addition, it produces a product of high purity,
in higher yield and by a cleaner process, but the real advant-
age of this method is that it can be conducted on a much
larger scale (~150 g).


Reaction of WR with diphenylcyclopropenone : WR and di-
phenylcyclopropenone 4 were stirred together at 100 8C in
dichloromethane (in a sealed tube) resulting in a very dark
red solution plus a small amount of black selenium
(Scheme 3). Column chromatography (silica gel, toluene)


produced an orange fraction followed by a purple fraction.
The orange fraction proved to be the expected selenation
product, the selenocarbonyl compound 5. This was isolated
in moderate yield (27%) as an orange, air-stable, solid. The
identity of 5 was confirmed by microanalysis, 1H, 13C and
77Se NMR spectroscopy, IR spectroscopy and mass spec-
trometry. The values obtained matched literature data from
previous studies of this selenocarbonyl species. This com-
pound is of interest in organometallic chemistry as it has
been reported to undergo insertion reactions with metal car-
bonyl compounds.[12]


The second, purple fraction proved to be a new and un-
usual phosphorus–selenium heterocycle 6. This was isolated
in low yield (5%) as a purple solid and was found to de-
grade in the presence of air and moisture over approximate-
ly two weeks. The 31P NMR spectrum of 6 shows a sharp sin-
glet at d=66.1 ppm, accompanied by an unusual pattern of
selenium satellites. There appeared to be three sets of satel-
lites associated with each phosphorus atom, with 31P,77Se
couplings of 304, 693 and 938 Hz, respectively. Closer in-
spection suggests that the pattern is actually a 1J(31P,77Se)
coupling of 304 Hz attributed to the P�Se single bonds, and
a 1J(31P,77Se) coupling of 816 Hz attributed to the P=Se
double bonds, which is split by a 2J(31P,31P) coupling of
124 Hz. This assignment is further substantiated by
77Se NMR studies. The 77Se NMR spectrum displays two dis-
tinct signals; a doublet at d=�34.1 ppm with a 1J(31P,77Se)
coupling constant of 820 Hz and a triplet at d=507 ppm
with a 1J(31P,77Se) coupling constant of 306 Hz, assigned as
P=Se and P�Se, respectively. Results of 1H NMR spectros-


copy showed that only phenyl protons are present. Unfortu-
nately, the low yield meant that a suitable 13C NMR spec-
trum could not be obtained.


Crystals suitable for X-ray analysis were grown by layer-
ing of a dichloromethane solution with hexane, allowing us
to unambiguously identify the structure of 6 as a four-mem-
bered P2SeC ring fused at the carbon atom to a three-mem-
bered cyclopropene ring (Figure 3). The structure shows


that the exocyclic selenium atoms exist in a trans conforma-
tion, consistent with all known four-membered phosphorus–
selenium ring systems of this type. The C=C double bond of
the cyclopropene ring remains unchanged. The P2SeC ring
adopts a planar conformation that has been shown to be fav-
oured by similar ring systems, WR,[9a] tBuP2Se4


[2] and
PhP(Se)(m-NPh)P(Se)Ph.[9a] The internal P-Se-P bond angle
in 6 (78.83(9)8) is substantially smaller than in WR
(85.45(9)8) and is closer to the values found for
Ph2P2Se3CMe2


[13] (77.73(7)8) and PhP(Se)(m-NPh)P(Se)Ph[9a]


(75.28(4)8), indicating that the reduction in angle size is due
to the introduction of the smaller heteroatom (C or N).
Only two other examples of P2SeC four-membered rings
have been discovered; Ph2P2SeCH2


[13] and Ph2P2SeCMe2.
[13]


These are consistent with the above structure, but no three-
membered ring has been shown to fuse to such a system.


Reaction of Lawesson?s reagent with diphenylcyclopropen-
one : As a direct comparison, the reaction between diphenyl-
cyclopropenone and Lawesson=s reagent (LR) was per-
formed (Scheme 4) to give 7 as the only product (confirmed
by microanalysis, 1H and 13C NMR spectroscopy, IR spec-
troscopy and mass spectrometry).[11] Like its selenium ana-
logue, 7 has been reported to undergo similar insertion reac-
tions with metal carbonyl compounds.[11] Unlike the corre-
sponding reaction with Woollins reagent, there was no sign


Scheme 3.
Figure 3. The X-ray structure of 6. Selected bond lengths (O) and angles
(8) (esd=s in parentheses): P(1)�Se(1) 2.089(3), P(1)�Se(12) 2.265(2),
P(1)�C(1) 1.826(10), P(1)�C(13) 1.840(9), C(13)�C(15) 1.507(12),
C(14)�C(15) 1.290(12), P(1)-Se(12)-P(2) 78.83(9), P(1)-C(13)-P(2)
102.0(4).
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of the formation of any phosphorus-containing heterocyclic
products. Although this reaction did not produce any novel
heterocycles, it clearly demonstrates a novel and simple
route to this useful thiocarbonyl compound.


Reaction of WR with methyl phenylpropiolate : WR and
methyl phenylpropiolate were heated to reflux in toluene,
resulting in a red solution. The use of column chromatogra-
phy (silica gel, toluene) afforded four phosphorus-containing
fractions, from which compounds 8–10 were obtained in 20–
26% isolated yields (Scheme 5). Compounds 8–10 were


found to be solids that were moderately stable in air, de-
grading over a period of several weeks with the obvious ex-
pulsion of red selenium. They are soluble in chloroform, tet-
rahydrofuran and dichloromethane and insoluble in diethyl
ether and hexane. The mass spectra of these compounds all
contain molecular ion peaks at m/z 506, corresponding to
PhPSe3(PhC=C�CO2Me), which is supported by microanaly-
ses.


The 31P NMR spectra of 8 and 10 display sharp singlets at
d=76.0 and 71.4 ppm, respectively, and each signal is ac-
companied by two sets of selenium satellites (789 and
366 Hz for 8, 798 and 343 Hz for 10), indicating that in each
compound there is a P�Se single bond and a P=Se double
bond present. This is further substantiated by the 77Se NMR
spectrum, which displays three doublets, due to 31P,77Se cou-
pling, and indicates the presence of a PhP(Se)-Se-Se chain,
a fragment present in the products obtained from the reac-
tion of WR with dimethyl acetylenedicarboxylate, norborna-
diene and norbornene.[9a,b] The X-ray structure of 8
(Figure 4) was obtained unambiguously and shows that the
PhP(Se)-Se-Se chain is attached across the C=C double
bond in a five-membered ring. The structure also shows that
in 8, the ester group is trans to the phosphorus atom, thus


10 is assigned as the cis isomer.
This assignment of these iso-
mers is also reinforced by the
13C NMR data, which revealed
the expected differences in
chemical shift and 31P,13C cou-
pling constants. The 1H NMR
spectra show that in both mole-
cules there are two phenyl
groups and one methoxy group
present.


The X-ray structure of 8 con-
firms the formation of a five-
membered C2PSe2 ring. The


ring is essentially planar with a mean deviation of 0.06 O;
however, this was not found to be the case for heterocycles
containing similar ring systems formed from the reaction of
WR with dimethyl acetylenedicarboxylate (C2PSe2 and
C2PSe2) and bicyclo[2.2.1]hept-2-ene (C2PSe2), which have
envelope conformations.[9a–c] The Se(3)�Se(4) bond length
(2.3266(11) O) is comparable to the Se�Se bond lengths
found in (PhPSe)2CH2Se2 (2.338(1) O)[9b] and PhP(Se)-
Se2(C2{CO2Me}2) (2.359(2) O)[9c] , with the plane of the
phenyl group attached to C(6) lying almost perpendicular to
the central C2PSe2 ring (C(5)-C(6)-C(7)-C(12) torsion angle
of 80.9(10)8).


Despite the similarities in the molecular ions and micro-
analyses of 9, and 8 and 10, the spectra of 9 display a some-
what different pattern to those of 8 and 10. The 31P spec-
trum of 9 again displays a sharp singlet (d=85.7 ppm), but
in this case, only one set of selenium satellites is observed,
with a 31P,77Se coupling constant of 822 Hz. This would indi-
cate the presence of a P=Se double bond and the absence of
any P�Se single bonds, therefore, compound 9 must adopt a
different structural motif to that of 8 and 10. The 77Se NMR
spectrum displays a doublet at d=207 ppm with a 31P,77Se


Scheme 4.


Scheme 5.


Figure 4. The X-ray structure of 8. Selected bond lengths [O] and angles
[8] (esd=s in parentheses): Se(1)�P(2) 2.096(2), P(2)�Se(3) 2.2387(19),
Se(3)�Se(4) 2.3286(11), Se(4)�C(5) 1.924(6), C(5)�C(6) 1.323(9); Se(1)-
P(2)-Se(3) 112.21(9), P(2)-Se(3)-Se(4) 94.78(5), C(5)-Se(4)-Se(3) 96.1(2),
C(5)-C(6)-P(2) 112.3(4), C(6)-C(5)-Se(4) 123.8(5).
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coupling constant of 823 Hz, confirming the presence of a
P=Se bond. There are also two distinct singlets at d=688
and 519 ppm, respectively. The 1H NMR spectrum shows
that the molecule contains two phenyl groups and one me-
thoxy group, with a 1H,31P coupling constant of 15 Hz.


The X-ray structure of 9 was obtained (Figure 5) and was,
as expected, very different from that of 8. The molecule pos-
sesses a planar C3Se2 ring, with exocyclic CPh and
PhP(Se)OMe substituents arranged in a cis geometry with


respect to one another. The structure shows that, in contrast
to 8, the ester group of the starting material has not re-
mained unchanged, with the methoxy group having migrat-
ed to form a bond to the phosphorus atom. The data ob-
tained from the 13C NMR spectrum of 9 is that expected for
this structure.


In 8 and 9, the C�Se (1.895(10), 1.948(10) O) and P�Se
bond lengths (ca. 2.10 O for P=Se double bonds and 2.24 O
for P�Se single bonds) and the angles at internal selenium
atoms (91.1(3) to 96.1(2)8) are consistent with those found
for similar ring systems. There are no notable intermolecular
contacts within either structure.


Conclusion


We have described a new method for the preparation of
WR, which gives a product of excellent purity and high
yield, and which can be applied to syntheses on a much
larger scale than that previously employed. Reactions were
carried out with Woollins reagent and two reactive sub-
strates (diphenylcyclopropenone and methyl phenylpropio-
late) to yield four new isolable phosphorus–selenium hetero-
cycles, including the novel spirocyclic compound 6.


Experimental Section


General : Unless otherwise stated, experiments were performed under an
oxygen-free nitrogen atmosphere by using predried solvents and standard
Schlenk techniques. All reagents were purchased from Aldrich, Acros or
Lancaster and were used as received. IR spectra were recorded as KBr
discs in the range 4000–350 cm�1 by using a Perkin–Elmer System 2000
Fourier-transform spectrometer; 1H, 31P, 13C and 77Se NMR spectra were
recorded by using a Jeol GSX Delta 270 FT NMR spectrometer. Solid-
state 31P NMR spectra were recorded by using an Infinityplus 500 MHz
solid-state NMR spectrometer. Microanalyses were performed by the
University of St. Andrews microanalysis service. Mass spectra were re-
corded by both the University of St. Andrews mass spectrometry service
and the Swansea mass spectrometry service.


Synthesis


Preparation of (PhP)5 : PhPCl2 (8.9 g, 50 mmol) and Mg turnings (1.2 g,
50 mmol) were stirred together in THF (50 cm3) for 4 h. Room tempera-
ture was maintained by some external cooling. Acetone (5 cm3) was
added and excess Mg was filtered off. Upon the addition of water (2Q
30 cm3), an oily off-white precipitate formed. The mixture was stirred vig-
orously for 40 min. The product was collected by suction filtration and
dried in vacuo to give a white solid (1.41 g, 26% yield).


Preparation of (PhPSe2)2 (1): From (PhP)5: (PhP)5 (1.01 g, 1.87 mmol)
and selenium (1.49 g, 18.7 mmol) were refluxed with stirring in toluene
(30 cm3) for 5 h. The reaction mixture was allowed to cool to room tem-
perature. The product was collected by suction filtration, washed with
toluene (2Q15 cm3) and dried in vacuo to give a red solid (1.96 g, 78%
yield); IR (KBr disc): ñ=1433 (s), 1300 (mw), 1280 (w), 1155 (w), 1108
(w), 1078 (s), 994 (m), 917 (w), 841(w), 744 (m), 734 (s), 702 (m), 678 (s),
615 (m), 508 (s, br), 486 (s), 430 cm�1 (s); elemental analysis calcd (%)
for C12H10P2Se4: C 27.09, H 1.89; found: C 26.62, H 1.80; EIMS (positive
mode): m/z : 534 [M]+ .


Preparation of (PhPSe2)2 (1): From PhPCl2 : Na (1.2 g, 52.2 mmol) was
dissolved in liquid NH3 (50 cm3) at �78 8C. Se (2.061 g, 26.1 mmol) was
added, resulting in a dark red mixture. After 15 min of stirring, the NH3


was allowed to evaporate and was replaced by toluene (50 cm3). An
excess of PhPCl2 (6.60 cm3) was added and refluxed for 64 h. The prog-
ress of the reaction was monitored by 31P NMR analysis. Se (3.435 g,
43 mmol) was added and the mixture was refluxed for 3.5 h. The product
was collected by suction filtration, washed with toluene (2Q15 cm3) and
dried in vacuo to give a red solid (5.68 g, 82% yield); 31P NMR (solid
state): d=18.7 ppm (s); IR (KBr disc): ñ=1434 (s), 1302 (mw), 1280 (w),
1154 (w), 1109 (w), 1077 (s), 994 (m), 917 (w), 744 (m), 734 (s), 704 (m),
679 (s), 614 (m), 508 (s, br), 486 (s), 432 cm�1 (s); elemental analysis
calcd (%) for C12H10P2Se4: C 27.09, H 1.89; found: C 27.12, H 1.41;
EIMS (positive mode): m/z : 534 [M]+ .


This reaction can be performed on a scale 20 times greater than that de-
scribed above, and by taking suitable handling precautions. Attempts
were made to repeat this procedure using a) Li (0.362 g, 52.2 mmol) and
b) (nBu4N)BH4 (13.421 g, 52.2 mmol) instead of Na, however, both at-
tempts proved unsuccessful.


Reaction of WR with diphenylcyclopropenone—synthesis of 5 and 6 :
WR (1), (0.2 g, 37.3 mmol) and diphenylcyclopropenone (0.154 g,
74.6 mmol) were stirred in dichloromethane (3 cm3) at 100 8C in a sealed
tube for 5 min, producing a dark red solution plus a tiny amount of black
solid (selenium). Column chromatography (silica gel, toluene) produced
an orange fraction and a subsequent purple fraction. These were dried in
vacuo and produced an orange solid, 5, and a purple solid, 6.


Compound 5 (0.054 g, 27% yield, based on ketone); 1H NMR (CDCl3):
d=7.61–8.25 ppm (m, 10H; Ph); 13C NMR (CDCl3): d=173.1 (s, C=Se),
159.9 (s, Ph C-1), 134.6 (s, p-Ph), 132.4 (s, m-Ph), 129.7 (o-Ph), 122.8 ppm
(s, C-Ph); 77Se NMR (CDCl3): d=330.0 ppm (s); IR: (KBr disc): ñ=3463
(s, br), 1780 (m), 1596 (m), 1360 (m), 1331 (s), 1310 (s), 1287 (s), 1171
(m), 764 (s), 685 cm�1 (s); elemental analysis calcd (%) for C15H10Se: C
66.92, H 3.74; found: C 66.74, H 3.51; EIMS (positive mode): m/z : 270
[M]+ .


Figure 5. The X-ray structure of 9. Selected bond lengths [O] and angles
[8] (esd=s in parentheses). Se(1)�P(1) 2.096(3), P(1)�O(6) 1.591(7), C(2)�
Se(3) 1.948(10), Se(3)�Se(4) 2.3082(16), Se(4)�C(5) 1.895(10), O(6)�
C(6) 1.469(13), C(2)�O(2) 1.202(12); C(1)-P(1)-Se(1) 113.1(3), C(5)-
C(1)-P(1) 126.6(8), C(2)-C(1)-P(1) 112.9(7), C(2)-C(1)-P(1) 112.9(7),
O(2)-C(2)-C(1) 126.4(9), O(2)-C(2)-Se(3) 119.7(8), C(1)-C(2)-Se(3)
113.9(7), C(2)-Se(3)-Se(4) 92.4(3), C(5)-Se(4)-Se(3) 91.1(3), C(1)-C(5)-
Se(4) 122.0(8)C(5)-C(1)-C(2) 120.3(9).
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Compound 6 (0.012 g, 5% yield, based on WR): Yellow crystals suitable
for X-ray analysis were grown by layering a dichloromethane solution
with hexane; 1H NMR (CDCl3): d=7.16–7.37 ppm (m, 20H; Ph);
31P NMR (CDCl3): d=66.1 ppm (s, 1J(31P,77Se)=304.2 Hz, 1J(31P,77Se)=
815.5 Hz), 2J(31P,31P)=124.4 Hz; 77Se NMR (CDCl3): d=�34.1 (d, 1J-
(31P,77Se)=820.2 Hz), 506.9 ppm (t, 1J(31P,77Se)=306.1 Hz); IR (KBr disc):
ñ=3048 (s), 1445 (m), 1435 (s), 1305 (w), 1086 (s), 754 (s), 727 (m), 706
(m), 685 (s), 541 cm�1 (s, P=Se); elemental analysis calcd (%) for
C27H20P2Se3: C 50.41, H 3.13; found: C 50.11, H 3.04; EIMS (positive
mode): m/z : 643 [M]+ .


Reaction of Lawesson?s reagent with diphenylcyclopropenone—synthesis
of 7: LR (0.133 g, 37.3 mmol) and diphenylcyclopropenone (0.154 g,
74.6 mmol) were refluxed in toluene (3 cm3) for 3 min, producing a
brown/orange solution. Column chromatography (silica gel, toluene) pro-
duced a yellow fraction. This was dried in vacuo to give a yellow solid
(0.121 g, 74% yield); 1H NMR (CDCl3): d=7.25–7.85 ppm (m, 10H; Ph);
13C NMR (CDCl3): d=178.5 (s, C=S), 153.8 (s, Ph C-1), 133.8 (s, p-Ph),
132.1 (s, m-Ph), 129.6 (o-Ph), 122.9 ppm (s, C-Ph); IR (KBr disc): ñ=
3449 (s, br), 1780 (m), 1595 (m), 1352 (s), 1331 (s), 1314 (m), 1298 (m),
1172 (m), 762 (s), 688 cm�1 (s); elemental analysis calcd (%) for C15H10S:
C 81.04, H 4.53; found: C 80.72, H 4.26; EIMS (positive mode): m/z : 222
[M]+ .


Reaction of WR (1) with methyl phenylpropiolate : A mixture of Wool-
lins reagent (0.300 g, 0.56 mmol) and methyl phenylpropiolate (0.18 cm3)
in toluene (7 cm3) was heated at reflux for 21 h resulting in a red solu-
tion. After cooling to room temperature, the solution was subjected to
column chromatography (silica gel, toluene) and afforded successively
yellow, orange (8), yellow (9) and orange (10) eluates. Compounds 8–10
were precipitated as yellow (8 and 9)
or orange (10) solids following the ad-
dition of hexane to dichloromethane
solutions.


Compound 8 (0.073 g, 26% yield):
Yellow crystals suitable for X-ray anal-
ysis were grown by layering of a di-
chloromethane solution with hexane;
1H NMR (CDCl3): d=8.02 (m, 2H;
Ph), 7.44 (m, 3H; Ph), 7.18 (m, 3H;
Ph), 7.01 (m, 2H; Ph), 3.61 ppm (s,
3H; CH3);


13C NMR (CDCl3): d=


178.6 (d, 3J(31P,13C) 9.3 Hz, C=O),
162.9 (d, 2J(31P,13C) 26.0 Hz, C-C=O),
144.5 (d, 1J(31P,13C) 60.2 Hz, P-C(Ph)=
C), 133.7 (d, 3J(31P,13C) 10.4 Hz, C-Ph-
o), 132.8 (d, 3J(31P,13C) 12.5 Hz, P-Ph-
m), 131.1 (d, 1J(31P,13C) 70.6 Hz, P-Ph
C-1), 129.7 (d, 4J(31P,13C) 5.2 Hz, C-Ph-
m), 129.6 (d, 4J(31P,13C) 5.2 Hz, P-Ph-
p), 128.9 (d, 2J(31P,13C) 29.1 Hz, C-Ph
C-1), 128.5 (d, 2J(31P,13C) 14.5 Hz, P-
Ph-o), 127.8 (s, C-Ph-p), 53.3 ppm (s,
OCH3); 31P NMR (CDCl3): d=


76.0 ppm (s, 1J(31P,77Se)=789.2 and
365.9 Hz); 77Se NMR (CDCl3): d=


525.8 (d, 2J(31P,77Se)=9.5 Hz, C-Se),
341.4 (d, 1J(31P,77Se)=367.2 Hz, P-Se),
26.8 ppm (d, 1J(31P,77Se)=796.3 Hz, P=Se); selected IR data (KBr): ñ=
1742 (s, C=O), 1224 (m, C�O), 523 cm�1 (m, P=Se); elemental analysis
calcd (%) for C16H13O2PSe3: C 38.04, H 2.59; found: C 38.47, H 2.30;
EIMS (positive mode): 506 [M]+ .


Compound 9 (0.056 g, 20% yield): Yellow crystals suitable for X-ray
analysis were grown by layering of a chloroform solution with hexane;
1H NMR (CDCl3): d=7.90 (m, 2H; Ph), 7.64 (m, 2H; Ph), 7.48 (m, 6H;
Ph), 3.28 ppm (d, 3H; 3J(31P,1H) 15.0 Hz, CH3);


13C NMR (CDCl3): d=
194.6 (d, 2J(31P,13C) 17.6 Hz, C=O), 178.6 (d, 2J(31P,13C) 10.4 Hz, C=C-
Ph), 138.8 (d, 1J(31P,13C) 120.8 Hz, P-C=C), 136.5 (d, 3J(31P,13C) 3.1 Hz,
C-Ph C-1), 132.1 (d, 2J(31P,13C) 12.5 Hz, P-Ph-o), 130.4 (s, C-Ph-o), 130.0
(d, 1J(31P,13C) 121.4 Hz, P-Ph C-1), 129.6 (d, 4J(31P,13C) 4.2 Hz, P-Ph-p),


128.3 (s, C-Ph-m), 128.0 (d, 3J(31P,13C) 14.5 Hz, P-Ph-m), 127.2 (s, C-Ph-
p), 52.3 ppm (d, 2J(31P,13C) 5.2 Hz, OCH3);


31P NMR (CDCl3): d=


85.7 ppm (s, 1J(31P,77Se)=821.7 Hz); 77Se NMR (CDCl3): d=687.5 (s,
C(=O)Se), 518.0 (s, C(Ph)Se), 207.0 ppm (d, 1J(31P,77Se)=822.5 Hz, P=
Se); selected IR data (KBr): ñ=1638 (s, C=O), 546 cm�1 (m, P=Se); ele-
mental analysis calcd (%) for C16H13O2PSe3: C 38.04, H 2.59; found: C
37.69, H 2.34; EIMS (positive mode): m/z : 506 [M]+ .


Compound 10 (0.070 g, 25% yield); 1H NMR (CDCl3): d=8.18 (m, 2H;
Ph), 7.48 (m, 8H; Ph), 3.37 ppm (s, 3H, CH3);


13C NMR (CDCl3): d=
165.7 (d, 2J(31P,13C) 10.4 Hz, C=C-Ph), 164.3 (d, 2J(31P,13C) 18.7 Hz, C=


O), 133.2 (d, 1J(31P,13C) 74.9 Hz, P-Ph C-1), 132.8 (d, 4J(31P,13C) 3.1 Hz, P-
Ph-p), 131.5 (d, 3J(31P,13C) 13.5 Hz, P-Ph-m), 131.3 (s, C-Ph-p), 129.0 (s,
C-Ph-o), 128.7 (d, 3J(31P,13C) 10.8 Hz, C-Ph C-1), 128.6 (d, 2J(31P,13C)
15.6 Hz, P-Ph-o), 128.5 (s, C-Ph-m), 126.5 (d, 1J(31P,13C) 71.6 Hz, P-C=


C), 52.3 ppm (s, OCH3);
31P NMR (CDCl3): d=71.4 ppm (s, 1J(31P,77Se)=


798.3 and 342.8 Hz); 77Se NMR (CDCl3): d=532.0 (d, 2J(31P,77Se)=
7.2 Hz, C-Se), 420.6 (d, 1J(31P,77Se)=343.3 Hz, P-Se), �25.0 ppm (d, 1J-
(31P,77Se)=798.7 Hz, P=Se); selected IR data (KBr): ñ=1707 (s, C=O),
1233 (s, C�O), 539 cm�1 (m, P=Se); elemental analysis calcd (%) for
C16H13O2PSe3: C 38.04, H 2.59; found: C 39.01, H 2.44; EIMS (positive
mode): m/z : 506 [M]+ .


X-ray crystallography : Table 1 list details of data collections and refine-
ments. Data for 6 and 8 were collected at 293 K, and for 9 at 125 K by
using a Bruker SMART (sealed tube) system. Intensities were corrected
for Lorentz-polarisation and for absorption. The structures were solved
by direct methods. The positions of the hydrogen atoms were idealised.
Refinements were obtained with full-matrix least-squares based on F2 by
using SHELXTL.[14,15]
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Table 1. Details of the X-ray data collections and refinements for 6, 8 and 9.


Compound 6 8 9


formula C27H20P2Se3 C16H13O2PSe3 C16H13O2PSe3
crystal colour, habit yellow, block yellow, block yellow, plate
crystal size [mm3] 0.2Q0.1Q0.05 0.15Q0.1Q0.1 0.16Q0.04Q0.02
crystal system monoclinic monoclinic monoclinic
space group C2/c P21/c P21/n
a [O] 13.6894(8) 9.6996(10) 11.041(4)
b [O] 11.0398(5) 9.4792(9) 7.068(3)
c [O] 33.605(2) 19.1924(19) 22.564(8)
a [8] 90 90 90
b [8] 90.496(2) 100.033(2) 101.306(7)
g [8] 90 90 90
V [O3] 5078.5(5) 1737.6(3) 1726.7(11)
Z 8 4 4
Mr 643.25 505.11 505.11
1 [g cm�3] 1.683 1.931 1.943
m [mm�1] 4.485 6.445 6.486
F(000) 2512 968 968
measured reflns. 10621 8260 7042
independent reflns. (Rint) 3584(0.0301) 2368(0.0588) 2432(0.02508)
final R1, wR2 [I>2s(I)] 0.0623(0.1445) 0.0461, 0.1074 0.0882, 0.2010
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Rhodium Complexes Non-Covalently Bound to Cyclodextrins:
Novel Water-Soluble Supramolecular Catalysts for the
Biphasic Hydroformylation of Higher Olefins
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Herv4 Bricout,[a] S4bastien Tilloy,[a] and Eric Monflier*[a]


Introduction


The use of chemically modified b-cyclodextrins (b-CD) as
mass-transfer promoters is an attractive solution to extend
the scope of aqueous organometallic catalysis to water-in-
soluble substrates.[1] Indeed, the b-CD derivatives greatly
improve the solubility of highly hydrophobic substrates by
forming water-soluble inclusion complexes and, consequent-
ly avoid mass-transfer limitations.[2] Formation of inclusion
complexes with the phosphine used to solubilise the transi-
tion-metal in water can occur in parallel to the complexation
of the substrate. The first example of such a phenomenon
was reported with the native b-CD and the currently most-
used ligand in aqueous organometallic catalysis: the sodium
salt of the meta-substituted trisulfonated triphenylphosphine


(P(m-C6H4SO3Na)3 (TPPTS)).
[3] The geometry of this inclu-


sion complex was deduced from two-dimensional NMR ex-
periments and it was demonstrated that one phenyl ring of
the TPPTS was included into the hydrophobic cavity of the
b-CD from the side of the secondary hydroxy groups.[4] The
affinity between the native b-CD and the ligand is very de-
pendent on the nature of the ligand. Thus, the value of the
association constant is particularly high when the ligand pos-
sesses a non-sulfonated aromatic ring as in the case of the
(3-sodium sulfonatophenyl)diphenylphosphine (TPPMS)[5]


and the bis(3-sodium sulfonatophenyl)-[4-(4-tert-
butylphenyl)phenyl]phosphine.[6] Substitution of one or sev-
eral hydroxy groups of the b-CD by ionic groups has a
major influence on the original inclusion ability of the b-CD
towards the ligand. For example, the lowest association con-
stants are observed with b-CD derivatives bearing anionic
substituents. Indeed, electronic repulsions between the
anionic groups of these b-CD derivatives and the sulfonato
groups of the water-soluble phosphine impede the formation
of inclusion complexes.[7] Conversely, the presence of cation-
ic groups such as ammonium groups on the b-CD greatly in-
crease the affinity of the CD for the ligand due to attractive
electrostatic interactions between the cationic group of the
CD and the anionic group of the phosphine. For instance,
the value of the association constant for the TPPMS-
mono[2-O-(2-hydroxy-3-trimethylammoniopropyl)]-b-CD
inclusion complex was found to be 105500 versus 7110m�1


for the TPPMS-b-CD inclusion complex.[8] This inclusion
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ciency as mass-transfer promoters in a
biphasic hydroformylation reaction cat-
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complex was formed in situ by
an ion-exchange between the
mono[2-O-(2-hydroxy-3-trime-
thylammoniopropyl)]-b-CD
chloride and the sodium salt of
the TPPMS. The NMR experi-
ments demonstrated that one of
the non-sulfonated groups of
the TPPMS was included in the
host cavity of the CD and that
methyl groups of the 2-hy-
droxy-3-trimethylammonio-
propyl substituent were inequi-
valent due to the formation of
the ion pair.


The discovery of this ion-ex-
change gave us the idea to syn-
thesise water-soluble organome-
tallic catalysts possessing mass-
transfer functions by self-assem-
bly. Indeed, if the CD cavity is
not occupied by one phenyl
ring of the phosphine and re-
mains located near the catalyti-
cally active centre owing to the
formation of an ion pair be-
tween the ligand and the CD,
such an organometallic complex
could act as an efficient phase-
transfer catalyst and/or could
lead to unusual selectivity. As
we have recently demonstrated
that non-charged a-cyclodextrin
(a-CD) derivatives cannot form
inclusion complexes with the
TPPTS due to their cavities
being too small,[9] the a-CD de-
rivatives bearing 2-hydroxy-3-
trimethylammoniopropyl sub-
stituents could be excellent candidates to obtain such cata-
lysts.


Here we report the synthesis of new a-CD derivatives
bearing 2-hydroxy-3-trimethylammoniopropyl substituents.
The behaviour of these a-CD derivatives towards the
TPPTS ligand was investigated by 1H and 31P{1H} NMR
spectroscopy, and the ability of [Rh(acac)(CO)2]/TPPTS/cat-
ionic a-CD systems to catalyse the biphasic hydroformyla-
tion of 1-decene has been evaluated (Scheme 1).


Results and Discussion


Synthesis of cationic a-CD derivatives : The a-CD deriva-
tives bearing the 2-hydroxy-3-trimethylammoniopropyl
(HTMAP) group were synthesised according to a procedure
analogous to that described by Deratani and co-workers for
b-CD derivatives bearing HTMAP groups.[10]


The native a-CD and 2,3-epoxypropyltrimethylammoni-
um chloride reacted in basic medium to afford the O-(2-hy-
droxy-3-trimethylammoniumpropyl)-a-CD derivatives
(mono-HTMAP-a-CD and tetra-HTMAP-a-CD;
Scheme 2). For example, attachment of one HTMAP group
to the a-CD is evidenced by 1H NMR spectra showing the
presence of new signals assigned to H1’, H2’’, H3’, and
NMe3


+ (Figure 1a).
We checked the monosubstitution by comparing the inte-


grated areas of the resonance for the proton H2’’ and the
protons H1 and H1’. The degree of substitution was also
confirmed by ES-MS. The substitution in position 2 of the
a-CD was indicated by the presence of H1’ corresponding
to the acetalic proton of the glucose unit substituted in posi-
tion 2. This position was in agreement with the data report-
ed by Deratani and co-workers for the HTMAP-b-CD. We
synthesised tetra-HTMAP-a-CD in the same way as mono-
HTMAP-a-CD by increasing the quantity of 2,3-epoxypro-


Scheme 1. Rhodium-catalysed hydroformylation of 1-decene in the presence of chemically modified a-cyclo-
dextrins.
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pyltrimethylammonium chloride (14 versus 0.7 equivalents).
The NMR and ES-MS analyses were in accordance with an
average degree of substitution of four. The regioselectivity
was not only in the 2 position but either in the 3 or 6 posi-
tions.


As methylation of CD enhances the surface active proper-
ties[11] of CD and its affinity[12] for long-chain olefins, we en-
visaged the synthesis of methylated derivatives of the mono-
HTMAP-a-CD and the tetra-HTMAP-a-CD. Initial at-
tempts by adding 2,3-epoxypropyltrimethylammonium chlo-
ride to randomly methylated-a-CD (RAME-a-CD) in aque-
ous basic medium, or in N,N-dimethylformamide containing
barium oxide and barium hydroxide, failed due to the poor
reactivity of the hydroxy groups of the RAME-a-CD. Fortu-
nately, the target CD derivatives have been obtained from
mono-HTMAP-a-CD and tetra-HTMAP-a-CD by using di-
methylsulfate as a methylation reagent.[13] The 1H NMR
spectrum of the methylated mono-HTMAP-a-CD showed
the presence of methyl groups in the 2, 3, and 6 positions.
We obtained the average substitution-degree of 13 by ES-
MS. It must be pointed out that the hydroxy group of the
HTMAP group was also methylated as the signal of the H2’’
proton of the HTMAP group was found upfield in the CD
proton pattern (see Figure 1b).


In the same way, the NMR
spectrum of the methylated de-
rivative of tetra-HTMAP-a-CD
indicates that methylation of
the hydroxy group of the
HTMAP group has occurred.
The average number of methyl
groups and methylated
HTMAP groups was deter-
mined by ES-MS and were
found to be 15 and 2, respec-
tively. The number of methylat-
ed HTMAP groups was surpris-
ingly lower than the initial
number of HTMAP groups in
the starting product (2 as op-
posed to 4). The loss of
HTMAP groups during the syn-
thesis was attributed to the high
concentration of base required
for the methylation. We assume
that the degradation proceeds
by a Hofmann elimination as
we detected the characteristic
odour of amine when the reac-
tion was complete.


1H and 31P{1H} NMR studies :
The behaviour of the cationic
a-CD derivatives toward the
TPPTS ligand has been investi-
gated by 1H and 31P{1H} NMR
spectroscopy. The 1H and


31P NMR spectra of a stoichiometric mixture of TPPTS and
mono-HTMAP-a-CD are displayed in Figures 2–4. 1H and
31P{1H} NMR spectra of TPPTS in the presence of mono-
HTMAP-b-CD are also given for comparison, as it was pre-
viously shown that the TPPTS ligand can be partially includ-
ed in the cavity of chemically modified b-CD derivatives.[6]


As expected, inclusion of one phenyl ring of the TPPTS
into the cavity of the mono-HTMAP-b-CD induces strong
modifications of the 1H NMR spectra of the TPPTS and b-
CD. We observed an overlap of the Hp and Ho’ signals and a
shift for Hm and Ho for the TPPTS protons (see Figure 2).
Concerning the b-CD protons, the signal at d=3.25 ppm
corresponding to the three methyl groups of ammonium was
split into several signals and the internal protons of the CD
(H3 and H5) were shifted to higher field (see Figure 3).
31P{1H} NMR spectra were also indicative of the inclusion
complex formation as an important variation of the chemi-
cal shift of the TPPTS phosphorus atom was observed in the
presence of mono-HTMAP-b-CD (d=�8.8 ppm as opposed
to �5.9 ppm) (Figure 4).


Conversely, when mono-HTMAP-a-CD was added to
TPPTS, the 1H and 31P{1H} spectra of the TPPTS were very
similar to those observed without CD. We observed a slight
change in chemical shift of the phosphorus atom (d=


Scheme 2. Synthesis of the cationic a-cyclodextrins used in this work.
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Figure 1. 1H NMR spectrum of: a) mono-HTMAP-a-CD (3 mm);
b) mono-MTMAP/Me-a-CD (3 mm); in D2O at 298 K.


Figure 2. Effect of mono-HTMAP cyclodextrins on the 1H NMR spec-
trum of TPPTS (3 mm) in D2O at 298 K: a) 1H NMR spectrum of TPPTS
without cyclodextrin; b) in the presence of mono-HTMAP-b-CD (3 mm);
c) in the presence of mono-HTMAP-a-CD (3 mm).


Figure 3. Effect of TPPTS on 1H NMR spectra of mono-HTMAP cyclodextrins (3 mm) in D2O at 298 K: a) mono-HTMAP-b-CD; b) mono-HTMAP-b-
CD with TPPTS (3 mm); c) mono-HTMAP-a-CD; d) mono-HTMAP-a-CD with TPPTS (3 mm).
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�0.2 ppm) and a modification of the signal corresponding to
the three methyl groups of ammonium (d=3.25 ppm) con-
firming that the cavity of the a-CD is not occupied by a
TPPTS phenyl ring. The lack of a phenyl ring in the host


cavity was also evidenced by two-dimensional T-ROESY ex-
periments on the stoichiometric mixture as no intense corre-
lation peak was observed between the internal protons of
the cavity and the TPPTS ligand. Although no definitive
evidence has been obtained, the slight modifications ob-
served in the NMR spectra could result from a partial ion-
exchange between the sodium salt of TPPTS and the mono-
HTMAP-a-CD. This hypothesis was supported by a
31P{1H} NMR study conducted on various TPPTS/mono-
HTMAP-a-CD mixtures. Figure 5 displays the chemical
shifts of the TPPTS phosphorus atom as a function of the
mono-HTMAP-a-CD/TPPTS ratio.


The TPPTS chemical shift was strongly influenced by the
presence of mono-HTMAP-a-CD up to a ratio of mono-
HTMAP-a-CD/TPPTS of 11–12. At higher ratios, there is
almost no additional change in chemical shift suggesting
that all sodium cations of the TPPTS have been substituted
by the cationic a-CD. We carefully examined the 1H NMR
spectra of the above TPPTS/mono-HTMAP-a-CD mixtures.
We observed no change of the CD proton pattern confirm-
ing that inclusion of a phenyl ring of the TPPTS did not
occur even at high mono-HTMAP-a-CD/TPPTS ratios. We
should point out that the influence of the counterion of the
TPPTS on the chemical shift of the TPPTS phosphorus
atom has also been observed by Hanson and Riisager with
non-amphiphilic quaternary ammonium ions.[14] These au-
thors reported that the 31P{1H} NMR signal of TPPTS is
shifted toward high field in the presence of tetrabutylammo-
nium bromide due to ion-exchange between TPPTS and the
ammonium salt.


The stability of the mono-HTMAP-a-CD/TPPTS ion pair
was investigated in the presence of inorganic salts. In partic-
ular, it is expected that the addition of a large amount of
salt such as NaCl to a solution containing the mono-
HTMAP-a-CD/TPPTS ion pair could induce dissociation of
the ion pair and, consequently, formation of the sodium salt
of the TPPTS and the mono-HTMAP-a-CD with the chlo-
ride as counteranion. As shown in Figure 5, addition of
NaCl (100 equivalents relative to the mono-HTMAP-a-CD)
did not induce a total dissociation of the ion pair. Hence the
31P{1H} NMR signal of TPPTS for a CD/TPPTS ratio of nine
was d=�7.04 ppm without NaCl and �6.98 ppm in the pres-
ence of NaCl (100 equivalents/mono-HTMAP-a-CD). The
effect of NaCl was however more marked when the CD/
TPPTS ratio was lower. In fact, the chemical shift of the
phosphorus atom for a CD/TPPTS ratio of three was found
to be d=�6.32 ppm without NaCl and �6.11 ppm in the
presence of NaCl (100 equivalents/mono-HTMAP-a-CD).
A similar phenomenon was also observed when Na2SO4


(50 equivalents/CD) was added to the solution containing
the ion pair, confirming that the mono-HTMAP-a-CD/
TPPTS ion pair is relatively stable. Finally, it should be
noted that the high stability of TPPTS/ammonium ion pair
has also been mentioned in the literature. Numerous authors
have attributed the enhancement of activity and selectivity
observed when the hydroformylation reaction is conducted
in the presence of cetyltrimethylammonium surfactants to


Figure 4. Effect of mono-HTMAP cyclodextrins on the 31P{1H} NMR
spectrum of TPPTS (3 mm) in D2O at 298 K with H3PO4 as internal refer-
ence: a) 31P{1H} NMR spectrum of TPPTS without cyclodextrin; b) in the
presence of mono-HTMAP-b-CD (3 mm); c) in the presence of mono-
HTMAP-a-CD (3 mm).


Figure 5. Influence of salts on the 31P{1H} chemical shift of TPPTS:
(^) 31P{1H} chemical shift of the TPPTS as a function of the mono-
HTMAP-a-CD/TPPTS ratio. (+ ) 31P{1H} chemical shift of TPPTS for
mono-HTMAP-a-CD/TPPTS ratios of 3 and 9 when NaCl (100 equiv rel-
ative to the mono-HTMAP-a-CD) was added to the solution containing
the TPPTS and the mono-HTMAP-a-CD.


www.chemeurj.org D 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6228 – 62366232


E. Monflier et al.



www.chemeurj.org





strong interactions of the TPPTS sulfonate groups with the
surface of micelles composed of surfactant ammonium
groups.[15] The strong affinity of the TPPTS for ammonium
groups has also been exploited to immobilise rhodium com-
plexes on structurally well-defined microparticles. Mecking
and Thomann have reported that the [HRh(CO)(TPPTS)3]
complex can be bound to polyelectrolyte-coated-latex parti-
cles through strong interactions between the TPPTS ligand
and the ammonium groups of the polyelectrolyte.[16]


Although the spectra are not displayed here, similar re-
sults were obtained with the other cationic a-CD deriva-
tives. The 1H NMR spectra of the tetra-HTMAP-a-CD,
mono-MTMAP/Me-a-CD and di-MTMAP/Me-a-CD in the
presence of TPPTS were very similar to those obtained
without TPPTS except for the signal of the trimethylammo-
nium group. As in the case of the mono-HTMAP-a-CD, the
31P NMR signal of TPPTS shifted slightly towards high field
in the presence of the three previous a-CD derivatives, sug-
gesting partial cation-exchanges.


Catalytic experiments : The catalytic properties of rhodium
catalysts prepared in situ from [Rh(acac)(CO)2], TPPTS,
and cationic a-CD derivatives were studied in the biphasic
hydroformylation of 1-decene. We performed preliminary
experiments to determine the precise influence of the vari-
ous cationic a-CD derivatives. Firstly, a control experiment
was performed in the absence of CD under standard reac-
tion conditions (Table 1, entry 1).


As expected for a reaction under mass-transfer control,
the conversion was very low without CD (3%). Moreover,
the aldehyde selectivity was poor since an important part of
the terminal decene was converted into internal decene
(41%). Finally, the linear-to-branched (l/b) aldehyde ratio
was equal to 2.8. For comparison, we performed experi-
ments with non-charged CD derivatives such as the hydroxy-
propyl-a-CD (HP-a-CD) and the randomly methylated a-
CD (RAME-a-CD) (Table 1, entries 4 to 6). It has been re-
ported that these two CD derivatives greatly improved the
conversion and selectivity without decreasing the l/b alde-
hyde ratio.[17]


Addition of mono-HTMAP-a-CD to the reaction medium
has a significant influence on the decene conversion as the
latter was enhanced by a factor of four in comparison with
the control experiment (compare entry 7 with entry 1 in
Table 1). However, we observed a lower rate-increase than
with the HP-a-CD and RAME-a-CD, probably owing to
the ionic nature of the mono-HTMAP-a-CD. Our experi-
ment conducted in the presence of Na2SO4 (Table 1, entry 3)
and numerous literature data indicate that addition of a
non-amphiphilic salt to aqueous catalytic solution has a det-
rimental effect on the hydroformylation rate.[18] In fact, the
solubilising power of the mono-HTMAP-a-CD due to its
cavity is partly counterbalanced by a salting out effect. Fur-
thermore, tensiometric measurements indicated that this cat-
ionic CD adsorbs weakly at the liquid–liquid interface,
which is unfavourable to the mass-transfer between the
aqueous and organic phases.[11] The aldehyde selectivity in
the presence of mono-HTMAP-a-CD was similar to that
observed with the non-charged CD derivatives, confirming
the protective effect of the CD cavity towards the isomerisa-
tion reaction. Indeed, when the olefin is inside the hydro-
phobic host cavity of the a-CD, the formation of isomerising
species leading to internal olefins by b-hydride elimination
is prohibited by the steric hindrance. The l/b aldehyde ratio
obtained with the mono-HTMAP-a-CD was more unexpect-
ed and was notably increased: 3.6 versus 2.8–3.0 in the pres-
ence of non-charged CD derivatives. We experimented to
determine the origin of this increase by adding the ammoni-
um salt HOCH2CH(OH)CH2N(CH3)3


+Cl� to the catalytic
medium instead of the mono-HTMAP-a-CD (see Table 1,
entry 2). This ammonium salt was chosen because of its
structural similarity with the substituent group of the mono-
HTMAP-a-CD and its lack of molecular recognition ability.
No increase of the conversion and l/b aldehyde ratio was ob-
served in the presence of this additive, suggesting that the l/
b aldehyde ratio increase in the presence of mono-HTMAP-
a-CD is not due to a salt effect but to the presence of the
host cavity of mono-HTMAP-a-CD. We could explain the
beneficial effect of the cavity on the l/b aldehyde ratio by
two hypotheses. The first is the formation of a new catalytic
species by an in situ ion-exchange between the sodium of
TPPTS and the mono-HTMAP-a-CD. As the receptor site
of such a supramolecular catalyst is located near the coordi-
nation sphere of the catalytically active metal centre, the
olefin included into the cavity could adopt a preferential ori-


Table 1. Hydroformylation of 1-decene in the presence of different
chemically modified a-cyclodextrins.[a]


Entry CD Na2SO4 Time Conversion Selectivity l/b
[h] [%] [%] ratio


1 – (�) 6 3 59 2.8
2[b] – (�) 6 3 67 2.7
3[c] – (+) 6 1 60 2.8
4 HP-a-CD (�) 6 24 88 3.0
5 RAME-a-CD (�) 6 43 91 2.8
6 RAME-a-CD (�) 24 65 92 2.8
7 mono-HTMAP-


a-CD
(�) 6 13 93 3.6


8[d] mono-HTMAP-
a-CD


(+) 6 9 93 3.6


9[e] mono-HTMAP-
a-CD


(+) 6 4 93 3.6


10 mono-MTMAP/
Me-a-CD


(�) 6 43 98 3.1


11 mono-MTMAP/
Me-a-CD


(�) 24 89 99 3.1


12 tetra-HTMAP-
a-CD


(�) 6 8 88 5.4


13 di-MTMAP/Me-
a-CD


(�) 24 16 94 4.7


[a] Experimental conditions: [Rh(acac)(CO)2] (4.07N10
�2 mmol), TPPTS


(0.21 mmol), CD (0.48 mmol), H2O (11.5 mL), 1-decene (20.35 mmol),
80 8C, CO/H2 (1:1, 50 atm). [b] The salt HOCH2CH(OH)CH2N(CH3)3


+


Cl� (0.48 mmol) was added in the catalytic medium instead of the CD.
[c] Na2SO4 (2.4 mmol) was added to the solution. [d] Na2SO4 (1.2 mmol)
was added to the solution. [e] Na2SO4 (2.4 mmol) was added to the solu-
tion.
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entation which is favourable to the formation of the linear
alkyl rhodium species leading to the linear aldehyde. The
second hypothesis is a steric stress of the CD cavity on the
substrate compelling the latter to react preferentially by its
terminal carbon. We favour the ion-exchange hypothesis as
being the most probable. It is difficult to imagine that the
presence of only one arm on the CD can constrain the
olefin to react by its terminal carbon whereas such a phe-
nomenon is not observed with HP-a-CD that has about 3.6
arms of similar structure without the ammonium group. Ex-
periments performed in the presence of increasing amounts
of sodium sulfate salt indicate that the catalytic species ob-
tained by in situ ion-exchange are stable in the reaction
medium. As shown in Table 1 entries 7–9, addition of
Na2SO4 decreased the conversion by a salting out effect but
had no effect on the l/b aldehyde ratio. The ratio remained
high (3.6 as opposed to 2.8 without CD), suggesting that the
screening effect of Na2SO4 is lessened due to the strong
ionic bonding of the cationic CD to the TPPTS ligand. This
hypothesis was totally in agreement with our NMR study of
various mono-HTMAP-a-CD/TPPTS mixtures in the pres-
ence of salts.


The results obtained with the methylated form of the
mono-HTMAP-a-CD are illustrative of the difficulty to an-
ticipate the reactivity of the catalysts involving molecular
recognition processes. The conversion and the aldehyde se-
lectivity in the presence of mono-MTMAP/Me-a-CD were
much higher that those observed with the mono-HTMAP-a-
CD (compare entries 7 and 10) and, appeared even higher
than those with the RAME-a-CD, which is the most effi-
cient CD known to date (compare entries 6 and 11 in
Table 1). A decrease in the l/b aldehyde ratio was unfortu-
nately observed with this mono-MTMAP/Me-a-CD (3.1
versus 3.6 with the mono-HTMAP-a-CD) even though the
l/b aldehyde ratio was higher than that observed with the
RAME-a-CD. The conversion and selectivity increases ob-
served with the mono-MTMAP/Me-a-CD can be attributed
to the presence of an enlarged hydrophobic cavity able to
receive the olefin in a more efficient way and to enhance
surface active properties of this cyclodextrin. Unfortunately,
the l/b aldehyde ratio decrease cannot be easily rationalised.
Indeed, methylation of the mono-HTMAP should not
impede the cation exchange between the TPPTS and the
cationic CD and should not notably modify the orientation
of the olefin in the coordination sphere of catalytic centre.


The results from a-CD derivatives containing several cat-
ionic arms confirm the beneficial effect of ammonium
groups on the l/b aldehyde ratio (Table 1, entries 12 and 13).
Indeed, the highest l/b aldehyde ratios were obtained with
these polycationic a-CD derivatives (4.7 for the di-
MTMAP/Me-a-CD and 5.4 for of tetra-HTMAP-a-CD).
The remarkable l/b aldehyde ratio increase supports our hy-
pothesis concerning the origin of the increase. The presence
of several ammonium groups increases the probability of ex-
change between the sodium salt of TPPTS and the cationic
CD and so, the formation of new catalytic species which are
non-covalently connected to the CD. Furthermore, the pres-


ence of several cationic groups on the CD gives rise to more
sterically hindered a-CD derivatives which induce an orien-
tation of olefin in the cavity more efficiently, which is fa-
vourable to the formation of the linear alkyl rhodium spe-
cies. Finally, the poor conversions observed with the di-
MTMAP/Me-a-CD and the tetra-HTMAP-a-CD are relat-
ed to the polycationic nature of these cyclodextrins. Indeed,
polycharged CD derivatives do not adsorb strongly at the
liquid–liquid interface and consequently have poor phase-
transfer properties.


Conclusion


We have shown that a-CD derivatives bearing 2-hydroxy-3-
trimethylammoniopropyl groups are efficient mass-transfer
promoters for the hydroformylation of higher olefins in bi-
phasic systems as the conversion, the aldehyde selectivity
and especially the l/b aldehyde ratio can be significantly in-
creased. The l/b aldehyde ratio increase was attributed to
the in situ formation of new catalytic supramolecular species
by ion-exchange between the catalyst ligand and the cationic
a-CD. Contrary to supramolecular catalysts where the CD is
covalently bound to the catalysts,[19] ionic bonding of CD to
the organometallic catalyst offers the advantage of a reversi-
ble interaction with the catalyst. Consequently, when the
CD is used in large excess toward the catalyst, the binding
of the substrate–CD inclusion complex to the catalyst is
transient and CD could behave as a supramolecular shuttle
between the catalytically active centre and the bulk or inter-
face as schematically represented in Figure 6. We are cur-
rently investigating the properties of this new class of supra-
molecular catalytic systems.


Experimental Section


General remarks : The 1H and 31P NMR spectra were recorded at 300.13
and 121.49 MHz on a Bruker Avance DRX300 spectrometer, respective-
ly. 1H and 31P{1H} chemical shifts are given in ppm relative to external
references: sodium [D4]3-(trimethylsilyl)propionate (98% atom D) in
D2O for 1H NMR and H3PO4 in D2O for 31P{1H} NMR. ES-MS was per-
formed on a Finnigan LCQ-DUO mass spectrometer. Gas chromatogra-
phy was carried out on a Shimadzu GC-17 A gas chromatograph equip-
ped with a methylsilicone capillary column (25 mN0.25 mm) and a flame
ionisation detector (GC:FID). The exchange of sulfate by chloride ions
was performed with a Dowex 1X8–100 ion-exchange resin. Ion chroma-
tography was conducted on a Dionex DX-120 ion chromatograph equip-


Figure 6. Principle of supramolecular catalysis conducted in the presence
of an excess of CD non-covalently bound to the catalysts.
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ped with an anionic column (Ion Pac AS14 Anion-Exchange). Dicarbo-
nylacetylacetonatorhodium(i) and organic compounds (undecane, 1-
decene, 2,3-epoxypropyltrimethylammonium chloride, native a-CD) were
purchased from Strem Chemicals and Aldrich Chemicals in their highest
purity and used without further purification. Randomly methylated-a-cy-
clodextrin (RAME-a-CD) was prepared by adapting a procedure report-
ed by Kenichi and co-workers.[13] This cyclodextrin was partially methy-
lated. Methylation occurred at positions 2, 3, or 6 and 1.8OH groups per
glucopyranose unit were statistically modified. Hydroxypropylated a-cy-
clodextrin (HP-a-CD) was obtained from Aldrich Chemicals. This cyclo-
dextrin was partially O-2-hydroxypropylated; statistically 0.6OH groups
were modified per glucopyranose unit. Tris(3-sodium sulfonatophenyl)-
phosphine (TPPTS - P(m-C6H4SO3Na)3) was synthesised as reported by
GQrtner and co-workers.[20] The purity of the TPPTS was carefully con-
trolled. In particular, 31P{1H} NMR solution spectroscopy indicated that
the product was a mixture of phosphine (approximately 98%) and its
oxide (approximately 2%). Carbon monoxide/hydrogen mixtures (1:1)
were used directly from cylinders (>99.9% pure, Air Liquide). Distilled
deionised water was used in all experiments. All catalytic reactions were
performed under nitrogen using standard Schlenk techniques. All sol-
vents and liquid reagents were degassed by bubbling with nitrogen for
15 min or by two freeze-pump-thaw cycles before use.


Mono[2-O-(2-hydroxy-3-trimethylammoniopropyl)]-a-cyclodextrin chlo-
ride (mono-HTMAP-a-CD): An aqueous solution of 2,3-epoxypropyltri-
methylammonium chloride (0.53 g, 3.49 mmol, 5 mL) was added dropwise
with stirring to a solution of a-CD (5 g, 5.14 mmol) dissolved in aqueous
NaOH (0.20 g in 10 mL of water, 5.14 mmol). The reaction mixture was
stirred overnight at 50 8C. After the mixture had been allowed to cool,
the solution was neutralised with aqueous HCl and the water was evapo-
rated. The residue was taken up in methanol (60 mL) and then refluxed
for 1 h. The white product was precipitated by addition of acetone
(80 mL) to the filtrate. The product was obtained as a white solid; yield
1.35 g (23%); 1H NMR (D2O): d=5.08 (m, H1’), 4.93 (m, H1), 4.30 (m,
H2’’), 3.98 (t, J=9 Hz, H3’), 3.86 (t, J=9 Hz, H3), 3.85–3.60 (m, H5,
H5’, H6, H6’), 3.60–3.30 (H2, H2’, H4, H4’, H3’’, H1’’), 3.11 ppm
(s, �N+Me3); ES-MS: m/z : 1088.76 [M]+ . The average substitution
degree determined by ES-MS was found to be one.


Tetra[O-(2-hydroxy-3-trimethylammoniopropyl)]-a-cyclodextrin chloride
(tetra-HTMAP-a-CD): An aqueous solution (5 mL) of 2,3-epoxypropyl-
trimethylammonium chloride (10.9 g, 71.9 mmol) was added dropwise
with stirring to a solution of a-CD (5 g, 5.14 mmol) dissolved in aqueous
NaOH (0.41 g in 20 mL of water, 10.3 mmol). The reaction mixture was
stirred overnight at 50 8C. After the mixture had been allowed to cool,
the solution was neutralised with aqueous HCl and the water was evapo-
rated. The residue was taken up in methanol (60 mL), and then refluxed
for 1 h. The white product was precipitated by addition of acetone
(80 mL) to the filtrate. The product was obtained as a white solid; yield
4.1 g (54%); 1H NMR (D2O): d=5.09 and 4.94 (m, H1, H1’), 4.31 (m,
H2’’), 4.00–3.25 (H3’, H3, H5, H5’, H6, H6’, H2, H2’, H4, H4’, H3’’,
H1’’), 3.10 ppm (s, �N+Me3); ES-MS: m/z : 602.6–981.6 [M]2+ . The aver-
age substitution degree determined by ES-MS was found to be four.


Methylated mono[2-O-(2-methoxy-3-trimethylammoniopropyl)]-a-cyclo-
dextrin chloride (mono-MTMAP/Me-a-CD): mono-HTMAP-a-CD (5 g,
4.45 mmol) was dissolved in aqueous NaOH solution (32.4 g in 49 mL,
0.8 mol), then dimethyl sulfate (76 mL, 0.8 mol) was added dropwise
over 10 h at room temperature. The reaction mixture was stirred for 17 h.
At the end of reaction, unreacted dimethyl sulfate was decomposed by
addition of concentrated ammonia solution (120 mL) followed by mixing
at room temperature for 6 h. mono-MTMAP/Me-a-CD was extracted
with chloroform, and the organic layer was washed with water until the
washings were of neutral pH and was dried over anhydrous sodium sul-
fate. After evaporation of chloroform, the product was dissolved in water
and was passed through a chloride exchange resin to remove sulfate ions.
The total exchange of sulfate by chloride ions was assessed by ion chro-
matography. The water was distilled and the product was obtained as a
white solid; yield 2.3 g (39%); 1H NMR (D2O): d=5.13 and 4.90 (m,
H1), 3.30 (s, MeOC6), 3.12 (s, �N+Me3), 4.0–3.35 ppm (other protons);


ES-MS: m/z : 1229.1–1312.6 [M]+ . The average substitution degree for
MTMAP groups and for methyl groups was 1 and 13, respectively.


Methylated di-[O-(2-methoxy-3-trimethylammoniopropyl)]-a-cyclodex-
trin chloride (di-MTMAP/Me-a-CD): tetra-HTMAP-a-CD (3.5 g,
2.33 mmol) was dissolved in aqueous NaOH solution (22.6 g in 34 mL,
0.56 mol), then dimethyl sulfate (53 mL, 0.56 mol) was added dropwise
over 10 h at room temperature. The reaction mixture was stirred for 17 h.
At the end of reaction, unreacted dimethyl sulfate was decomposed by
addition of concentrated ammonia solution (83 mL) followed by mixing
at room temperature for 6 h. di-MTMAP/Me-a-CD was extracted with
chloroform, and the organic layer was washed with water until the wash-
ings were of neutral pH and dried over anhydrous sodium sulfate. After
evaporation of chloroform, the product was dissolved in water and
passed through a chloride exchange resin to remove sulfate ions. The
total exchange of sulfate by chloride anions was checked by ion chroma-
tography. The water was distilled off and the product was obtained as a
white solid; yield 0.6 g (17%); 1H NMR (D2O): d=5.11 and 5.00 (m,
H1), 3.27 (s, MeOC6), 3.09 (s, �N+Me3), 4.0–3.35 ppm (other protons);
ES-MS: m/z : 1463.7–1491.7 [M]+ . The average substitution degree for
MTMAP groups and for methyl groups was 2 and 15, respectively.


Catalytic experiments : [Rh(acac)(CO)2] (4.07N10�2 mmol), TPPTS
(0.21 mmol) and the required amount of chemically modified cyclodex-
trin were dissolved in water (11.5 mL). The resulting aqueous phase and
an organic phase composed of olefin (20.35 mmol) and undecane
(4 mmol, GC internal standard) were charged under an atmosphere of N2


into the 50 mL reactor which was heated at 80 8C. A mechanical stirrer
equipped with a multipaddle unit was then started (1500 rpm) and the
autoclave was pressurised with CO/H2 (1:1, 50 atm) from a gas reservoir
connected to the reactor through a high pressure regulator valve enabling
constant pressure in the reactor throughout the whole reaction. The reac-
tion medium was sampled during the reaction for GC analysis of the or-
ganic phase after decantation. For kinetic measurements the time corre-
sponding to the addition of the CO/H2 mixture was considered as the be-
ginning of the reaction.


[1] a) E. Karakhanov, A. Maximov, A. Kirillov, J. Mol. Catal. A: Chem.
2000, 157, 25–30; b) E. A. Karakhanov, T. Y. Filippova, S. A. Marty-
nova, A. L. Maximov, V. V. Predeina, I. N. Topchieva, Catal. Today
1998, 44, 189–198; c) P. Kalck, L. Moquel, M. Dessoudeix, Catal.
Today 1998, 42, 431–440; d) L. N. Lewis, C. A. Sumpter, J. Stein, J.
Inorg. Organomet. Polym. 1996, 6, 123–144; e) C. Pinel, N. Gen-
dreau-Diaz, A. Br<h<ret, M. Lemaire, J. Mol. Catal. A: Chem. 1996,
112, L157 L161; f) L. N. Lewis, C. A. Sumpter, J. Mol. Catal. A:
Chem. 1993, 104, 293–297; g) J. T. Lee, H. Alper, Tetrahedron Lett.
1990, 31, 4101–4104; h) H. Arzoumanian, D. Nuel, C. R. Acad. Sci.
Paris 1999, S+rie IIc, 289–293; i) J. R. Anderson, E. M. Campi, W. R.
Jackson, Catal. Lett. 1991, 9, 55–58; j) J. T. Lee, H. Alper, Tetrahe-
dron Lett. 1990, 31, 1941–1942; k) J. T. Lee, H. Alper, J. Org. Chem.
1990, 55, 1854–1856; l) H. A. Zahalka, K. Januszkiewicz, H. Alper,
J. Mol. Catal. A: Chem. 1986, 35, 249–253; m) A. Harada, Y. Hu, S.
Takahashi, Chem. Lett. 1986, 2083–2084; n) H. A. Zahalka, H.
Alper, Organometallics 1986, 5, 1909–1911.


[2] a) F. Hapiot, J. Lyskawa, S. Tilloy, H. Bricout, E. Monflier, Adv.
Synth. Catal. 2004, 346, 83–89; b) C. Torque, H. Bricout, F. Hapiot,
E. Monflier, Tetrahedron 2004, 60, 6487–6493; c) S. Tilloy, H. Bric-
out, E. Monflier, Green Chem. 2002, 4, 188–193; d) M. Dessoudeix,
M. UrrutigoSty, P. Kalck, Eur. J. Inorg. Chem. 2001, 1797–1800; e) T.
Mathivet, C. M<liet, Y. Castanet, A. Mortreux, L. Caron, S. Tilloy,
E. Monflier, J. Mol. Catal. A 2001, 176, 105–116; f) E. Monflier, G.
Fremy, Y. Castanet, A. Mortreux, Angew. Chem. 1995, 107, 2450–
2452; Angew. Chem. Int. Ed. Engl. 1995, 34, 2269–2271; g) E. Mon-
flier, S. Tilloy, G. Fremy, Y. Castanet, A. Mortreux, Tetrahedron
Lett. 1995, 36, 9481–9484.


[3] E. Monflier, S. Tilloy, C. M<liet, A. Mortreux, S. Fourmentin, D.
Landy, G. Surpateanu, New J. Chem. 1999, 23, 469–472.


[4] a) E. Monflier, S. Tilloy, L. Caron, J. M. Wieruszeski, G. Lippens, S.
Fourmentin, D. Landy, G. Surpateanu, J. Inclusion Phenom. Macro-


Chem. Eur. J. 2005, 11, 6228 – 6236 D 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6235


FULL PAPERRhodium Complexes as Supramolecular Catalysts



www.chemeurj.org





cyclic Chem. 2000, 38, 361–379; b) A. Da Costa, E. Monflier, D.
Landy, S. Fourmentin, G. Surpateanu, Surf. Sci. 2001, 470, 275–283.


[5] a) M. Canipelle, L. Caron, C. Caline, S. Tilloy, E. Monflier, Carbo-
hydr. Res. 2002, 337, 281–287; b) L. Caron, C. Christine, S. Tilloy, E.
Monflier, D. Landy, S. Fourmentin, G. Surpateanu, Supramol. Chem.
2002, 14, 11–20.


[6] L. Caron, H. Bricout, S. Tilloy, D. Landy, S. Fourmentin, E. Monfli-
er, Adv. Synth. Catal. 2004, 346, 1449–1456.


[7] P. Black, S. Fourmentin, D. Landy, G. Surpateanu, A. Ponchel, H.
Bricout, F. Hapiot, E. Monflier, Adv. Synth. Catal. 2005, in press.


[8] M. Canipelle, S. Tilloy, A. Ponchel, H. Bricout, E. Monflier, J. Inclu-
sion Phenom. Macrocyclic Chem. 2005, 51, 79–85.


[9] C. Binkowski, J. Cabou, H. Bricout, F. Hapiot, E. Monflier, J. Mol.
Catal. A: Chem. 2004, 215, 23–32.


[10] A. Deratani, G. LeliTvre, T. Maraldo, B. S<bille, Carbohydr. Res.
1989, 192, 215–222.


[11] L. Leclercq, H. Bricout, E. Monflier, unpublished results.
[12] a) N. Tanaka, A. Yamaguchi, Y. Araki, M. Araki, Chem. Lett. 1987,


715–718; b) M. Czugler, E. Ecke, J. J. Stzzowski, J. Chem. Soc.
Chem. Commun. 1981, 1294–1295; c) K. B. Lipkowitz, Chem. Rev.
1998, 98, 1829–1873; d) M. V. Rekharsky, Y. Inoue, Chem. Rev.
1998, 98, 1875–1917.


[13] Y. Kenichi, M. Atsushi, T. Yukio, S. Mitsukatsu, Y. Yoshiaki, I. To-
moyuki, JP Pat. 8333406, 1996.


[14] A. Riisager, B. E. Hanson, J. Mol. Catal. A: Chem. 2002, 189, 195–
202.


[15] a) H. J. V. Barros, B. E. Hanson, E. V. Gusevskaya, E. N. Dos Santos,
Appl. Catal. A 2004, 278, 57–63; b) M. Li, Y. Li, H. Chen, Y. He, X.


Li, J. Mol. Catal. A: Chem. 2003, 194, 13–17; c) L. Wang, H. Chen,
Y. He, Y. Li, M. Li, X. Li, Appl. Catal. A 2003, 242, 85–88; d) M.
Gim<nez-Petros, A. Aghmiz, C. Claver, A. Masdeu-Bulto, D. Sinou,
J. Mol. Catal. A: Chem. 2003, 200, 157–163; e) Y. Zhang, Z. S. Mao,
J. Chen, Catal. Today 2002, 74, 23–35; f) C. Yang, X. Bi, Z. S. Mao,
J. Mol. Catal. A: Chem. 2002, 187, 35–46; g) H. Chen, Y. Li, J.
Chen, P. Cheng, X. Li, Catal. Today 2002, 74, 131–135; h) H. Chen,
Y. Li, J. Chen, P. Cheng, Y. He, X. Li, J. Mol. Catal. A 1999, 149, 1–
6.


[16] S. Mecking, R. Thomann, Adv. Mater. 2000, 12, 953–956.
[17] L. Leclercq, M. Sauthier, Y. Castanet, A. Mortreux, H. Bricout, E.


Monflier, Adv. Synth. Catal. 2005, 347, 55–59.
[18] a) Y. Huang, Li. Min, Y. Li, R. Li, P. Cheng, X. Li, Catal. Commun.


2002, 3, 71–75; b) H. Ding, B. E. Hanson, J. Mol. Catal. A: Chem.
1995, 99, 131–137; c) H. Ding, B. E. Hanson, T. E. Glass, Inorg.
Chim. Acta 1995, 229, 329–333; d) H. Ding, B. E. Hanson, J. Chem.
Soc. Chem. Commun. 1994, 2747–2748.


[19] a) M. T. Reetz, Catal. Today 1998, 42, 399–411; b) M. T. Reetz, J.
Heterocycl. Chem. 1998, 35, 1065–1073; c) M. T. Reetz, Top. Catal.
1997, 4, 187–200; d) M. T. Reetz, S. R. Waldvogel, Angew. Chem.
1997, 109, 870–873; Angew. Chem. Int. Ed. Engl. 1997, 36, 865–867;
e) D. Armspach, D. Matt, Chem. Commun. 1999, 1073–1074.


[20] R. GQrtner, B. Cornils, H. Springer, P. Lappe, DE Pat. 3235030,
1982.


Received: March 24, 2005
Published online: August 1, 2005


www.chemeurj.org D 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6228 – 62366236


E. Monflier et al.



www.chemeurj.org






DOI: 10.1002/chem.200500497


Highly Modular Synthesis of C1-Symmetric Aminosulfoximines and Their
Use as Ligands in Copper-Catalyzed Asymmetric Mukaiyama-Aldol
Reactions
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Introduction


Throughout the last two decades, the enantioselective
metal-catalyzed Mukaiyama-type aldol reaction has become
a useful tool in organic synthesis.[1] This elegant approach
allows the convenient preparation of valuable enantiomeri-
cally enriched alcohols by using chiral Lewis acids in catalyt-
ic amounts. Consequently, a multitude of catalysts derived
from metals such as tin,[2] boron,[3] titanium,[4] zirconium,[5]


copper,[6] silver,[7] and scandium[8] have been reported. Most
of them have been applied in additions of enolsilanes 1 to
aldehydes and high enantioselectivities have been achieved.
In contrast, for reactions involving activated ketones such as
pyruvates 2, the number of such powerful systems has re-
mained rather limited.[2d,9] Thus, for the latter process, the
development of new chiral Lewis acids still represents a
major challenge because the resulting tertiary a-hydroxy
ester derivatives 3 (Scheme 1) are desirable building blocks
for biologically active molecules[10] such as pharmaceuti-
cals.[11] Furthermore, several natural products contain terti-
ary alcohol groups with stereogenic centers,[12] but the access
to enantiopure products of this type by aldol reactions is


commonly restricted.[13] Parallel to the versatile utilizations
of sulfoximines[14] as chiral auxiliaries[15] and precursors for
biologically active molecules[16] such as pseudopeptides,[17]


several powerful sulfoximine-based ligands have been devel-
oped for enantioselective metal catalysis.[18, 19] Motivated by
their effective applications in for example, asymmetric palla-
dium and copper catalyses[20,21] by us and others, we recently
focused our attention on studying the efficiency of these li-
gands in CuII-promoted Mukaiyama-type aldol reactions. In
this context, we also prepared novel C1-symmetric aminosul-
foximines 4, which represent a new class of electron-rich
aryl-bridged sulfoximine ligands (Scheme 1).


In a previous communication, we disclosed the successful
employment of aminosulfoximines (4 with R1 = R2 = R3 =


H) in the CuII-catalyzed Mukaiyama-aldol reaction between


Abstract: The development of C1-sym-
metric aminosulfoximines, their highly
modular synthesis, and their applica-
tion in enantioselective copper-cata-
lyzed Mukaiyama-type aldol reactions
between pyruvates and enolsilanes is
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Scheme 1. Mukaiyama-type aldol reaction catalyzed by aminosulfoximine
copper complexes.
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pyruvates and enolsilanes.[22, 23]


Several aldol products were
provided in good yields and
with excellent enantiomeric ex-
cesses. Here, we present a full
account on the synthesis of ami-
nosulfoximines, the optimiza-
tion process and the scope of
the reaction.


Results and Discussion


As outlined in Scheme 2, the
novel aminosulfoximines can be
readily prepared by a short and
high-yielding reaction se-
quence: First, enantiopure sul-
foximines (here 6A or 6B) are coupled with o-halonitroben-
zenes 5a–g in palladium-catalyzed Buchwald–Hartwig-type
reactions or copper-mediated cross-couplings,[24] and then,
the nitro groups of the resulting compounds 7 are reduced
to give anilines 8. Subsequent reductive aminations of 8
with a number of aldehydes in the presence of NaBH4 or
NaBH3CN afford the desired target compounds 4 in good
yields ranging from 58 to 85% with respect to anilines 8.


This procedure allows the combination of diverse sulfoxi-
mine precursors, different aromatic bridging units and nu-
merous carbonyl compounds and thereby, a library of modu-
lar ligands can be easily generated. Synthetic details of the
reductive amination step and the structural identification
code for the aminosulfoximines 4 are depicted in Table 1.
In order to find the best ligand structure for the Mukaiya-


ma-type aldol reaction (Scheme 1) and to establish a struc-
ture/activity/selectivity profile (SASP), the newly prepared
aminosulfoximines were employed as ligands in a copper(ii)
catalysis by using 1-phenyl-1-(trimethylsilyloxy) ethene (1a)
and methyl pyruvate (2a) as substrates. This model reaction
was performed at ambient temperature in THF, and with
copper(ii) triflate as metal source. The results are summar-
ized in Table 2.


Scheme 2. Synthesis of the aminosulfoximines 4. a) Ar-Br 5 (1.0 equiv),
sulfoximine 6 (1.0–1.3 equiv), Pd(OAc)2 (5mol%), rac-BINAP
(7.5mol%), Cs2CO3 (1.4 equiv), toluene (0.05–0.20 mmolmL


�1), 110 8C,
24 h, 73–95%; b) Ar-X 5 (2.0 equiv), sulfoximine 6 (1.0 equiv), CuI
(1.0 equiv), CsOAc (2.5 equiv), DMSO (1 mmolmL�1), 90 8C, 12 h, 80–
94%; c) Fe (3.0–4.5 equiv), AcOH (1.8 equiv), EtOH/H2O, D, 3–5 h, 25–
91%; d) ArCHO (1.1–1.2 equiv), AcOH (1.0–1.1 equiv), NaBH4


(2.5 equiv), MeOH, 0 8C ! RT, overnight, 81–85%; e) ArCHO (1.2–
2.5 equiv), NaBH3CN (0.9–1.0 equiv), AcOH (pH 6), MeOH, 0 8C ! RT,
overnight, 58–86%.


Table 1. Structural identification code of aminosulfoximines 4.


Entry Product R1 R2 R3 R4 R5 Ar Method[a] Yield [%][a]


1 (S)-4aAa H H H Ph Me Ph d 81
2 (S)-4aAb H H H Ph Me 1-Naph d 85
3 (S)-4aAg H H H Ph Me 2-MeO-Ph d 81
4 (S)-4aAd H H H Ph Me Mes e 85
5 (S)-4aAe H H H Ph Me 2,4,6-(iPr)3-Ph d 82
6 (S)-4aAf H H H Ph Me 2,4,6-(MeO)3-Ph d 85
7 (R)-4aBd H H H Me 2-MeO-Ph Mes e 72
8 (R)-4aBe H H H Me 2-MeO-Ph 2,4,6-(iPr)3-Ph d 64
9 (S)-4bAd Me H H Ph Me Mes e 59
10 (S)-4cAd H Me H Ph Me Mes e 86
11 (S)-4dAd H Me Me Ph Me Mes e 78
12 (S)-4eAd H OMe H Ph Me Mes e 30[b]


13 (S)-4 fAd H F H Ph Me Mes e 83
14 (S)-4gAd H CF3 H Ph Me Mes e 58


[a] Referring to the reductive amination to give 4 ; for details see Scheme 2 and Experimental Section.
[b] Over two steps: nitro group reduction and reductive amination.


Table 2. Influence of the ligand structure on the test reaction to give
3a.[a]


Entry Sulfoximine Yield 3a [%][b] ee 3a [%][c,d]


1 (S)-4aAa 64 70 (R)
2 (S)-4aAb 77 83 (R)
3 (S)-4aAg 72 86 (R)
4 (S)-4aAd 88 93 (R)
5 (S)-4aAe >99 93 (R)
6 (S)-4aAf 17 72 (R)
7 (R)-4aBd 87 86 (S)
8 (S)-4bAd 50 91 (R)
9 (S)-4cAd 75 90 (R)
10 (S)-4dAd 84 91 (R)
11 (S)-4eAd 77 90 (R)
12 (S)-4 fAd 84 93 (R)
13 (S)-4gAd 60 82 (R)


[a] Reaction conditions: 1a (0.6 mmol), 2a (0.5 mmol), Cu(OTf)2
(0.05 mmol), aminosulfoximine 4 (0.05 mmol), THF, RT, 19–24 h.
[b] After column chromatography. [c] Determined by HPLC, using a
column with a chiral stationary phase (Chiralcel OD). [d] The absolute
configuration of 3a was determined by measuring the optical rotation
and compared to the literature value[9] of the corresponding enantiomer.
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The application of the aminosulfoximine 4aAa was found
to afford the aldol product 3a in moderate 64% yield with a
promising enantiomeric excess (ee) of 70% (Table 2,
entry 1). Assuming that electron-donating ortho-substituents
on the benzylamino moiety could have a positive effect on
both yield and enantioselectivity due to a higher steric com-
pression on the metal center combined with an increased
metal–ligand interaction, sulfoximines with substituted
benzyl groups were next applied. Indeed, by using the analo-
gous 1-naphthyl and o-methoxy derivative 4aAb and 4aAg,
respectively (Table 2, entries 2 and 3), higher yields and in-
creased enantioselectivities were achieved. The introduction
of a second ortho-substituent resulted in a further improve-
ment of both the yield and the selectivity. Thus, mesitylene
derivative 4aAd as well as the triisopropyl analogue 4aAe
furnished 3a with 93% ee (entries 4 and 5). With the latter
sulfoximine, also the best yield (>99%) was obtained. Ap-
parently, the results of this first ligand screening confirmed
our initial hypothesis. The aminosulfoximines with electron-
rich ortho-dialkylated benzyl groups led to the highest cata-
lytic activities and enantioselectivities. In an attempt to fur-
ther utilize this effect, sulfoximine 4aAf with a 2,4,6-trime-
thoxybenzyl group was applied. However, in this case a sig-
nificant decrease of the product yield (17%) and the ee
(72%) was observed (entry 6). Probably, this reduced cata-
lytic efficiency was caused by the ortho-methoxy groups,
which interacted with the copper(ii) center (intra- or inter-
molecularly) and thereby interfered with the course of the
reaction. An analogous observation was made in a catalysis
with a ligand bearing a modified sulfoximine unit. Thus,
4aBd having a 2-methoxy group at the sulfoximine part
gave 3a with only 86% ee (Table 2, entry 7).[25]


With respect to the absolute configuration of the product
it was found that (R)-configured sulfoximine 4aBd favored
the formation of the (S)-enantiomer of 3a, whereas all other
(S)-configured aminosulfoximines (with S-phenyl and S-
methyl substituents) preferentially provided the (R)-enan-
tiomer of 3a. Thus using this approach, both enantiomers of
the products are available.
In copper-catalyzed Diels–Alder[21b] and carbonyl–ene re-


actions[23] we had previously observed an effect of the substi-
tution pattern of the bridging arene on the catalyst perfor-
mance. Therefore, we included aminosulfoximines 4bAd–
4gAd in the study reported here. As revealed by the data
presented in Table 2 (entries 8–13), a modification of the
bridging arene with electron-donating and -withdrawing sub-
stituents had only a minor impact on yield and ee in this
case. With the exception of CF3-substituted sulfoximine
4gAd which furnished 3a with only 82% ee, all other li-
gands performed very well affording the aldol product with
>90% ee. From this set of sulfoximines fluoro-substituted
4 fAd proved to be the best giving 3a with 93% ee in 84%
yield.
For a further optimization we focused our attention on


the reaction conditions and investigated the effect of the sol-
vent and the copper(ii) salt on the catalyzed reaction be-
tween 1a and 2a to give 3a. Other important parameters


such as the dependence of the reaction course on the tem-
perature and the catalyst loading were also taken into con-
sideration.
First, the variation of the solvent was investigated with a


catalyst bearing 4aAd as ligand. Expectedly, the change
from THF to the related solvent diethyl ether had only a
minor effect on the enantioselectivity (Table 3, entries 1 and


2). Thus, in the latter solvent aldol product 3a was isolated
with comparably high 92% ee, albeit the yield was signifi-
cantly lower (61%). A similar trend was observed when tol-
uene was applied as solvent (entry 3). In this case, the prod-
uct was obtained with high 91% ee, but the yield further de-
creased to 41%. Use of dioxane slightly reduced the ee
value to 86% (entry 4). The change to the chlorinated sol-
vents dichloromethane and chloroform led to 82 and 87%
ee, respectively (entries 5 and 6), and the catalysis in CH2Cl2
gave the best yield (90%). Propionitrile, however, proved to
be an unsuitable solvent, which completely inhibited the
conversion (entry 7). From these experiments we deduced
that weakly coordinating or aromatic solvents such as THF,
diethyl ether or toluene were important for high enantiose-
lectivities. With regard to the catalytic activity, THF proved
to be the most suitable solvent.
Inspired by previous findings that counterions participate


in the formation of CuII–sulfoximine complexes,[26] we subse-
quently studied the effect of the kind of copper salt on the
enantioselectivity. In general, the application of counterions
different from triflate (Table 3, entry 1) resulted in a signifi-
cant reduction of the product ee. Cu(PF6)2 showed to be an
inappropriate copper(ii) salt, since 3a was obtained as a
racemate in low yield (entry 8). In contrast, Cu(BF4)2 and
Cu(SbF6)2 gave moderate results in terms of yield and ee (69
and 62% ee, respectively, entries 9 and 10). With respect to
the yield, the copper(ii) perchlorate derived catalyst
(entry 11) proved superior over all other ones (>99%), but
the ee was only 81%.


Table 3. Influence of the solvent and the counterion on the test reaction
to give 3a.[a]


Entry CuX2 Solvent Yield 3a [%][b] ee 3a [%][c,d]


1 Cu(OTf)2 THF 88 93
2 Cu(OTf)2 Et2O 61 92
3 Cu(OTf)2 toluene 41 91
4 Cu(OTf)2 dioxane 79 86
5 Cu(OTf)2 CH2Cl2 90 82
6 Cu(OTf)2 CHCl3 57 87
7 Cu(OTf)2 EtCN – –
8 Cu(PF6)2


[e] THF 19 0
9 Cu(BF4)2


[e] THF 48 69
10 Cu(SbF6)2


[e] THF 67 62
11 Cu(ClO4)2


[e] THF >99 81


[a] Reaction conditions: 1a (0.6 mmol), 2a (0.5 mmol), CuX2


(0.05 mmol), aminosulfoximine 4aAd (0.05 mmol), solvent, RT, 19–24 h.
[b] After column chromatography. [c] Determined by HPLC, using a
column with a chiral stationary phase (Chiralcel OD). [d] The absolute
configuration of 3a was determined by measuring the optical rotation
and compared to the literature value[9] of the corresponding enantiomer.
[e] Prepared in situ from CuCl2 (0.05 mmol) and AgX (0.1 mmol).
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Next, we concentrated on the reduction of the catalyst
loading. The reaction was found to proceed smoothly when
the amount of the catalyst precursors [Cu(OTf)2 and sulfoxi-
mine 4aAe] was decreased from 10 mol% (Table 4, entry 1)
to 5 mol% and to 1 mol% (entries 2 and 3, respectively). In
both cases, the product was obtained in good yield and with
unchanged ee (93%). However, a further lowering of the
catalyst loading to 0.5 mol% resulted in a drastic decrease
of the yield and for the first time, in a diminution of the
enantioselectivity (to 89% ee, entry 4). Apparently, a mini-
mal catalyst amount of 1 mol% is essential in order to ach-
ieve high yields without affecting the ee.
Finally, the temperature de-


pendence of the reaction course
was evaluated. As shown in
Table 4 (entries 1 and 5), the ee
increased by lowering the reac-
tion temperature from room
temperature to �10 8C yielding
aldol product 3a with 96% ee.
Performing the catalysis at
�40 8C led to a further increase
of the ee (97%; entry 6), and by
lowering the temperature to
�55 8C, the enantioselectivity
was even improved to give 3a
with 98% ee (entry 7). Howev-
er, under these conditions the
reaction time had to be extend-
ed up to 10 days (entries 6 and
7) in order to isolate the prod-
uct in respectable yield. At
�78 8C a complete inhibition of
the catalysis was observed.
Based on earlier reports de-


scribing an accelerating effect
of 2,2,2-trifluoroethanol on the
catalytic turnover in Mukaiya-
ma-type Michael reactions,[27]


we decided to test this additive
in the aldol reaction described
here. Gratifyingly, the same
positive effect was observed.
After a significantly reduced re-
action period of 15 h at �30 8C,
aldol product 3a could be ob-
tained in high yield (89%) with
excellent ee (98%) (entry 8).
Hence, also in this system a
strong acceleration effect (with-
out affecting the enantioselec-
tivity) became evident. Un-
fortunately, the additive had no
effect on the catalysis per-
formed at �78 8C, and still no
product formation was ob-
served.


Having optimized the system consisting of sulfoximine
4aAe as the ligand, THF as the solvent, copper(ii) triflate as
the copper(ii) source and 2,2,2-trifluoroethanol as additive
at low temperatures, we subsequently studied the substrate
scope of the process and assessed various enolsilanes as well
as a-keto esters. First, the ester substituent was varied and
the reaction of benzyl pyruvate (2b) with enolsilane 1a at
�50 8C was studied. The corresponding aldol product 3b
was isolated in high yield with excellent 98% ee (Table 5,
entry 2). Use of isopropyl pyruvate (2c) furnished 3c with
99% ee (entry 3). Hence, the catalytic system featured a


Table 4. Effect of the catalyst loading and the temperature on the test reaction to give 3a.[a]


Entry Cat. [mol%] T [8C] t [h] Yield 3a [%][b] ee 3a [%][c,d]


1 10 RT 19 >99 93 (R)
2 5 RT 24 87 93 (R)
3 1 RT 24 86 93 (R)
4 0.5 RT 24 16 89 (R)
5 10 �10 5 43 96 (R)
6 10 �40 122 78 97 (R)
7 10 �55 235 83 98 (R)
8[e] 10 �30 15 89 98 (R)


[a] Reaction conditions: 1a (0.6 mmol), 2a (0.5 mmol), Cu(OTf)2, aminosulfoximine 4aAe, THF. [b] After
column chromatography. [c] Determined by HPLC, using a column with a chiral stationary phase (Chiralcel
OD). [d] The absolute configuration of 3a was found to be R in all cases as determined by measuring the opti-
cal rotation and comparing it to the literature value[9] of the corresponding enantiomer. [e] Performed in the
presence of CF3CH2OH (0.6 mmol).


Table 5. Substrate scope under optimized conditions.[a]


Entry Sulfoximine Enol ether Keto ester Product T [8C] t [h] Yield [%][b] ee [%][c,d]


1 (S)-4aAe 1a 2a 3a �30 15 89 98 (R)
2 (S)-4aAe 1a 2b 3b �50 47 86 98 (R)
3 (S)-4aAe 1a 2c 3c �40 28 90 99 (R)
4 (S)-4aAe 1a 2d 3d �20 40 86 96 (R)
5 (S)-4aAe 1a 2e 3e RT 20 78 89 (R)
6 (S)-4aAe 1b 2b 3 f �40 46 71 91 (R)
7 (S)-4aAe 1c 2a 3g �45 109 66 77 (R)
8 (R)-4aBd 1c 2a 3g �40 51 86 91 (S)
9 (R)-4aBe 1c 2a 3g �55 48 44 67 (S)
10 (R)-4aBd 1c 2b 3h �50 49 79 93 (S)
11 (R)-4aBd 1c 2c 3 i �50 72 82 98 (S)
12 (R)-4aBd 1d 2a 3g �5 6 76 91 (S)
13 (R)-4aBd 1d 2b 3h �5 6 58 91 (S)
14 (R)-4aBd 1d 2c 3 i �5 6 76 93 (S)


[a] Reaction conditions: 1a–d (0.6–0.75 mmol), 2a–e (0.5 mmol), CF3CH2OH (0.6 mmol), Cu(OTf)2
(0.05 mmol), aminosulfoximine 4 (0.05 mmol). [b] After column chromatography. [c] Determined by HPLC
using chiral columns (Chiralcel AS, OD, OD-H or OJ). [d] The absolute configurations of 3a, 3g and 3h were
determined by measuring the optical rotations and compared to the literature values[9] of the corresponding
enantiomers. For the other products it was assigned in analogy.
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pronounced flexibility with respect to the nature of the ester
moiety.
Next, the acyl part of 2 was modified, and ethyl 2-oxo-4-


phenyl butyrate (2d) having an extended substituent on the
ketone carbonyl of 2, was treated with nucleophile 1a at
�20 8C. Also in this case, the corresponding a-hydroxy ester
3d was obtained with a very good enantioselectivity of 96%
ee (Table 5, entry 4). Treatment of methyl a-keto butyrate
(2e) with 1a yielded product 3e with a slightly lower ee
(89%) at room temperature (entry 5), and surprisingly, no
conversion was observed at lower temperatures. These re-
sults reveal that the nature of the acyl substituent influences
the efficiency of the catalyst, which contrasts the observa-
tions made with substrates having a structural modification
in the ester moiety of 2 (see above).
Finally, the effect of the nucleophile was examined and


the reaction between the acetone-derived enolsilane 1b and
benzyl pyruvate (2b) was studied (Table 5, entry 6). Al-
though the steric hindrance of enolsilane 1b is very different
to that of 1a, product 3 f was also obtained with a remarka-
ble enantioselectivity (91% ee at �40 8C). Disappointingly,
treatment of thioketene acetal 1c with methyl pyruvate (2a)
gave succinate derivate 3g with only a moderate ee (77%,
entry 7). A modification of the ligand architecture, however,
and use of aminosulfoximine 4aBd having a 2-methoxy-
phenyl moiety on the sulfoximine part[25] caused a significant
increase of the asymmetric induction and the corresponding
product 3g was obtained with an ee of 91% (entry 8). On
the other hand, a negative impact on the course of the reac-
tion was observed, when the more bulky triisopropyl ana-
logue 4aBe was applied. In this case both the activity and
the selectivity (67% ee) of the catalytic species were affect-
ed (entry 9). Guided by this discovery, aminosulfoximine
4aBd was also selected as ligand in other reactions involving
thioketene acetals. To our delight this approach proved suc-
cessful and catalyses with 1c in combination with a-keto
esters 2b and 2c having sterically more demanding ester
substituents (entries 10 and 11) afforded the corresponding
succinate derivatives (3h and 3 i, respectively) with even
higher ee values (than the 91% ee for the conversion of 2a).
Thus, by reacting 1c with benzyl pyruvate (2b) product 3h
with 93% ee was obtained, and the catalysis between isopro-
pyl pyruvate (2c) and 1c provided 3 i with 98% ee.
TBDMS-analogue 1d proved to be a suitable enolsilane for
the synthesis of 3g, 3h and 3 i as well and similarly good re-
sults as with 1c were obtained (entries 12–14). Unfortunate-
ly, the increased steric bulk of 1d showed no further positive
effect on the enantioselectivities.
In the light of the results presented in this part it can be


stated, that the catalytic system is sensitive to the nature of
the enolsilane, and that the high modularity of the aminosul-
foximines has so far allowed to rapidly find an effective
ligand for every substrate pair.


Conclusion


We have described the development of a new ligand class
consisting of C1-symmetric aryl-bridged aminosulfoximines
which proved to be powerful ligands in copper(ii)-catalyzed
enantioselective Mukaiyama-type aldol reactions. Their ap-
plication allows the preparation of a variety of synthetically
interesting a-hydroxy esters with quaternary stereogenic
centers. The high yields (up to 90%) and the outstanding
enantioselectivities (up to 99% ee) compare well with the
results obtained with EvansO well-established [CuII-
tBubox]2+ and [SnII-pybox]2+ complexes.[2d,9] Currently, in-
vestigations to identify relevant intermediates by spectro-
scopic means and computational studies are in progress.
Here, it appears reasonable to find copper-ligand-substrate
complexes, which are similar to the one, which has recently
been identified in mixtures of bissulfoximines, copper(ii) tri-
flate and chelating substrates related to pyruvates.[26]


Through those explorations, we hope to be able to establish
a mechanistic model and to explain the origin of the high
enantioselectivities.


Experimental Section


General methods : All experiments were carried out under Ar using stan-
dard Schlenk techniques. If necessary, solvents were dried and deoxygen-
ated by standard procedures. Flash chromatography was carried out with
Merck silica gel 60 (63–100 mesh). Analytical TLC was performed with
Merck silica gel 60 F254 plates, and the products were visualized by UV
detection or by utilization of phosphomolybdic acid. The optical rotations
were measured at room temperature, l=589 nm using a Perkin–Elmer
Model 241. Melting points are uncorrected and were obtained on a B;chi
B-450 apparatus in open capillaries. The NMR spectra were recorded on
a Varian Inova 400 (1H NMR: 400 MHz, 13C NMR: 100 MHz) or a
Varian Gemini (1H NMR: 300 MHz, 13C NMR: 75 MHz) instrument, the
spectra were recorded in CDCl3 by using TMS as internal standard, and
the positions of the signals are reported in ppm. 1H NMR data are re-
ported as: (br=broad, s= singlet, d=doublet, t= triplet, q=quartet, m=


multiplet; coupling constant(s) in Hz; integration, proton assignment).
The IR spectra were measured on a Perkin–Elmer FT/IR 1760 instru-
ment, the samples were prepared as KBr pellets or as films. The MS
spectra were recorded on a Varian MAT 212 system. Elemental analyses
were measured with a Heraeus Model CHN Rapid. Analytical HPLC
measurements were carried out on a Gynkotek (Dionex) machine (auto-
sampler GINA 50, UV/VIS detector UVD 170S, gradient pump M480G,
degasser DG 503) using a Chiralcel AS, OD, OD-H or OJ column
(0.46 cmP25 cm) from Daicel. Alternatively, an Agilent system (1100
series) was employed consisting of a degasser G1379A, a quaternary
pump G1311A, an autosampler G1313A, an oven G1316A, and an UV-
detector G1315B.


o-Bromonitrobenzene (5a), methyl pyruvate (2a), o-anisaldehyde and
2,4,6-trimethylbenzaldehde were purchased from Aldrich. 1-Bromo-3-
methyl-2-nitrobenzene (5b), 1-bromo-4-methyl-2-nitrobenzene (5c) and
CsOAc were obtained from AcrQs. 4,5-Dimethyl-2-nitroaniline, 1-iodo-4-
methoxy-2-nitrobenzene (5e), 4-fluoro-1-iodo-2-nitrobenzene (5 f), 1-
bromo-2-nitro-4-trifluoromethylbenzene (5g) were purchased from Lan-
caster. The silyl enol ethers 1a and 1b, benzaldehyde and 1-naphthalde-
hyde were purchased from Fluka. Silyl enol ethers 1c and 1d,[28] a-keto
esters 2b, 2c and 2e,[29] sulfoximines 6A[30] and 6B[19g] and triisopropyl-
benzaldehyde[31] were prepared according to literature procedures.


1-Bromo-4,5-dimethyl-2-nitrobenzene (5d): A solution of 4,5-dimethyl-2-
nitroaniline (3.0 g, 18.0 mmol) in a mixture of distilled water (114 mL)
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and an aqueous solution of HBr (48%, 32 mL) was stirred for 30 min to
70 8C. After cooling to �5 8C a solution of NaNO2 (7.8 g, 113.0 mmol) in
distilled water (38 mL) was added. The temperature was maintained at
�5 8C for 15 min and then a freshly prepared and cooled solution of
CuBr (32.7 g, 243.0 mmol) in an aqueous solution of HBr (48%, 62 mL)
was added to the resulting mixture. After heating for 15 min to 70 8C, the
mixture was extracted three times with chloroform (200 mL). The com-
bined organic extracts were washed with an aqueous solution of NaOH
(10%, 200 mL), dried over MgSO4 and the solvent was removed under
reduced pressure. The product was purified by flash chromatography
(silica gel, pentane/EtOAc 9:1) to afford (5d) as a yellow solid (3.6 g,
15.7 mmol, 87%). M.p. 60 8C; 1H NMR (400 MHz, CDCl3): d=2.28 (s,
3H, CH3), 2.30 (m, 3H, CH3), 7.45 (s, 1H, Ar-H), 7.64 ppm (s, 1H, Ar-
H); 13C NMR (100 MHz, CDCl3): d=19.4, 19.7, 111.2, 126.5, 135.5, 137.6,
143.8, 147 ppm; IR (KBr): ñ = 2926, 2863, 1521, 1347, 1021, 889 cm�1;
MS (70 eV, EI): m/z (%): 229.0 (99) [M]+ ; elemental analysis calcd (%)
for C8H8BrNO2 (230.06): C 41.77, H 3.50, N 6.09; found: C 41.64, H 3.75,
N 5.87.


General procedure 1 (Pd-catalyzed Buchwald–Hartwig-type reaction): A
flame-dried Schlenk-flask was charged with the bromonitrobenzene (5a–
c, 1.0 equiv), (S)-S-methyl-S-phenylsulfoximine [(S)-6A] or (R)-S-(me-
thoxyphenyl)-S-methylsulfoximine [(R)-6B, 1.00–1.25 equiv], Pd(OAc)2
(5 mol-%), rac-BINAP (7.5 mol-%) and Cs2CO3 (1.4 equiv). Subsequent-
ly, dry toluene (c=0.05–0.20 mmolmL�1) was added, and the mixture
was heated to 110 8C for 24 h. The suspension was then filtered over
Celite with ethyl acetate as eluent. Subsequently, the solvent was evapo-
rated and the product was purified by flash chromatography (silica gel).


General procedure 2 (Cu-mediated cross-coupling reaction): Under an
argon atmosphere a dry Schlenk tube was charged with (S)-S-methyl-S-
phenylsulfoximine [(S)-6A, 1.0 equiv], the aryl halide (2.0 equiv), CuI
(1 equiv) and CsOAc (2.5 equiv). The mixture was dissolved in degassed
DMSO (1.0 mmolmL�1). After heating to 90 8C for 12 h, the mixture was
cooled to room temperature and neutralized with aqueous HCl (20 mL).
The aqueous layer was extracted with dichloromethane three times (3P
20 mL). The combined organic extracts were dried (MgSO4), filtered and
concentrated under reduced pressure. Purification by flash chromatogra-
phy (silica gel) afforded the N-arylated sulfoximines.


(S)-N-(2-Nitrophenyl)-S-methyl-S-phenylsulfoximine [(S)-7aA]: The
product was prepared according to the general procedure 1 by using o-
bromonitrobenzene (5a, 2.42 g, 12.0 mmol), (S)-S-methyl-S-phenylsulfox-
imine [(S)-6A, 1.86 g, 12.0 mmol], Pd(OAc)2 (135 mg, 0.60 mmol), rac-
BINAP (561 mg, 0.90 mmol), Cs2CO3 (5.47 g, 16.8 mmol) and toluene
(60 mL). The product was purified by flash chromatography (silica gel,
pentane/EtOAc 4:1) to yield (S)-7aA as a yellow oil (2.96 g, 10.7 mmol,
89%). [a]20D =�33.5 (c=1.0 in CHCl3); 1H NMR (300 MHz, CDCl3): d=
3.27 (s, 3H, CH3), 6.91–6.96 (m, 1H, Ar-H), 7.21–7.30 (m, 2H, Ar-H),
7.54–7.67 (m, 4H, Ar-H), 8.05–8.09 ppm (m, 2H, Ar-H); 13C NMR
(75 MHz, CDCl3): d=45.8, 121.3, 124.4, 124.5, 128.6, 129.7, 132.5, 133.8,
138.6, 139.1 ppm; IR (film): ñ=3066, 3025, 2930, 1601, 1522, 1479, 1359,
1289, 1209, 1099, 1021, 774, 747, 689, 508 cm�1; MS (70 eV, EI): m/z (%):
276 (100) [M]+ , 167 (26), 141 (40), 125 (31), 77 (56), 51 (13); elemental
analysis calcd (%) for C13H12N2O3S (276.31): C 56.51, H 4.38, N 10.14;
found: C 56.50, H 4.65, N 10.12.


(R)-N-(2-Nitrophenyl)-S-2-(methoxyphenyl)-S-methylsulfoximine [(R)-
7aB]: The product was prepared according to the general procedure 1 by
using o-bromonitrobenzene (5a, 808 mg, 4.00 mmol), (R)-S-(methoxy-
phenyl)-S-methylsulfoximine [(R)-6B, 741 mg, 4.00 mmol], Pd(OAc)2
(45 mg, 0.20 mmol), rac-BINAP (187 mg, 0.30 mmol), Cs2CO3 (1.83 g,
5.62 mmol) and toluene (40 mL). The product was purified by flash chro-
matography (silica gel, pentane/EtOAc 4:1 ! 2:1) to yield (R)-7aB as a
yellow solid (893 mg, 2.92 mmol, 73%). [a]20D =++133.9 (c=0.99 in
CHCl3); m.p. 95 8C;


1H NMR (400 MHz, CDCl3): d=3.42 (s, 3H, CH3),
3.89 (s, 3H, OCH3), 6.84–6.89 (m, 1H, Ar-H), 6.94–6.98 (d, J=8.5 Hz,
1H, Ar-H), 7.04–7.09 (m, 1H, Ar-H), 7.14–7.23 (m, 2H, Ar-H), 7.50–7.57
(m, 2H, Ar-H), 8.02–8.06 ppm (m, 1H, Ar-H); 13C NMR (100 MHz,
CDCl3): d=44.1, 55.8, 112.1, 120.3, 120.8, 123.9, 124.1, 125.0, 131.6, 131.7,
135.4, 138.9, 156.7 ppm; IR (KBr): ñ=3043, 3018, 1596, 1517, 1477, 1440,
1359, 1319, 1288, 1249, 1197, 1165, 1013, 766, 747, 659 cm�1; MS (70 eV,


EI): m/z (%): 306 (100) [M]+ , 171 (23), 156 (34), 141 (21), 125 (23), 97
(15), 77 (23); elemental analysis calcd (%) for C14H14N2O4S (306.34): C
54.89, H 4.61, N 9.14; found: C 54.77, H 4.21, N 9.03.


(S)-N-[3-Methyl-2-nitrophenyl]-S-methyl-S-phenylsulfoximine [(S)-7bA]:
The product was prepared according to the general procedure 1 by using
1-bromo-3-methyl-2-nitrobenzene (5b, 1.00 g, 4.6 mmol), (S)-S-methyl-S-
phenylsulfoximine [(S)-6A, 0.90 g, 5.8 mmol], Pd(OAc)2 (52 mg,
0.23 mmol), rac-BINAP (215 mg, 0.35 mmol), Cs2CO3 (2.10 g, 6.4 mmol)
and toluene (80 mL). The target compound was afforded as a yellow
solid (1.28 g, 4.4 mmol, 95%) after flash chromatography (silica gel, pen-
tane/EtOAc 4:1). [a]20D =�51.7 (c=1.15 in CHCl3); m.p. 75–81 8C;
1H NMR (400 MHz, CDCl3): d=2.23 (s, 3H, CH3), 3.23 (s, 3H, CH3),
6.71–6.75 (m, 1H, Ar-H), 6.97–7.05 (m, 2H, Ar-H), 7.51–7.64 (m, 3H,
Ar-H), 7.96–7.99 ppm (m, 2H, Ar-H); 13C NMR (100 MHz, CDCl3): d=
16.9, 45.7, 120.3, 123.1, 128.3, 129.5, 129.6, 133.5, 137.0, 138.2, 147.2 ppm;
IR (KBr): ñ=3022, 1527, 1306, 1109, 750 cm�1; MS (70 eV, EI): m/z (%):
290.1 (100) [M]+ , 181.1 (13), 141 (42), 125 (22), 77.1 (60); elemental anal-
ysis calcd (%) for C14H14N2O3S (290.34): C 57.92, H 4.86, N 9.65; found:
C 57.99, H 4.67, N 10.01.


(S)-N-[4-Methyl-2-nitrophenyl]-S-methyl-S-phenylsulfoximine [(S)-7cA]:
The product was prepared according to the general procedure 1 by using
1-bromo-4-methyl-2-nitrobenzene (5c, 500 mg, 2.31 mmol) and (S)-S-
methyl-S-phenylsulfoximine [(S)-6A, 450 mg, 2.89 mmol], Pd(OAc)2
(26 mg, 0.12 mmol), rac-BINAP (108 mg, 0.17 mmol), Cs2CO3 (1.05 g,
3.2 mmol) and toluene (40 mL). The target compound was afforded as a
yellow oil (630 mg, 2.2 mmol, 95%) after flash chromatography (silica
gel, pentane/EtOAc 4:1). [a]20D =�85.1 (c=1.02 in CHCl3);


1H NMR
(400 MHz, CDCl3): d=2.19 (s, 3H, CH3), 3.18 (s, 3H, CH3), 7.11 (d, J=
8.2 Hz, 1H, Ar-H), 7.38 (d, J=1.9 Hz, 1H, Ar-H), 7.98–8.00 (m, 2H, Ar-
H), 7.45–7.58 (m, 3H, Ar-H), 7.98 ppm (dd, J=8.2, 1.9 Hz, 1H, Ar-H);
13C NMR (100 MHz, CDCl3): d=20.5, 45.7, 124.5, 124.7, 128.6, 129.6,
131.5, 133.40, 133.7, 136.3, 138.7, 144.8 ppm; IR (KBr): ñ=3064, 1496,
1278, 1213, 756 cm�1; MS (70 eV, EI): m/z (%): 290.1 (100) [M]+ ; elemen-
tal analysis calcd (%) for C14H14N2O3S (290.34): C 57.92, H 4.86, N 9.65;
found: C 57.61, H 4.90, N 9.69.


(S)-N-[4,5-Dimethyl-2-nitrophenyl]-S-methyl-S-phenylsulfoximine [(S)-
7dA]: The product was prepared according to the general procedure 2
by using 1-bromo-4,5-dimethyl-2-nitrobenzene (5d, 1.0 g, 4.35 mmol),
(S)-S-methyl-S-phenylsulfoximine [(S)-6A, 337 mg, 2.18 mmol]. The
target compound was afforded as a yellow solid (527 mg, 1.73 mmol,
80%) after flash chromatography (silica gel, pentane/EtOAc 4:1). [a]20D =


�62.0 (c=1.2 in CHCl3); m.p. 104 8C; 1H NMR (300 MHz, CDCl3): d=
2.16 (s, 3H, CH3), 2.17 (s, 3H, CH3), 3.25 (s, 3H, CH3), 7.11 (s, 1H, Ar-
H), 7.51 (s, 1H, Ar-H), 7.53–7.66 (m, 3H, Ar-H), 8.08–8.10 ppm (m, 2H,
Ar-H); 13C NMR (75 MHz, CDCl3): d=18.8, 19.9, 45.4, 125.3, 125.6,
128.4, 129.4, 130.3, 133.4, 136.7, 138.7, 142.4, 142.5 ppm; IR (KBr): ñ=
3031, 2936, 1521, 1300, 1221, 1105, 989, 726 cm�1; MS (70 eV, EI): m/z
(%): 304.2 (100) [M]+ ; elemental analysis calcd (%) for C15H16N2O3S
(304.36): C 59.19, H 5.30, N 9.20; found: C 59.14, H 5.32, N 9.25.


(S)-N-[4-Methoxy-2-nitrophenyl]-S-methyl-S-phenylsulfoximine [(S)-
7eA]: The product was prepared according to the general procedure 2 by
using 1-iodo-4-methoxy-2-nitrobenzene (5e, 502 mg, 1.80 mmol), (S)-S-
methyl-S-phenylsulfoximine [(S)-6A, 140 mg, 0.90 mmol]. The target
compound was afforded as an orange oil (220 mg, 0.72 mmol, 80%) after
flash chromatography (silica gel, pentane/EtOAc 7:3). [a]20D =�124.5 (c=
0.59 in CHCl3);


1H NMR (300 MHz, CDCl3): d=3.19 (s, 3H, CH3), 3.69
(s, 3H, OCH3), 6.79 (dd, J=9.1, 3.1 Hz, 1H, Ar-H), 7.13 (d, J=3.1 Hz,
1H, Ar-H), 7.17 (d, J=9.1 Hz, 1H, Ar-H), 7.46–7.59 (m, 3H, Ar-H),
7.97–8.00 ppm (m, 2H, Ar-H); 13C NMR (75 MHz, CDCl3): d=45.4, 55.9,
109.0, 119.8, 126.1, 128.7, 129.7, 132.0, 133.8, 138.7, 145.2, 154.2 ppm; IR
(KBr): ñ=2928, 1524, 1494, 1278, 1225, 1098 cm�1; MS (70 eV, EI): m/z
(%): 306.0 (100) [M]+ ; elemental analysis calcd (%) for C14H14N2O4S
(306.34): C 54.89, H 4.61, N 9.14; found: C 54.87, H 4.24, N 9.28.


(S)-N-[4-Fluoro-2-nitrophenyl]-S-methyl-S-phenylsulfoximine [(S)-7 fA]:
The product was prepared according to the general procedure 2 by using
4-fluoro-1-iodo-2-nitrobenzene (5 f, 51 mg, 0.19 mmol), (S)-S-methyl-S-
phenylsulfoximine [(S)-6A, 15 mg, 0.10 mmol]. The target compound was
afforded as a yellow solid (27 mg, 0.09 mmol, 94%) after flash chroma-
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tography (silica gel, dichloromethane/methanol 99:1). [a]20D=�98.5 (c=
0.99 in CHCl3); m.p. 81 8C;


1H NMR (300 MHz, CDCl3): d=3.19 (s, 3H,
CH3), 6.95–6.98 (m, 1H, Ar-H), 7.18–7.22 (m, 1H, Ar-H), 7.30–7.33 (m,
1H, Ar-H), 7.47–7.61 (m, 3H, Ar-H), 7.85–7.98 ppm (m, 2H, Ar-H);
13C NMR (75 MHz, CDCl3): d=45.8, 111.8 (d, JCF=24 Hz, CH), 119.9 (d,
JCF=24 Hz, CH), 125.7 (d, JCF=8 Hz, CH), 128.6, 129.8, 133.9, 135.5,
138.4, 142.0, 156.4 ppm (d, JCF=241 Hz, CF); IR (KBr): ñ=1532, 1485,
1214 cm�1; MS (70 eV, EI): m/z (%): 294.0 (100) [M]+ ; elemental analysis
calcd (%) for C13H11FN2O3S (294.30): C 53.05, H 3.77, N 9.52; found: C
52.67, H 4.13, N 9.20.


(S)-N-[2-Nitro-4-trifluoromethylphenyl]-S-methyl-S-phenylsulfoximine
[(S)-7gA]: The product was prepared according to the general procedure
2 by using 1-bromo-2-nitro-4-trifluoromethylbenzene (5g, 1.0 g,
3.70 mmol), (S)-S-methyl-S-phenylsulfoximine [(S)-6A, 286 mg,
1.85 mmol]. The target compound was afforded as a yellow oil (540 mg,
1.57 mmol, 85%) after flash chromatography (silica gel, pentane/EtOAc
4:1). [a]20D=�14.1 (c=1.03 in CHCl3); 1H NMR (300 MHz, CDCl3): d=
3.24 (s, 3H, CH3), 7.26 (d, J=8.7 Hz, 1H, Ar-H), 7.36 (dd, J=8.7, 2.2 Hz,
1H, Ar-H), 7.49–7.63 (m, 3H, Ar-H), 7.81 (d, J=2.2 Hz, 1H, Ar-H),
7.96–8.01 ppm (m, 2H, Ar-H); 13C NMR (75 MHz, CDCl3): d=46.5,
121.5, 123 (q, JCF=35 Hz, C), 123.4 (q, JCF=272 Hz, CF3), 124.1, 128.5,
129.1, 130.0, 134.3, 138.0, 142.7, 144.5 ppm; IR (KBr): ñ=1623, 1534,
1324, 1215, 1125 cm�1; MS (70 eV, EI): m/z (%): 344.0 (100) [M]+ ; ele-
mental analysis calcd (%) for C14H11F3N2O3S (344.31): C 48.84, H 3.22, N
8.14; found: C 48.91, H 3.29, N 8.12.


(S)-N-(2-Aminophenyl)-S-methyl-S-phenylsulfoximine [(S)-8aA]: Com-
pound (S)-7aA (2.96 g, 10.7 mmol) was dissolved in a mixture of EtOH
(70 mL) and H2O (35 mL) and then treated with glacial acetic acid
(11.0 mL, 19.2 mmol) and Fe (2.68 g, 48.2 mmol). After refluxing for 3 h,
the mixture was cooled to room temperature and then partitioned be-
tween H2O (20 mL) and CH2Cl2 (50 mL). The aqueous layer was extract-
ed with CH2Cl2 (3P50 mL), and the combined organic layers were
washed with sat. aqueous Na2CO3 (50 mL) and dried over MgSO4. The
solvent was removed, and the product was purified by flash chromatogra-
phy on silica gel (EtOAc/pentane 4:1 with 1% of Et3N) to afford (S)-
8aA as a beige solid (2.2 g, 8.83 mmol, 83%). [a]20D =�6.8 (c=1.0 in
CHCl3); m.p. 116–118 8C;


1H NMR (300 MHz, CDCl3): d=3.25 (s, 3H,
CH3), 3.74 (br s, 2H, NH2), 6.45–6.51 (m, 1H, Ar-H), 6.68–6.77 (m, 2H,
Ar-H), 6.88–6.91 (m, 1H, Ar-H), 7.49–7.61 (m, 3H, Ar-H), 7.96–8.00 ppm
(m, 2H, Ar-H); 13C NMR (75 MHz, CDCl3): d=45.9, 114.9, 118.5, 122.0,
122.7, 128.5, 129.5, 131.6, 133.3, 139.3, 140.7 ppm; IR (KBr): ñ=3418,
3335, 3020, 1610, 1585, 1499, 1446, 1291, 1251, 1190, 1146, 1096, 1018,
966, 751, 688, 538 cm�1; MS (70 eV, EI): m/z (%): 246 (100) [M]+ , 141
(48), 125 (20), 106 (37), 79 (12); elemental analysis calcd (%) for
C13H14N2OS (246.33): C 63.39, H 5.73, N 11.37; found: C 63.41, H 5.73, N
11.49.


(R)-N-(2-Aminophenyl)-S-2-(methoxyphenyl)-S-methylsulfoximine [(R)-
8aB]: Compound (R)-7aB (893 mg, 2.9 mmol) was dissolved in a mixture
of EtOH (50 mL) and H2O (25 mL) and then treated with glacial acetic
acid (3.0 mL, 5.2 mmol) and Fe (734 mg, 13.1 mmol). After refluxing for
3 h and cooling to room temperature, the pH was adjusted to 14 by care-
ful addition of solid NaOH. Subsequently, the resulting suspension was
refluxed for 5 min, then filtered immediately, and the remaining residue
was washed with EtOH (40 mL) and CH2Cl2 (60 mL). The aqueous layer
was extracted with CH2Cl2 (3P20 mL), and the combined organic layers
were dried over MgSO4. The solvent was removed, and the product was
purified by flash chromatography (silica gel, EtOAc/pentane 4:1 with 1%
of Et3N) to afford (R)-8aB as a brownish solid (700 mg, 2.53 mmol,
87%). [a]20D =�149.5 (c=1.0 in CHCl3); m.p. 72–75 8C; 1H NMR
(300 MHz, CDCl3): d=3.38 (s, 3H, CH3), 3.70 (br s, 2H, NH2), 3.95 (s,
3H, OCH3), 6.46–6.53 (m, 1H, Ar-H), 6.62–6.66 (m, 1H, Ar-H), 6.70–
6.77 (m, 1H, Ar-H), 6.92–7.10 (m, 3H, Ar-H), 7.49–7.56 (m, 1H, Ar-H),
8.01–8.05 ppm (m, 1H, Ar-H); 13C NMR (75 MHz, CDCl3): d=43.1, 56.0,
112.3, 114.8, 118.3, 120.8, 122.9, 123.1, 126.8, 131.5, 131.7, 135.1, 141.3,
156.7 ppm; IR (KBr): ñ=3435, 3347, 1593, 1491, 1282, 1249, 1187, 1014,
749 cm�1; MS (70 eV, EI): m/z (%): 276 (100) [M]+ , 171 (69), 153 (66),
125 (17), 106 (16), 97 (8), 79 (9); elemental analysis calcd (%) for


C14H16N2O2S (276.35): C 60.85, H 5.84, N 10.14; found: C 60.90, H 6.05,
N 9.88.


(S)-N-[2-Amino-3-methylphenyl]-S-methyl-S-phenylsulfoximine [(S)-
8bA]: Compound (S)-7bA (700 mg, 2.41 mmol) was dissolved in a mix-
ture of EtOH (20 mL) and H2O (30 mL) and then treated with glacial
acetic acid (2.40 mL, 4.19 mmol) and Fe (403 mg, 7.23 mmol). After re-
fluxing for 5 h and cooling to room temperature, the mixture was parti-
tioned between H2O (20 mL) and CH2Cl2 (50 mL). The aqueous layer
was extracted three times with CH2Cl2 (50 mL), and the combined organ-
ic layers were dried over MgSO4. The solvent was removed, and the
product was purified by flash chromatography (silica gel, dichlorome-
thane/methanol 99:1 with 1% of Et3N) to afford (S)-8bA as a beige solid
(157 mg, 0.60 mmol, 25%). [a]20D =�40.2 (c=0.522 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=2.20 (s, 3H, CH3), 3.28 (s, 3H, CH3), 4.19 (br s,
NH2), 6.46 (t, J=7.7 Hz, 1H, Ar-H), 6.65 (d, J=7.7 Hz, 1H, Ar-H), 6.79
(d, J=7.7 Hz, 1H, Ar-H), 7.47–7.62 (m, 3H, Ar-H), 7.96–8.00 ppm (m,
2H, Ar-H); 13C NMR (75 MHz, CDCl3): d=17.8, 45.9, 118.6, 119.4,
123.2, 124.0, 128.5, 129.6, 131.9, 133.2, 137.6, 139.3 ppm; IR (KBr): ñ=
3456, 3364, 3060, 1444, 1174, 667 cm�1; MS (70 eV, EI): m/z (%): 260.1
(100) [M]+; elemental analysis calcd (%) for C14H16N2OS (260.35): C
64.58, H 6.19, N 10.76; found: C 64.67, H 6.10, N 10.59.


(S)-N-[2-Amino-4-methylphenyl]-S-methyl-S-phenylsulfoximine [(S)-
8cA]: Compound (S)-7cA (5OO mg, 1.72 mmol) was dissolved in a mix-
ture of EtOH (14 mL) and H2O (21 mL) and then treated with glacial
acetic acid (1.70 mL, 2.97 mmol) and Fe (288 mg, 5.16 mmol). After re-
fluxing for 5 h and cooling to room temperature, the mixture was parti-
tioned between H2O (20 mL) and CH2Cl2 (50 mL). The aqueous layer
was extracted three times with CH2Cl2 (50 mL), and the combined organ-
ic layers were dried over MgSO4. The solvent was removed, and the
product was purified by flash chromatography (silica gel, EtOAc/petro-
lum ether 3:7 with 1% of Et3N) to afford (S)-8cA as a brown oil
(144 mg, 0.55 mmol, 25%). [a]20D=++6.33 (c=0.50 in CHCl3);


1H NMR
(400 MHz, CDCl3): d=2.12 (s, 3H, CH3), 3.20 (s, 3H, CH3), 4.10 (br s,
NH2), 6.29 (d, J=8.0 Hz, 1H, Ar-H), 6.50 (s, 1H, Ar-H), 6.77 (d, J=
8.0 Hz, 1H, Ar-H), 7.54–7.56 (m, 3H, Ar-H), 7.93–7.97 ppm (m, 2H, Ar-
H); 13C NMR (100 MHz, CDCl3): d=20.8, 45.5, 115.7, 118.9, 121.7, 128.2,
128.9, 129.3, 131.9, 132.9, 139.1, 140.1 ppm; IR (KBr): ñ=3564, 3229,
3013, 1612, 1507, 748 cm�1; MS (70 eV, EI): m/z (%): 260.1 (88%) [M]+ ;
elemental analysis calcd (%) for C14H16N2OS (260.35): C 64.58, H 6.19, N
10.76; found: C 64.46, H 5.91, N 11.04.


(S)-N-[2-Amino-4,5-dimethylphenyl]-S-methyl-S-phenylsulfoximine [(S)-
8dA]: Compound (S)-7dA (721 mg, 2.37 mmol) was dissolved in a mix-
ture of EtOH (20 mL) and H2O (30 mL) and then treated with glacial
acetic acid (2.4 mL, 4.19 mmol) and Fe (396 mg, 7.10 mmol). After re-
fluxing for 5 h and cooling to room temperature, the mixture was parti-
tioned between H2O (20 mL) and CH2Cl2 (50 mL). The aqueous layer
was extracted three times with CH2Cl2 (50 mL), and the combined organ-
ic layers were dried over MgSO4. The solvent was removed, and the
product was purified by flash chromatography (silica gel, dichlorome-
thane/methanol 99:1 with 1% of Et3N) to afford (S)-8dA as a brown oil
(459 mg, 1.68 mmol, 71%). [a]20D=++35.0 (c=1.10 in CHCl3);


1H NMR
(300 MHz, CDCl3): d=1.98 (s, 3H, CH3), 2.06 (s, 3H, CH3), 3.21 (s, 3H,
CH3), 3.87 (br s, NH2), 6.50 (s, 1H, Ar-H), 6.72 (s, 1H, Ar-H), 7.49–7.61
(m, 3H, Ar-H), 7.98–8.01 ppm (m, 2H, Ar-H); 13C NMR (75 MHz,
CDCl3): d=18.8, 19.2, 45.5, 116.6, 123.4, 126.0, 128.3, 128.9, 129.3, 130.4,
132.9, 138.2, 139.4 ppm; IR (KBr): ñ=3073, 3000, 2963, 2863, 1621, 1515,
1452, 1226, 757 cm�1; MS (70 eV, EI): m/z (%): 274.1 (100) [M]+ ; HRMS
(EI): m/z : calcd for C15H18N2OS: 274.1140; found 274.1140 [M]


+ .


(S)-N-[2-Amino-4-methoxyphenyl]-S-methyl-S-phenylsulfoximine [(S)-
8eA]: Compound (S)-7eA (438 mg, 1.43 mmol) was dissolved in a mix-
ture of EtOH (12 mL) and H2O (18 mL) and then treated with glacial
acetic acid (1.4 mL, 2.44 mmol) and Fe (239 mg, 4.29 mmol). After re-
fluxing for 5 h and cooling to room temperature, the mixture was parti-
tioned between H2O (20 mL) and CH2Cl2 (50 mL). The aqueous layer
was extracted three times with CH2Cl2 (50 mL), and the combined organ-
ic layers were dried over MgSO4. The solvent was removed, and the
product was purified by flash chromatography (silica gel, dichlorome-
thane/methanol 99:1 with 1% of Et3N) to afford (S)-8eA. Without fur-
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ther characterization this product was directly used in the reductive ami-
nation. (The yield is then given for the two-step sequence.)


(S)-N-[2-Amino-4-fluorophenyl]-S-methyl-S-phenylsulfoximine [(S)-
8 fA]: Compound (S)-7 fA (100 mg, 0.34 mmol) was dissolved in EtOH
(0.93 mL) and H2O (1.40 mL) and then treated with glacial acetic acid
(0.34 mL, 0.59 mmol) and Fe (57 mg, 1.02 mmol). After refluxing for 5 h
and cooling to room temperature, the mixture was partitioned between
H2O (20 mL) and CH2Cl2 (50 mL). The aqueous layer was extracted
three times with CH2Cl2 (50 mL), and the combined organic layers were
dried over MgSO4. The solvent was removed, and the product was puri-
fied by flash chromatography (silica gel, dichloromethane with 1% of
Et3N) to afford (S)-8 fA as a brown oil (48 mg, 0.18 mmol, 53%). [a]20D =


�3.4 (c=0.80 in CHCl3);
1H NMR (300 MHz, CDCl3): d=3.22 (s, 3H,


CH3), 4.33 (br s, NH2), 6.10–6.19 (m, 1H, Ar-H), 6.36–6.43 (m, 1H, Ar-
H), 7.75–7.84 (m, 1H, Ar-H), 7.46–7.60 (m, 3H, Ar-H), 7.90–7.95 ppm
(m, 2H, Ar-H); 13C NMR (75 MHz, CDCl3): d=45.6, 101.8 (d, JCF=
26 Hz, CH), 104.2 (d, JCF=22 Hz, CH), 122.4 (d, JCF=10 Hz, CH), 127.5,
128.4, 129.6, 134.4, 138.8, 141.8 (d, JCF=11 Hz, C), 159.0 ppm (d, JCF=
238 Hz, CF); IR (KBr): ñ=3364, 3063, 3014, 1503, 1247, 753 cm�1; MS
(70 eV, EI): m/z (%): 264.1 (100) [M]+ ; elemental analysis calcd (%) for
C13H13FN2OS (264.32): C 59.07, H 4.96, N 10.60; found: C 59.16, H 5.04,
N 10.76.


(S)-N-[2-Amino-4-trifluoromethylphenyl]-S-methyl-S-phenylsulfoximine
[(S)-8gA]: Compound (S)-7gA (540 mg, 1.57 mmol) was dissolved in
EtOH (13 mL) and H2O (19.5 mL) and then treated with glacial acetic
acid (1.6 mL, 2.79 mmol) and Fe (262 mg, 4.70 mmol). After refluxing for
5 h and cooling to room temperature, the mixture was partitioned be-
tween H2O (20 mL) and CH2Cl2 (50 mL). The aqueous layer was extract-
ed three times with CH2Cl2 (50 mL), and the combined organic layers
were dried over MgSO4. The solvent was removed, and the product was
purified by flash chromatography (silica gel, dichloromethane/methanol
99:1 with 1% of Et3N) to afford (S)-8gA as a brown solid (449 mg,
1.43 mmol, 91%). [a]20D =�20.0 (c=1.20 in CHCl3); m.p. 90–92 8C;
1H NMR (300 MHz, CDCl3): d=3.29 (s, 3H, CH3), 4.21 (br s, NH2), 6.70
(d, J=8.4 Hz, 1H), 6.89 (s, 1H, Ar-H), 6.90 (d, J=8.4 Hz, 1H, Ar-H),
7.51–7.66 (m, 3H, Ar-H), 7.93–7.96 ppm (m, 2H, Ar-H); 13C NMR
(100 MHz, CDCl3): d=46.3, 110.9, 115.2, 120.8, 124.2 (q, JCF=30 Hz, C),
124.6 (q, JCF=272 Hz, CF3), 128.4, 129.8, 133.6, 134.8, 138.6, 140.8 ppm;
IR (KBr): ñ=3463, 3357, 3105, 3000, 2926, 1621, 1515, 1442, 1336, 1242,
1105, 747 cm�1; MS (70 eV, EI): m/z (%): 314.1 (100) [M]+ ; elemental
analysis calcd (%) for C14H13F3N2OS (314.33): C 53.50, H 4.17, N 8.91;
found: C 53.32, H 4.18, N 8.66.


General procedure 3 (reductive amination with NaBH4): A solution of
aminosulfoximines 8aA or 8aB in MeOH (c=0.1 mmolmL�1) was treat-
ed with the corresponding aldehyde (1.1–1.2 equiv) and glacial acetic
acid (1.0–1.1 equiv) After stirring at room temperature for 3 h, the mix-
ture was cooled to 0 8C and NaBH4 (2.5 equiv) was added in small por-
tions over a period of 10–20 min. The resulting mixture was stirred over
night at room temperature and then partitioned between 10% aqueous
K2CO3 (10–20 mL) and CH2Cl2 (20 mL). The aqueous layer was extract-
ed with CH2Cl2 (3P10–20 mL), the combined organic layers were dried
over MgSO4 and the solvent was evaporated. The product was then puri-
fied by flash chromatography (silica gel).


General procedure 4 (reductive amination with NaBH3CN): A solution
of aminosulfoximines 8aA–gA or 8aB in MeOH (c=0.5 mmolmL�1) and
the corresponding aldehyde (1.2–2.5 equiv) was treated with NaBH3CN
(0.9–1.0 equiv) at 0 8C. Then the pH was adjusted to 6 by dropwise addi-
tion of glacial acetic acid. After stirring at room temperature over night,
the mixture was diluted with CH2Cl2 (20 mL) and hydrolyzed with 10%
aqueous K2CO3 (10 mL). The aqueous layer was extracted with CH2Cl2
(3P10 mL), the combined organic layers were dried over MgSO4 and the
solvent was evaporated. Then the product was purified by flash chroma-
tography (silica gel).


(S)-N-(2-Benzylaminophenyl)-S-methyl-S-phenylsulfoximine [(S)-4aAa]:
The product was prepared according to the general procedure 3 by using
benzaldehyde (122 mL, 1.20 mmol), aminosulfoximine (S)-8aA (246 mg,
1.00 mmol), glacial acetic acid (570 mL, 1.0 mmol) and NaBH4 (94.6 mg,
2.50 mmol). The target compound was afforded as a colorless solid


(271 mg, 0.81 mmol, 81%) after flash chromatography (silica gel, pen-
tane/EtOAc 3:1 ! 2:1 with 1% Et3N). [a]


20
D =�82.6 (c=1.0 in CHCl3);


m.p. 129–131 8C; 1H NMR (300 MHz, CDCl3): d=3.23 (s, 3H, CH3), 4.43
(s, 2H, CH2), 5.20 (br s, 1H, NH), 6.40–6.45 (m, 1H, Ar-H), 6.54 (dd, J=
8.0, 1.4 Hz, 1H, Ar-H), 6.75–6.79 (m, 1H, Ar-H), 6.90 (dd, J=8.0, 1.4 Hz,
1H, Ar-H), 7.26–7.29 (m, 1H, Ar-H), 7.33–7.37 (m, 2H, Ar-H), 7.40–7.42
(m, 2H, Ar-H), 7.49–7.53 (m, 2H, Ar-H), 7.56–7.61 (m, 1H, Ar-H), 7.93–
7.96 ppm (m, 2H, Ar-H); 13C NMR (75 MHz, CDCl3): d=45.9, 48.1,
110.0, 116.6, 121.0, 122.6, 126.8, 127.1, 128.2, 128.3, 129.3, 130.9, 133.1,
139.1, 140.0, 142.1 ppm; IR (KBr): ñ=3416, 3015, 1582, 1512, 1443, 1253,
1206, 1128, 1096, 1021, 742, 686 cm�1; MS (70 eV, EI): m/z (%): 336 (39)
[M]+ , 195 (64), 119 (100), 105 (16), 91 (26), 78 (8); elemental analysis
calcd (%) for C20H20ON2S (336.45): C 71.40, H 5.99, N 8.33; found: C
71.30, H 5.74, N 8.30.


(S)-N-{2-[(Naphthalene-1-ylmethyl)-amino]-phenyl}-S-methyl-S-phenyl-
sulfoximine [(S)-4aAb]: The product was prepared according to the gen-
eral procedure 3 by using 1-naphthaldehyde (82 mL, 0.60 mmol), amino-
sulfoximine (S)-8aA (123 mg, 0.50 mmol), glacial acetic acid (31 mL,
0.54 mmol) and NaBH4 (47.3 mg, 1.25 mmol). The target compound was
afforded as a yellow solid (164 mg, 0.42 mmol, 85%) after flash chroma-
tography (silica gel, pentane/EtOAc 4:1 with 1% Et3N). [a]


20
D =�140.5


(c=1.0 in CHCl3); m.p. 170–171 8C;
1H NMR (300 MHz, CDCl3): d=3.13


(s, 3H, CH3), 4.80/4.86 (AB system, J=14.1 Hz, 2H, CH2), 6.43–6.49 (m,
1H, Ar-H), 6.65–6.68 (dd, J=7.9, 1.5 Hz, 1H, Ar-H), 6.80–6.85 (m, 1H,
Ar-H), 6.93–6.96 (dd, J=7.9, 1.4 Hz, 1H, Ar-H), 7.40–7.58 (m, 7H, Ar-
H), 7.80–7.85 (m, 3H, Ar-H), 7.90–7.93 (m, 1H, Ar-H), 8.14–8.18 ppm
(m, 1H, Ar-H); 13C NMR (75 MHz, CDCl3): d=45.8, 46.4, 110.1, 116.9,
121.2, 122.9, 123.6, 125.6, 125.7, 125.8, 126.1, 127.8, 128.4, 128.8, 129.5,
131.2, 131.6, 133.2, 133.9, 135.0, 139.2, 142.7 ppm; IR (KBr): ñ=3411,
3056, 2918, 1586, 1513, 1438, 1253, 1207, 1132, 1094, 1020, 789, 739, cm�1;
MS (70 eV, EI): m/z (%): 386 (21) [M]+ , 245 (40), 141 (34), 128 (6), 119
(100), 105 (5), 78 (3); elemental analysis calcd (%) for C24H22ON2S
(386.51): C 74.58, H 5.74, N 7.25; found: C 74.48, H 5.99, N 7.56.


(S)-N-[2-(2-Methoxybenzylamino)phenyl]-S-methyl-S-phenyl-sulfoximine
[(S)-4aAg]: The product was prepared according to the general proce-
dure 3 by using o-anisaldehyde (99.0 mg, 0.73 mmol), aminosulfoximine
(S)-8aA (150 mg, 0.61 mmol), glacial acetic acid (37.0 mL, 0.65 mmol)
and NaBH4 (57.5 mg, 1.52 mmol). The target compound was afforded as
a colorless solid (181 mg, 0.49 mmol, 81%) after flash chromatography
(silica gel, pentane/EtOAc 2:1 with 1% Et3N). [a]


20
D =�95.5 (c=1.0 in


CHCl3); m.p. 144–145 8C;
1H NMR (300 MHz, CDCl3): d=3.24 (s, 3H,


CH3), 3.89 (s, 3H, OCH3), 4.45 (s, 2H, CH2), 5.30 (br s, 1H, NH), 6.39–
6.44 (m, 1H, Ar-H), 6.57 (dd, J=8.1, 1.4 Hz, 1H, Ar-H), 6.75–6.81 (m,
1H, Ar-H), 6.90–6.95 (m, 3H, Ar-H), 7.22–7.28 (m, 1H, Ar-H), 7.33–7.35
(m, 1H, Ar-H), 7.47–7.62 (m, 3H, Ar-H), 7.94–7.98 ppm (m, 2H, Ar-H);
13C NMR (75 MHz, CDCl3): d=43.0, 45.9, 55.3, 110.1, 110.3, 116.5, 120.5,
121.2, 122.9, 127.9, 128.1, 128.4, 128.5, 129.5, 131.2, 133.2, 139.4, 142.5,
157.3 ppm; IR (KBr): ñ=3428, 2919, 1585, 1513, 1490, 1437, 1271, 1245,
1204, 1132, 1110, 1020, 740 cm�1; MS (70 eV, EI): m/z (%): 366 (26) [M]+


, 225 (75), 122 (24), 119 (100), 105 (6), 91 (26), 77 (6); elemental analysis
calcd (%) for C21H22O2N2S (366.48): C 68.82, H 6.05, N 7.64; found: C
68.53, H 5.82, N 7.42.


(S)-N-[2-(2,4,6-Trimethylbenzylamino)phenyl]-S-methyl-S-phenylsulfoxi-
mine [(S)-4aAd]: The product was prepared according to the general
procedure 4 by using 2,4,6-trimethylbenzaldehyde (369 mL, 2.50 mmol),
aminosulfoximine (S)-8aA (246 mg, 1.00 mmol) and NaBH3CN (62.9 mg,
1.00 mmol). The target compound was afforded as a yellow solid
(320 mg, 0.85 mmol, 85%) after flash chromatography (silica gel, pen-
tane/EtOAc 6:1 ! 4:1 ! 2:1 with 1% Et3N). [a]


20
D=�177.3 (c=0.4 in


CHCl3); m.p. 178–180 8C;
1H NMR (300 MHz, CDCl3): d=2.31 (s, 3H,


CH3), 2.41 (s, 6H, CH3), 3.14 (s, 3H, CH3), 4.19/4.27 (AB system, J=
11.4 Hz, 2H, CH2), 6.42–6.47 (m, 1H, Ar-H), 6.73 (dd, J=8.0, 1.5 Hz,
1H, Ar-H), 6.86–6.93 (m, 4H, Ar-H), 7.42–7.48 (m, 2H, Ar-H), 7.52–7.57
(m, 1H, Ar-H), 7.83–7.87 (m, 2H, Ar-H) ppm; 13C NMR (75 MHz,
CDCl3): d=19.5, 21.0, 42.7, 46.1, 109.9, 116.6, 121.2, 122.9, 128.5, 129.0,
129.5, 131.3, 132.8, 133.1, 137.0, 137.7, 139.4, 142.9 ppm; IR (KBr): ñ=
3398, 2920, 1587, 1509, 1428, 1256, 1190, 1124, 1022, 734, 688, cm�1; MS
(70 eV, EI): m/z (%): 378 (74) [M]+ , 246 (14), 237 (44), 221 (20), 181 (9),
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133 (58), 119 (100), 105 (10), 91 (6), 77 (5); elemental analysis calcd (%)
for C23H26N2OS (378.53): C 72.98, H 6.92, N 7.40; found: C 73.15, H 6.86,
N 7.53.


(S)-N-[2-(2,4,6-Triisopropylbenzylamino)phenyl]-S-methyl-S-phenylsul-
foximine [(S)-4aAe]: The product was prepared according to the general
procedure 3 by using 2,4,6-triisopropylbenzaldehyde (837 mg,
3.60 mmol), aminosulfoximine (S)-8aA (739 mg, 3.00 mmol), glacial
acetic acid (172 mL, 3.00 mmol) and NaBH4 (284 mg, 7.50 mmol). The
target compound was afforded as a colorless solid (1.14 g, 2.46 mmol,
82%) after flash chromatography (silica gel, pentane/EtOAc 10:1).
[a]20D =�164.2 (c=0.5 in CHCl3); m.p. 129–130 8C;


1H NMR (300 MHz,
CDCl3): d=1.30 (d, J=6.9 Hz, 18H, CH3), 2.89–2.98 (m, 1H, CH), 3.12
(s, 3H, CH3), 3.28–3.38 (m, 2H, CH), 4.22/4.31 (AB system, J=11.5 Hz,
2H, CH2), 4.58 (br s, 1H, NH), 6.44 (t, J=7.7 Hz, 1H, Ar-H), 6.74 (d, J=
7.6 Hz, 1H, Ar-H), 6.87–6.90 (m, 2H, Ar-H), 7.10 (s, 2H, Ar-H), 7.42–
7.47 (m, 2H, Ar-H), 7.52–7.57 (m, 1H, Ar-H), 7.84 ppm (d, J=7.4 Hz,
2H, Ar-H); 13C NMR (75 MHz, CDCl3): d=24.0, 24.7, 24.8, 29.4, 34.3,
40.8, 46.3, 109.6, 116.5, 120.8, 121.2, 122.6, 128.5, 129.5, 130.3, 131.3,
133.1, 139.3, 142.5, 148.2 ppm; IR (KBr): ñ=3408, 2960, 2867, 1590, 1502,
1426, 1261, 1241, 1195, 1125, 1094, 1024, 740, 688 cm�1; MS (70 eV, EI):
m/z (%): 462 (39) [M]+ , 307 (34), 246 (100), 216 (27), 201 (21), 173 (6),
119 (8), 105 (7); elemental analysis calcd (%) for C29H38N2OS (462.69): C
75.28, H 8.28, N 6.05; found: C 75.43, H 8.19, N 5.86.


(S)-N-[2-(2,4,6-Trimethoxybenzylamino)phenyl]-S-methyl-S-phenylsul-
foximine [(S)-4aAf]: The product was prepared according to the general
procedure 1 by using 2,4,6-trimethoxybenzaldehyde (108 mg, 0.55 mmol),
aminosulfoximine (S)-8aA (123 mg, 0.50 mmol), glacial acetic acid
(31 mL, 0.54 mmol) and NaBH4 (47.3 mg, 1.25 mmol). The target com-
pound was afforded as a colorless solid (182 mg, 0.42 mmol, 85%) after
flash chromatography (silica gel, pentane/EtOAc 3:2 ! 1:1 with 1%
Et3N). [a]


20
D =�40.0 (c=0.38, CHCl3); m.p. 199 8C; 1H NMR (400 MHz,


CD2Cl2): d=3.09 (s, 3H, CH3), 3.72 (s, 3H, OCH3), 3.77 (s, 6H, OCH3),
4.21/4.27 (AB system, 2H, CH2), 5.10 (br s, 1H, NH), 6.09 (s, 2H, Ar-H),
6.19–6.25 (m, 1H, Ar-H), 6.65–6.74 (m, 3H, Ar-H), 7.37–7.43 (m, 2H,
Ar-H), 7.47–7.52 (m, 1H, Ar-H), 7.74–7.78 ppm (m, 2H, Ar-H);
13C NMR (100 MHz, CD2Cl2): d=36.1, 45.9, 55.4, 55.8, 90.7, 108.7, 110.5,
115.8, 120.7, 122.6, 128.4, 129.4, 131.6, 133.1, 139.5, 142.9, 159.3,
160.5 ppm; IR (KBr): ñ=3406, 2932, 1591, 1507, 1464, 1417, 1255, 1224,
1194, 1134, 812, 742 cm�1; MS (70 eV, EI): m/z (%): 426 (26) [M]+ , 285
(93), 181 (100), 168 (8), 136 (10), 121 (13); elemental analysis calcd (%)
for C23H26N2O4S (426.53): C 64.77, H 6.14, N 6.57; found: C 64.44, H
5.78, N 6.32.


(R)-N-[2-(2,4,6-Trimethylbenzylamino)phenyl]-S-(2-methoxy-phenyl)-S-
methylsulfoximine [(R)-4aBd]: The product was prepared according to
the general procedure 4 by using 2,4,6-trimethylbenzaldehyde (184 mL,
1.25 mmol), aminosulfoximine (R)-8aB (138 mg, 0.5 mmol) and
NaBH3CN (31.4 mg, 0.50 mmol). The target compound was afforded as a
colorless solid (148 mg, 0.36 mmol, 72%) after flash chromatography
(silica gel, pentane/EtOAc 3:1 with 1% Et3N). [a]


20
D =�64.7 (c=1.0 in


CHCl3); m.p. 121–123 8C;
1H NMR (400 MHz, CDCl3): d=2.30 (s, 3H,


CH3), 2.33 (s, 6H, CH3), 3.24 (s, 3H, CH3), 3.38 (s, 3H, OCH3), 4.16 (s,
2H, CH2), 4.54 (br s, 1H, NH), 6.49–6.54 (m, 1H, Ar-H), 6.67–6.70 (m,
1H, Ar-H), 6.83–6.87 (m, 1H, Ar-H), 6.89–6.95 (m, 3H, Ar-H), 7.00–7.07
(m, 2H, Ar-H), 7.46–7.51 (m, 1H, Ar-H), 7.95–7.99 ppm (m, 1H, Ar-H);
13C NMR (100 MHz, CDCl3): d=19.5, 20.9, 42.5, 42.8, 55.1, 109.4, 112.0,
116.1, 120.4, 122.9, 123.1, 128.7, 130.2, 131.0, 132.8, 134.6, 136.6, 137.6,
143.5, 156.4 ppm; IR (KBr): ñ=3386, 2933, 1587, 1508, 1478, 1432, 1259,
1190, 1018, 765, 737 cm�1; MS (70 eV, EI,): m/z (%): 408 (42) [M]+ , 237
(32), 221 (14), 171 (6), 133 (49), 119 (100), 105 (5); elemental analysis
calcd (%) for C24H28N2O2S (408.56): C 70.55, H 6.91, N 6.86; found: C
70.87, H 6.60, N 6.74.


(R)-N-[2-(2,4,6-Triisopropylbenzylamino)phenyl]-S-(2-methoxyphenyl)-
S-methylsulfoximine [(R)-4aBe]: The product was prepared according to
the general procedure 3 by using 2,4,6-triisopropylbenzaldehyde (139 mg,
0.60 mmol), aminosulfoximine (R)-8aB (138 mg, 0.50 mmol), glacial
acetic acid (30 mL, 0.54 mmol), and NaBH4 (47.3 mg, 1.25 mmol). The
target compound was afforded as a colorless oil (157 mg, 0.32 mmol,
64%) after flash chromatography (silica gel, pentane/EtOAc 10:1 with


1% Et3N), which slowly crystallized under reduced pressure. [a]20D =


�45.4 (c=2.85 in CHCl3); m.p. 56 8C; 1H NMR (400 MHz, CDCl3): d=
1.22 (d, J=6.9 Hz, 6H, CH3), 1.27 (d, J=6.9 Hz, 12H, CH3), 2.92 (sep.,
J=6.9 Hz, 1H, CH), 3.13 (s, 3H, CH3), 3.18 (s, 3H, OCH3), 3.28 (sep.,
J=6.8 Hz, 2H, CH), 4.23 (s, 2H, CH2), 4.7 (br s, 1H, NH), 6.53–6.59 (m,
1H, Ar-H), 6.74 (dd, J=8.0 Hz, 1.1 Hz, 1H, Ar-H), 6.83 (d, J=8.2 Hz,
1H, Ar-H), 6.94–6.99 (m, 1H, Ar-H), 7.00–7.05 (m, 1H, Ar-H), 7.07 (s,
2H, Ar-H), 7.11 (dd, J=7.6, 1.3 Hz, 1H, Ar-H), 7.45–7.50 (m, 1H, Ar-
H), 7.99 ppm (dd, J=7.7 Hz, 1.6 Hz, 1H, Ar-H); 13C NMR (100 MHz,
CDCl3): d=24.1, 24.5, 24.7, 29.2, 34.3, 40.5, 42.1, 54.8, 109.3, 111.9, 116.2,
120.4, 121.0, 123.1, 123.2, 127.1, 130.1, 130.6, 130.8, 134.7, 143.4, 148.1,
148.2, 156.4 ppm; IR (KBr): ñ=3383, 2961, 2868, 1590, 1501, 1431, 1265,
1191, 1070, 1047, 1021, 801, 742 cm�1; MS (70 eV, EI): m/z (%): 492 (58)
[M]+ , 307 (72), 276 (100), 217 (10), 171 (9), 153 (8); elemental analysis
calcd (%) for C30H40N2O2S (492.72): C 73.13, H 8.18, N 5.69; found: C
73.32, H 8.25, N 5.37.


(S)-N-[3-Methyl-2-(2,4,6-trimethylbenzylamino)phenyl]-S-methyl-S-phe-
nylsulfoximine [(S)-4bAd]: The product was prepared according to the
general procedure 4 by using 2,4,6-trimethylbenzaldehyde (90 mg,
0.61 mmol), aminosulfoximine (S)-8bA (132 mg, 0.51 mmol), NaBH3CN
(32 mg, 0.51 mmol) and methanol (7 mL). The target compound was af-
forded as a yellow oil (117 mg, 0.30 mmol, 59%) after flash chromatogra-
phy (silica gel, dichloromethane/methanol 99:1). [a]20D =�56.5 (c=1.32 in
CHCl3);


1H NMR (400 MHz, CDCl3): d=2.28 (s, 3H, CH3), 2.44 (s, 3H,
CH3), 2.46 (s, 6H, CH3), 3.08 (s, 3H, CH3), 4.12/4.22 (AB system, J=
11.5 Hz, 2H, CH2), 6.26 (d, J=8.0 Hz, 1H, Ar-H), 6.53–6.58 (m, 1H, Ar-
H), 6.67–6.75 (m, 1H, Ar-H), 6.89 (s, 2H, Ar-H), 7.38–7.56 (m, 3H, Ar-
H), 7.65–7.69 ppm (m, 2H, Ar-H); 13C NMR (100 MHz, CDCl3): d=19.6,
20.0, 21.2, 45.7, 46.7, 118.4, 121.1, 124.8, 128.4, 129.0, 129.4, 129.5, 133.1,
134.5, 136.3, 136.6, 137.4, 139.2, 142.2 ppm; IR (KBr): ñ=3326, 3011,
1445, 1264, 746 cm�1; MS (70 eV, EI): m/z (%): 392.2 (22) [M]+ ; elemen-
tal analysis calcd (%) for C24H28N2OS (392.56): C 73.43, H 7.19, N 7.14;
found C 73.54, H 7.30, N 7.03.


(S)-N-[4-Methyl-2-(2,4,6-trimethylbenzylamino)phenyl]-S-methyl-S-phe-
nylsulfoximine [(S)-4 cAd]: The product was prepared according to the
general procedure 4 by using 2,4,6-trimethylbenzaldehyde (66 mg,
0.45 mmol), aminosulfoximine (S)-8cA (97 mg, 0.37 mmol), NaBH3CN
(23 mg, 0.37 mmol) and methanol (5 mL). The target compound was af-
forded as a brown solid (125 mg, 0.32 mmol, 86%) after flash chromatog-
raphy (silica gel, dichloromethane/methanol 99:1). [a]20D =�128.8 (c=1.09
in CHCl3); m.p. 140 8C;


1H NMR (400 MHz, CDCl3): d=2.24 (s, 3H,
CH3), 2.31 (s, 3H, CH3), 2.40 (s, 6H, CH3), 3.11 (s, 3H, CH3), 4.17/4.26
(AB system, J=11.3 Hz, 2H, CH2), 4.40 (br s, NH), 6.26 (d, J=8.0 Hz,
1H, Ar-H), 6.54 (s, 1H, Ar-H), 6.82 (d, J=8.0 Hz, 1H, Ar-H), 6.93 (s,
2H, Ar-H), 7.40–7.55 (m, 3H, Ar-H), 7.83–7.85 ppm (m, 2H, Ar-H);
13C NMR (100 MHz, CDCl3): d=19.5, 20.9, 21.4, 42.6, 45.9, 100.7, 116.8,
120.9, 128.2, 128.4, 128.8, 129.2, 132.1, 132.6, 132.8, 136.7, 137.4, 139.2,
142.4 ppm; IR (KBr): ñ=3393, 2915, 1578, 1244, 1090 cm�1; MS (70 eV,
EI): m/z (%): 392.2 (39) [M]+ ; elemental analysis calcd (%) for
C24H28N2OS (392.56): C 73.43, H 7.19, N 7.14; found C 73.20, H 7.46, N
6.92.


(S)-N-[4,5-Dimethyl-2-(2,4,6-trimethylbenzylamino)phenyl]-S-methyl-S-
phenylsulfoximine [(S)-4dAd]: The product was prepared according to
the general procedure 4 by using 2,4,6-trimethylbenzaldehyde (110 mg,
0.74 mmol), aminosulfoximine (S)-8dA (204 mg, 0.74 mmol), NaBH3CN
(42 mg, 0.67 mmol) and methanol (11.9 mL). The target compound was
afforded as an orange solid (236 mg, 0.58 mmol, 78%) after flash chro-
matography (silica gel, pentane/EtOAc 8.5:1.5). [a]20D=�78 (c=1.14 in
CHCl3); m.p. 157 8C;


1H NMR (300 MHz, CDCl3): d=2.01 (s, 3H, CH3),
2.17 (s, 3H, CH3), 2.31 (s, 3H, CH3), 2.41 (s, 6H, CH3), 3.11 (s, 3H, CH3),
4.16/4.25 (AB system, J=11.1 Hz, 2H, CH2), 6.54 (s, 1H, Ar-H), 6.75 (s,
1H, Ar-H), 6.92 (s, 2H, Ar-H), 7.40–7.57 (m, 3H, Ar-H), 7.84–7.88 (m,
2H, Ar-H) ppm; 13C NMR (75 MHz, CDCl3): d=19.5, 19.6, 21.0, 43.1,
45.9, 112.0, 123.1, 124.1, 128.5, 128.8, 129.0, 129.4, 130.4, 133.0, 133.1,
136.8, 137.6, 139.7, 140.9 ppm; IR (KBr): ñ=3421, 3000, 2915, 2852, 1610,
1515, 1442, 1242, 1126, 1015, 852 cm�1; MS (70 eV, EI): m/z (%): 406.2
(76) [M]+ ; elemental analysis calcd (%) for C25H30N2OS (406.58): C
73.85, H 7.44, N 6.89; found C 73.63, H 7.17, N 6.65.
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(S)-N-[4-Methoxy-2-(2,4,6-trimethylbenzylamino)phenyl]-S-methyl-S-
phenylsulfoximine [(S)-4eAd]: The product was prepared according to
the general procedure 4 by using 2,4,6-trimethylbenzaldehyde (114 mg,
0.77 mmol), aminosulfoximine (S)-8eA (214 mg, 0.77 mmol), NaBH3CN
(44 mg, 0.70 mmol) and methanol (12.4 mL). The target compound was
afforded as a yellow oil [172 mg, 0.42 mmol, 30% yield over two steps
(nitro group reduction and reductive amination)] after flash chromatog-
raphy (silica gel, pentane/EtOAc 8.5:1.5). [a]20D =�101 (c=1.00 in
CHCl3);


1H NMR (400 MHz, CDCl3): d=2.31 (s, 3H, CH3), 2.40 (s, 6H,
CH3), 3.11 (s, 3H, CH3), 3.72 (s, 3H, OCH3), 4.16/4.23 (AB system, J=
11.5 Hz, 2H, CH2), 4.47 (br s, NH), 5.98 (dd, J=8.5, 2.8 Hz, 1H, Ar-H),
6.30 (d, J=2.8 Hz, 1H, Ar-H), 6.84 (d, J=8.5 Hz, 1H, Ar-H), 6.92 (s,
2H, Ar-H), 7.41–7.56, (m, 3H, Ar-H), 7.81–7.85 ppm (m, 2H, Ar-H);
13C NMR (100 MHz, CDCl3): d=19.5, 20.9, 42.4, 45.7, 55.1, 97.3, 99.2,
121.5, 124.5, 128.3, 128.8, 129.2, 132.3, 132.9, 136.8, 137.4, 139.2, 143.7,
155.9 ppm; IR (KBr): ñ=3410, 3063, 3010, 2926, 2873, 1621, 1584, 1510,
1447, 1421, 1258, 1211, 1052, 752 cm�1; MS (70 eV, EI): m/z (%): 408.2
(100) [M]+ ; elemental analysis calcd (%) for C24H28N2O2S (408.56): C
70.55, H 6.91, N 6.86; found C 70.31, H 6.61, N 6.70.


(S)-N-[4-Fluoro-2-(2,4,6-trimethylbenzylamino)phenyl]-S-methyl-S-phe-
nylsulfoximine [(S)-4 fAd]: The product was prepared according to the
general procedure 4 by using 2,4,6-trimethylbenzaldehyde (22 mg,
0.15 mmol), aminosulfoximine (S)-8 fA (33 mg, 0.12 mmol), NaBH3CN
(7.5 mg, 0.12 mmol) and methanol (2 mL). The target compound was af-
forded as a yellow solid (40 mg, 0.10 mmol, 83%) after flash chromatog-
raphy (silica gel, dichloromethane/methanol 99:1). [a]20D =�174.4 (c=1.01
in CHCl3); m.p. 165 8C;


1H NMR (400 MHz, CDCl3): d=2.31 (s, 3H,
CH3), 2.40 (s, 6H, CH3), 3.13 (s, 3H, CH3), 4.14/4.21 (AB system, J=
11.4 Hz, 2H, CH2), 4.56 (br s, NH), 6.08–6.13 (m, 1H, Ar-H), 6.39–6.44
(m, 1H, Ar-H), 6.79–6.83 (m, 1H, Ar-H), 6.93 (s, 2H, Ar-H), 7.44–7.58
(m, 3H, Ar-H), 7.80–7.83 ppm (m, 2H, Ar-H); 13C NMR (100 MHz,
CDCl3): d=19.5, 20.9, 42.3, 45.9, 97.0 (d, JCF=27 Hz, CH), 101.4 (d, JCF=
22 Hz, CH), 121.1 (d, JCF=10 Hz, CH), 126.6, 128.2, 128.7, 129.3, 131.9,
133.0, 136.9, 137.4, 138.9, 143.8 (d, JCF=11 Hz, C), 159.5 ppm (d, JCF=
237 Hz, CF); IR (KBr): ñ=3019, 2926, 1257, 759 cm�1; MS (70 eV, EI):
m/z (%): 396.2 (54) [M]+ ; elemental analysis calcd (%) for C23H25FN2OS
(396.52): C 69.67, H 6.35, N 7.06; found C 69.91, H 6.61, N 6.73.


(S)-N-[4-Trifluoromethyl-2-(2,4,6-trimethylbenzylamino)phenyl]-S-
methyl-S-phenylsulfoximine [(S)-4gAd]: The product was prepared ac-
cording to the general procedure 4 by using 2,4,6-trimethylbenzaldehyde
(73 mg, 0.49 mmol), aminosulfoximine (S)-8gA (154 mg, 0.49 mmol),
NaBH3CN (28 mg, 0.44 mmol) and methanol (7.9 mL). The target com-
pound was afforded as a yellow solid (127 mg, 0.29 mmol, 58%) after
flash chromatography (silica gel, pentane/EtOAc 8.5:1.5). [a]20D =�170
(c=1.05 in CHCl3); m.p. 45–50 8C;


1H NMR (400 MHz, CDCl3): d=2.31
(s, 3H, CH3), 2.41 (s, 6H, CH3), 3.16 (s, 3H, CH3), 4.19/4.27 (AB system,
J=11.5 Hz, 2H, CH2), 4.63 (br s, NH), 6.66 (d, J=8.0 Hz, 1H, Ar-H),
6.85 (s, 1H, Ar-H), 6.89 (d, J=8.0 Hz, 2H, Ar-H), 6.94 (s, 1H, Ar-H),
7.44–7.59 (m, 3H, Ar-H), 7.79–7.83 ppm (m, 2H, Ar-H); 13C NMR
(100 MHz, CDCl3): d=19.7, 21.1, 42.6, 46.6, 105.6, 113.4, 119.8, 124.3 (q,
JCF=32 Hz, C), 125.0 (q, JCF=271 Hz, CF3), 128.3, 129.1, 129.7, 132.1,
133.5, 134.5, 137.2, 137.6, 138.6, 142.6 ppm; IR (KBr): ñ=3389, 3105,
3031, 2926, 2873, 1605, 1521, 1442, 1263, 1105, 1015, 742 cm�1; MS (70 eV,
EI): m/z (%): 446.2 (60) [M]+ ; elemental analysis calcd (%) for
C24H25F3N2OS (446.53): C 64.55, H 5.64, N 6.27; found C 64.38, H 5.64, N
6.23.


General procedure 5 (Mukaiyama-aldol reaction): A flame-dried
Schlenk-flask under argon atmosphere was charged with Cu(OTf)2
(18 mg, 0.05 mmol) and the corresponding aminosulfoximine 4
(0.05 mmol). Then, dry THF (2 mL) was added and the resulting deep
green solution was stirred for 30 min at room temperature. Subsequently,
the selected temperature was adjusted and the corresponding a-keto
ester 2a–e (0.50 mmol), the corresponding enolsilane 1a–d (0.60–
0.75 mmol) and 2,2,2-trifluoroethanol (0.60 mmol, 44 mL) were added.
After stirring for the indicated period of time, the mixture was warmed
to room temperature and filtered through a plug of silica gel with Et2O
(50 mL). The solvent was evaporated and the product was purified by
flash chromatography (silica gel).


(�)-(R)-Methyl 2-hydroxy-2-methyl-4-oxo-4-phenyl butanoate [(R)-3a]:
The product was prepared according to the general procedure 5 by using
methyl pyruvate (2a, 46 mL, 0.50 mmol), enolsilane 1a (123 mL,
0.60 mmol) and aminosulfoximine (S)-4aAe (23.1 mg, 0.05 mmol). After
stirring for 15 h at �30 8C, the product was obtained as a colorless oil
(99 mg, 0.45 mmol, 89%, 98% ee) after flash chromatography (silica gel,
pentane/EtOAc 10:1 ! 4:1). [a]20D =�86.7 (c=1.0 in CHCl3); lit : [a]20D =


+84.4 (c=3.5 in CHCl3) for (S), 99% ee ;[9] 1H NMR (400 MHz, CDCl3):
d=1.52 (s, 3H, CH3), 3.36 (d, J=17.6 Hz, 1H, CH2), 3.67 (d, J=17.9 Hz,
1H, CH2), 3.78 (s, 3H, CH3), 3.99 (br s, 1H, OH), 7.45–7.49 (m, 2H, Ar-
H), 7.57–7.61 (m, 1H, Ar-H), 7.93–7.96 ppm (m, 2H, Ar-H); 13C NMR
(100 MHz, CDCl3): d=26.4, 47.9, 52.7, 72.6, 128.0, 128.5, 133.5, 136.1,
176.2, 198.6 ppm; IR (film): ñ=3512, 2985, 2953, 1742, 1683, 1597, 1450,
1365, 1218, 1115, 1008, 986, 759, 692 cm�1; MS (70 eV, CI, CH4): m/z (%):
223 (49) [M+H]+ , 163 (100), 105 (22); elemental analysis calcd (%) for
C12H14O4 (222.24): C 64.85, H 6.35; found: C 65.20, H 6.62; HPLC: tr(R)
= 25.3 min, tr(S) = 31.5 min (Chiralcel OD, flow rate 0.5 mLmin�1, hep-
tane/iPrOH 95:5, l=254 nm, 25 8C).


(�)-(R)-Benzyl 2-hydroxy-2-methyl-4-oxo-4-phenyl butanoate [(R)-3b]:
The product was prepared according to the general procedure 5 by using
benzyl pyruvate (2b, 123 mg, 0.69 mmol), silyl enol ether 1a (170 mL,
0.83 mmol), aminosulfoximine (S)-4aAe (32 mg, 0.07 mmol) and 2,2,2-tri-
fluoroethanol (61 mL, 0.83 mmol). After stirring for 47 h at �50 8C, the
product was obtained as a colorless oil (176 mg, 0.59 mmol, 86%, 98%
ee) after flash chromatography (silica gel, pentane/EtOAc 10:1 ! 4:1).
[a]20D =�41.8 (c=1.1 in CHCl3); 1H NMR (400 MHz, CDCl3): d=1.52 (s,
3H, CH3), 3.35 (d, J=17.6 Hz, 1H, CH2), 3.67 (d, J=17.5 Hz, 1H, CH2),
4.03 (br s, 1H, OH), 5.18/5.22 (AB system, J=12.3 Hz, 2H, CH2), 7.28–
7.30 (m, 5H, Ar-H), 7.44–7.48 (m, 2H, Ar-H), 7.56–7.60 (m, 1H, Ar-H),
7.90–7.93 ppm (m, 2H, Ar-H); 13C NMR (100 MHz, CDCl3): d=26.4,
47.8, 67.3, 72.7, 127.9, 128.0, 128.1, 128.3, 128.5, 133.5, 135.3, 136.1, 175.5,
198.5 ppm; IR (film): ñ=3533, 2981, 1740, 1682, 1597, 1452, 1365, 1217,
1111, 754, 693, cm�1; MS (70 eV, CI, CH4): m/z (%): 299 (25) [M+H]+ ,
163 (20), 121 (41), 91 (100); elemental analysis calcd (%) for C18H18O4


(298.34): C 72.47, H 6.08; found: C 72.27, H 5.98; HPLC: tr(R) =


29.7 min, tr(S) = 34.4 min (Chiralcel OD, flow rate 0.5 mLmin�1, hep-
tane/iPrOH 95:5, l=254 nm, 25 8C). The absolute configuration was as-
signed in analogy to 3a.


(�)-(R)-Isopropyl 2-hydroxy-2-methyl-4-oxo-4-phenyl butanoate [(R)-
3c]: The product was prepared according to the general procedure 5 by
using isopropyl pyruvate (2c, 65 mg, 0.50 mmol), enolsilane 1a (123 mL,
0.60 mmol) and aminosulfoximine (S)-4aAe (23.1 mg, 0.05 mmol). After
stirring for 28 h at �40 8C, the product was obtained as a colorless oil
(112 mg, 0.45 mmol, 90%, 99% ee) after flash chromatography (silica
gel, pentane/EtOAc 12:1 ! 10:1). [a]20D =�58.6 (c=2.0 in CHCl3);
1H NMR (400 MHz, CDCl3): d=1.20 (d, J=6.3 Hz, 3H, CH3), 1.27 (d,
J=6.3 Hz, 3H, CH3), 1.50 (s, 3H, CH3), 3.34 (d, J=17.6 Hz, 1H, CH2),
3.64 (d, J=17.6 Hz, 1H, CH2), 3.96 (br s, 1H, OH), 5.07–5.12 (m, J=
6.3 Hz, 1H, CH), 7.45–7.49 (m, 2H, Ar-H), 7.57–7.61 (m, 1H, Ar-H),
7.93–7.95 ppm (m, 2H, Ar-H); 13C NMR (100 MHz, CDCl3): d=21.5,
21.6, 26.4, 47.8, 69.2, 72.5, 127.9, 128.5, 133.4, 136.3, 175.2, 198.4 ppm; IR
(film): ñ=3533, 3019, 2983, 1732, 1684, 1598, 1451, 1375, 1217, 1104, 757,
690 cm�1; MS (70 eV, CI, CH4): m/z (%): 251 (48) [M+H]+ , 209 (100),
191 (22), 163 (74); elemental analysis calcd (%) for C14H18O4 (250.29): C
67.18, H 7.25; found C 67.47, H 7.05; HPLC: tr(S) = 18.7 min, tr(R) =


22.2 min (Chiralcel OJ, flow rate 0.5 mLmin�1, heptane/iPrOH 90:10, l=
254 nm, 25 8C). The absolute configuration was assigned in analogy to 3a.


(�)-(R)-Ethyl 2-hydroxy-4-oxo-4-phenyl-[2-phenylethyl] butanoate [(R)-
3d]: The product was prepared according to the general procedure 5 by
using ethyl 2-oxo-4-phenyl butyrate (2d, 95 mL, 0.50 mmol), enolsilane 1a
(123 mL, 0.60 mmol) and aminosulfoximine (S)-4aAe (23.1 mg,
0.05 mmol). After stirring for 40 h at �20 8C, the product was obtained as
a colorless oil (140 mg, 0.43 mmol, 86%, 96% ee) after flash chromatog-
raphy (silica gel, pentane/EtOAc 10:1). [a]20D =�28.5 (c=0.8 in CHCl3);
1H NMR (400 MHz, CDCl3): d=1.28 (t, J=7.1 Hz, 3H, CH3), 2.07–2.11
(m, 2H, CH2), 2.53–2.61 (m, 1H, CH2), 2.86–2.93 (m, 1H, CH2), 3.44 (d,
J=17.3 Hz, 1H, CH2), 3.58 (d, J=17.3 Hz, 1H, CH2), 3.98 (br s, 1H,
OH), 4.24 (q, J=7.1 Hz, 2H, CH2), 7.18–7.21 (m, 3H, Ar-H), 7.27–7.31
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(m, 2H, Ar-H), 7.45–7.49 (m, 2H, Ar-H), 7.57–7.61 (m, 1H, Ar-H), 7.91–
7.94 ppm (m, 2H, Ar-H); 13C NMR (100 MHz, CDCl3) d=14.2, 29.5,
41.3, 47.2, 61.8, 74.9, 125.8, 128.0, 128.2, 128.3, 128.5, 133.4, 136.3, 141.2,
175.0, 198.1 ppm; IR (film): ñ=3516, 2980, 2929, 1735, 1684, 1598, 1451,
1363, 1215, 1090, 1019, 755, 695 cm�1; MS (70 eV, CI, CH4): m/z (%): 327
(74) [M+H]+, 309 (20), 253 (100), 189 (41), 121 (54); elemental analysis
calcd (%) for C20H22O4 (326.39): C 73.60, H 6.79; found: C 73.92, H 7.08;
HPLC: tr(R) = 33.1 min, tr(S) = 43.8 min (Chiralcel OD column, flow
rate 0.5 mLmin�1, heptane/iPrOH 95:5, l=254 nm, 25 8C). The absolute
configuration was assigned in analogy to 3a.


(�)-(R)-Methyl 2-ethyl-2-hydroxy-4-oxo-4-phenyl butanoate [(R)-3e]:
The product was prepared according to the general procedure 5 by using
methyl 2-oxobutyrate (2e, 58 mg, 0.50 mmol), enolsilane 1a (123 mL,
0.60 mmol) and aminosulfoximine (S)-4aAe (23 mg, 0.05 mmol). After
stirring for 20 h at room temperature, the product was obtained as a
yellow oil (92 mg, 0.39 mmol, 78%, 89% ee) after flash chromatography
(silica gel, pentane/EtOAc 10:1 ! 5:1). [a]20D=�46.0 (c=1.8 in CHCl3);
1H NMR (400 MHz, CDCl3): d=0.96 (t, J=7.5 Hz, 3H, CH3), 1.82 (q,
J=7.4 Hz, 2H, CH2), 3.41 (d, J=17.6 Hz, 1H, CH2), 3.57 (d, J=17.6 Hz,
1H, CH2), 3.72 (br s, 1H, OH), 3.78 (s, 3H, OCH3), 7.45–7.49 (m, 2H,
Ar-H), 7.57–7.61 (m, 1H, Ar-H), 7.93–7.96 ppm (m, 2H, Ar-H);
13C NMR (100 MHz, CDCl3): d=7.6, 32.5, 46.9, 52.6, 75.5, 128.0, 128.5,
133.4, 136.3, 175.7, 198.4 ppm; IR (film): ñ=3522, 2971, 1740, 1684, 1597,
1449, 1360, 1248, 1218, 1020, 757, 692 cm�1; MS (70 eV, CI, CH4): m/z
(%): 237 (61) [M+H]+ , 219 (18), 177 (100), 121 (20); elemental analysis
calcd (%) for C13H16O4 (236.27): C 66.09, H 6.83; found: C 65.84, H 6.76;
HPLC: tr(R) = 19.8 min, tr(S) = 27.0 min (Chiralcel OD column, flow
rate 0.5 mLmin�1, heptane/iPrOH 95:5, l=254 nm, 25 8C). The absolute
configuration was assigned in analogy to 3a.


(�)-(R)-Benzyl-(2-hydroxy-2-methyl-4-methyl-4-oxo)-butanoate [(R)-
3 f]: The product was prepared according to the general procedure 5 by
using benzyl pyruvate (2b, 89 mg, 0.50 mmol), enolsilane 1b (147 mL,
0.75 mmol) and aminosulfoximine (S)-4aAe (23.1 mg, 0.05 mmol). After
stirring for 46 h at �40 8C, the product was obtained as a colorless oil
(84 mg, 0.35 mmol, 71%, 91% ee) after flash chromatography (silica gel,
pentane/EtOAc 10:1 ! 3:1). [a]20D =�29.6 (c=0.5 in CHCl3); lit : [a]20D =


+42.9 (c=3.7 in CHCl3) for (S), 93% ee ;[9] 1H NMR (400 MHz, CDCl3):
d=1.40 (s, 3H, CH3), 2.12 (s, 3H, CH3), 2.80 (d, J=17.5 Hz, 1H, CH2),
3.12 (d, J=17.5 Hz, 1H, CH2), 3.87 (br s, 1H, OH), 5.18 (s, 2H, CH2),
7.30–7.39 ppm (m, 5H, Ar-H); 13C NMR (100 MHz, CDCl3): d=26.1,
30.5, 52.2, 67.3, 72.5, 128.0, 128.2, 128.4, 135.2, 175.3, 207.4 ppm; IR
(film): ñ=3510, 2982, 1739, 1498, 1456, 1367, 1282, 1179, 1121, 968, 752,
700 cm�1; MS (70 eV, CI, CH4): m/z (%): 237 (4) [M+H]+ , 181 (5), 119
(5), 101 (23), 91 (100); elemental analysis calcd (%) for C13H16O4


(236.26): C 66.09, H 6.83; found: C 65.97, H 6.58; HPLC: tr(R) =


26.6 min, tr(S)=34.3 min (Chiralcel AS, flow rate 0.5 mLmin�1, heptane/
iPrOH 90:10, l=210 nm, 25 8C).


(+)-(S)-tert-Butyl 3-hydroxy-3-methoxycarbonyl butanthioate [(S)-3g]:
The product was prepared according to the general procedure 5 by using
methyl pyruvate (2a, 46 mL, 0.50 mmol), enolsilane 1c (153 mL,
0.60 mmol) and aminosulfoximine (R)-4aBd (20.4 mg, 0.05 mmol). After
stirring for 51 h at �40 8C, the product was obtained as a colorless oil
(101 mg, 0.43 mmol, 86%, 91% ee) after flash chromatography (silica
gel, pentane/EtOAc 10:1). [a]20D =++24.3 (c=0.54 in CHCl3); lit : [a]


20
D =


+25.1 (c=5.2 in CHCl3) for (S), 99% ee ;[9] 1H NMR (400 MHz, CDCl3):
d=1.41 (s, 3H, CH3), 1.45 (s, 9H, CH3), 2.84 (d, J=15.9 Hz, 1H, CH2),
3.07 (d, J=16.0 Hz, 1H, CH2), 3.73 (br s, 1H, OH), 3.80 ppm (s, 3H,
CH3);


13C NMR (100 MHz, CDCl3): d=26.1, 29.7, 48.6, 52.8, 52.9, 72.9,
175.6, 198.0 ppm; IR (film): ñ=3514, 2961, 2926, 1743, 1682, 1456, 1395,
1367, 1271, 1216, 1163, 1117, 1008, 958, 932, 787 cm�1; MS (70 eV, CI,
CH4): m/z (%): 235 (5) [M+H]+ , 179 (8), 175 (8), 145 (82), 117 (100), 85
(6); elemental analysis calcd (%) for C10H18O4S (234.31): C 51.26, H
7.74; found: C 51.23, H 7.68; HPLC: tr(R) = 17.7 min, tr(S) = 19.3 min
(Chiralcel OD-H, flow rate 1.0 mLmin�1, heptane/iPrOH 99:1, l=


230 nm, 25 8C).


(+)-(S)-tert-Butyl 3-benzoylcarboxy-3-hydroxy butanthioate [(S)-3h]:
The product was prepared according to the general procedure by using
benzyl pyruvate (2b, 89 mg, 0.50 mmol), enolsilane 1c (153 mL,


0.60 mmol) and aminosulfoximine (R)-4aBd (20 mg, 0.05 mmol). After
stirring for 49 h at �50 8C, the product was obtained as a colorless oil
(123 mg, 0.39 mmol, 79%, 93% ee) after flash chromatography (silica
gel, pentane/EtOAc 15:1). [a]20D=�19.3 (c=0.93 in CHCl3); lit : [a]


20
D =


�18.1 (c=6.3 in CHCl3) for (S), 99% ee ;[9] 1H NMR (300 MHz, CDCl3):
d=1.41 (s, 3H, CH3), 1.43 (s, 9H, CH3), 2.85 (d, J=16.2 Hz, 1H, CH2),
3.10 (d, J=15.9 Hz, 1H, CH2), 3.74 (br s, 1H, OH), 5.19/5.23 (AB system,
J=12.1 Hz, 2H, CH2), 7.32–7.37 ppm (m, 5H, Ar-H); 13C NMR
(75 MHz, CDCl3): d=26.1, 29.7, 48.6, 52.9, 67.5, 72.8, 128.1, 128.2, 128.4,
135.2, 175.1, 197.9 ppm; IR (film): ñ=3523, 3034, 2963, 1740, 1681, 1456,
1394, 1366, 1272, 1202, 1113, 1006, 965, 783, 747, 699 cm�1; MS (70 eV,
CI, CH4): m/z (%): 311 (42) [M+H]+ , 193 (22), 181 (30), 119 (11), 91
(100); elemental analysis calcd (%) for C16H22O4S (310.41): C 61.91, H
7.14; found: C 61.58, H 7.25; HPLC: tr(R) = 9.7 min, tr(S) = 10.8 min
(Chiralcel OD-H, flow rate 1.0 mLmin�1, heptane/iPrOH 99:1, l=


230 nm, 25 8C).


(+)-(S)-tert-Butyl 3-hydroxy-3-isopropoxycarbonyl butanthioate [(S)-3 i]:
The product was prepared according to the general procedure 5 by using
isopropyl pyruvate (2c, 65 mg, 0.50 mmol), enolsilane 1c (153 mL,
0.60 mmol) and aminosulfoximine (R)-4aBd (20 mg, 0.05 mmol). After
stirring for 72 h at �50 8C, the product was obtained as a colorless oil
(107 mg, 0.41 mmol, 82%, 98% ee) after flash chromatography (silica
gel, pentane/EtOAc 20:1). [a]20D =++0.5 (c=0.53 in CHCl3);


1H NMR
(400 MHz, CDCl3): d=1.27 (d, J=6.2 Hz, 6H, CH3), 1.38 (s, 3H, CH3),
1.45 (s, 9H, CH3), 2.83 (d, J=16.1 Hz, 1H, CH2), 3.08 (d, J=16.3 Hz,
1H, CH2), 3.73 (br s, 1H, OH), 5.10 ppm (sep. J=6.3 Hz, 1H, CH);
13C NMR (100 MHz, CDCl3): d=21.6, 21.7, 26.2, 29.7, 48.6, 52.9, 69.6,
72.7, 174.9, 198.0 ppm; IR (film): ñ=3515, 2977, 2929, 1735, 1684, 1457,
1370, 1274, 1214, 1166, 1106, 1005, 945, 918, 790, 634 cm�1; MS (70 eV,
CI, CH4): m/z (%): 263 (100) [M+H]+ , 173 (67), 145 (23), 131 (34), 119
(10), 103 (30); elemental analysis calcd (%) for C12H22O4S (262.37): C
54.93, H 8.45; found: C 55.08, H 8.26; HPLC: tr(R) = 11.1 min, tr(S) =


11.9 min (Chiralcel OD-H, flow rate 0.5 mLmin�1, heptane/iPrOH 99:1,
l=230 nm, 25 8C). The absolute configuration was assigned in analogy to
3g and 3h.
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Metal Ion Coordination to Azole Nucleosides
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Introduction


The development of artificial nucleobases and their inser-
tion into nucleic acids has received much attention over the
past few years. Unnatural base pair surrogates developed so
far rely variously on hydrogen bonding,[1] hydrophobic inter-
actions[2] or metal ion coordination.[3] In particular, oligonu-
cleotides including metal-mediated base pairs are of great
interest with respect to the development of novel self-assem-
bling molecular devices, in that they might extend the reper-
toire of DNA assembly in structural DNA nanotechnology[4]


or nanomechanical devices.[5] Metallation of oligonucleo-
tides could be expected to result in products with interesting


electrical or photoelectrical properties, or potentially in the
generation of molecular magnets.[6] Such adducts might also
turn out to be useful for information storage[7] or as metal
ion sensors,[8] or they serve as sources of stabilization of un-
usual secondary structures.[9]


Despite a rapidly increasing list of ligands used in metal-
mediated base pairs that have been incorporated into oligo-
nucleotides by automated solid-phase synthesis—including
pyridine, 2-methyl-3-hydroxy-4-pyridone, 6-(2’-pyridyl)pur-
ine and 4-(2’-pyridyl)pyrimidinone, bound through N-glyco-
sidic bonds,[3g,10] as well as 2,2’-bipyridine, 5-methyl-2,2’-bi-
pyridine, pyridine-2,6-dicarboxylate, 2,6-bis(ethylthiome-
thyl)pyridine, pyridine-2,6-dicarboxamide and 8-hydroxy-
quinoline, bound through C-glycosidic bonds[3b,c, f, 11]—no sys-
tematic study on the applicability of different groups of
ligands has yet been reported. Here we present an exhaus-
tive study of the possibility of using azoles as nucleobase
surrogates in metal-mediated base pairs. These monodentate
ligands should in principle be able to form both linear com-
plexes, as required for double helix formation, and trigonal
adducts, as required to establish a triple helix.[10a]


Abstract: To evaluate the possibility of
introducing azole nucleosides as build-
ing blocks for metal-mediated base
pairs in artificial oligonucleotides, imi-
dazole nucleoside, 1,2,4-triazole nu-
cleoside and tetrazole nucleoside have
been synthesized and characterized.
The X-ray crystal structures of p-toluo-
yl-protected 1,2,4-triazole and tetrazole
nucleosides are reported. Contrary to
the situation primarily found for
deoxyribonucleosides, the sugar moiet-
ies adopt C3’-endo conformations. The
acidity of the b nucleosides increases
with increasing number of nitrogen
ring atoms, giving pKa values of 6.01�


0.05, 1.32�0.05 and <�3, respectively.
This decrease in basicity results in a de-
creasing ability to form 2:1 complexes
with linearly coordinating metal ions
such as Ag+ and Hg2+ . In all cases, the
Ag+ complexes are of higher stability
than the corresponding Hg2+ com-
plexes. Whereas imidazole nucleoside
forms highly stable 2:1 complexes with
both metal ions (estimated log b2


values of >10), only Ag+ is able to


reach this coordination pattern in the
case of triazole nucleoside (log b2 =


4.3�0.1). Tetrazole nucleoside does
not form 2:1 complexes at all under
the experimental conditions used.
These data suggest that imidazole nu-
cleoside, and to a lesser extent 1,2,4-tri-
azole nucleoside, are likely candidates
for successful incorporation as ligands
in oligonucleotides based on metal-
mediated base pairs. DFT calculations
further corroborate this idea, providing
model complexes for such base pairs
with glycosidic bond distances (10.8–
11.0 ;) resembling those in idealized
B-DNA (10.85 ;).
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Results and Discussion


Synthesis and characterization of azole nucleosides : The
synthesis of the azole nucleosides 4 b, 5 b, and 6 b (4 : imida-
zole nucleoside, 5 : 1,2,4-triazole nucleoside, 6 : tetrazole nu-
cleoside) from HofferPs chloro sugar[12] (Scheme 1) was first


described in the context of a search for artificial nucleobases
that might promote antiparallel triple helix formation.[13]


Unlike in that work, we were unable to obtain the desired b


nucleoside as the sole product, but only as the main product
accompanied by minor amounts of the corresponding a nu-
cleoside, which had to be separated by flash chromatogra-
phy or crystallization. The epimers were easily distinguished
by 2D 1H,1H NOESY spectroscopy (see Supporting Infor-
mation). In the case of the b isomer, the signals of the sugar
protons H1’ and H3’, situated on opposite sides of the mean
sugar plane, give rise to intense cross-peaks to the signals of
H2’’ and H2’, respectively. In the case of the a isomer, in
which H1’ and H3’ point in the same direction, intense
cross-peaks to the signal of H2’ are observed for both H1’
and H3’. A first hint of the configuration can be inferred
from the splitting pattern of the H1’ signal in the 1H NMR
spectrum: for the a nucleoside a clear doublet of doublets
can be observed, whereas a pseudo-triplet appears for the b


nucleoside.
In addition to the a and b diastereoisomers, 1,2,4-triazole


and tetrazole can in principle give rise to two positional iso-
mers upon formation of the glycosidic bond. In the case of
triazole, only the N1-glycosylated product 2 is observed.
This was shown unequivocally by the appearance of two dis-
tinct singlets of aromatic protons in the 1H NMR spectrum


of 2. A 1H NMR spectrum of the isomeric N4-glycosylated
product would have contained only one aromatic signal of
two symmetry-equivalent aromatic protons. The use of tetra-
zole gives a mixture of N1- and N2-glycosylated products at
an approximate ratio of 65:35. To ensure better comparabili-
ty with the imidazole- and triazole-based nucleosides, we fo-
cussed on isolating and characterizing the N1-glycoslated
isomer. Differentiation of the isomers was possible by 2D
1H,1H-NOESY spectroscopy, in which the signal of the aro-
matic proton displays cross-peaks to signals of the sugar pro-
tons such as H1’ in the case of the N1-glycosylated product
3, whereas no such cross-peaks are detected for the N2
isomer.


Crystal structures of protected nucleosides : In the cases of
the nucleosides 5 b and 6 b, purification of the b nucleosides
was facilitated by the low solubilities of the toluoyl-protect-
ed intermediates 2 b and 3 b in chloroform. Crystals of 2 b
and 3 b suitable for structure analysis by X-ray diffraction
were obtained, and Figure 1 provides a view of the two


structures. Relevant crystallographic data can be found in
Table 1, whilst selected interatomic distances and dihedral
angles are listed in Table 2. Both compounds display almost
identical conformational features, so they will be discussed
together. The nucleobase surrogates are found in a high anti
orientation with respect to the deoxyribose moiety (with gly-
cosidic angles c (O4s-C1s-N1t-C5t) of �95.5(4)8 (2 b) and
�85.3(4)8 (3 b)). The sugars each adopt a C3’-endo confor-
mation (N conformation, phase angles of pseudorotation P
of 13.08 (2 b) and 11.78 (3 b)). A search in the Cambridge
Structural Database (CSD version 5.26, November 2004)[14]


revealed that other nucleosides bearing a five-membered
ring as a nucleobase surrogate prefer syn orientations. None
of these crystal structures displays a C3’-endo conformation,


Scheme 1. Synthesis of azole nucleosides (modified from reference [13];
Tol = p-toluoyl). Compounds 1, 4 : X = Y = CH (imidazole). Com-
pounds 2, 5 : X = N, Y = CH (1,2,4-triazole). Compounds 3, 6 : X = Y
= N (tetrazole). In the case of tetrazole as a ligand, additional isomeric
products with N2-glycosidic bonds were also obtained.


Figure 1. Views of 2b and 3b with atom-numbering scheme. Displace-
ment ellipsoids are drawn at the 50% probability level. The high anti ori-
entation of the nucleobase surrogates can clearly be discerned.
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however. Prevention of a steric clash between the aromatic
base proton at C5t and H3’ in the C3’-endo conformation is
likely to be the reason for the preference for high anti over
syn in the cases reported here. A comparison of the C1s�
N1t bond lengths (1.471(4) and 1.473(4) ;, respectively)
with those within the azole rings (1.300(4)–1.365(4) ;) clear-
ly shows a delocalization of the p electrons, although slight
differences in bond lengths, fitting a Lewis formula with
fixed single and double bonds, can also be discerned
(Table 2).


Acidity constants of azole nucleosides : To obtain reliable
data on the metal ion coordination behavior of a prospec-
tive ligand, its acidity constant(s) need to be known, so that
competition between protonation and metallation can be ex-
cluded. We therefore decided to determine the pKa values
of 4 b, 5 b, and 6 b by pD-dependent 1H NMR spectroscopy
(see Supporting Information). In the cases of imidazole and
triazole nucleosides 4 b and 5 b, this gave values of 6.01�
0.05 and 1.32�0.05, respectively. As expected from a com-
parison with the common nucleobases and nucleosides,[15]


the deoxyribose-substituted ligands are more acidic than the
corresponding methyl-substituted ligands by about one log
unit. Tetrazole nucleoside 6 b hydrolyses under both acidic
(pD<5) and alkaline (pD>10) conditions, so the full pD-


dependence of its chemical
shifts cannot be compiled. It
can, however, be determined
that the resonance of its aro-
matic proton does not display
any pD dependence within its
detectable range of 1<pD<12.
Since a pKa value of �3.00 has
been reported for 1-methylte-
trazole,[16] this finding is not un-
expected. If the greater acidity
of nucleosides relative to me-
thylated nucleobases is taken
into account,[15] pKa values of
<�3 can be estimated for 6 a
and 6 b. With regard to the pro-
tonation site, previous experi-
mental and theoretical studies
on N1-substituted azoles have
both shown that the nitrogen
next to the methylene bridge


(i.e., N4 in 1,2,4-triazole and tetrazole, N3 in imidazole) is
the most or more basic one and hence is protonated first.[17]


We assume that the same is true for the nucleosides dis-
cussed here. A summary of all pKa values determined in this
work is given in Table 3. The acidity constants of 4 b, 5 b,
and 6 b suggest that no competition with ligand protonation
should be expected for metallation reactions carried out at
neutral pH. On the other hand, the low basicities of 5 b and,
especially, 6 b would be likely to go along with low tenden-
cies to coordinate metal ions and hence low association con-
stants.


Metal ion coordination : With the applicability of monoden-
tate azole moieties as nucleobase surrogates in metal-medi-
ated base pairs in mind, Ag+ and Hg2+ appear to be promis-
ing candidates for complexation studies. They typically coor-
dinate in a linear fashion, yet are flexible enough to accom-
modate additional ligands, as is necessary for potential triple
helix formation. Furthermore, these metal ions are known
to form kinetically labile complexes, making NMR spectros-
copy a convenient method for the determination of adduct
stoichiometries and stability constants. To this end we car-
ried out several titrations of solutions of 4 b, 5 b, and 6 b in
D2O with AgNO3 and Hg(CF3COO)2 and monitored the


Table 1. Crystallographic data for 2 b and 3 b.


2b 3 b


formula C23H23N3O5 C22H22N4O5


formula weight 421.44 422.44
crystal system monoclinic triclinic
space group P21 (no. 4) P1 (no. 1)
a, b, c [;] 14.536(3), 5.3625(11), 15.326(3) 5.4380(11), 8.3500(17), 12.549(3)
a, b, g [8] 90, 117.43(3), 90 105.26(3), 97.29(3), 103.97(3)
V [;3] 1060.3(5) 522.3(2)
Z 2 1
1calcd [gcm�3] 1.32 1.343
m(MoKa) [mm�1] 0.094 0.097
crystal size [mm] 0.07S0.09S0.12 0.05S0.10S0.50
temperature [K] 150(2) 150(2)
radiation [;] MoKa (0.71073) MoKa (0.71073)
qmin, qmax [8] 3.2, 27.5 2.6, 27.0
tot. , uniq. data 2644, 2644 2216, 2216
observed data [I>4s(I)] 1881 1397
Nref, Npar 2644, 372 2216, 368
R, wR2, S 0.0480, 0.0898, 1.09 0.0331, 0.0628, 0.84
min. and max. resd. dens. [e ;�3] �0.19, 0.19 �0.18, 0.14


Table 2. Selected interatomic distances [;] and dihedral angles [8] of 2b
(Z = C) and 3b (Z = N).


2b 3b 2 b 3b


N1t�N2t 1.365(4) 1.358(3) C4s-O4s-C1s-C2s 2.8(3) 3.7(3)
N2t�Z3t 1.318(4) 1.300(4) O4s-C1s-C2s-C3s �20.0(3) �22.1(3)
Z3t�N4t 1.361(5) 1.363(4) C1s-C2s-C3s-C4s 28.4(3) 30.8(3)
N4t�C5t 1.312(5) 1.309(4) C2s-C3s-C4s-O4s �27.4(3) �29.2(3)
C5t�N1t 1.340(4) 1.335(4) C3s-C4s-O4s-C1s 15.5(3) 16.3(3)
C1s�N1t 1.471(4) 1.473(4) O4s-C1s-N1t-C5t �95.5(4) �85.3(4)


Table 3. pKa values of azole nucleosides and 1-methylazoles.[a]


a Nucleoside
(a)


b Nucleoside
(b)


1-Methyl
derivative


imidazole (4) 6.42�0.05 6.01�0.05 7.20�0.02[b]


1,2,4-triazole (5) 1.53�0.05 1.32�0.05 2.31�0.03[c]


tetrazole (6) <�3[d] <�3[d] �3.00[e]


[a] The errors given correspond to three times the standard deviations of
the mean values. [b] Taken from reference [31]. [c] Taken from refer-
ence [32]. [d] Estimate based on the pKa value of the corresponding 1-
methyl derivative. [e] Taken from reference [16].
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chemical shift changes of the aromatic protons of the li-
gands.


Job plots for all possible combinations of azole nucleo-
sides and metal ions were prepared by application of the
method of continuous variations.[18] Experiments with Hg2+


were performed in triethylammonium acetate buffer
(pD 7.0), whereas unbuffered solvent was used for Ag+ , due
to the formation of precipitates upon addition of AgNO3 to
various buffers as observed in blind studies in the absence
of any nucleoside. In the latter case, the pD was monitored
to verify that potential acidification caused by addition of
the metal ion would not give rise to a change in chemical
shift that might be misinterpreted as evidence for metal co-
ordination. Figure 2 gives an overview of the results. It can
be discerned that imidazole nucleoside 4 b forms 2:1 com-
plexes with both Ag+ and Hg2+ . The shapes of the continu-
ous variations plots of 4 b, with their sharp maxima, imply


high stability constants for the corresponding complexes.[18d]


The more pronounced curvature of the plots observed for
triazole nucleoside 5 b suggests a decrease in stability upon
formal substitution of a CH group by a nitrogen atom in the
aromatic ring. With mercuric ions this decrease is so sub-
stantial that only a 1:1 complex forms. In conjunction with
the decreasing basicity, the tendency of tetrazole nucleoside
6 b to build stable complexes declines even further: only
Ag+ is able to establish a 1:1 complex; no coordination of
Hg2+ to 6 b can be detected under the experimental condi-
tions used.


To determine the stability constants of the complexes, sol-
utions of 4 b, 5 b, and 6 b in D2O were titrated with increas-
ing amounts of metal ion solutions. Again, triethylammoni-
um acetate buffer (pD 7.0) was used for Hg2+ , and no
buffer for Ag+ . Figure 3 shows the titration curves obtained
in these experiments. As was already expected from the ap-


Figure 2. Job plots for treatment of 4 b (top), 5b (middle), and 6 b (bottom) with Ag+ (left) and Hg2+ (right). H2: &, H3: *, H4: ^, H5: *. No chemical
shift changes were observed upon titration of 6 b with Hg2+ . The concentrations at c = 1 range from 18 to 25 mm.
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pearance of the associated Job plots, imidazole nucleoside
4 b forms highly stable adducts with the two metal ions. The
binding curves display abrupt changes of slope at a ratio of
0.5 metal ions per nucleoside, thereby confirming the results
obtained by the method of continuous variations. Because
of the absence of any curvature in the two linear fragments
of the plot, no stability constants for the metal complexes of
4 b can be determined by NMR spectroscopy. From known
limits of this titration method, individual formation con-
stants of log Ki>5 can be estimated.[18b] In contrast to 4 b,
the binding isotherms of 5 b and 6 b do not show any discon-
tinuities. In these cases, overall stability constants could be
extracted from the curves by nonlinear least-squares regres-
sion implemented in the program EQNMR.[19] The 2:1 com-
plex of triazole nucleoside 5 b with Ag+ exhibits a formation
constant of log b2 = 4.3�0.1. The value for log b1 as deter-
mined by EQNMR is 1.5�0.7. The complex apparently


does not obey the generic rule that the second individual
stability constant is smaller than the first one. Although sim-
ilar findings have already been reported for metal com-
plexes of other triazole derivatives,[20] or even for the well
known [Ag(NH3)2]


+ complex (log b1 = 3.4, log b2 = 7.2[21]),
this discrepancy might also be due to poor data convergence
in the case of the log b1 value caused by almost identical
chemical shifts for the complexes [Ag(5 b)]+ and [Ag(5 b)2]


+


(see Supporting Information). The 1:1 complexes of 5 b with
Hg2+ and 6 b with Ag+ display formation constants (log b1)
of 1.56�0.04 and 0.86�0.02, respectively. For these last two
complexes, identical values are obtained when the experi-
mental data are fitted to mathematical equations derived
specifically for a ligand to metal stoichiometry of 1:1.[22]


A summary of all stability constants determined in this
work is given in Table 4. Obviously, Ag+ complexes of the
azole nucleosides 5 b and 6 b are higher in stability than the


Figure 3. Titration of 4 b (top), 5b (middle), and 6b (bottom) with Ag+ (left) and Hg2+ (right). H2: &, H3: *, H4: ^, H5: *. No chemical shift changes
were observed upon titration of 6b with Hg2+ . Nucleoside concentrations are 18.0 mm (5 b) and 16.5 mm (6b).
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corresponding mercuric adducts, a finding that is probably
also true for the imidazole nucleoside 4 b. Moreover, the sta-
bilities of the complexes decrease with increasing number of
endocyclic nitrogen atoms and hence with decreasing basici-
ty.


DFT calculations : DFT calculations were performed to de-
termine the geometrical parameters of the putative metal-
mediated base pairs including two azole nucleosides and
Ag+ or Hg2+ . To reduce computing time, 1-methylazoles
were used as surrogates for the azole nucleosides. After a
full geometry optimization, the energy difference with re-
spect to a planar geometry with cisoid methyl groups as nec-
essary for a Watson–Crick base pair surrogate was deter-
mined. Table 5 gives an overview of the calculated energy


differences. They are all small enough to allow for reasona-
bly high population of the planar conformation required for
implementation into artificial oligonucleotides. In addition,
it can be anticipated that the gain in total energy provided
through favorable stacking interactions with neighboring
base pairs should more than compensate for the loss in
energy upon formation of a coplanar complex. The relative-
ly large energy differences involving 1-methyltetrazole can
be attributed to the fact that in this case the fully optimized
geometry does not show the azole derivatives in a more or
less perpendicular orientation with respect to each other. In-
stead, they are oriented in a fully planar fashion with trans-
oid methyl groups, thereby providing the largest possible
distance between the sole remaining aromatic protons.


The C(methyl)–C(methyl) distances of 10.8–11.6 ; as
found in the calculations (Table 5) are in the range of the
average distance between glycosidic bonds of idealized B-


DNA (10.85 ;). This is especially true for those azole/metal
combinations that were experimentally shown to favor the
formation of 2:1 complexes: [Ag(4 b)2]


+ , [Hg(4 b)2]
2+ , and


[Ag(5 b)2]
+ . It therefore seems likely that imidazole nucleo-


sides or 1,2,4-triazole nucleosides in combination with Ag+


or Hg2+ could be incorporated into artificial oligonucleoti-
des as metal-mediated base pairs.


Conclusion


An investigation of the acid–base properties and metal ion
complexation behavior of nucleosides with imidazole, 1,2,4-
triazole and tetrazole as nucleobase surrogates suggests that,
with Ag+ as the bridging metal ion in a self-complementary
metal-mediated base pair, imidazole and triazole nucleo-
sides should form stable base pairs when incorporated into
oligonucleotides. Mercuric ions give less stable adducts, such
that only imidazole nucleoside could be shown to form a
stable 2:1 complex with Hg2+ . The basicity of tetrazole nu-
cleoside is far too low to allow for the formation of 2:1 com-
plexes under the experimental conditions used. The geome-
tries of the metal-mediated base pairs obtained from DFT
calculations support their applicability in oligonucleotides.
Further investigations into the incorporation of these azole
nucleosides into oligonucleotides and the possibility of cre-
ating an oligonucleotide-based silver ion sensor making use
of the differential stabilization of triazole–Mn+–triazole base
pairs are currently being pursued.


Experimental Section


Preparations : The azole nucleosides were synthesized by a modified liter-
ature procedure (Scheme 1),[13] with the modification referring to the sep-
aration of undesired a nucleosides (see below for more details). Because
of dissatisfying 1H NMR spectroscopic characterization in the original
work, the 1H NMR chemical shifts of compounds 1–6 are communicated
below. All nucleosides except for 6 a have been characterized.


Compound 1: Separation of a and b nucleosides 1 a and 1b was achieved
by flash chromatography over silica gel with elution with a gradient from
100% dichloromethane to 100% ethyl acetate.


Compound 1: Elemental analysis calcd (%) for C24H24N2O5 (420.5): C
68.6, H 5.8, N 6.7; found: C 68.4, H 5.9, N 6.6.


Compound 1a : 1H NMR (CDCl3): d = 7.93 (d; HTol), 7.79 (d; HTol), 7.77
(s; H2), 7.29 (d; HTol), 7.25 (d; HTol), 7.16 (s; H5), 7.10 (s; H4), 6.18 (dd;
H1’), 5.65 (m; H3’), 4.73 (m; H4’), 4.60 (m; H5’, H5’’), 3.00 (m; H2’), 2.63
(m; H2’’), 2.43 (s; CH3), 2.42 (s; CH3) ppm.


Compound 1 b : 1H NMR (CDCl3): d = 7.95 (d; HTol), 7.90 (d; HTol), 7.74
(s; H2), 7.29 (d; HTol), 7.25 (d; HTol), 7.09 (s; H4, H5), 6.15 (dd; H1’), 5.66
(m; H3’), 4.62 (m; H4’), 4.60 (m; H5’, H5’’), 2.70 (m; H2’, H2’’), 2.44 (s;
CH3), 2.42 (s; CH3) ppm.


Compound 2 : Pure b nucleoside 2 b was obtained by crystallization from
a solution of a mixture of 2a and 2b in chloroform.


Compound 2 : Elemental analysis calcd (%) for C23H23N3O5 (421.5): C
65.6, H 5.5, N 10.0; found: C 65.8, H 5.8, N 9.7.


Compound 2 a : 1H NMR (CDCl3): d = 8.40 (s; H5), 7.94 (s; H3), 7.94
(d; HTol), 7.63 (d; HTol), 7.25 (d; HTol), 7.18 (d; HTol), 6.32 (dd; H1’), 5.62
(m; H3’), 4.81 (m; H4’), 4.60 (m; H5’, H5’’), 3.01 (m; H2’’), 2.95 (m; H2’),
2.43 (s; CH3), 2.39 (s; CH3) ppm.


Table 4. Stability constants for metal ion complexation of 4b, 5 b and
6b.[a]


Ag+ Hg2+


log b1 log b2 log b1 log b2


4b >5[b] >10[b] >5[b] >10[b]


5b 1.5�0.7 4.3�0.1 1.56�0.04 —
6b 0.86�0.02 — — —


[a] The errors given correspond to three times the standard deviations of
the mean values or the possible systematic error, whichever is larger.
[b] Estimate based on the occurrence of an abrupt change of slope in the
binding isotherms of 4b with Ag+ or Hg2+ .[18b]


Table 5. Results of the DFT calculations: energy differences between
planar and fully optimized geometries of 2:1 complexes of 1-methylazoles
(representing azole nucleosides) [kJmol�1] with Ag+ and Hg2+ as well as
C(methyl)–C(methyl) distances (representing the average distance be-
tween glycosidic bonds) [;].


Ag+ Hg2+


DE d DE d


imidazole 1.693 10.8 2.103 11.0
1,2,4-triazole 0.832 11.0 2.082 11.2
tetrazole 4.047 11.4 3.078 11.6
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Compound 2 b : 1H NMR (CDCl3): d = 8.29 (s; H5), 7.94 (d; HTol), 7.92
(d; HTol), 7.91 (s; H3), 7.25 (d; HTol), 7.20 (d; HTol), 6.32 (dd; H1’), 5.80
(m; H3’), 4.63 (m; H4’), 4.60 (m; H5’, H5’’), 3.16 (m; H2’), 2.74 (m; H2’’),
2.43 (s; CH3), 2.40 (s; CH3) ppm.


Compound 3 : Pure b nucleoside 3 b was obtained by crystallization from
a solution of a mixture of 3a and 3b in chloroform/hexane (1:1).


Compound 3 : Elemental analysis calcd (%) for C22H22N4O5 (422.4): C
62.6, H 5.2, N 13.3; found: C 62.5, H 5.0, N 13.2.


Compound 3a : 1H NMR (CDCl3): d = 8.86 (s; H5), 7.94 (d; HTol), 7.56
(d; HTol), 7.28 (d; HTol), 7.20 (d; HTol), 6.56 (dd; H1’), 5.67 (m; H3’), 4.82
(m; H4’), 4.64 (m; H5’, H5’’), 3.18 (m; H2’’), 3.04 (m; H2’), 2.44 (s; CH3),
2.39 (s; CH3) ppm.


Compound 3 b : 1H NMR (CDCl3): d = 8.81 (s; H5), 7.94 (d; HTol), 7.81
(d; HTol), 7.28 (d; HTol), 7.24 (d; HTol), 6.55 (dd; H1’), 5.77 (m; H3’), 4.71
(m; H4’), 4.58 (m; H5’, H5’’), 3.16 (m; H2’), 2.96 (m; H2’’), 2.44 (s; CH3),
2.41 (s; CH3) ppm.


Compound 4 : Elemental analysis calcd (%) for C8H12N2O3 (184.2): C
52.2, H 6.6, N 15.2; found: C 52.2, H 6.4, N 15.4.


Compound 4 a : 1H NMR (D2O, pD 9.1): d = 7.92 (s; H2), 7.42 (s; H5),
7.06 (s; H4), 6.16 (dd; H1’), 4.47 (m; H3’), 4.24 (m; H4’), 3.69 (m; H5’,
H5’’), 2.85 (m; H2’), 2.36 (m; H2’’) ppm.


Compound 4b : 1H NMR (D2O, pD 8.1): d = 7.79 (s; H2), 7.22 (s; H5),
6.96 (s; H4), 6.19 (dd; H1’), 4.52 (m; H3’), 4.06 (m; H4’), 3.72 (m; H5’,
H5’’), 2.67 (m; H2’), 2.41 (m; H2’’) ppm; HRMS (FAB): found 185.0904
[M+H]+ ; C8H13N2O3 calcd 185.0926.


Compound 5 : Elemental analysis calcd (%) for C7H11N3O3 (185.2): C
45.4, H 6.0, N 22.7; found: C 45.0, H 5.8, N 22.7.


Compound 5 a : 1H NMR (D2O, pD 7.1): d = 8.67 (s; H5), 8.11 (s; H3),
6.34 (dd; H1’), 4.46 (m; H3’), 4.32 (m; H4’), 3.71 (m; H5’, H5’’), 2.82 (m;
H2’), 2.52 (m; H2’’) ppm.


Compound 5b : 1H NMR (D2O, pD 7.1): d = 8.64 (s; H5), 8.10 (s; H3),
6.37 (dd; H1’), 4.60 (m; H3’), 4.11 (m; H4’), 3.72 (m; H5’, H5’’), 2.79 (m;
H2’), 2.53 (m; H2’’) ppm; HRMS (FAB): found: 186.0868 [M+H]+ ;
C7H12N3O3 calcd 186.0879.


Compound 6 : Elemental analysis calcd (%) for C6H12N4O4 (6·H2O,
204.2): C 35.3, H 5.9, N 27.4; found: C 35.2, H 5.5, N 27.3.


Compound 6 b : 1H NMR (D2O, pD 6.9): d = 9.35 (s; H5), 6.62 (dd; H1’),
4.66 (m; H3’), 4.17 (m; H4’), 3.72 (m; H5’, H5’’), 2.95 (m; H2’), 2.69 (m;
H2’’) ppm; HRMS (FAB): found: 187.0816 [M+H+]; C6H11N4O3 calcd
187.0831.


Instrumentation : 1H NMR spectra were recorded on Varian Mercury 200
and Bruker DRX 400 spectrometers. Chemical shifts were referenced to
residual CHCl3 (CDCl3, d = 7.26 ppm) or sodium 3-(trimethylsilyl)pro-
panesulfonate (D2O, d = 0 ppm). pD values were obtained by adding 0.4
to the pH meter reading.[23] The pKa values in H2O were calculated from
the pKa* values in D2O according to pKa* = 1.015pKa + 0.45.[24] Micro-
analyses were measured on a Leco CHNS 932 instrument.


X-ray crystallography : Crystal data were collected at 150 K on an Enraf–
Nonius–KappaCCD diffractometer with use of graphite-monochromated
MoKa radiation (l = 0.71073 ;). For data reduction and cell refinement,
the Bruker–Nonius HKL 2000 suite was used. The structures were solved
by direct methods and subsequent Fourier syntheses and were refined by
full-matrix, least squares on F2 by use of the SHELXTL PLUS and
SHELXL-97 programs.[25] All non-hydrogen atoms were refined aniso-
tropically, whilst hydrogen atoms were refined isotropically. Relevant
crystallographic data are listed in Table 1. CCDC-270927 and CCDC-
270928 contain the supplementary crystallographic data for this paper.
These data can be obtained free of charge from The Cambridge Crystal-
lographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Calculations : Starting geometries for the DFT calculations were created
by use of MoldenPs[26] built-in geometrical parameters. These geometries
were fully optimized at the DFT level by use of BeckePs three-parameter
hybrid exchange functional (B3LYP)[27] as implemented in the Gaussian
suite of programs,[28] and frequency calculations were run to confirm
these structures as energy minima. For the metals, a LANL2DZ basis set
was used,[29] other atoms were described by a 6–31G* basis set.[30] For the


geometry optimization of the structures with cisoid methyl groups, the
previously obtained fully optimized structures were used as starting geo-
metries. The cisoid arrangement was achieved by constraining one dihe-
dral angle (imidazole: C2a-N3a-N3b-C2b, triazole and tetrazole: C5a-
N4a-N4b-C5b, set to 08) during the optimization. Thus, no frequency cal-
culations were performed for these geometries. The relative energies
given refer to the electronic energies of the obtained geometries.


Acknowledgements


This work was supported by the Deutsche Forschungsgemeinschaft
(Emmy Noether-Program), the Department of Chemistry at the Univer-
sity of Dortmund, and the Fonds der Chemischen Industrie. We thank
Andreas Farwick and Andreas Jelonek for help with the syntheses. J.M.
thanks Prof. Dr. Bernhard Lippert for his continuous support.


[1] For examples, see: a) C. Switzer, S. E. Moroney, S. A. Benner, J.
Am. Chem. Soc. 1989, 111, 8322–8323; b) S. A. Benner, Acc. Chem.
Res. 2004, 37, 784–797; c) H. Liu, J. Gao, L. Maynard, Y. D. Saito,
E. T. Kool, J. Am. Chem. Soc. 2004, 126, 1102–1109.


[2] For examples, see: a) B. A. Schweitzer, E. T. Kool, J. Am. Chem.
Soc. 1995, 117, 1863–1872; b) T. J. Matray, E. T. Kool, J. Am. Chem.
Soc. 1998, 120, 6191–6192.


[3] a) K. Tanaka, M. Shionoya, J. Org. Chem. 1999, 64, 5002–5003;
b) E. Meggers, P. L. Holland, W. B. Tolman, F. E. Romesberg, P. G.
Schultz, J. Am. Chem. Soc. 2000, 122, 10714–10715; c) H. Weizman,
Y. Tor, J. Am. Chem. Soc. 2001, 123, 3375–3376; d) K. Tanaka, A.
Tengeiji, T. Kato, N. Toyama, M. Shionoya, Science 2003, 299, 1212–
1213; e) D.-L. Popescu, T. J. Parolin, C. Achim, J. Am. Chem. Soc.
2003, 125, 6354–6355; f) L. Zhang, E. Meggers, J. Am. Chem. Soc.
2005, 127, 74–75; g) C. Switzer, S. Sinha, P. H. Kim, B. D. Heuber-
ger, Angew. Chem. 2005, 117, 1553–1556; Angew. Chem. Int. Ed.
2005, 44, 1529–1532; h) J. M>ller, F.-A. Polonius, M. Roitzsch,
Inorg. Chim. Acta 2005, 358, 1225–1230.


[4] For examples, see: a) N. C. Seeman, Biochemistry 2003, 42, 7259–
7269; b) K. M. Stewart, J. Rojo, L. W. McLaughlin, Angew. Chem.
2004, 116, 5932–5935; Angew. Chem. Int. Ed. 2004, 43, 5808–5811.


[5] a) C. M. Niemeyer, M. Adler, Angew. Chem. 2002, 114, 3933–3937;
Angew. Chem. Int. Ed. 2002, 41, 3779–3783; b) C. M. Niemeyer,
Angew. Chem. 2001, 113, 4254–4287; Angew. Chem. Int. Ed. 2001,
40, 4128–4158.


[6] a) A. Rakitin, A. Aich, C. Papadopoulos, Y. Kobzar, A. S. Vedeneev,
J. S. Lee, J. M. Xu, Phys. Rev. Lett. 2001, 86, 3670–3673; b) T.
Carell, C. Behrens, J. Gierlich, Org. Biomol. Chem. 2003, 1, 2221–
2228.


[7] K. M. Stewart, L. W. McLaughlin, J. Am. Chem. Soc. 2004, 126,
2050–2057.


[8] A. Ono, H. Togashi, Angew. Chem. 2004, 116, 4400–4402; Angew.
Chem. Int. Ed. 2004, 43, 4300–4302.


[9] J. M>ller, M. Drumm, M. Boudvillain, M. Leng, E. Sletten, B. Lip-
pert, J. Biol. Inorg. Chem. 2000, 5, 603–611.


[10] a) K. Tanaka, Y. Yamada, M. Shionoya, J. Am. Chem. Soc. 2002,
124, 8802–8803; b) K. Tanaka, A. Tengeiji, T. Kato, N. Toyama, M.
Shiro, M. Shionoya, J. Am. Chem. Soc. 2002, 124, 12494–12498;
c) C. Switzer, D. Shin, Chem. Commun. 2005, 1342–1344.


[11] a) C. Brotschi, C. J. Leumann, Nucleosides Nucleotides Nucleic
Acids 2003, 22, 1195–1197; b) N. Zimmermann, E. Meggers, P. G.
Schultz, J. Am. Chem. Soc. 2002, 124, 13684–13685; c) N. Zimmer-
mann, E. Meggers, P. G. Schultz, Bioorg. Chem. 2004, 33, 13–25.


[12] a) M. Hoffer, Chem. Ber. 1960, 93, 2777–2781; b) V. Rolland, M.
Kotera, J. Lhomme, Synth. Commun. 1997, 27, 3505–3511.


[13] R. H. Durland, T. S. Rao, V. Bodepudi, D. M. Seth, K. Jayaraman,
G. R. Ravankar, Nucleic Acids Res. 1995, 23, 647–653.


[14] F. H. Allen, Acta Crystallogr. Sect. B 2002, 58, 380–388.
[15] B. Lippert, Prog. Inorg. Chem. 2005, 54, 385–447.


www.chemeurj.org L 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6246 – 62536252


J. M>ller et al.



www.chemeurj.org





[16] V. A. Ostrovskii, G. I. Koldobskii, N. P. Shirokova, V. S. Poplavskii,
Chem. Heterocycl. Compd. 1981, 412–416.


[17] a) S. Zaydoun, M. Saidi Idrissi, M. Gelize Duvigneau, C. Garrigou-
Lagrange, J. Chim. Phys. 1988, 85, 957–961; b) V. N. Naumenko,
A. O. Koren, P. N. Gaponik, Magn. Reson. Chem. 1992, 30, 558–564.


[18] a) K. A. Connors, Binding Constants. The Measurement of Molecular
Complex Stability, Wiley, New York, 1987; b) L. Fielding, Tetrahe-
dron 2000, 56, 6151–6170; c) P. Job, Ann. Chim. 1928, 9, 113–203;
d) W. Likussar, D. F. Boltz, Anal. Chem. 1971, 43, 1265–1272.


[19] M. J. Hynes, J. Chem. Soc. Dalton Trans. 1993, 311–312.
[20] B. Lenarcik, K. Kurdziel, M. Gabryszewski, J. Inorg. Nucl. Chem.


1980, 42, 587–592.
[21] C. E. Mortimer, Chemistry, 5th ed., Wadsworth, Inc., Belmont, CA,


1983, p. 423.
[22] H. Sigel, K. H. Scheller, V. M. Rheinberger, B. E. Fischer, J. Chem.


Soc. Dalton Trans. 1980, 1022–1028.
[23] R. Lumry, E. L. Smith, R. R. Glantz, J. Am. Chem. Soc. 1951, 73,


4330–4340.
[24] R. B. Martin, Science 1963, 139, 1198–1203.
[25] G. M. Sheldrick, SHELXTL-PLUS (VMS), Siemens Analytical X-


ray Instruments, Inc. Madison, WI, 1990; SHELXL-97, Program for
the Refinement of Crystal Structures, University of Gçttingen, 1997.


[26] G. Schaftenaar, J. H. Noordik, J. Comput.-Aided Mol. Design 2000,
14, 123–134.


[27] A. D. Becke, J. Chem. Phys. 1993, 98, 5648–5652.
[28] a) M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A.


Robb, J. R. Cheeseman, V. G. Zakrzewski, J. A. Montgomery, Jr.,
R. E. Stratmann, J. C. Burant, S. Dapprich, J. M. Millam, A. D. Dan-
iels, K. N. Kudin, M. C. Strain, O. Farkas, J. Tomasi, V. Barone, M.
Cossi, R. Cammi, B. Mennucci, C. Pomelli, C. Adamo, S. Clifford, J.
Ochterski, G. A. Petersson, P. Y. Ayala, Q. Cui, K. Morokuma, D. K.
Malick, A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. Cioslow-
ski, J. V. Ortiz, A. G. Baboul, B. B. Stefanov, G. Liu, A. Liashenko,
P. Piskorz, I. Komaromi, R. Gomperts, R. L. Martin, D. J. Fox, T.
Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, C. Gonzalez,
M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong,
J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S. Replogle, J. A.


Pople, Gaussian 98, Revision A.7, Gaussian, Inc., Pittsburgh, PA,
1998 ; b) M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria,
M. A. Robb, J. R. Cheeseman, J. A. Montgomery, Jr., T. Vreven,
K. N. Kudin, J. C. Burant, J. M. Millam, S. S. Iyengar, J. Tomasi, V.
Barone, B. Mennucci, M. Cossi, G. Scalmani, N. Rega, G. A. Peters-
son, H. Nakatsuji, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Ha-
segawa, M. Ishida, T. Nakajima, Y. Honda, O. Kitao, H. Nakai, M.
Klene, X. Li, J. E. Knox, H. P. Hratchian, J. B. Cross, V. Bakken, C.
Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann, O. Yazyev, A. J.
Austin, R. Cammi, C. Pomelli, J. W. Ochterski, P. Y. Ayala, K. Moro-
kuma, G. A. Voth, P. Salvador, J. J. Dannenberg, V. G. Zakrzewski,
S. Dapprich, A. D. Daniels, M. C. Strain, O. Farkas, D. K. Malick,
A. D. Rabuck, K. Raghavachari, J. B. Foresman, J. V. Ortiz, Q. Cui,
A. G. Baboul, S. Clifford, J. Cioslowski, B. B. Stefanov, G. Liu, A.
Liashenko, P. Piskorz, I. Komaromi, R. L. Martin, D. J. Fox, T.
Keith, M. A. Al-Laham, C. Y. Peng, A. Nanayakkara, M. Challa-
combe, P. M. W. Gill, B. Johnson, W. Chen, M. W. Wong, C. Gonza-
lez, J. A. Pople, Gaussian 03, Revision C.02, Gaussian, Inc., Walling-
ford, CT, 2004.


[29] a) P. J. Hay, W. R. Wadt, J. Chem. Phys. 1985, 82, 270–283; b) W. R.
Wadt, P. J. Hay, J. Chem. Phys. 1985, 82, 284–298; c) P. J. Hay, W. R.
Wadt, J. Chem. Phys. 1985, 82, 299–310.


[30] a) R. Ditchfield, W. J. Hehre, J. A. Pople, J. Chem. Phys. 1971, 54,
724–728; b) W. J. Hehre, R. Ditchfield, J. A. Pople, J. Chem. Phys.
1972, 56, 2257–2261; c) P. C. Hariharan, J. A. Pople, Mol. Phys.
1974, 27, 209–214; d) M. S. Gordon, Chem. Phys. Lett. 1980, 76,
163–168; e) P. C. Hariharan, J. A. Pople, Theo. Chim. Acta. 1973, 28,
213–222; f) G. A. Petersson, A. Bennett, T. G. Tensfeldt, M. A. Al-
Laham, W. A. Shirley, J. Mantzaris, J. Chem. Phys. 1988, 89, 2193–
2218.


[31] L. E. Kapinos, B. Song, H. Sigel, Inorg. Chim. Acta 1998, 280, 50–
56.


[32] M. Gabryszewski, Pol. J. Chem. 1992, 66, 1067–1075.


Received: May 6, 2005
Published online: August 1, 2005


Chem. Eur. J. 2005, 11, 6246 – 6253 L 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6253


FULL PAPERMetal Ion Coordination to Azole Nucleosides



www.chemeurj.org






DOI: 10.1002/chem.200500462


Total Synthesis of Murisolins and Evaluation of Tumor-Growth Inhibitory
Activity
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Daisuke Urabe,[a] Risa Ueki,[a] Tetsuaki Tanaka,*[a] and Takao Yamori[b]


Introduction


Acetogenins are polyketides featuring one to three tetrahy-
drofuran (THF) ring(s) with various stereoconfigurations
connected with a butenolide moiety by a long hydrocarbon
chain, which often contains oxygenated moieties. More than
400 annonaceous acetogenins have been isolated from
nature so far. They have attracted worldwide attention due
to a broad range of biological activities, such as cytotoxic,
antitumor, immunosuppressive, pesticidal, antifeedant, and
antimalarial effects. In particular, their potent and selective
cytotoxicity against human cancer cell lines makes them at-
tractive lead compounds for new types of antitumor drugs.
Furthermore, it is known that some acetogenins inhibit mul-
tidrug-resistant cancer cells with an adenosine triphosphate
(ATP) driven transporter system. The mode of action is as-
sumed to be based on inhibitory activity against the
NADH:ubiquinone oxidoreductase of mitochondrial com-


plex I (NADH= reduced nicotinamide adenine dinucleo-
tide).[1,2]


Murisolin (1)[3] is a mono-THF acetogenin isolated from
the seed of Annona muricata by the Cortes group in 1990.
After five years, the diastereoisomer 16,19-cis-murisolin 2[4]


was isolated, along with murisolin, from the seed of Asimina
triloba by McLaughlin3s group. Biological evaluation of
these compounds revealed that murisolin is one million
times more potent against human lung (A-549), kidney (A-
498), and colon (HT-29) cancer cells than adriamycin and
that 16,19-cis-murisolin shows activity greater than or equal
to that of adriamycin against human breast (MCF-7) and
lung (A-549) cancer cells. In spite of the comparatively
simple structure and interesting biological activity, there was
no total synthesis of these compounds for a long time. In
2004, Curran and co-workers[5] and our group[6] accomplish-
ed the first total syntheses of murisolin. At the same time,
Curran and co-workers reported the first total synthesis of a
16,19-cis-murisolin in a communication.[5] However, the syn-
thetic reports of these compounds are restricted to these ex-
amples.


We were interested in the relationship between the ster-
eochemistry of the THF moiety and the cytotoxicity against
various cancer cell lines. So we synthesized murisolin conge-
ners 2 and 3, in addition to murisolin (1), for evaluation of
our methodology and the biological activity of these com-
pounds. Herein, we describe in detail the total syntheses of
1–3 (Scheme 1). The comparison of growth inhibition
against various cancer cells and the results of the COM-
PARE analysis are also described.


Keywords: acetogenins · antitumor
agents · murisolin · natural prod-
ucts · total synthesis


Abstract: Convergent total syntheses of murisolin (1), natural 16,19-cis-murisolin
2, and unnatural 16,19-cis-murisolin 3 were accomplished by asymmetric alkynyla-
tion of a-tetrahydrofuranic aldehyde with a diyne and Sonogashira coupling with a
g-lactone segment as the key steps. Stereoisomers of a-tetrahydrofuranic aldehyde
were synthesized with high optical purity and the asymmetric alkynylation of these
with 1,6-heptadiyne proceeded in good yield and with high diastereoselectivity.
The cell-growth inhibition profile and COMPARE analysis of the synthetic com-
pounds 1–3 were also investigated.
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Results and Discussion


We have developed a methodology of systematic and stereo-
selective construction of the THF ring moiety for acetoge-
nins. The library of mono- and bis-THF ring moieties was
synthesized by applying this method.[7] Next, we focused on
the synthesis of murisolin congeners and the evaluation of
their biological activity.


Scheme 2 shows a retrosynthetic analysis for the muriso-
lins. Murisolins are bisected at the C7 and C8 carbons into
THF-ring segment 4 and g-lactone segment 5.[8,9] Segment 4


is synthesized by an asymmetric alkynylation of THF-ring
segment 6 with diyne 7. The a-tetrahydrofuranic aldehyde 6
can be prepared stereoselectively from a-oxyaldehyde by
the previously established method.[7] In this project, we plan-
ned an unprecedented asymmetric alkynylation of 6 with un-
protected 1,6-heptadiyne (7) to eliminate the steps of pro-
tection and deprotection.


In order to establish suitable reaction conditions for the
partial reaction of the diyne 7, a model study was carried
out with a-oxyaldehyde (R)-8[7b] as a substrate under the


conditions of Carreira and co-workers.[10] The results are
summarized in Table 1.


According to the protocol of Carreira and co-workers,
(R)-8 was treated with the diyne 7 (1.2 equiv), Zn(OTf)2


(1.3 equiv), (1R,2S)-NME (1.4 equiv), and Et3N (1.4 equiv)
in toluene. Although the desired syn adduct 9 was obtained
in 58 % yield, a considerable amount of byproduct 10 was
produced (conditions A). When about twice the amount of
diyne and reagents were used, the yield of 9 was improved
to 71 % (conditions B). However, this improved yield was
not changed when the amounts of the reagents were re-
duced if the amount of diyne remained the same (condi-
tions C). Finally, the yield of 9 was improved to 84 % by
using 4 equivalents of the diyne 7 (conditions D). The alky-
nylation proceeded with excellent diastereoselectivity to
give adducts 9 and 10, each as a single isomer.


Next, we conducted an asymmetric alkynylation of the a-
tetrahydrofuranic aldehyde 11 with diyne 7 under the opti-
mized conditions (Scheme 3). The a-tetrahydrofuranic alde-
hyde 11 was synthesized from a-oxyaldehyde (R)-8 by asym-
metric alkynylation with (1R,2S)-NME followed by THF-
ring formation.[7b] Upon treatment of the a-tetrahydrofuran-


Scheme 1. Structure of the murisolins.


Scheme 2. Retrosynthetic analysis of murisolins. PG=protecting group.


Table 1. Asymmetric alkynylation of a-oxyaldehyde with diyne 7.


Conditions 7[a] Zn(OTf)2
[a] NME[a] Et3N


[a] Yield [%]
9 10


A 1.2 1.3 1.4 1.4 58 27
B 2.0 2.2 2.4 2.4 71 24
C 2.0 1.3 1.4 1.4 72 20
D 4.0 1.3 1.4 1.4 84 12


[a] Values given are equivalents of reagents. TBS= tert-butyldimethylsilyl,
Tf= trifluoromethanesulfonyl, NME= (1R,2S)-N-methylephedrine.


Scheme 3. Asymmetric alkynylation of a-tetrahydrofuranic aldehyde 11
with diyne 7: a) Zn(OTf)2, Et3N, (1R,2S)-NME, toluene, RT, 84 % (a-
OH:b-OH 3:>97) for 12 and 12 % (b-OH/b-OH:other isomer >97:3)
for 13.
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ic aldehyde 11 with the diyne 7 (4 equiv), alcohol 12 was ob-
tained in 84 % yield, along with 12 % of diol 13. Even in the
functionalized aldehyde 11, the alkynylation proceeded with
very high diastereoselectivity (>97:3 d.r.). Thus, the THF
moiety did not affect either the diastereoselectivity or the
ratio of monool and diol. The absolute configuration of
adduct 12 was confirmed to be the desired R configuration
by the modified Mosher method.[11] Interestingly, the by-
product 13 was also a single isomer and is assumed to be a
syn/syn adduct since the compound has C2 symmetry.


The a,b-unsaturated g-lactone segment 5 (PG=TBS) was
synthesized by Marshall and co-workers3 from a-sulfenyl g-
lactone 16 through oxidation of the sulfide followed by ther-
molysis of the sulfoxide.[8] In their work, a coupling reaction
of triflate 14 and g-lactone 15 with lithium diisopropylamide
(LDA) in the presence of hexamethyl phosphoramide
(HMPA) proceeded in a moderate yield (54%). In the pre-
vious synthesis of mosin B, we reported that potassium
1,1,1,3,3,3-hexamethyldisilazanide (KHMDS) was a suitable
base for the alkylation of the g-lactone with the triflate.
Therefore, we employed KHMDS in the alkylation of 15
with 14 (E :Z=4.6:1) (Scheme 4); however, the adduct 16


was produced in poor yield (19%). This problem was over-
come by the addition of HMPA, to give 16 in 77 % yield.


Assembly of the THF-ring segment 12 and the g-lactone
segment 5 was carried out by Sonogashira coupling
(Scheme 4) to give the coupling product 17 in 72 % yield.[12]


Next, we examined the selective reduction of enediyne 17
by using catalytic[13] or stoichiometric[14] amounts of Wilkin-
son catalyst, but compound 18 was obtained in moderate
yields (Scheme 5). Marshall and Chen employed diimide in-
stead of the Wilkinson catalyst for the selective reduction of
an enyne.[15] They employed these conditions, instead of
using the Wilkinson catalyst, to prevent overreduction of
the a,b-unsaturated g-lactone moiety, a problem that occur-


red in the g-lactone without a proximal C4 substituent. For-
tunately, diimide reduction was also effective to retard the
formation of the unidentified byproduct in the case of cou-
pling product 17, to give 18 in 71 % yield. Finally, global de-
protection with HF in MeCH/THF afforded murisolin (1) in
excellent yield.


The spectroscopic and physical data (1H NMR, 13C NMR,
IR, and MS spectra and m.p.) of synthetic 1 were in good
agreement with those reported. On the other hand, the spe-
cific rotation of synthetic 1 ([a]23


D =++20.7 (c=0.39, MeOH);
[a]22


D =++21.5 (c=0.36, CHCl3)) was consistent with the high-
est values reported in the literature ([a]D=++14.8 (c=0.1,
MeOH); [a]D=++16.0 (c=0.1, CHCl3); [a]14:5


D =++19.05 (c=
0.84, CHCl3); [a]18:5


D =++20.44 (c=5.92, CHCl3)).[3,4,16] Our
synthetic sample was also compared with Professor Curran3s
sample by HPLC analysis in his laboratory.


To demonstrate the stereodivergency of our methodology,
we synthesized the two stereoisomers of 16,19-cis-murisolin,
2 and 3 (Scheme 6). The unnatural 16,19-cis-murisolin 3 has


a THF moiety that is a mirror image to that of 2. We were
also interested in the biological activity of these compounds.
The stereocenters at the C15 and C19 positions can be con-
structed stereodivergently by changing the N-methylephe-
drine configuration in the asymmetric alkynylation. On the
other hand, stereoselective construction of the C16 and C20
stereocenters can be accomplished by changing the mode of
THF-ring formation and by choosing an appropriate enan-
tiomer of Jacobsen3s catalyst,[17] respectively (Scheme 6).


Scheme 4. Construction of the murisolin framework (17) through Sonoga-
shira coupling: a) KHMDS, THF, 0 8C!RT, 19%; b) KHMDS, HMPA,
THF, 0 8C!RT, 77 %; c) [(Ph3P)2PdCl2], CuI, Et3N, RT, 72 %.


Scheme 5. Synthesis of murisolin (1): a) H2, [Rh(PPh3)3Cl] (0.4 equiv),
benzene, RT, 41%; b) H2, [Rh(PPh3)3Cl] (1.0 equiv), benzene/MeOH
(1:1), RT, 47%; c) TsNHNH2, NaOAc, 1,2-dimethoxyethane/H2O (1:1),
reflux, 71 %; d) 48 % aq. HF, CH3CN, THF, RT, 91%. Ts= toluene-4-sul-
fonyl.


Scheme 6. Stereodivergent syntheses of 1–3.
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16,19-cis-Murisolin 2 was synthesized from a-oxyaldehyde
(S)-8, which was prepared through kinetic resolution of (� )-
tetradecene oxide with an antipode of Jacobsen3s salen-
cobalt catalyst (Scheme 7). Asymmetric alkynylation of (S)-


8 with alkyne 19[7b] by using (1S,2R)-NME afforded syn-
propargyl alcohol 20 in 92 % yield with excellent diastereo-
selectivity. Hydrogenation of 20 on Pd/C in EtOAc gave
triol 21 in 84 % yield. After conversion of the primary alco-
hol into the leaving group, one-pot THF-ring formation was
carried out by treatment with K2CO3 in MeOH, through an
epoxide intermediate, to provide a-tetrahydrofuranic alco-
hol 24. Finally, Dess–Martin oxidation of the primary alco-
hol gave the aldehyde 25[7b] in 65 % yield.


a-Tetrahydrofuranic aldehyde ent-25 was synthesized
from (R)-8 according to the procedure described in referen-
ce [7b].


Asymmetric alkynylation with 1,6-heptadiyne (7) was con-
ducted on the a-tetrahydrofuranic aldehydes 25 and ent-25
in a similar manner to that performed in the murisolin syn-
thesis. By using the appropriate NME, both (R)- and (S)-
propargyl alcohols 26 and ent-26 were synthesized with ex-
cellent diastereoselectivity and in 79 % yield without being
influenced by the three internal stereogenic centers in the
aldehydes (Scheme 8).[18]


With both enantiomers 26 and ent-26 in hand, the Sonoga-
shira coupling with g-lactone segment 5 was examined
(Scheme 9). The coupling reaction proceeded smoothly to


give enediynes 27 and 29 in 73 and 78 % yield, respectively.
Subsequent diimide reduction delivered 28 and 30 and re-
moval of the protecting groups yielded 16,19-cis-murisolin 2
and the unnatural isomer 3.


The spectroscopic data (1H NMR, 13C NMR, IR, and MS
spectra and [a]D) of synthetic 2 were in good agreement
with those reported. However, the melting point of the syn-


Scheme 7. Preparation of aldehyde 25 : a) ZnO(Tf)2, (1S,2R)-NME, Et3N,
toluene, RT, 92 % (a-OH:b-OH >97:3); b) H2, Pd/C, EtOAc, RT, 84 %;
c) TrisCl, pyridine, CH2Cl2, 0 8C!RT, 86 %; d) K2CO3, MeOH, 0 8C!RT,
70%; e) Dess–Martin periodinane, pyridine, CH2Cl2, 0 8C!RT, 65%.
Tris=2,4,6-triisopropylbenzenesulfonyl.


Scheme 8. Asymmetric alkynylation of a-tetrahydrofuranic aldehyde 25
or ent-25 with diyne 7: a) Zn(OTf)2, Et3N, (1R,2S)-NME, toluene, RT,
79% (a-OH:b-OH 6:94); b) Zn(OTf)2, Et3N, (1S,2R)-NME, toluene, RT,
79% (a-OH:b-OH 94:6).


Scheme 9. Syntheses of 16,19-cis-murisolin 2 and unnatural 16,19-cis-mur-
isolin 3 : a) [(Ph3P)2PdCl2], CuI, Et3N, RT, 73 % for 27 and 78% for 29 ;
b) TsNHNH2, NaOAc, 1,2-dimethoxyethane, H2O, reflux, 60% for 28
and 61% for 30 ; c) 48% aq. HF, CH3CN, THF, RT, 85 % for 2 and 82 %
for 3.
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thetic 2 (76.5–77.5 8C) was higher than that of the natural
product (67–68 8C).[4] The data (1H NMR, 13C NMR, IR, and
MS spectra) of 3 were almost identical to those of 2. Fur-
thermore, the value of specific rotation of 3 ([a]29


D =++9.1
(c=0.50 in CH2Cl2)) was relatively close to that of 2 ([a]27


D =


+11.3 (c=0.62 in CH2Cl2)). Interestingly, the value of the
melting point of 3 (65.0–66.0 8C) was closer to the reported
value of 2. Since the natural product is not available at the
present time, the difference in melting points cannot be ex-
plained clearly. However, we suggest that great care is nec-
essary in identification of 16,19-cis-murisolins since both the
specific rotation and spectral data for 2 and 3 are very
close.[19]


Biological evaluation of 1–3 : The growth inhibitory activity
of 1–3 was evaluated against a panel of human cancer cell
lines.[20,21] Figure 1 shows the mean graphs for murisolin (1),
16,19-cis-murisolin 2, and unnatural 16,19-cis-murisolin 3.
The graphs were drawn based on a set of GI50 values for
each compound against 39 cancer cell lines, where the GI50


value indicates the concentration that induces 50 % inhibi-
tion of cell growth. These compounds commonly showed


significant effects against some lung and stomach cancer cell
lines. In particular, these compounds inhibited the growth of
DMS114 lung cancer cells very potently (log GI50=�7.53
(3.0 M10�8


m) to �8.00 (1.0M 10�8
m)). Among 1–3, the natural


16,19-cis-murisolin 2 exhibited the highest growth inhibition
against MKN28 stomach cancer cells (log GI50=�8.00). The
activity was considerably influenced by the stereochemistry
of the THF-ring moiety (order of activity (log GI50): 2
(�8.00)>3 (�5.89)>1 (�5.56)). An effect of the stereo-
chemistry on the growth inhibition was also found against
NCI-H23 cells (order of activity (log GI50): 3 (�6.76)>1
(�6.67)>2 (�4.97)) and MKN7 cells (order of activity (log
GI50): 1 (�6.15)>2 (�5.83)>3 (�4.72)). Moderate inhibi-
tion was observed against some breast cancer cells (BSY-1
and MCF-7), CNS cancer cells (SF-295), lung cancer cells
(NCI-H522), melanoma cells (LOX-IMVI), and stomach
cancer cells (MKN74).


COMPARE analysis[20,21] is a tool to examine a pair of
compounds in terms of their mean graphs, and it was re-
vealed here that compounds 1–3 were different from any of
the present anticancer drugs (r<0.5). This result suggests
that they have unique modes of action. In addition, the


Figure 1. Growth inhibition of 1–3 against a panel of 39 human cancer cell lines. Columns extending to the right indicate the degree of the sensitivity of a
cell line to the compound; columns extending to the left indicate the degree of resistance of a cell line to the compound. For details of the procedure for
the assay, see reference [20]. GI50=concentration that induces 50 % growth inhibition, Br=breast, CNS=central nervous system (brain), Co=colon,
Lu= lung, Me=melanoma, Ov=ovarian, Re= renal, St= stomach, xPg=prostate. MG-MID= the mean of the log GI50 values.
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COMPARE analysis indicated that compounds 1–3 were
very like each other (1 versus 2 : r=0.768; 1 versus 3 : r=
0.889; 2 versus 3 : r=0.762), as shown in Figure 1. This may
indicate that these three compounds share the same mode
of action, albeit one that is unknown at present.


Conclusion


We have accomplished the total syntheses of murisolin con-
geners 1–3 by employing our systematic synthesis of the
THF-ring moiety, asymmetric alkynylation with the diyne,
and Sonogashira coupling as the key steps. Evaluation of
cell-growth inhibition of these compounds indicated that
they commonly have strong inhibitory activity against lung
cancer cells (DMS114). 16,19-cis-murisolin 2 exhibited
potent activity against stomach cancer cells (MKN28) and
the effect of the compounds was affected by the stereo-
chemistry of the THF moiety. COMPARE analysis of 1–3
indicated that they may share a mode of action that is differ-
ent from those of currently used anticancer drugs.


Experimental Section


Melting points are uncorrected. Optical rotations were measured by
using a JASCO DIP-360 digital polarimeter. 1H NMR spectra were re-
corded in CDCl3 solution with a JEOL JNM-GX-500 spectrometer
(500 MHz). 13C NMR spectra were recorded in CDCl3 solution with a
JEOL JNM-AL300 spectrometer (75 MHz). All signals are expressed as
d values in ppm downfield from the tetramethylsilane internal standard.
The following abbreviations are used: br=broad, s= singlet, d=doublet,
tr= triplet, q=quartet, qn=quintet, sep= septet, and m=multiplet. IR
absorption spectra (FT=diffuse reflectance spectroscopy) were recorded
with KBr powder by using a Horiba FT-210 IR spectrophotometer, and
only noteworthy absorptions (in cm�1) are listed. Mass spectra were ob-
tained with JEOL JMS-600H and JEOL JMS-700 mass spectrometers.
Column chromatography was carried out by using Kanto Chemical silica
gel 60N (spherical, neutral, 63–210 mm). All air- or moisture-sensitive re-
actions were carried out in flame-dried glassware under an atmosphere
of Ar or N2. All solvents were dried and distilled according to standard
procedures. All organic extracts were dried over anhydrous MgSO4, fil-
tered, and concentrated under reduced pressure with rotary evaporator.


(8R,9R)-9-(tert-Butyldimethylsilyloxy)heneicosa-1,6-diyn-8-ol (9) and
(13R,14R,22R,23R)-13,23-bis-(tert-butyldimethylsilyloxy)pentatriaconta-
15,20-diyne-14,22-diol (10): A flask was charged with Zn(OTf)2 (138 mg,
0.379 mmol). Vacuum (5 mmHg) was applied and the flask was heated to
125 8C overnight. The vacuum was released and the flask was cooled to
room temperature. (1R,2S)-N-Methylephedrine (73.2 mg, 0.409 mmol),
toluene (0.7 mL), and Et3N (0.057 mL, 0.409 mmol) were added to the
flask with stirring at room temperature for 2.75 h. A solution of 1,6-hep-
tadiyne (7; 111 mg, 11.7 mmol) in toluene (0.3 mL) was added to the mix-
ture. After the mixture had been stirred at room temperature for 0.25 h,
a solution of (R)-8 (100 mg, 0.292 mmol) in toluene (0.3 mL) was added
with stirring at room temperature for 1.5 h. The reaction was quenched
with saturated NH4Cl and the mixture was extracted with EtOAc. The
combined organic layers were washed with brine prior to drying and sol-
vent evaporation. Purification by column chromatography on silica gel
(hexane/EtOAc 20:1!10:1) yielded 9 (106 mg, 84 %, anti :syn 3:>97)
and 10 (13.1 mg, 12%), both as colorless oils. 9 : [a]25


D =�3.56 (c=1.03 in
CHCl3); 1H NMR: d=0.10 (s, 3H), 0.13 (s, 3H), 0.88 (t, J=7.0 Hz, 3H),
0.92, (s, 9H), 1.26–1.34 (m, 20H), 1.49–1.56 (m, 1 H), 1.59–1.66 (m, 1H),
1.73 (qn, J=7.0 Hz, 2H), 1.95 (t, J=2.4 Hz, 1 H), 2.30 (td, J=6.7, 2.4 Hz,


2H), 2.34 (td, J=7.3, 1.8 Hz, 2H), 2.45 (br d, J=6.1 Hz, 1H), 3.68 (q, J=
5.5 Hz, 1 H), 4.19 ppm (br s, 1H); 13C NMR d=�4.5, �4.4, 14.1, 17.6,
17.8, 18.1, 22.6, 24.9, 25.8 (3 C), 27.4, 29.3, 29.48, 29.53, 29.59 (2 C), 29.63,
29.7, 31.9, 33.7, 65.0, 68.8, 75.8, 80.4, 83.3, 84.4 ppm; IR (KBr): ñ=3552,
3464, 3313, 2119, 636 cm�1; MS (FAB): m/z : 441 [M+Li]+ ; HRMS
(FAB): m/z calcd for C27H50LiO2Si: 441.3740; found: 441.3752 [M+Li]+ .
10 : [a]26


D =�1.59 (c=1.32 in CHCl3); 1H NMR: d=0.10 (s, 6 H), 0.12 (s,
6H), 0.88 (t, J=7.0 Hz, 6H), 0.91, (s, 18 H), 1.26–1.34 (m, 40H), 1.48–
1.55 (m, 2H), 1.58–1.65 (m, 2 H), 1.71 (qn, J=7.0 Hz, 2H), 2.31 (td, J=
7.0, 1.8 Hz, 4 H), 2.45 (d, J=6.7 Hz, 2H), 3.68 (q, J=5.5 Hz, 2 H), 4.17–
4.20 ppm (m, 2 H); 13C NMR: d=�4.5 (2 C), �4.4 (2 C), 14.1 (2 C), 18.07
(2 C), 18.15 (2 C), 22.7 (2 C), 24.9 (2 C), 25.9 (6 C), 27.5, 29.3 (2 C), 29.55
(2 C), 29.58 (2 C), 29.64 (4 C), 29.7 (2 C), 29.8 (2 C), 31.9 (2 C), 33.7 (2 C),
65.0 (2 C), 75.8 (2 C), 80.4 (2 C), 84.5 ppm (2 C); IR (KBr): ñ=3559,
3463 cm�1; MS (FAB): m/z : 800 [M+Na]+ ; HRMS (FAB): m/z calcd for
C47H92NaO4Si2: 799.6432; found: 799.6404 [M+Na]+ .


(8R,9R,12R,13R)-13-(tert-Butyldimethylsilyloxy)-9,12-epoxy-pentacosa-
1,6-diyn-8-ol (12) and (13R,14R,17R,18R,26R,27R,30R,31R)-13,31-bis-
(tert-butyldimethylsilyloxy)-14,17:27,30-diepoxytritetraconta-19,24-diyne-
18,26-diol (13): The procedure was the same as that used for the prepara-
tion of 9 and 10. Compounds 12 (129 mg, 84 %, a-OH:b-OH 3:>97) and
13 (14.1 mg, 12%) were prepared as colorless oils from 11 (126 mg,
0.305 mmol). 12 : [a]24


D =++11.2 (c=1.10 in CHCl3); 1H NMR: d=0.06 (s,
3H), 0.08 (s, 3 H), 0.88 (t, J=7.0 Hz, 3H), 0.89 (s, 9 H), 1.23–1.49 (m,
22H), 1.65–1.79 (m, 2 H), 1.73 (qn, J=6.7 Hz, 2 H), 1.89–1.94 (m, 1H),
1.95 (t, J=2.4 Hz, 1 H), 2.02–2.08 (m, 1H), 2.30 (td, J=6.7, 2.4 Hz, 2H),
2.35 (td, J=6.7, 1.8 Hz, 2H), 2.47 (d, J=4.3 Hz, 1H), 3.57 (td, J=6.1,
3.7 Hz, 1 H), 3.91 (dt, J=7.3, 6.1 Hz, 1H), 4.01 (q, J=6.7 Hz, 1 H), 4.14–
4.18 ppm (m, 1H); 13C NMR: d=�4.7, �4.2, 14.1, 17.5, 17.7, 18.2, 22.6,
25.5, 25.9 (3 C), 27.3, 27.6, 28.3, 29.3, 29.55, 29.59 (3 C), 29.63, 29.8, 31.9,
32.9, 65.5, 68.8, 74.9, 78.9, 82.3, 82.7, 83.3, 84.9 ppm; IR (KBr): ñ=3450,
3313, 2233, 2119 cm�1; MS (FAB): m/z : 505 [M+H]+; HRMS (FAB): m/z
calcd for C31H57O3Si: 505.4077; found: 505.4084 [M+H]+ . 13 : [a]24


D =


+12.4 (c=1.74 in CHCl3); 1H NMR: d=0.06 (s, 6 H), 0.08 (s, 6H), 0.88
(t, J=7.0 Hz, 6 H), 0.89 (s, 18H), 1.23–1.47 (m, 44 H), 1.64–1.78 (m, 6H),
1.89–1.94 (m, 2H), 2.02–2.08 (m, 2H), 2.31 (td, J=7.0, 1.8 Hz, 4 H), 2.51
(br d, J=3.1 Hz, 2H), 3.57 (td, J=6.7, 3.1 Hz, 2 H), 3.91 (dt, J=7.9,
6.1 Hz, 2H), 4.00 (q, J=6.7 Hz, 2 H), 4.15 ppm (br d, J=6.7 Hz, 2H);
13C NMR: d=�4.6 (2 C), �4.2 (2 C), 14.1 (2 C), 17.9 (2 C), 18.2 (2 C), 22.7
(2 C), 25.5 (2 C), 25.9 (6 C), 27.4, 27.6 (2 C), 28.3 (2 C), 29.3 (2 C), 29.58
(2 C), 29.62 (6 C), 29.7 (2 C), 29.8 (2 C), 31.9 (2 C), 32.9 (2 C), 65.5 (2 C),
74.8 (2 C), 78.7 (2 C), 82.3 (2 C), 82.6 (2 C), 85.0 ppm (2 C); IR (KBr): ñ=
3429, 2233 cm�1; MS (FAB): m/z : 940 [M+Na]+ ; HRMS (FAB): m/z
calcd for C55H104NaO6Si2: 939.7269; found: 939.7256 [M+Na]+ .


(3RS,5S)-3-Phenylthio-3-[(EZ,2R)-2-(tert-butyldimethylsiloxy)-5-iodo-4-
pentenyl]-5-methyl-2(5H)-2,3-dihydrofuranone (16): Method without
HMPA : KHMDS (0.5m in toluene, 0.422 mL, 0.211 mmol) was added to
a solution of 15 (43.9 mg, 0.211 mmol) in THF (0.2 mL) with stirring at
0 8C. After 5 min, a solution of 14 (100 mg, 0.211 mmol) in THF (0.2 mL)
was added to the mixture with stirring at 0 8C. After being stirred for 2 h
at room temperature, the reaction was quenched with saturated NH4Cl
and the mixture was extracted with EtOAc. The combined organic layers
were washed with brine prior to drying and solvent evaporation. Purifica-
tion by column chromatography on silica gel (hexane/EtOAc 20:1!10:1)
yielded 16 (20.8 mg, 19 %).


Method with HMPA : HMPA (0.668 mL, 3.84 mmol) was added to a solu-
tion of 15 (159 mg, 0.767 mmol) in THF (1.1 mL) with stirring at room
temperature and then KHMDS (0.5m in toluene, 1.53 mL, 0.767 mmol)
was added to the solution at 0 8C. After the mixture had been stirred for
5 min at the same temperature, a solution of 14 (364 mg, 0.767 mmol) in
THF (1.1 mL) was added with stirring. After being stirred for 1 h at
room temperature, the reaction was quenched with saturated NH4Cl and
the mixture was extracted with EtOAc. The combined organic layers
were washed with saturated NH4Cl, water, and brine prior to drying and
solvent evaporation. Purification by column chromatography on silica gel
(hexane/EtOAc 20:1!10:1) yielded 16 (315 mg, 77%). The spectral data
(1H NMR, 13C NMR spectra) were identical to those reported previous-
ly.[8]
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(5S)-3-[(E,2R,13R)-2-(tert-Butyldimethylsilyloxy)-13-hydroxy-13-
[(2R,5R)-5-[(1R)-1-(tert-butyldimethylsilyloxy)tridecyl]tetrahydrofuran-
2-yl]tridec-4-ene-6,11-diynyl]-5-methyl-2,5-dihydrofuran-2-one (17): Pd-
(PPh3)2Cl2 (6.4 mg, 0.0092 mmol) and CuI (7.0 mg, 0.037 mmol) were
added to a solution of 5 (77.3 mg, 0.183 mmol) in Et3N (1.0 mL) with stir-
ring at room temperature. After 0.5 h, a solution of 12 (92.4 mg,
0.183 mmol) in Et3N (0.5 mL) was added to the reaction mixture. The re-
action mixture was stirred at room temperature for 6.5 h and concentrat-
ed. Purification by column chromatography on silica gel (hexane/EtOAc
10:1!5:1) yielded 17 (112 mg, 72 %) as a yellow oil. [a]24


D =++0.50 (c=
0.96 in CHCl3); 1H NMR: d=0.02 (s, 3H), 0.06 (s, 6 H), 0.08 (s, 3H),
0.86–0.90 (m, 3 H), 0.88 (s, 9 H), 0.89 (s, 9H), 1.23–1.35 (m, 21H), 1.36–
1.46 (m, 1H), 1.42 (d, J=6.7 Hz, 3 H), 1.66–1.79 (m, 4H), 1.89–1.95 (m,
1H), 2.02–2.08 (m, 1 H), 2.24–2.29 (m, 2H), 2.33 (td, J=7.3, 1.8 Hz, 2 H),
2.39 (td, J=6.7, 1.2 Hz, 2 H), 2.42 (d, J=6.1 Hz, 2H), 2.47 (d, J=4.3 Hz,
1H), 3.56–3.59 (m, 1H), 3.91 (dt, J=7.9, 6.1 Hz, 1 H), 4.00 (q, J=6.7 Hz,
1H), 4.05 (qn, J=6.1 Hz, 1H), 4.14–4.17 (m, 1 H), 5.00 (qd, J=6.7,
1.2 Hz, 1 H), 5.47 (dt, J=15.9, 1.8 Hz, 1H), 6.03 (dt, J=15.9, 7.3 Hz, 1H),
7.10 ppm (br s, 1H); 13C NMR: d=�4.6 (2C), �4.5, �4.2, 14.0, 17.87,
17.95, 18.2, 18.5, 18.8, 22.6, 25.5, 25.8 (3 C), 25.9 (3 C), 27.6, 27.7, 28.3,
29.3, 29.5, 29.57 (3 C), 29.60, 29.8, 31.9, 32.8, 32.9, 40.7, 65.6, 69.3, 74.9,
77.4, 78.8, 79.5, 82.4, 82.7, 85.1, 88.1, 112.7, 130.6, 138.4, 151.7, 173.7 ppm;
IR (KBr): ñ=3456, 2219, 1759, 1653 cm�1; MS (FAB): m/z : 800 [M+H]+ ;
HRMS (FAB): m/z calcd for C47H83O6Si2: 799.5728; found: 799.5720
[M+H]+ .


(5S)-3-[(2R,13R)-2-(tert-Butyldimethylsilyloxy)-13-hydroxy-13-[(2R,5R)-
5-[(1R)-1-(tert-butyldimethylsilyloxy)tridecyl]tetrahydrofuran-2-yl]tridec-
yl]-5-methyl-2,5-dihydrofuran-2-one (18): A solution of NaOAc (811 mg,
9.89 mmol) in water (13 mL) was added to a stirred solution of 17
(101 mg, 0.126 mmol) and p-toluenesulfonylhydrazine (1.62 g, 8.67 mmol)
in dimethoxyethane (13 mL) at reflux over 5 h. The mixture was then
cooled to room temperature, poured into water, and extracted with
CH2Cl2. The combined organic layers were dried and concentrated. Puri-
fication by column chromatography on silica gel (hexane/EtOAc 6:1)
yielded 18 (72.8 mg, 71%) as a colorless oil. [a]24


D =++15.8 (c=1.49 in
CHCl3); 1H NMR: d=0.02 (s, 3 H), 0.05 (s, 3 H), 0.06 (s, 3 H), 0.08 (s,
3H), 0.85–0.90 (m, 3 H), 0.87 (s, 9H), 0.89 (s, 9 H), 1.25–1.46 (m, 42 H),
1.42 (d, J=6.7 Hz, 3 H), 1.56–1.68 (m, 2 H), 1.90–1.96 (m, 2 H), 2.424 (d,
J=4.3 Hz, 1 H), 2.425 (d, J=5.5 Hz, 2H), 3.35–3.40 (m, 1 H), 3.55 (td, J=
6.1, 3.7 Hz, 1H), 3.77 (dt, J=7.9, 6.1 Hz, 1H), 3.85 (dt, J=7.9, 6.1 Hz,
1H), 3.95 (qn, J=5.5 Hz, 1H), 5.01 (qd, J=6.7, 1.2 Hz, 1H), 7.13 ppm (d,
J=1.2 Hz, 1 H); 13C NMR: d=�4.6, �4.49, �4.48, �4.1, 14.1, 18.0, 18.3,
18.9, 22.7, 25.1, 25.4, 25.6, 25.8 (3 C), 25.9 (3 C), 28.5, 28.6, 29.3, 29.57
(4 C), 29.63 (3 C), 29.67 (2 C), 29.68, 29.71, 29.8, 31.9, 32.7, 33.1, 33.4, 36.9,
70.1, 74.1, 75.2, 77.5, 82.2, 82.4, 130.8, 151.6, 174.1 ppm; IR (KBr): ñ=


3597, 1759, 1653 cm�1; MS (FAB): m/z : 832 [M+Na]+ ; HRMS (FAB):
m/z calcd for C47H92NaO6Si2: 831.6330; found: 831.6331 [M+Na]+ .


(5S)-3-[(2R,13R)-2,13-Dihydroxy-13-[(2R,5R)-5-[(1R)-1-hydroxytride-
cyl]tetrahydrofuran-2-yl]tridecyl]-5-methyl-2,5-dihydrofuran-2-one (muri-
solin, 1): Two drops of 48% aqueous HF was added to a stirred solution
of 18 (27.5 mg, 0.034 mmol) in MeCN/THF (1.6:1, 0.55 mL) at room tem-
perature. After being stirred at room temperature for 13.5 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 sol-
vent evaporation. Purification by column chromatography on silica gel
(hexane/EtOAc 1:1) yielded 1 (17.9 mg, 91 %) as a colorless waxy solid.
M.p.=72.5–73.5 8C; [a]23


D =++20.7 (c=0.39 in MeOH), [a]22
D =++21.5 (c=


0.36 in CHCl3); 1H NMR: d=0.88 (t, J=7.0 Hz, 3H), 1.25–1.57 (m,
42H), 1.44 (d, J=6.7 Hz, 3 H), 1.63–1.71 (m, 2 H), 1.94–2.02 (m, 2H),
2.40 (dd, J=15.3, 8.6 Hz, 1H), 2.47–2.58 (m, 3H), 2.51–2.55 (m, 1 H),
3.41 (td, J=6.7, 4.9 Hz, 2 H), 3.80 (q, J=6.7 Hz, 2H), 3.82–3.87 (m, 1 H),
5.07 (qd, J=6.7, 1.2 Hz, 1H), 7.20 ppm (d, J=1.2 Hz, 1H); 13C NMR:
d=14.1, 19.1, 22.7, 25.5 (2 C), 25.6, 28.7 (2 C), 29.3, 29.4, 29.5 (4 C), 29.57,
29.62 (4 C), 29.65, 29.69, 31.9, 33.3, 33.4 (2 C), 37.4, 70.0, 74.0 (2 C), 78.0,
82.6 (2 C), 131.2, 151.8, 174.6 ppm; IR (KBr): ñ=3435, 3419, 2916, 2848,
1751, 1470, 1319, 1201, 1119, 1074, 1028, 960, 847, 721 cm�1; MS (FAB):
m/z : 582 [M+H]+ ; HRMS (FAB): m/z calcd for C35H65O6: 581.4781;
found: 581.4786 [M+H]+ .


(2RS,4S)-4-[(3’S,4’S)-4’-tert-Butyldimethylsilyloxy-3’-hydroxy-1’-hexadec-
ynyl]-2-phenyl-1,3-dioxolane (20): A flask was charged with Zn(OTf)2


(3.49 g, 9.60 mmol). Vacuum (15 mmHg) was applied and heated to
125 8C for 8 h. The vacuum was released and the flask was cooled to
room temperature. (1S,2R)-N-Methylephedrine (1.84 g, 10.3 mmol), tolu-
ene (9.0 mL), and Et3N (1.44 mL, 10.3 mmol) were added to the flask
with stirring at room temperature. A solution of 19 (1.54 g, 8.86 mmol) in
toluene (3.0 mL) was added to the mixture with stirring at room temper-
ature. After 0.25 h, a solution of (S)-8 (2.53 g, 7.38 mmol) in toluene
(3.0 mL) was added to the mixture with stirring at room temperature.
After being stirred for 18 h, the reaction was quenched with saturated
NH4Cl and extracted with EtOAc. The combined organic layers were
washed with brine prior to drying and solvent evaporation. Purification
by column chromatography on silica gel (hexane/EtOAc 30:1!20:1!
10:1!4:1) yielded 20 (3.52 g, 92%, anti :syn 3:>97) as a yellow oil.
[a]17


D =++32.6 (c=1.09 in CHCl3); 1H NMR: d=0.10 (s, 1.2H), 0.12 (s,
3H), 0.15 (s, 1.8 H), 0.88 (t, J=7.0 Hz, 3H), 0.91 (s, 3.6 H), 0.93 (s, 5.4 H),
1.26–1.34 (m, 20 H), 1.47–1.57 (m, 1H), 1.58–1.69 (m, 1H), 2.53 (d, J=
7.3 Hz, 0.4H), 2.58 (d, J=7.3 Hz, 0.6 H), 3.72 (td, J=6.1, 4.3 Hz, 0.4H),
3.76 (td, J=5.5, 4.9 Hz, 0.6 H), 3.98 (dd, J=7.9, 6.1 Hz, 0.6H), 4.06 (dd,
J=7.9, 6.1 Hz, 0.4H), 4.18 (dd, J=7.9, 6.1 Hz, 0.4 H), 4.28 (ddd, J=7.3,
4.3, 1.2 Hz, 0.4H), 4.30 (ddd, J=7.3, 4.3, 1.8 Hz, 0.6H), 4.36 (dd, J=7.9,
6.1 Hz, 0.6 H), 4.89 (td, J=6.1, 1.2 Hz, 0.4 H), 4.94 (td, J=6.1, 1.8 Hz,
0.6H), 5.85 (s, 0.4 H), 5.95 (s, 0.6H), 7.37–7.39 (m, 3 H), 7.46–7.48 (m,
1.2H), 7.51–7.53 ppm (m, 0.8H); 13C NMR: d=�4.49 (0.4 C), �4.46
(0.6 C), �4.44 (0.4 C), �4.41 (0.6 C), 14.1, 18.0 (0.4 C), 18.1 (0.6 C), 22.6,
24.9 (0.4 C), 25.0 (0.6 C), 25.8 (3 C), 29.3, 29.46, 29.50, 29.57 (2 C), 29.60,
29.7, 31.9, 33.57 (0.4 C), 33.62 (0.6 C), 64.68 (0.6 C), 64.70 (0.4 C), 65.8
(0.6 C), 66.4 (0.4 C), 70.5 (0.4 C), 71.0 (0.6 C), 75.17 (0.4 C), 75.20 (0.6 C),
81.5 (0.4 C), 81.9 (0.6 C), 86.1 (0.4 C), 86.5 (0.6 C), 103.6 (0.6 C), 104.8
(0.4 C), 126.5 (1.2 C), 126.8 (0.8 C), 128.2 (0.8 C), 128.3 (1.2 C), 129.3
(0.4 C), 129.4 (0.6 C), 136.6 (0.6 C), 137.0 ppm (0.4 C); IR (KBr): ñ=3478,
3037, 2360, 1068 cm�1; MS (FAB): m/z : 539 [M+Na]+ ; HRMS (FAB):
m/z calcd for C31H52NaO4Si: 539.3533; found: 539.3535 [M+Na]+ .


(2S,5S,6S)-6-(tert-Butyldimethylsilyloxy)octadecane-1,2,5-triol (21): A so-
lution of 20 (1.20 g, 2.13 mmol) in EtOAc (15 mL) was hydrogenated on
10% Pd/C (60.0 mg) with stirring at room temperature for 14.5 h. The
Pd/C was filtered off and the filtrate was concentrated under reduced
pressure. Purification by column chromatography on silica gel (hexane/
EtOAc 10:1!1:1) yielded 21 (842 mg, 84 %) as a colorless waxy oil.
[a]19


D =++3.0 (c=1.01 in CHCl3); 1H NMR: d=0.08 (s, 3 H), 0.09 (s, 3H),
0.88 (t, J=7.0 Hz, 3 H), 0.90 (s, 9 H), 1.26–1.33 (m, 20H), 1.39–1.44 (m,
1H), 1.49–1.70 (m, 5 H), 2.12 (br s, 1 H), 2.22 (br s, 1H), 2.68 (br s, 1H),
3.44–3.53 (m, 3 H), 3.61–3.65 (m, 1 H), 3.70–3.74 ppm (m, 1H); 13C NMR:
d=�4.6, �4.2, 14.1, 18.0, 22.6, 25.0, 25.8 (3 C), 29.3, 29.56 (2 C), 29.60
(2 C), 29.64 (2 C), 29.9, 30.3, 31.9, 33.4, 66.8, 72.4, 73.3, 75.4 ppm; IR
(KBr): ñ=3311 cm�1; MS (FAB): m/z : 433 [M+H]+; HRMS (FAB): m/z
calcd for C24H53O4Si: 433.3713; found: 433.3726 [M+H]+ .


(2S,5S,6S)-6-tert-Butyldimethylsilyloxy-2,5-dihydroxyoctadecanyl 2’,4’,6’-
triisopropylbenzenesulfonate (22): 2,4,6-Triisopropylbenzenesulfonyl
chloride (1.77 g, 5.83 mmol) was added to a solution of 21 (842 mg,
1.94 mmol) in pyridine (6.3 mL) and CH2Cl2 (11 mL) at 0 8C with stirring
for 0.25 h. After the mixture had been left for 34 h at room temperature,
water (6.3 mL) was added. The mixture was then extracted with EtOAc.
The combined organic layers were washed with brine prior to drying and
solvent evaporation. Purification by column chromatography on silica gel
(hexane/EtOAc 5:1!2:1) yielded 22 (1.17 g, 86%) as a colorless waxy
oil. [a]24


D =++1.2 (c=1.00 in CHCl3); 1H NMR: d=0.06 (s, 3 H), 0.08 (s,
3H), 0.87–0.90 (m, 3 H), 0.89 (s, 9H), 1.23–1.31 (m, 38 H), 1.37–1.44 (m,
1H), 1.49–1.66 (m, 4 H), 1.74–1.79 (m, 1 H), 2.54 (br s, 1H), 2.91 (sep, J=
6.7 Hz, 1 H), 3.44–3.51 (m, 3 H), 3.87–3.92 (m, 1H), 3.97 (dd, J=9.8,
6.1 Hz, 1 H), 4.00 (dd, J=9.8, 4.9 Hz, 1 H), 4.14 (sep, J=6.7 Hz, 2H),
7.19 ppm (s, 2 H); 13C NMR: d=�4.7, �4.2, 14.1, 18.0, 22.6, 23.5 (2 C),
24.69 (2 C), 24.72 (2 C), 24.8, 25.8 (3 C), 29.3, 29.52, 29.54, 29.59 (3 C),
29.63 (2 C), 29.8, 30.2, 30.4, 31.9, 33.7, 34.2, 69.6, 72.76, 72.80, 75.4, 123.8
(2 C), 129.1, 150.8 (2 C), 153.8 ppm; IR (KBr): ñ=3300, 1463, 1178 cm�1;
MS (FAB): m/z : 699 [M+H]+ ; HRMS (FAB): m/z calcd for C39H75O6SSi:
699.5054; found: 699.5041 [M+H]+ .
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(2R,5S,6S)-6-(tert-Butyldimethylsiloxy)-2,5-epoxyoctadecan-1-ol (24):
K2CO3 (730 mg, 5.28 mmol) was added to a mixture of 22 (739 mg,
1.06 mmol) with stirring at 0 8C. After 2 h at the same temperature, the
whole mixture was stirred for 66.5 h at room temperature. Water was
added to the reaction mixture. The mixture was extracted with EtOAc
and the combined organic layers were washed with brine prior to drying
and solvent evaporation. Purification by column chromatography on
silica gel (hexane/EtOAc 10:1) yielded 24 (307 mg, 70%) as a colorless
oil. [a]23


D =++3.2 (c=0.95, CHCl3). The spectral data (1H NMR, 13C NMR,
and MS spectra) were identical to those reported for the enantiomer of
24.[7b]


(2R,5S,6S)-6-(tert-Butyldimethylsiloxy)-2,5-epoxyoctadecanal (25): Dess–
Martin periodinane (1.16 g, 2.74 mmol) was added to a solution of 24
(284 mg, 0.685 mmol) in pyridine (0.62 mL) and CH2Cl2 (7.5 mL) with
stirring at 0 8C. After 0.5 h at the same temperature, the whole mixture
was stirred for 3 h at room temperature. The mixture was filtered through
silica gel and the filtrate was concentrated under the reduced pressure.
Purification by flash column chromatography (hexane/EtOAc 30:1) yield-
ed 25 (183 mg, 65 %) as colorless oil. The aldehyde was unstable and was
therefore used immediately in the next step.


(8R,9R,12S,13S)-13-(tert-Butyldimethylsilyloxy)-9,12-epoxy-pentacosa-
1,6-diyn-8-ol (26): The procedure was the same as that used for the prep-
aration of 9. Compound 26 (160 mg, 79%) was prepared from 25
(166 mg, 0.401 mmol) as a pale yellow oil. [a]25


D =++6.8 (c=1.02 in
CHCl3); 1H NMR: d=0.078 (s, 3 H), 0.081 (s, 3 H), 0.88 (t, J=7.0 Hz,
3H), 0.90 (s, 9H), 1.23–1.45 (m, 21 H), 1.60–1.67 (m, 1H), 1.73 (qn, J=
7.0 Hz, 2 H), 1.77–1.91 (m, 3H), 1.95 (t, J=2.4 Hz, 1 H), 1.99 (dq, J=
12.8, 7.9 Hz, 1H), 2.30 (td, J=7.0, 2.4 Hz, 2H), 2.35 (td, J=7.0, 1.8 Hz,
2H), 2.90 (d, J=4.3 Hz, 1 H), 3.58 (td, J=6.1, 3.7 Hz, 1H), 3.98–4.02 (m,
2H), 4.16 ppm (br s, 1 H); 13C NMR: d=�4.6, �4.4, 14.1, 17.5, 17.8, 18.2,
22.6, 25.4, 25.9 (3 C), 27.0, 27.4, 28.1, 29.3, 29.55, 29.59 (3 C), 29.62, 29.8,
31.9, 33.9, 65.5, 68.7, 74.3, 79.6, 82.10, 82.12, 83.4, 84.3 ppm; IR (KBr):
ñ=3450, 3313, 2231, 2119 cm�1; MS (FAB): m/z : 505 [M+H]+ ; HRMS
(FAB): m/z calcd for C31H57O3Si: 505.4077; found: 505.4091 [M+H]+ .


(5S)-3-[(E,2R,13R)-2-(tert-Butyldimethylsilyloxy)-13-hydroxy-13-
[(2R,5S)-5-[(1S)-1-(tert-butyldimethylsilyloxy)tridecyl]tetrahydrofuran-2-
yl]tridec-4-ene-6,11-diynyl]-5-methyl-2,5-dihydrofuran-2-one (27): The
procedure was the same as that used for the preparation of 17. Com-
pound 27 (98.7 mg, 73 %) was prepared from 26 (85.6 mg, 0.170 mmol)
and 5 (71.6 mg, 0.170 mmol) as a yellow oil. [a]24


D =�3.0 (c=0.75 in
CHCl3); 1H NMR: d=0.01 (s, 3 H), 0.06 (s, 3 H), 0.07 (s, 3 H), 0.08 (s,
3H), 0.86–0.90 (m, 3 H), 0.87 (s, 9H), 0.90 (s, 9 H), 1.23–1.47 (m, 21 H),
1.42 (d, J=6.7 Hz, 3 H), 1.58–1.65 (m, 1H), 1.70–1.91(m, 5H), 1.94–2.03
(m, 1H), 2.23–2.31 (m, 2H), 2.33 (td, J=7.3, 1.8 Hz, 2H), 2.38–2.43 (m,
2H), 2.42 (d, J=6.1 Hz, 2 H), 2.87 (d, J=4.9 Hz, 1H), 3.58 (td, J=6.1,
4.3 Hz, 1 H), 3.97–4.01 (m, 2 H), 4.05 (qn, J=6.1 Hz, 1 H), 4.15–4.17 (m,
1H), 5.01 (qd, J=6.7, 1.2 Hz, 1H), 5.47 (d, J=15.9 Hz, 1 H), 6.03 (dt, J=
15.9, 7.9 Hz, 1H), 7.11 ppm (br s, 1H); 13C NMR: d=�4.7, �4.6, �4.5,
�4.3, 14.1, 17.92, 17.95, 18.2, 18.5,18.8, 22.6, 25.4, 25.8 (3 C), 25.9 (3 C),
27.0, 27.7, 28.1, 29.3, 29.5, 29.57 (3 C), 29.61, 29.8, 31.9, 32.7, 33.9, 40.7,
65.5, 69.2, 74.3, 77.4, 79.4, 79.5, 82.1, 82.2, 84.6, 88.2, 112.7, 130.6, 138.4,
151.7, 173.7 ppm; IR (KBr): ñ=3484, 2222, 1759, 1653 cm�1; MS (FAB):
m/z : 800 [M+H]+ ; HRMS (FAB): m/z calcd for C47H83O6Si2: 799.5728;
found: 799.5710 [M+H]+ .


(5S)-3-[(2R,13R)-2-(tert-Butyldimethylsilyloxy)-13-hydroxy-13-[(2R,5S)-
5-[(1S)-1-(tert-butyldimethylsilyloxy)tridecyl]tetrahydrofuran-2-yl]tridec-
yl]-5-methyl-2,5-dihydrofuran-2-one (28): The procedure was the same as
the diimide reduction used for the preparation of 18. Compound 28
(45.5 mg, 60 %) was prepared from 27 (73.7 mg, 0.0922 mmol) as a yellow
oil. [a]26


D =++14.1 (c=0.95 in CHCl3); 1H NMR: d=0.01 (s, 3 H), 0.04 (s,
3H), 0.06 (s, 3H), 0.07 (s, 3 H), 0.86–0.89 (m, 3 H), 0.86 (s, 9H), 0.89 (s,
9H), 1.25–1.51 (m, 41 H), 1.41 (d, J=6.7 Hz, 3 H), 1.56–1.63 (m, 1H),
1.70–1.93 (m, 4H), 2.41 (d, J=5.5 Hz, 2 H), 2.65 (br d, J=2.4 Hz, 1H),
3.35–3.37 (m, 1H), 3.57 (td, J=5.5, 4.3 Hz, 1H), 3.77 (dt, J=7.3, 5.5 Hz,
1H), 3.91 (td, J=6.7, 4.3 Hz, 1 H), 3.94 (qn, J=5.5 Hz, 1 H), 5.00 (qd, J=
6.7, 1.2 Hz, 1 H), 7.11 ppm (d, J=1.2 Hz, 1H); 13C NMR: d=�4.53,
�4.49, �4.47, �4.3, 14.1, 18.0, 18.2, 19.0, 22.7, 25.1, 25.4, 25.8, 25.85 (3 C),
25.93 (3 C), 27.4, 28.2, 29.3, 29.57 (4 C), 29.61 (3 C), 29.65 (2 C), 29.69,


29.74, 29.8, 31.9, 32.7, 34.0, 34.3, 36.9, 70.2, 74.2, 74.6, 77.4, 81.5, 82.1,
130.8, 151.4, 174.0 ppm; IR (KBr): n=3509, 1761, 1657 cm�1; MS (FAB):
m/z : 810 [M+H]+ ; HRMS (FAB): m/z calcd for C47H93O6Si2: 809.6511;
found: 809.6546 [M+H]+ .


(5S)-3-[(2R,13R)-2,13-Dihydroxy-13-[(2R,5S)-5-[(1S)-1-hydroxytridecyl]-
tetrahydrofuran-2-yl]tridecyl]-5-methyl-2,5-dihydrofuran-2-one (16,19-
cis-murisolin, 2): The procedure was the same as that used for the prepa-
ration of 1. Compound 2 (20.9 mg, 85%) was prepared from 28 (34.3 mg,
0.0424 mmol) as a colorless waxy solid. M.p.=76.5–77.5 8C; [a]27


D =++11.3
(c=0.62 in CH2Cl2); 1H NMR: d=0.88 (t, J=7.0 Hz, 3 H), 1.23–1.53 (m,
42H), 1.43 (d, J=6.7 Hz, 3 H), 1.71–1.78 (m, 2 H), 1.90–1.97 (m, 2H),
2.40 (dd, J=15.3, 8.5 Hz, 1 H), 2.48 (br s, 1 H), 2.52 (ddd, J=15.3, 1.8,
1.2 Hz, 1 H), 2.66 (br s, 2 H), 3.42 (dt, J=7.3, 4.9 Hz, 2H), 3.80–3.86 (m,
3H), 5.06 (qd, J=6.7, 1.2 Hz, 1H), 7.19 ppm (d, J=1.2 Hz, 1H);
13C NMR: d=14.1, 19.1, 22.7, 25.5, 25.6, 25.7, 28.1 (2 C), 29.3, 29.4, 29.5
(2 C), 29.59 (3 C), 29.60 (3 C), 29.64 (2 C), 29.7, 31.9, 33.3, 34.03, 34.04,
37.4, 69.9, 74.3 (2 C), 78.0, 82.7 (2 C), 131.1, 151.8, 174.7 ppm; IR (KBr):
ñ=3438, 3342, 2918, 2848, 1747, 1649, 1469, 1315, 1203, 1120, 1074, 1028,
968, 849, 721 cm�1; MS (FAB): m/z : 581 [M+H]+ ; HRMS (FAB): m/z
calcd for C35H65O6: 581.4781; found: 581.4763 [M+H]+ .


(8S,9S,12R,13R)-13-(tert-Butyldimethylsilyloxy)-9,12-epoxy-pentacosa-
1,6-diyn-8-ol (ent-26): The procedure was the same as that used for the
preparation of 12. The compound ent-26 (105 mg, 79%) was prepared
from ent-25 (109 mg, 0.265 mmol) as a pale yellow oil. [a]27


D =�8.0 (c=
1.06 in CHCl3). The spectral data (1H NMR, 13C NMR, and MS spectra)
were identical to those of 26.


(5S)-3-[(E,2R,13S)-2-(tert-Butyldimethylsilyloxy)-13-hydroxy-13-
[(2S,5R)-5-[(1R)-1-(tert-butyldimethylsilyloxy)tridecyl]tetrahydrofuran-2-
yl]tridec-4-ene-6,11-diynyl]-5-methyl-2,5-dihydrofuran-2-one (29): The
procedure was the same as that used for the preparation of 17. Com-
pound 29 (170 mg, 78 %) was prepared from ent-26 (138 mg, 0.273 mmol)
and 5 (115 mg, 0.273 mmol) as a yellow oil. [a]26


D =�9.2 (c=0.95 in
CHCl3); 1H NMR: d=0.01 (s, 3H), 0.05 (s, 3 H), 0.068 (s, 3 H), 0.072 (s,
3H), 0.86–0.90 (m, 3 H), 0.87 (s, 9H), 0.90 (s, 9 H), 1.22–1.46 (m, 21 H),
1.41 (d, J=6.7 Hz, 3H), 1.59–1.65 (m, 1 H), 1.69–1.90 (m, 5H), 1.95–2.02
(m, 1H), 2.20–2.30 (m, 2H), 2.33 (td, J=7.0, 1.8 Hz, 2H), 2.37–2.42 (m,
4H), 2.89 (br d, J=3.7 Hz, 1 H), 3.58 (td, J=6.1, 4.3 Hz, 1 H), 3.97–4.01
(m, 2H), 4.04 (qn, J=5.5 Hz, 1H), 4.15 (br s, 1 H), 5.00 (qd, J=6.7,
1.2 Hz, 1 H), 5.46 (dt, J=15.9, 1.8 Hz, 1H), 6.03 (dt, J=15.9, 7.3 Hz, 1H),
7.11 ppm (d, J=1.2 Hz, 1H); 13C NMR: d=�4.7, �4.6, �4.5, �4.3, 14.1,
17.9, 18.0, 18.2, 18.5, 18.9, 22.6, 25.4, 25.8 (3 C), 25.9 (3 C), 27.0, 27.7, 28.1,
29.3, 29.55, 29.59 (3 C), 29.62, 29.8, 31.9, 32.8, 33.9, 40.7, 65.5, 69.2, 74.3,
77.5, 79.4, 79.5, 82.1, 82.2, 84.6, 88.2, 112.7, 130.6, 138.4, 151.8, 173.7 ppm;
IR (KBr): ñ=3480, 2222, 1759, 1655 cm�1; MS (FAB): m/z : 800 [M+H]+ ;
HRMS (FAB): m/z calcd for C47H83O6Si2: 799.5728; found: 799.5700
[M+H]+ .


(5S)-3-[(2R,13S)-2-(tert-Butyldimethylsilyloxy)-13-hydroxy-13-[(2S,5R)-
5-[(1R)-1-(tert-butyldimethylsilyloxy)tridecyl]tetrahydrofuran-2-yl]tridec-
yl]-5-methyl-2,5-dihydrofuran-2-one (30): The procedure was the same as
the diimide reduction used for the preparation of 18. Compound 30
(37.0 mg, 61%) was prepared from 29 (60.0 mg, 0.0751 mmol) as a color-
less oil. [a]28


D =++2.1 (c=1.09 in CHCl3); 1H NMR: d=0.01 (s, 3 H), 0.04
(s, 3H), 0.06 (s, 3 H), 0.07 (s, 3H), 0.86–0.89 (m, 3 H), 0.86 (s, 9H), 0.89
(s, 9H), 1.22–1.48 (m, 41 H), 1.41 (d, J=6.7 Hz, 3 H), 1.60 (dq, J=14.0,
6.7 Hz, 1 H), 1.71–1.92 (m, 4H), 2.41 (d, J=5.5 Hz, 2 H), 3.36 (ddd, J=
7.9, 5.5, 4.3 Hz, 1H), 3.57 (td, J=6.1, 3.7 Hz, 1 H), 3.77 (dt, J=6.7,
5.5 Hz, 1H), 3.89–3.97 (m, 2H), 5.00 (qd, J=6.7, 1.2 Hz, 1 H), 7.12 ppm
(s, 1H); 13C NMR: d=�4.53, �4.49, �4.48, �4.3, 14.1, 18.0, 18.2, 18.9,
22.7, 25.1, 25.4, 25.8, 25.85 (3 C), 25.93 (3 C), 27.4, 28.2, 29.3, 29.58 (3 C),
29.59 (3 C), 29.62 (2 C), 29.65, 29.69, 29.74, 29.8, 31.9, 32.7, 34.0, 34.3,
36.9, 70.2, 74.2, 74.6, 77.4, 81.5, 82.1, 130.8, 151.4, 174.0 ppm; IR (KBr):
ñ=3510, 1761, 1658 cm�1; MS (FAB): m/z : 810 [M+H]+ ; HRMS (FAB):
m/z calcd for C47H93O6Si2: 809.6511; found: 809.6536 [M+H]+ .


(5S)-3-[(2R,13S)-2,13-Dihydroxy-13-[(2S,5R)-5-[(1R)-1-hydroxytridecyl]-
tetrahydrofuran-2-yl]tridecyl]-5-methyl-2,5-dihydrofuran-2-one (unnatu-
ral 16,19-cis-murisolin, 3): The procedure was the same as that used for
the preparation of 1. Compound 3 (21.1 mg, 82 %) was prepared from 30
(36.1 mg, 0.0446 mmol) as a colorless waxy solid. M.p.=65.0–66.0 8C;
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[a]29
D =++9.1 (c=0.50 in CH2Cl2); 1H NMR: d=0.88 (t, J=7.0 Hz, 3H),


1.26–1.51 (m, 42 H), 1.43 (d, J=6.7 Hz, 3H), 1.72–1.79 (m, 2 H), 1.88–1.97
(m, 2H), 2.33–2.64 (m, 3H), 2.40 (dd, J=15.3, 8.5 Hz, 1H), 2.52 (ddd, J=
15.3, 1.8, 1.2 Hz, 1 H), 3.42 (dt, J=7.3, 5.5 Hz, 2 H), 3.80–3.87 (m, 3H),
5.06 (qd, J=6.7, 1.2 Hz, 1H), 7.19 ppm (d, J=1.2 Hz, 1H); 13C NMR:
d=14.1, 19.1, 22.7, 25.5, 25.6, 25.7, 28.1 (2 C), 29.3, 29.40, 29.43, 29.5
(3 C), 29.62 (3 C), 29.64 (3 C), 29.7, 31.9, 33.3, 34.0, 34.1, 37.4, 70.0, 74.3
(2 C), 78.0, 82.7 (2 C), 131.2, 151.8, 174.6 ppm; IR (KBr): ñ=3444, 3340,
2918, 2850, 1747, 1716, 1651, 1464, 1321, 1205, 1120, 1093, 1030, 971, 850,
721 cm�1; MS (FAB): m/z : 581 [M+H]+ ; HRMS (FAB): m/z calcd for
C35H65O6: 581.4781; found: 581.4795 [M+H]+ .


Cell-growth inhibition analysis : This experiment was carried out at the
Cancer Chemotherapy Center, Japanese Foundation for Cancer Re-
search. The screening panel consisted of the following 39 human cancer
cell lines: breast cancer HBC-4, BSY-1, HBC-5, MCF-7, and MDA-MB-
231; brain cancer U251, SF-268, SF-295, SF-539, SNB-75, and SNB-78;
colon cancer HCC2998, KM-12, HT-29, HCT-15, and HCT-116; lung
cancer NCI-H23, NCIH-226, NCI-H522, NCI-H460, A549, DMS273, and
DMS114; melanoma LOX-IMVI; ovarian cancer OVCAR-3, OVCAR-4,
OVCAR-5, OVCAR-8, and SK-OV-3; renal cancer RXF-631L and
ACHN; stomach cancer St-4, MKN1, MKN7, MKN28, MKN45, and
MKN74; and prostate cancer DU-145 and PC-3. The GI50 (50 % growth
inhibition) value for these cell lines was determined by using the sulfo-
rhodamine B colorimetric method. A detailed method is described else-
where.[20]
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High Resolution 1H NMR Structural Studies of Sucrose Octaacetate in
Supercritical Carbon Dioxide


Baby Chandrika,[a, b] Laura K. Schnackenberg,[a, c] Poovathinthodiyil Raveendran,*[a, d] and
Scott L. Wallen*[a]


Introduction


The use of supercritical carbon dioxide (scCO2) as an alter-
native solvent for a wide range of applications including bio-
molecular separations is gaining importance in “green
chemistry” since CO2 is environmentally acceptable, non-
flammable, nontoxic, and inexpensive.[1] Supercritical fluids


are unique solvents for NMR studies because of their gener-
al characteristics that bridge the gap between gas-like and
liquid-like properties. Additionally, the solvent properties of
supercritical fluids can be tuned widely by adjusting pressure
and temperature. The structural and conformational studies
of biomolecules in supercritical fluids are of importance not
only due to applications in analytical chemistry, but also in
the correlation of their pressure-dependent structural and
conformational changes to their biological activity. In the
macromolecular limit, the transverse relaxation rates and
the resonance line widths are directly proportional to the ro-
tational correlation time, and thereby to the viscosity of the
medium. The fast molecular tumbling and low relaxation
times[2] of molecular systems in supercritical fluids can be of
importance in investigating the conformational preferences
of biomolecules by NMR spectroscopy, as well as in resolv-
ing the spectral overlaps often associated with systems such
as glycoconjugates and other polysaccharides. Herein, we
present the use of scCO2 as a potential solvent for high reso-
lution NMR studies of carbohydrate-based systems with su-
crose octaacetate (abbreviated as SOA, Figure 1) as a model
molecular system. The choice of SOA is primarily due to
the high solubility of peracetylated sugars in scCO2


[3] and
also inherent conformational flexibility across the intergly-
cosidic linkage.[4]


High pressure NMR spectroscopic studies can contribute
a wealth of fundamental information on the structure and
dynamics of molecules in liquids under the extreme parame-
ters of pressure and temperature. Such methods have previ-


Abstract: High pressure (HP), high res-
olution (HR), proton nuclear magnetic
resonance (1H NMR) spectroscopy has
been utilized for the first time to inves-
tigate the solution structure of a carbo-
hydrate based system, sucrose octaace-
tate (SOA), in supercritical CO2. The
studies indicate that the average solu-
tion state conformation of the a-d-Glu-


copyranosyl ring of SOA in scCO2


medium is consistent with the 4C1 chair
form, while the b-d-fructofuranosyl
ring adopts an envelope conformation.


The investigations also suggest that
scCO2 is a promising medium to study
the solution structure and conforma-
tion of acetylated sugar systems. Spec-
tral manifestations of a specific interac-
tion between the acetate methyl pro-
tons and CO2 molecules are also pre-
sented.
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ously been used to study the
solubility, media effects, van der
Waals interactions, hydrogen
bonding, and solute–solvent in-
teractions of small organic mol-
ecules dissolved in liquid or su-
percritical CO2.


[5] In addition,
over the past three decades the
study of the structure and dy-
namics of proteins under vari-
ous pressures has emerged as a
promising approach to the
mechanism of protein dynamics
and folding.[6] Since CO2 pro-
vides an aprotic medium, an
added advantage arises due to
the absence of any solvent in-
terferences in the 1H NMR
spectrum. Additionally, the ab-
sence of high salt concentra-
tions, typically associated with
buffers in aqueous biomolecular systems, should allow the
utilization of next-generation cryogenic probes without the
loss in sensitivity due to electrical noise from high conduc-
tivity samples. However, biomolecular NMR studies in
scCO2 have been limited to the study of molecules dispersed
in the water core of water-in-CO2 reverse microemulsions.[7]


To the best of our knowledge no attempt has been made to
study carbohydrate-based systems in scCO2 by using high
pressure NMR spectroscopy. This is mainly due to the CO2-
phobicity of most of these systems, which are essentially
polar. Recently, we demonstrated that it is possible to CO2-
philize polyhydroxy systems such as carbohydrates by substi-
tuting the hydrophilic hydroxyl groups with the CO2-philic
acetate groups.[8] We hypothesize that the NMR investiga-
tion of acetylated carbohydrate systems in scCO2 will help
to resolve several structural issues encountered in studies
using conventional solvents. The current work presents pre-
liminary results in that direction.


Results and Discussion


The 1H NMR spectrum of the ring protons of SOA in scCO2


(183 bar, 40.0 8C) by using a two-fold proton NMR capillary
cell is shown in Figure 2. With gradient shimming program,


1D spectrum (32 K data points) with digital resolution of
0.189 Hz per point has been achieved without spinning the
sample. The spectrum shows well-resolved signals corre-
sponding to H-1, H-2, H-3, and H-4 of the glucopyranose
moiety, and H-3’ and H-4’ of the fructofuranose moiety. As
expected, the anomeric proton of the glucopyranoside ring
(H-1) is the farthest downfield shifted proton and its signal
appears as a doublet due to a simple first-order splitting.
The H-3’ proton of the fructofuranose ring also appears as a
doublet. There was considerable overlap of signals around


4.25 ppm. However, the assignment of these signals were
easily established from the gradient selected two-dimension-
al total correlation spectroscopy (gs-TOCSY)[9a] experiment.
The TOCSY experiment is particularly versatile as one can
establish complete connectivity among spins in a consecu-
tive network of coupled spins.[9b] The gradient selected tech-
niques use pulsed field gradients (PFGs) to select the de-
sired coherence-transfer pathway which results in higher
quality spectra in a much shorter time frame.[9c] The use of
gradient enhanced 2D correlation techniques not only offers
the above-mentioned advantage, but also markedly im-
proves the intensity of the correlation peaks between sugar
protons. This is particularly important when small coupling
constants are involved.[9d]


The 600 MHz gs-TOCSY spectrum of SOA in scCO2 is
shown in Figure 3. The high sensitivity of the TOCSY tech-
nique together with the use of a high field (600 MHz) NMR
spectrometer made it possible to record good quality
HP NMR spectra with relatively low sample volume. This
facilitates complete assignment of ring proton signals of
SOA in the scCO2 medium. The chemical shifts of ring pro-
tons of SOA in scCO2 thus assigned are given in Table 1.
The scalar coupling constants (3JH,H) of the well separated
signals are also shown. The 3JH,H coupling constant values
(Table 1) obtained demonstrate that in scCO2 solution there


Figure 1. Sucrose octaacetate with carbons labeled. The atoms in the
fructose moiety are primed, and those in the glucopyranose moiety are
unprimed.


Figure 2. 600 MHz 1H NMR spectrum of SOA in scCO2 (183 bar, 40.0 8C) using a two-fold capillary cell.
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is an axial-equatorial relationship between H-1 and H-2,
and trans-diaxial relationship between H-2/H-3, H-3/H-4,
and H-4/H-5 of the glucopyranosyl ring. The H-2 coupling
constants observed (3.50 and 10.38 Hz) are characteristic of
an axial proton coupled to a vicinal, axial proton on one
side and a vicinal equatorial proton on the other side. The
observed coupling constant data suggests that the average
solution state conformation of the glucopyranosyl ring of
SOA in scCO2 medium is consistent with the 4C1 chair form.
The differences in the coupling constants observed for 3JH-


3’,H-4’ and 3JH-4’,H-5’ suggests that the fructofuranosyl ring of


SOA adopts an envelope conformation. Also, since the J
values are relatively higher, the C-3’ is exo rather than endo
(in which case the 3JH-3’,H-4’ and 3JH-4’,H-5’ values are very
small). Hence it is apparent that an envelope (3E) conform-
er with an exo C-3’ must be responsible for decreasing the
unfavorable interaction between the C-3’-acetate group and
the anomeric oxygen of SOA in scCO2 medium.


The acetate region of the 1H NMR spectrum of SOA in
scCO2 is shown in Figure 4. Recent high resolution NMR
studies of SOA in various conventional solvents[10] showed
considerable spectral overlap of the acetate region, particu-
larly in solvents such as CDCl3, CD3CN, C6D5CN and
CD3COCD3. However, the eight acetate signals of SOA are
well separated in the scCO2 medium; this suggests that
scCO2 is an excellent solvent to study the solution structure
and conformation of acetylated sugars. Nevertheless, unam-
biguous assignment of the eight acetate signals in scCO2 is
not attempted in this study, since this requires the concerted
use of other relatively insensitive two dimensional tech-
niques such as heteronuclear single quantum coherence
(HSQC) and heteronuclear multiple bond correlation
(HMBC). It should be noted that the spectra presented here
are recorded by using a two-fold proton NMR capillary. In
the future we plan more detailed studies by increasing the
number of folds in the capillary or utilizing other types of
high pressure cells with larger volume.[5b]


Monitoring changes in the 1H NMR chemical shift as a
function of decreasing pressure has been reported as a
means of determining the phase behavior and density in su-


Table 1. 600 MHz 1H NMR chemical shift data for sucrose octaacetate
dissolved in scCO2 (183 bar, 40.0 8C). Coupling constant values (3JH,H) of
well separated signals are also given.


Proton type d [ppm] Coupled nuclei 3JH,H [Hz]


H-1 5.746 H-1,H-2 3.50
H-2 4.935 H-2,H-3 10.38
H-3 5.592 H-3,H-4 9.95
H-4 5.173 H-4,H-5 9.97
H-5 4.385
H-6 4.282, 4.212
H-1’ 4.297, 4.271
H-3’ 5.554 H-3’,H-4’ 5.90
H-4’ 5.489 H-4’,H-5’ 5.99
H-5’ 4.374
H-6’ 4.192


Figure 3. 600 MHz gs-TOCSY spectrum of the sugar ring protons of SOA
in scCO2 (183 bar, 40.0 8C). The corresponding 1D spectrum is also
shown. The phase sensitive mode spectra were acquired by using MLEV-
17 during the 60 ms isotropic mixing period.


Figure 4. 600 MHz 1H NMR spectra of acetate protons of SOA in scCO2.
The eight acetate signals are well separated in scCO2 medium.
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percritical fluids.[5b, 11] It was also demonstrated that in the
gas-like and liquid-like states the solvation structure in CO2


varies rapidly with the bulk density, whereas near the critical
point, the solvation structure remains almost unchanged or
even presents an apparent increase (density augmentation)
in the local solvent density.[5c,d] In order to study the effect
of solvent density on the proton chemical shifts in SOA, var-
iation of the chemical shifts of the ring protons of SOA was
studied as a function of CO2 density. Isothermal NMR spec-
tra were first recorded at the highest pressure point. Subse-
quent data were then collected as a function of decreasing
pressure by bleeding the sample through a fused silica re-
strictor and allowing for pressure and temperature equilibra-
tion. The data were collected in this manner to ensure a
constant mole fraction of the solute with respect to CO2.
The chemical shift variations of the ring protons of SOA as
a function of CO2 density are presented in Figure 5.


It is apparent that the chemical shift increases as a func-
tion of decreasing density. This trend is commonly observed
for a wide variety of NMR active nuclei.[5b, c] In the absence
of any specific interaction, a strong linear dependence of the
chemical shift on the supercritical fluid density is generally
expected. The small deviation from linearity (slope ranging
from �0.183 to �0.128 ppm mL g�1 and correlation coeffi-
cient, R 2, ranging from 0.958 to 0.846) observed within the
supercritical fluid regime in Figure 5 may be attributed to
specific solute–solvent interactions.


In NMR studies of the solute–solvent interactions, the
chemical shifts of the protons located at a periphery of a
molecule are expected to be the most sensitive probes for
the local solvent effects.[5c,d,11b] In this case, the acetate moi-
eties on the periphery of the sugar ring are the primary sites
for solute–solvent interactions.[3] Several previous studies
have indicated that as far as the microscopic solvation of
molecular systems in scCO2 is concerned, one needs to con-
sider CO2 as a charge separated molecule with the carbon
atom acting as a Lewis acid and the oxygen atoms as Lewis


base units.[8,12] Ab initio calculations[8] of CO2 complexes
with simple, model acetate compounds indicated the possi-
bility of a cooperative C-H···O hydrogen-bonding interac-
tion between the methyl proton of the acetate moiety and
one of the negatively polarized CO2 oxygen atoms (in addi-
tion to the interaction of the carbonyl group and the carbon
atom of CO2), providing an additional mechanism for ex-
plaining the increased CO2 solubility of acetate-containing
compounds.[3,8] In order to gather experimental evidence for
the existence of any C-H···O interaction between the methyl
proton of the acetate moiety and the negatively polarized
CO2 oxygen atoms, the 1H NMR chemical shift values of
acetate protons of SOA (0.05m) in scCO2 medium were
compared with the corresponding values in CDCl3 and
CD3COCD3 solvents and the data are presented in Table 2.
Compared with the chemical shift values in CDCl3 and
CD3COCD3, the acetate proton signals experienced an up-
field shift in scCO2 as illustrated in Table 2 and Figure 6.
These results are consistent with the earlier reports on C-


H···O hydrogen bonding that CH donor with sp3 hybridiza-
tion show a bond contraction and blue shift; whereas a bond
stretch and red shift are observed for sp donors.[13]


Despite a growing number of reports, the exact nature of
the C-H···O interaction is still controversial.[14] While some
IR studies observed the traditional red-shift in the C�H
stretching mode, several other studies report a blue-shift.
Some recent studies and ab initio calculations also have
shown a blue-shift in the C-H stretch frequency, accompa-
nied by a contraction of the C�H bond.[8,14, 15] It was demon-
strated that interactions involving sp hybridized carbon are
similar to O-H···O interactions; this shows a lengthening of


Figure 5. Change of 1H NMR chemical shifts with CO2 density (CO2 den-
sities of the solutions were calculated on the basis of NIST[20] data): * H-
1, * H-3, ! H-3’, ! H-4’, & H-4, & H-2.


Table 2. Comparison of chemical shift values (referenced to internal
TMS) of the acetate protons of 0.05m SOA solutions for various solvents.


Solvent Acetate signals (d/ppm)


scCO2 2.092, 2.014, 2.009, 1.998, 1.982, 1.975, 1.927, 1.900
CD3COCD3 2.177, 2.116, 2.116, 2.110, 2.100, 2.098, 2.045, 2.017
CDCl3 2.161, 2.080, 2.080, 2.076, 2.073, 2.041, 2.016, 1.978


Figure 6. Comparison of 1H NMR chemical shifts of acetate protons in
scCO2 (~) with conventional solvents (* CDCl3 and * CD3COCD3).
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the bond, high dependence of bond strength on intermolecu-
lar distance and the classical red-shift of the C�H vibration-
al mode.[13] However, carbons possessing either sp2 or sp3 hy-
bridization show a decreased dependence of bond strength
as a function of intermolecular distance. Carbons with an
sp2 hybridization can exhibit small degrees of either bond
stretching or contraction, depending on the particular type
of electronegative substitution. In the case of sp3 hybridized
carbons, the bond undergoes a contraction, with a subse-
quent blue-shift of the vibrational mode.


Consistent with the red- or blue-shift in the IR studies
and ab initio calculations, corresponding deshielding or
shielding of the protons were also reported, which depend
on the hybridization of the carbons attached to the protons
involved in hydrogen bonding.[16] Recent nuclear Overhaus-
er enhancement spectroscopy (NOESY) studies by Donati
and co-workers also provided evidence of strong CH···O
bonds in solution.[17] In view of these reports and the data
given in Table 2 and Figure 6, it may be plausible that the
observed upfield chemical shift values of acetate protons of
SOA in scCO2 are spectral manifestations of a specific C-
H···O interaction between the sugar acetate protons and
CO2, in agreement with the literature data.[8,18] Also, the fact
that the C-H···O bond in scCO2 solution observed at temper-
atures as high as 40.0 8C implies that this interaction should
be of relevance to the solvation of these systems in scCO2.


Conclusion


In this work, we have investigated the solution structure of
sucrose octaaetate, as a model system for oligosaccharides,
in supercritical CO2 using high resolution 1H NMR spectros-
copy. To the best of our knowledge, this is the first NMR
study of a carbohydrate-based molecular system in scCO2.
The individual signals of the ring protons of the 1H NMR
spectrum of SOA in scCO2 medium have been assigned by
using gs-TOCSY. The studies indicate that the average solu-
tion-state conformation of the glucopyranosyl ring of SOA
in scCO2 medium is consistent with the 4C1 chair form, while
the fructofuranosyl ring adopts an envelope conformation.
Also, a comparison of the spectra in scCO2 with those of
conventional solvents suggests that scCO2 is a promising sol-
vent to study the solution structure and conformation of
sugar-based systems. Spectral manifestations of specific
solute–solvent interaction between the solute protons and
CO2 molecules have also been presented. The present study
opens new opportunities to study the solution structure and
dynamics of other acetylated polysaccharides and glycopro-
teins in scCO2, providing new insight into their pressure de-
pendent behavior.


Experimental Section


Materials : Sucrose octaacetate (1,3,4,6-tetra-O-acetyl-b-fructofuranosyl-
a-d-glucopyranoside tetraacetate) was purchased from Sigma and was


used as received. Supercritical fluid extraction (SFE) grade CO2 (Scott
Specialty Gases Inc., 99.999 %) and CDCl3 (Aldrich, 99.98 %) were used
as received.


NMR spectra : All NMR experiments were performed on a Varian Inova
600 MHz NMR spectrometer operating at 599.746 MHz for 1H and
equipped with a 5 mm triple-resonance PFG probe (908 1H pulse width
6 ms). The 2H signal of CDCl3 served as the reference for the field-fre-
quency lock. The 1H chemical shifts were referenced to internal TMS.
Standard Varian pulse programs (VNMR 6.1B) were employed through-
out. The 1D spectrum was acquired with 32 K data points and a digital
resolution of 0.189 Hz per point. All the spectra were collected without
spinning the sample. The gs-TOCSY data were acquired with a sweep
width of 6000 Hz in both dimensions. 16 transients of 1024 complex
points were accumulated for 128 t1 increments and a relaxation delay of
2 s was used. The phase sensitive mode spectra were acquired using
MLEV-17 during the 60 ms isotropic mixing period. The States procedure
was followed for frequency discrimination in the indirect dimension.
Prior to Fourier transformation, zero filling to 2 K P 2 K complex points
was performed, and apodized with a weighted function (Gaussian) in
both dimensions.


High-pressure setup : The high pressure setup utilized herein was based
on the method of Yonker et al.[19] The high pressure NMR cell consists of
a polyimide-coated, fused silica capillary tube with an internal diameter
of 100 mm and an external diameter of 360 mm. This H NMR cell was di-
rectly connected to our standard high pressure equipment and placed in
the triple resonance probe of a 600 MHz Varian NMR instrument. A
schematic diagram of the experimental setup is shown in Figure 7.


A syringe pump (Isco 100D) was used to supply CO2 to the HP NMR
cell and to generate the experimental pressure which was measured by a
Bourdon tube gauge (Heise Inc.). The two-fold capillary fits into a regu-
lar 5 mm NMR tube containing CDCl3, which was used as an external
lock solvent. One end of the capillary was connected to a commercial
PEEK extraction vessel (15 cm length P 7.13 cm diameter, Upchurch Sci-
entific) by using standard high pressure valves and tubings (High Pres-
sure Equipment, HIP) and the other end was connected downstream to a
fused silica restrictor with an internal diameter of 10 or 15 mm. This is im-
portant to ensure that as the carbohydrate solution was flowing through
the system, the pressure drop occurred in the restrictor. This was verified
with this setup through the use of a downstream pressure gauge.


The sample (0.250 g, [SOA]=0.05m) was first placed in the extractor,
mixed with CO2, and stirred with a magnetic stir bar. Subsequently, the
system was pressurized to 207 bar and the temperature was slowly raised
to 40.0 8C. Mixing and dissolution take place inside the extractor and the
solution was then transferred to the capillary tube that acts as the high
pressure NMR cell. The concentration was chosen by performing phase


Figure 7. A schematic diagram of the HP NMR set-up.
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stability studies in a view cell prior to the NMR experiments. Air in the
capillary was flushed out initially by opening the valve at the end of the
capillary and flushing with CO2. The volume of the capillary tubing is es-
sentially negligible relative to the volume of the high pressure setup.
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Introduction


Dye-sensitized solar cells (DSSCs) have attracted much in-
terest, since the first report from Gr�tzel and co-workers[1,2]


because of their relatively low cost and reasonably high con-
version efficiency (the maximum is 10%) relative to conven-
tional Si or GaAs solar cells. Photosensitizers have attracted
much attention as light-harvesting species and charge-trans-
fer media in DSSCs.[1–4] Generally, photosensitizers include
inorganic materials, organic molecules, and coordination
compounds,[1–5] of which ruthenium bipyridyl carboxylic acid
complexes[1,2] are the most efficient sensitizers up to now.
However, the expensive and rare ruthenium complexes limit
their wide applications. Recently, many efforts in the area


photosensitizers have focused on conjugated polymers and
oligomers due to their inexpensiveness and excellent stabili-
ty. In fact, a lot of conjugated polymers and oligomers can
serve as both photosensitizers and solid electrolytes in
DSSCs, because they not only can absorb visible light, but
also possess hole-transfer properties. The involved polymers
and oligomers are polypyrole,[6] polyaniline,[7] poly(p-phenyl-
enevinylene)s,[8] phenyl-conjugated oligoene,[9] polythio-
phenes,[10–12] and so on. Among them, polythiophenes are
studied intensively as photosensitizers in DSSCs due to their
stability, low price, and excellent opto-electronic and elec-
trochemical properties.[10–12] Yanagida et al. reported[12] the
polythiophene-sensitized DSSCs with an overall conversion
efficiency (he) of ~2.4% by introducing carboxylic acid into
the polymers and ionic liquids into electrolytes; this is the
best result for DSSCs based on thiophene sensitizers so far.
Thiophene oligomers are not only similar to polythiophenes
with respect to the above-mentioned merits, but also have
better solubility and well-defined functional properties due
to their precise chemical structures. Hence, they are techno-
logically promising materials to substitute for polythio-
phenes. There are many efforts devoted to thiophene
oligomers, which mainly focus on their physicochemical
properties and applications in molecular electronic devices
and in photoelectric conversion systems.[13,14] In this paper,


Abstract: Novel carboxylated oligo-
thiophenes with different thiophene
units were designed and synthesized as
photosensitizers in dye-sensitized solar
cells (DSSCs) for efficient opto-electric
materials. The introduction of �COOH
into thiophene molecules can lead to a
red shift of UV-visible absorption, in-
crease light-harvesting efficiency, and
enhance photoinduced charge transport
by forming efficient covalent bonds to
the substrate surface. A red shift of the
absorption spectrum of oligothiophene


is also achieved by the increase in the
number of thiophene units. The DSSCs
based on the oligomers have excellent
photovoltaic performances. Under
100 mWcm�2 irradiation a short-circuit
current of 10.57 mAcm�2 and an over-
all energy conversion efficiency of
3.36% is achieved when pentathio-


phene dicarboxylated acid was used as
a sensitizer. The incident photo-to-cur-
rent conversion efficiency (IPCE) has a
maximum as high as 80%. In addition,
photovoltage and photocurrent tran-
sients show that slow charge recombi-
nation in DSSCs is important for effi-
cient charge separation and excellent
photoelectric conversion properties of
the oligomers. These initial and promis-
ing results suggest that carboxylated
oligothiophenes are efficient photosen-
sitizers.
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two carboxyl-substituted oligothiophenes with different thio-
phene units [3’-amyl-5,2’:5’,2’’-terthiophene-2,5’’-dicarboxylic
acid (TTDA) and 3’-amyl-5, 2’:5’,2’’: 5’’,2’’’:5’’’,2’’’’-pentathio-
phene-2,5’’’’-dicarboxylic acid (PTDA)] are used as photo-
sensitizers in DSSCs, and their photoelectric properties are
studied in detail.


Results and Discussion


UV-visible absorption and emission properties of TTDA
and PTDA sensitizers : Photophysical properties including
UV-visible absorption and fluorescence are very important
for evaluation of photosensitizers. Figure 1 (left-hand


curves) shows the UV-visible absorption spectra of solutions
of TTDA and PTDA in N,N-dimethyl formamide (DMF).
The p–p absorptions are observed with the absorption peak
(lmax) located at 378 nm for TTDA and 420 nm for PTDA.
Both absorption peaks shift to longer wavelengths relative
to those of the unsubstituted thiophenes, terthienyl (355 nm)
and pentathienyl (416 nm), respectively.[15–17] This phenom-
enon indicates that the introduction of �COOH group in-
creases the conjugation length by p–p interaction between
carboxylic group and the thiophene rings.[9,18, 19] From UV-
visible spectra, the red shift of lmax of PTDA with respect to
that of TTDA can be seen, and is ascribed to the expansion
of p-conjugated system by the increase of thiophene
units.[15–18] Meanwhile, the molar absorption coefficients (e)
are calculated from the UV-visible spectra to be 2.5M
104m�1 cm�1 for TTDA and 4.1M104m�1 cm�1 for PTDA,
both of which are larger than the e of Ru complexes[20] used
as the most efficient photosensitizers in DSSCs. The red
shift of UV-visible absorption and the large e is of great
benefit to the photovoltaic performance of DSSCs.


The fluorescence spectra of solutions of TTDA and
PTDA in DMF are also shown in Figure 1 (right-hand


curves). These spectra have large Stokes shifts, and vibra-
tional fine structure can be observed with the two main
maxima at 446 and 465 nm for TTDA and at 514 and
538 nm for PTDA; these results suggest that the oligothio-
phenes adopt a more planar conformation in the first excit-
ed state due to the increased contribution of a quinoid elec-
tronic structure.[16,18,21–25] This may improve the relaxation
time of excited state and be favorable for the photoelectron
transfer.


In addition, the energy levels of TTDA and PTDA (see
the Supporting Information) estimated by UV-visible spec-
tra and cyclic voltammograms match well with that of TiO2


and the redox potential of I�/I3
� in LiI/I3


� in acetonitrile.[26]


Hence, they are employed as photosensitizers for fabrication
of the dye-sensitized nanocrystalline TiO2 solar cells.


The photoelectric conversion performance of nanocrystal-
line TiO2 solar cells sensitized by TTDA and PTDA :
Figure 2 shows current–voltage (J–V) characteristics of devi-


ces under the simulated solar irradiation of 100 mWcm�2.
From the J–V charateristics, an open-circuit voltage (Voc) of
0.50 V, a short-circuit current density (Jsc) of 6.27 mAcm�2,
and an he value of 1.85% are obtained for the TTDA
device. However, larger values of Voc (0.57 V), Jsc
(10.57 mAcm�2) and he (3.36%) are achieved for the
PTDA-sensitized device; these results indicate that PTDA
device has better photovoltaic performance than TTDA-sen-
sitized one. It should be mentioned that, to our knowledge,
the photoelectrochemical performances achieved by PTDA
as a photosensitizer are the best among various photovolta-
ics based on thiophenes reported so far.[10–12]


Figure 3 (top) shows the spectra of the incident photon-
to-current conversion efficiency (IPCE) of the solar cells in
the visible light region. It matches well with the absorption
spectra of the corresponding photosensitizers on TiO2 films
shown in Figure 3 (middle). A maximum IPCE (IPCEmax)
value of almost 80% is achieved by PTDA-sensitized
device, which is close to that obtained with an Ru complex


Figure 1. The normalized UV-visible spectra (left-hand curves) and fluo-
rescence spectra (right-hand curves) of TTDA and PTDA in DMF.


Figure 2. Current–voltage characteristics of the nanocrystalline TiO2 solar
cells sensitized by TTDA and PTDA under a solar simulator irradiation
of 100 mWcm�2.
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system.[20] Compared with IPCE values of TTDA-sensitized
device, those of PTDA-sensitized one are all larger in the
visible-light region. This is consistent with the order of Jsc.


From UV-visible spectra of the photosensitizers on TiO2


films (Figure 3; middle), it can be seen that the visible ab-
sorbance of PTDA on TiO2 film is larger with the broader
absorption band in the most part of visible light region com-
pared with that of TTDA. Therefore, the light-harvesting ef-
ficiency (LHE) of PTDA as a photosensitizer can be pre-
dicted to be larger than that of TTDA in the visible-light
region. Indeed, it can be seen from LHE spectra of TTDA
and PTDA on TiO2 films in Figure 3 (bottom) that the LHE
of PTDA, which is approximately 80% between 400 and
550 nm, is higher than that of TTDA; this is one reason for
the optimal photovoltaic performances of the PTDA device.
In addition, a red-shift absorption threshold of TTDA
(600 nm) and PTDA (670 nm) on TiO2 films is observed
with respect to those found in solutions of TTDA and
PTDA in DMF (470 nm for TTDA and 527 nm for PTDA),


indicating that there are strong interactions between thio-
phene oligomers and TiO2 films. It has already been report-
ed that carboxylic group in polythiophenes can interact with
TiO2.


[11] Not only can this interaction lower energy levels
and excitation energies, induce a red shift of UV-visible ab-
sorption, and increase LHE of sensitizers, but it can also ac-
celerate injection of photoinduced electrons from sensitizers
to TiO2 in the process of light excitation.[1,11, 27–29] This deduc-
tion can be reflected by the complete fluorescence quench-
ing of the photosensitizers absorbed on TiO2 films, and also
suggests that the injection efficiency of photoelectrons from
excited state of these sensitizers to conduction band of TiO2


is close to unity (the detailed illustration is shown in the
Supporting Information).


Photovoltage and photocurrent transients of nanocrystalline
TiO2 solar cells sensitized by TTDA and PTDA : The photo-
voltage and photocurrent transients of the devices based on
TTDA and PTDA sensitizers were measured for investiga-
tion of the charge transport and recombination dynamics in
the DSSCs, because the photovoltage or photocurrent decay
is inferred as electron decay by charge recombination in cir-
cuit.[30–32] As shown in Figure 4, at the moment the sensitiz-


ers are excited, the photocurrent and photovoltage respons-
es almost instantaneously reach maxima and then decay
with time following a double-exponential decay curve; how-
ever, their maximum values and decay rates are different.
For the double-exponential fits of photovoltage (Figure 4,
top) and photocurrent (Figure 4, bottom) transients, the two
corresponding exponential time constants differ by at least a


Figure 3. Top: The IPCE curves of the nanocrystalline TiO2 solar cells
sensitized by TTDA and PTDA. Middle: The UV-visible spectra of
TTDA- and PTDA-sensitized TiO2 films on quartz substrates. Bottom:
The LHE spectra of the TiO2 films on quartz substrates sensitized by
TTDA and PTDA.


Figure 4. The photovoltage (top) and photocurrent (bottom) transients of
nanocrystalline TiO2 solar cells sensitized by TTDA and PTDA.
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factor of five, and the faster decay accounts for about 51–
95% of the whole decay. To simplify the expression, a tran-
sit time t1/2 is defined and discussed as the time when the
photovoltage or photocurrent decays to half of the peak
value.[30,31] In the photovoltage transients (Figure 4, top), t1/2
is 5.9 and 39.2 ms for the TTDA and PTDA devices, respec-
tively. In the open circuit, the voltage decay is mainly
caused by interfacial recombination of injected photoelec-
tron with the oxidized dye and electrolyte solution. Thus,
the larger t1/2 value for PTDA indicates that the interfacial
charge recombination rate of injected electrons with both
dye cations and acceptors of redox couples in electrolyte so-
lution of PTDA is lower; this is one of the reasons for the
larger Voc in the PTDA device than that in the TTDA one.
In the photocurrent transients (Figure 4, bottom), t1/2 is 0.67
and 1.13 ms for the TTDA and PTDA devices, respectively;
these values are coincident with the increasing trend of t1/2
in the photovoltage transient. This indicates[31] that the
charge recombination and electron escape in the closed cir-
cuit decreases in the order of TTDA and PTDA. As a
result, the Jsc of PTDA device is larger than that of TTDA
one.


Conclusion


Novel carboxylated thiophene oligomers, TTDA and PTDA,
were synthesized. Their UV-visible absorption properties
and light-harvesting efficiencies were found to be controlled
by introduction of �COOH moieties and the number of
thiophene units. The photoelectric responses of DSSCs
based on these sensitizers show that the oligothiophenes
have efficient photoinduced charge transfer and excellent
photoelectric conversion properties. The overall conversion
efficiency of PTDA-sensitized DSSC is the largest (3.36%)
among various photovoltaic devices based on thiophene
polymers or oligomers so far, and especially, the maximum
IPCE value (ca. 80%) is close to that of DSSCs based on
Ru complex sensitizers. Photovoltage and photocurrent tran-
sients show that a low charge-recombination rate in DSSCs
is crucial for efficient photovoltaic performance. These re-
sults strongly support the prospects for successful applica-
tion of oligothiophene-sensitized DSSCs and indicate the
significance of molecular design of the photosensitizer for
the highly efficient DSSCs.


Experimental Section


Materials : TTDA and PTDA were adopted as photosensitizers. Their
schematic molecular formulae are shown here, and their synthesis pro-
cesses are described in the Supporting Information.


Fabrication of the nanocrystalline TiO2 solar cells sensitized by TTDA
and PTDA : The TiO2 photoelectrodes were prepared according to the
method proposed by Tennakone et al.[33] with the specific surface area of
20 m2g�1 (detected by BFHP ST-08 A specific surface system, China).
The prepared TiO2 electrodes were immersed into TTDA and PTDA so-
lutions overnight, and thus the photosensitizers were absorbed on nano-


crystalline TiO2 electrodes. The concentration of the two photosensitizers
in DMF was the same, that is, 5M10�5


m. Platinum-coated ITO glass was
used as a counter electrode. Iodine (0.1m) and lithium iodide (0.5m) in
acetonitrile were applied as electrolytes.


Measurements : The J–V characteristics and IPCE measurements of the
oligomer-sensitized solar cells were performed with an electrochemical
analyzer (CHI630 A, Chenhua Instruments Co. Shanghai). A solar simu-
lator (CMH-250, Aodite Photoelectronic Technology Ltd. Beijing) with
light intensity of 100 mWcm�2 was used as light source.


UV-visible spectra were measured by a HITACHI U-4100 spectropho-
tometer. Reflectance (R, %) and transmittance (T, %) of the sensitized
TiO2 films were obtained by using an integration sphere in order to cal-
culate LHE by Equation (1):


LHE ð%Þ ¼ 1�T�R ð1Þ


The fluorescence spectra were determined by HITACHI F-4500 fluores-
cence spectrophotometer. The transparent TiO2 films were prepared[34]


on quartz substrates for UV-visible and fluorescent spectra measure-
ments.


Transient photovoltage and photocurrent of DSSCs based on oligothio-
phene sensitizers was measured. A Nd:YAG laser (NEWWAVE, Tem-
pest 300, 5 ns, 10 Hz) with the wavelength of 532 nm was employed as a
pulse source. The laser excitation beam irradiated the devices on the ITO
side perpendicularly, and the irradiating area was 0.1 cm2. The transient
photovoltage and photocurrent responses were recorded by a TDS620B
oscilloscope with averaging capability (Tektronix).
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Introduction


Fredericamycin A (1) was isolated from a new strain of
Streptomyces griseus at the Frederick Cancer Research
Center in Frederick, MD, in 1981. It exhibits potent antitu-
mor activity against several in vivo tumor models, such as
P388 leukemia, B16 melanoma, and CD8F mammary, and
does not show mutagenicity in the Ames test.[1,2] It has been
suggested that the biological properties of 1 originate from
its inhibition of RNA and protein syntheses, preferentially
to DNA synthesis, and later studies have also demonstrated


that 1 inhibits both topoisomerases I and II.[2d] Another im-
portant characteristic of 1 is its unique and complicated
structure, which consists of two sets of peri-hydroxy tricyclic
aromatic moieties connected through a stereogenic spiro
quaternary carbon atom, which is made chiral by the pres-
ence of a single methoxy group at the farthest position on
the A-ring. However, its absolute configuration could not be
determined by either X-ray crystallography or spectroscopic
studies (Figure 1).


Due to its prospective biological activities, the unusual
spiro structure, and the difficulty in determining its absolute
stereochemistry, numerous synthetic studies on the total syn-


Abstract: The asymmetric total synthe-
sis of the potent antitumor antibiotic
fredericamycin A ((S)-1) was achieved
by the intramolecular [4+2] cycloaddi-
tion of the silylene-protected styrene
derivative (S)-7 followed by the aro-
matic Pummerer-type reaction of the
sulfoxide (S)-5. Although we had al-
ready succeeded in the total synthesis
of racemic 1 by the same approach,
synthesis of its asymmetric version was
more complicated than we had expect-
ed due to the difficulties involved in
constructing the quaternary carbon
center and the tendency of this center
to undergo facile racemization. Race-


mization of this center during the in-
stallation of the acetylene moiety on
the dione (R)-8 was the most serious
aspect. Systematic studies of its DE-
ring analogue (R)-25 revealed that rac-
emization of the quaternary carbon
center proceeded by a retro-aldol–aldol
reaction of the initial adduct, (1R)-39a-
Li, and that the degree of racemization


was dependent on the reaction temper-
ature. The racemization process could
be completely depressed by keeping
the reaction temperature at �78 8C.
The construction of the stereogenic
quaternary carbon center was achieved
by the lipase-catalyzed desymmetriza-
tion of the prochiral 1,3-diol 9a bearing
the DEF-ring moiety. These studies en-
abled us to attain the asymmetric total
synthesis of (S)-1 while completely re-
taining the chiral integrity created by
the enzymatic reactions.
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thesis of 1 and its derivatives have been conducted. These
studies have, thus far, resulted in five total syntheses of race-
mic 1,[3–7] and the first synthesis of the optically pure natural
1.[8,9] The last accomplishment by BogerJs group in this area
required the optical resolution of a fully protected racemic
compound by using a chiral HPLC column at the final stage,
and therefore the absolute configuration of 1 was not deter-
mined by this group. The majority of these total syntheses,
and the related model studies, involved the construction of
the spiro C- or D-ring during the final stage of the synthesis;
however, the lack of sufficient methods that can distinguish
between the enantiotopic faces of the highly symmetrical
ABC-plane has been the most probable obstacle in the ap-
plication of these methods to asymmetric synthesis. To date,
no group besides our own (vide infra),[10–13] has succeeded in
the asymmetric construction of the optically active spiro
system of 1, and even the methods that could be potentially
applicable to the asymmetric synthesis of 1 are few.[9h,14]


Boger and his colleagues reported that the L1210 cytotox-
ic activities of 1 and its enantiomer were similar, and that a
racemic ABCDE-ring analogue was less potent.[8a] However,
the biological activities of both enantiomers of partial struc-
tures or analogues of 1 has not been evaluated.


We have been investigating the asymmetric synthesis of 1
by two approaches as shown in Scheme 1, each of which fea-
tures: 1) the preparation of a pivotal intermediate, early in
the synthesis, containing the optically active quaternary
carbon center with defined stereochemistry and 2) the com-
pletion of the total synthesis with retention of configuration.
Another important subject in our studies was the develop-
ment of effective protocols for the enantiodivergent synthe-
sis of both enantiomers of 1 and its various analogues.


Recently, we achieved[10,11] the asymmetric total synthesis
of natural 1, by the regioselective intermolecular [4+2] cy-
cloaddition[15,16] of the dienolate anion 2 (the AB-ring unit)
to the optically pure CDEF-ring unit (S)-3, and thereby de-
termined the absolute stereochemistry of the natural prod-
uct as S for the first time. The stereogenic quaternary
carbon center of (S)-3 was created by the stereospecific re-
arrangement of the optically pure benzofuzed trans-epoxy
acylate 4.[17,18] A similar reaction of (S)-3 with the regioiso-
mer of 2, which has a methoxy group at a different position
on the A-ring, produced the enantiomer of natural 1.


At the same time, we also completed the total synthesis
of racemic 1 by the second route shown in Scheme 1.[12a] The
key steps in this route include the intramolecular cycloaddi-
tion reaction[12b–e] of the silylene-protected styrene derivative
(� )-7 to construct the hexacyclic carbon framework found
in (� )-6, and the aromatic Pummerer-type reaction[19] of the
sulfoxide (� )-5, which acts to substitute the B-ring sulfinyl
group with a hydroxyl group.


Provided we could prepare the pivotal dione intermediate
(R)-8 with a high optical purity, the latter route was believed
to be the best route towards a asymmetric total synthesis of
(S)-1. However, our challenge to make (S)-1 presented a
few significant problems; namely, the difficult construction
of the quaternary carbon center of (R)-8, its facile racemiza-
tion, and the difficulties involved in detecting this racemiza-
tion.


After quite intensive studies, we have finally developed a
useful method for the preparation of (R)-8 by the lipase-cat-
alyzed desymmetrization of a prochiral diol 9 (R=CH2OH).
We have also elucidated the racemization mechanism and
discovered a means to prevent it. Thereby, the asymmetric


Scheme 1. Our two approaches for the asymmetric total syntheses of fredericamycin A (1).
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total synthesis of natural 1 has been accomplished, and we
describe here the full details of this synthesis.


Results and Discussion


Preparation of the optically active dione intermediate (R)-
8 : To pursue the asymmetric total synthesis of 1 according
to Scheme 1, the first objective of our group was to prepare
the pivotal optically active dione (R)-8. Although we could
obtain (R)-8 with 96–98% ee by the separation of a 1:1 mix-
ture of the two diastereomers of the RAMP-hydrazone 11
by column chromatography, prepared by the acetylation of
the hydrazone 10,[12a] the separation process was too labori-
ous to produce a satisfactory amount of (R)-8 (Scheme 2).
Trials to improve the diastereoselectivity of the reaction of
10 to 11 were also fruitless.[20]


The hydrolase-catalyzed desymmetrization of the prochi-
ral disubstituted malonates has been recognized as a power-
ful and environmentally conscious method for the produc-
tion of optically active compounds with a stereogenic qua-
ternary carbon center.[21,22] However, our studies on the de-
symmetrization of the diester 12[12d] ended in the spontane-
ous decarboxylation of the monoester 13 to give only 14
(Scheme 2).


Therefore, our attention shifted to the lipase-catalyzed
enantiotopic selective acylation of the prochiral 2,2-disubsti-
tuted propan-1,3-diol 9a (R=CH2OH) in organic solvents.
Although the existing method using the most popular acyl
donor, vinyl acetate 16, has often suffered from the facile
racemization of the products 17 by intramolecular acyl
group migration,[23] we have recently developed a novel acyl
donor, 1-ethoxyvinyl 2-furoate 18a ; this acyl donor provides


products 19, which have a greater degree of stability against
racemization under various conditions (Scheme 3).[24] As a
model study, we have applied this method to the diol 20,


which contains the DE-ring moiety, to afford (R)-21 with
96% ee.[24c] The conversion of (R)-21 to the pivotal DE-ring
dione intermediate (R)-25 was achieved with a good overall
yield (Scheme 4).[13]


With these promising results in hand, we intended to
apply this desymmetrization protocol to the prochiral 1,3-
diol 9a,[25] followed by the conversion of the product to the
pivotal dione intermediate (S)-8. However, the reaction con-
ducted under similar conditions (iPr2O at 40 8C) was very
sluggish due to the very poor solubility of 9a, and provided
the product with unsatisfactory enantioselectivity


Scheme 2. Initial trials for the preparation of (R)-8.


Scheme 3. Lipase-catalyzed desymmetrization of prochiral 1,3-diols 15.


Scheme 4. Preparation of (R)-25 by the lipase-catalyzed desymmetriza-
tion of the prochical diol 20. a) TBSCl, pyridine, DMF; b) K2CO3,
MeOH; c) Dess–Martin periodinane, MeCN; d) NaClO2, NaH2PO4, 2-
methyl-2-butene, tBuOH/H2O; e) BF3·Et2O, CH2Cl2; f) MeLi, HMPA,
THF.
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(43% ee).[26] The use of other less polar solvents, such as cy-
clohexane, heptane, toluene, and tBuOMe also resulted in
slow reaction rates and moderate enantioselectivities (22–
54% ee). Although polar solvents such as MeCN and THF
were found to improve the solubility of 9a, the enantioselec-
tivities of these reactions were disappointing (up to
28% ee). We finally found that the use of a mixture of iPr2O
and MeCN produced better results. The enantioselectivity
was affected by the ratio of these solvents, among which the
use of a 10:1 mixture of iPr2O and MeCN at 40 8C for eight
days provided the best optical purity of (R)-26 (83% ee,
57% yield).[27] In this reaction, 9a was recovered in 40%
yield. The optical purity of (R)-26 (83% ee) was further im-
proved by its kinetic resolution with ethoxyvinyl butylate
18b (Scheme 5) and Pseudomonas aeruginosa lipase


(Toyobo LIP). The latter reagent combination accelerated
the enantioselective esterification of (S)-26 to afford (R)-26
(97% ee, 60% yield) and the diester 27 (34% yield). Quan-
titative recycling of 27 to 9a by alkaline hydrolysis increased
the yield of (R)-26 (97% ee) to 86% (based on the con-
sumed amount of 9a), and the repeated experiment afford-
ed a satisfactory amount of (R)-26 with 95–97% ee. The ab-
solute stereochemistry of 26 was tentatively assigned as R
based on the structural similarity of 9a to 20 ; this was later
confirmed (see, Figure 2 later and its explanation).


The derivatization of (R)-26 (95% ee) to (R)-8 (95% ee)
was achieved in 96% overall yield with some modifications
to the above-mentioned conversion of the DE-ring analogue
(R)-20. These modifications were based on the following ex-
perimental results. Firstly, silylation of the hydroxyl group of
(R)-26 with organic bases, such as Et3N and pyridine result-
ed in partial racemization of the product (about a 20% ee
decrease) by intramolecular acyl-group migration, whereas
the use of inorganic solid bases such as Na2CO3 completely
suppressed the racemization. Secondly, as the conversion of
the carboxylic acid (R)-30 to the methyl ketone with MeLi


did not proceed, we adopted an alternative method to pro-
duce (R)-8 ; this method involved the methylation of the al-
dehyde (R)-29, followed by the oxidation of the resultant
diol (8R)-32 (Scheme 6). The difference between the behav-
ior of the DEF-ring compounds compared with the DE-ring
analogues may be attributed to the significantly greater
steric hindrance produced by the two methoxy groups on
the E- and F-rings, relative to that produced by the single
methoxy group of the DE-ring analogues.


Racemization of the quaternary carbon center and the solu-
tion to this problem : Next, we examined the conversion of
(R)-8 (95% ee) to the hexacyclic compound (S)-38 by a
series of transformations similar to the racemate synthesis
(Scheme 7).[12a] Thus, (R)-8, the alkyne 33, the acyl chloride
34, and LiN(TMS)2 were mixed in THF at �78 8C, and the
mixture was warmed to room temperature to give a 6:1 mix-
ture of two diastereomers (8R)-35. This mixture was then
treated with LiN(TMS)2 (3 equiv) in THF to induce the
acyl-group migration to the methyl ketone terminus, and the
subsequent Moffatt oxidation of the alcohol afforded a
single product, the trione (S)-36, which was converted to the
cobalt complex (S)-37. The treatment of (S)-37 with
Me2SiCl2, Et3N, and chloranil in refluxing toluene was one
of the key steps in the direct construction of the hexacyclic
skeleton (S)-6 ; the procedure involved the intramolecular
[4+2] cycloaddition of the silylene derivative (S)-7, followed
by oxidative aromatization.[12b–e] The application of our aro-
matic Pummerer-type reaction[19] to the sulfoxide (S)-5 using
1-ethoxyvinyl chloroacetate 18c replaced the B-ring sulfinyl
group with the acyloxy group via the O,S-acetal intermedi-
ate A. However, the optical purity of the desired product
(S)-38 was reduced to 82% ee (determined by chiral HPLC
analysis). We found it difficult to ascertain at which step in
the synthesis racemization of the quaternary carbon center


Scheme 5. Preparation of (R)-26 by lipase-catalyzed reactions. a) 18a,
Candida rugosa lipase (Meito MY), iPr2O/MeCN/H2O (1000:100:1),
40 8C; b) 18b, Pseudomonas aeruginosa lipase (Toyobo-LIP), iPr2O,
40 8C.


Scheme 6. Preparation of (R)-8 from (R)-26. a) TBSOTf, Na2CO3, THF;
b) K2CO3, MeOH; c) Dess–Martin periodinane, MeCN; d) NaClO2,
NaH2PO4, 2-methyl-2-butene, tBuOH, H2O; e) MeLi, THF/HMPA;
f) MeLi, THF; g) Bu4NF, THF; h) Swern oxidation.
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was occurring for the following two reasons. Firstly, we
could not find an accurate method to determine the optical
purity of the synthetic intermediates between (R)-8 and (S)-
38. Secondly, any racemization of the intermediate com-
pounds was hard to detect as most of the intermediates only
contain a single stereogenic carbon center.


A similar racemization process also occurred during our
concurrent study towards the asymmetric synthesis of the
ABCDE-ring analogue of 1 from the dione (R)-25.[13] Thus,
the treatment of (R)-25 (96% ee) with lithium phenylthio-
acetylide at �78 8C, followed by the warming of the result-
ing reaction mixture to room temperature, produced the
adduct 39b (28% yield) as the only identifiable product
(Scheme 8). In this case, the optical purity of 39b could be
determined by HPLC analysis by using a chiral column. To


our surprise, this compound had been produced with 0% ee.
On the other hand, when we carried out the same reaction
of (R)-25 (90% ee) at �78 8C, followed by quenching at the
same temperature after 30 min, the product (1R)-39a, ex-
pected to be a diastereomer of 39b, was isolated without
any loss of chiral integrity. Having been intrigued by these
results, we investigated the effect of temperature on the
degree of racemization and ratio of these two products in an
attempt to clarify the racemization mechanism.


Thus, (R)-25 (90% ee) was treated with lithium phenyl-
thioacetylide at �78 8C for 30 min to ensure complete con-
sumption of (R)-25 ; then the reaction mixture was warmed
to the temperature indicated in Table 1 and stirred for a fur-
ther 30 min before being quenched with an aqueous solution
of NH4Cl. The results of these experiments (Table 1) provid-
ed us with useful information about the relation of the
quenching temperature to both the optical purity and the di-
astereoselectivity of the products: In the range from �60 to
�20 8C, partial racemization and/or isomerization took place
to give a mixture of (1R)-39a[28] and (1R)-39b[28] (entries 2–
6). However, at higher temperatures, the ratio of 39a to 39b
decreased with the decreasing optical purity of both 39a and
39b, and at 0 8C or above only 39b was obtained as a race-
mate (entries 7 and 8). In addition, the treatment of 39a
(90% ee) with pyridine (1.2 equiv) in THF at room tempera-
ture overnight produced racemic 39b as a single product
[Eq. (1)].


Scheme 7. First trials to convert (R)-8 to (S)-38. a) 33 (1.0 equiv), 34 (4 equiv), LiN(TMS)2 (2.0 equiv), THF; b) LiN(TMS)2, (3 equiv), THF; c) Dess–
Martin periodinane, MeCN; d) [Co2(CO)8], CH2Cl2; e) BCl3, CH2Cl2; f) Me2SiCl2, Et3N, chloranil, toluene; g) (tBu)2Si(OTf)2, Et3N, DMF; h) mCPBA,
CH2Cl2; i) 18c, cat. pTsOH, toluene.


Scheme 8. Model studies examining the installation of an ethynyl group
on (R)-25.
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These results provided a plausible racemization mecha-
nism [Eq. (2)]. According to this mechanism, 39a was ini-
tially formed under kinetic control, and upon warming of
the reaction mixture this compound gradually underwent
isomerization to the thermodynamically more stable com-
pound 39b, with racemization occurring by the retro-aldol–
aldol process.[29] Therefore, it was concluded that the reac-
tion below �60 8C inevitably produced the product with
complete retention of absolute configuration.


In our previous communication, the ester (1R)-40a was
obtained by the acylation of (1R)-39a (96% ee) with the A-
ring acid chloride 34.[13] Later we disclosed that by mixing
(R)-25 (96% ee), 33 (1 equiv), 34 (4 equiv), and LiN(TMS)2
(2 equiv) together in THF/HMPA (HMPA=hexamethyl-
phosphoramide), two reactions consecutively proceeded,
even at �78 8C, to directly produce (1R)-40a (56% yield) as
a single diastereomer with perfect retention of absolute con-
figuration (Scheme 9).[30]


The asymmetric total synthesis of natural 1: Based on the
promising results obtained during the synthesis of the DE-
ring analogues, we restarted our studies towards the asym-
metric total synthesis of natural 1 (Scheme 10). Thus, (R)-8
(95% ee) was treated with 33 (1.0 equiv), 34 (4 equiv), and
LiN(TMS)2 (2.0 equiv) in THF at �78 8C for 1–1.5 h.
Quenching the reaction mixture at the same temperature


with an aqueous solution of
NH4Cl provided a separable
mixture of (8R)-35a[28] and its
diastereomer (8R)-35b.[28] This
reaction was found to be repro-
ducible, producing 35a and 35b
in a ratio of 19–21:1. (8R)-35a
and (8R)-35b were isolated in
yields of 41–57% and 2–3%,
respectively. Although we could
not find any effective method
to determine their optical
purity, the major product (8R)-
35a was expected to have main-
tained its chiral integrity,
whereas the minor product
(8R)-35b might have under-
gone some degree of racemiza-
tion. Therefore, only (8R)-35a


was subjected to the subsequent transformation to give the
hexacyclic product (R)-38. The optical purity of (R)-38 was
determined to be 95% ee, and therefore, this proved that
the chiral integrity of the intermediate compounds had been
completely retained throughout the transformation steps.


The absolute stereochemistry of (S)-6 was confirmed by
the similarity of its CD spectrum to that of a known related
compound (S)-42[10a] (Figure 2).


The final transformation of (R)-38 to natural fredericamy-
cin A (1) was achieved without any difficulty (Scheme 11).
Thus, the demethylation of the F-ring of (R)-38, followed by
oxidation afforded the aldehyde (R)-44 in 91% yield. The
Wittig reaction of (R)-44 gave (R)-45 as a �10:1 mixture of
the E,E- and E,Z-side chain isomers; compound (R)-45 was


Table 1. The effect of temperature on the reaction of (R)-25 with lithium phenylthioacetylide.


Entry Quenching Temp. (1R)-39a and (1R)-39b
[8C][a] Ratio of 39a/39b[b] ee [%] of 39a[c] ee [%] of 39b[c] Total yield [%][b]


1 �78 >99/<1[d] 90 – 43
2 �60 �96/�4 90 – 44
3 �50 91/9 90 64 46
4 �40 83/17 90 51 46
5 �30 51/49 84 40 45
6 �20 14/86 37 29 42
7 0 <1/>99[d] – 2 31
8 20 <1/>99[d] – 0 32


[a] After a mixture of (R)-25 (90% ee), 33 (1.0 equiv), and nBuLi (1.1 equiv) was stirred at �78 8C for 30 min,
the reaction mixture was warmed to the given temperature, stirred for 30 min, and then quenched. [b] Based
on the isolated yield of 39a,b after silica-gel chromatography. [c] Determined by HPLC using a Daicel Chiral-
cel OJ column. [d] Formation of the isomer was not detected by 1H NMR spectroscopy or by HPLC.


Scheme 9. One-pot preparation of (1R)-40a from (R)-25. a) 33
(1.0 equiv), nBuLi (1.1 equiv), HMPA/THF, �78 8C; b) 34, DMAP,
CH2Cl2; c) 33 (1.0 equiv), 34 (4 equiv), LiN(TMS)2 (2.0 equiv), THF,
�78 8C.
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subjected to deprotection with BBr3 followed by autoxida-
tion to afford a mixture of (S)-1 and its E,Z-isomers. Sepa-
ration of the minor impurity by HPLC (Jasco Megapak SIL
NH2–10, 1O25 cm, CHCl3/hexane/acetic acid 800:200:1,
flow rate 5 mLmin�1)[10a] afforded pure (S)-1 (35% yield
from (R)-44). This product was identical in all respects
(1H NMR, IR, UV, and CD spectroscopy, m.p., HRMS,
HPLC, and TLC) with the authentic natural fredericamy-
cin A as well as the synthetic sample obtained by our inter-
molecular cyclization route.[10a]


Conclusion


We have demonstrated herein the synthetic utility of our in-
tramolecular cycloaddition pathway as a method for the
asymmetric total synthesis of natural 1. This follows our pre-
vious report on the enantiodivergent synthesis of both enan-
tiomers of the ABCDE-ring analogue by a similar intramo-
lecular cycloaddition pathway.[13] This protocol features the
following advantages: 1) the enantiodivergent preparation
of either enantiomer can be achieved with perfect retention
configuration and 2) this methodology is applicable to vari-
ous analogues by changing the A-ring moiety[12a,e] or the
DE(F)-ring diols, and provides an effective alternative to
our intermolecular cycloaddition pathway.[10] It is worth
noting that among the large number of synthetic studies to-
wards the asymmetric total synthesis of natural 1 as well as
its analogues,[9] successful examples have been limited to
only our two routes (Scheme 1).


Figure 2. CD spectrum of (S)-6 (thin line) and (S)-42 (thick line) in
iPrOH.


Scheme 10. Improved conversion of (R)-8 to (R)-38. a) 33 (1.0 equiv), 34 (4 equiv), LiN(TMS)2 (2.0 equiv), THF, �78 8C; b) LiN(TMS)2, (3 equiv), THF;
c) Dess–Martin periodinane, MeCN; d) [Co2(CO)8], CH2Cl2; e) BCl3, CH2Cl2; f) Me2SiCl2, Et3N, chloranil, toluene, 100 8C; g) (tBu)2Si(OTf)2, Et3N,
DMF; h)mCPBA, CH2Cl2; i) 18c, cat. pTsOH, toluene.


Scheme 11. Completion of the asymmetric total synthesis of (S)-1.
a) (tBu)2Si(OTf)2, Et3N, MeI, DMF; b) SeO2, dioxane; c) (MeCH=


CHCH2)Ph3P
+Br� , nBuLi, THF; d) BBr3, CH2Cl2; e) air, THF/H2O;


f) HPLC separation.
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During this and our previous studies,[13,29] we have dis-
closed the latent risk of racemization of the stereogenic qua-
ternary carbon center of the compounds, such as 39, bearing
an a,a-disubstituted b-hydroxycarbonyl moiety. The racemi-
zation took place under basic conditions by the retro-aldol–
aldol process; however, these issues were solved by the
choice of the proper reaction conditions. In the reported
syntheses of racemic 1[3,8] and its partial structures,[31] the
base-initiated aldol reactions have often been employed to
construct the spiro CD-ring system. Special caution will be a
requisite for the application of these reactions to the asym-
metric synthesis.


Experimental Section


General aspects : Melting points (m.p.) are not corrected. 1H NMR spec-
tra were measured at 270–500 MHz with either Me4Si or CHCl3 (d=
7.26 ppm) as an internal standard. 13C NMR spectra were measured at
67.8–150 MHz with CDCl3 (d=77.0 ppm) as an internal standard. IR
spectra were recorded by diffuse reflectance measurement of samples dis-
persed in KBr powder. Chiral HPLC analyses were carried out using
Daicel CHIRALCEL OD (250 mmO4.6 mm), CHIRALCEL OJ
(250 mmO4.6 mm), and CHIRALPAK AD (250 mmO4.6 mm) columns
with a hexane/iPrOH mixture as the eluent. Flash column chromatogra-
phy was carried out using silica gel BW-300 (200–400 mesh, Fuji Silysia
Chemicals (Japan)). Pressure glass reactors (Taiatsu Techno (Japan))
were used for the intramolecular [4+2] cycloaddition reactions. Starting
materials: 18a,[24c] 18b,[24e] 18c,[32] 33,[33] 34,[12a] and crotyltriphenylphos-
phonium bromide[34] were prepared according to the reported methods.
The preparation of 9a and the conversion of (R)-25–(1R)-40a are de-
scribed in the Supporting Information. Candida rugosa lipase and Pseu-
domonas aeruginosa lipase were gifts from Meito Sangyo (Japan) and
Toyobo (Japan), respectively, and were dried (1 mmHg, RT, overnight)
prior to use. All other materials were commercially available. Yields
refer to the isolated material with �95% purity as determined by
1H NMR spectroscopic analysis, unless otherwise noted.


Lipase-catalyzed desymmetrization of 9a : A mixture of 9a (0.30 g,
0.99 mmol), Candida rugosa lipase (Meito MY, 0.60 g), and 18a (0.54 g,
2.97 mmol) was stirred in a mixture of iPr2O (20 mL), MeCN (2.0 mL),
and H2O (0.020 mL) at 40 8C for eight days. After this time, the reaction
mixture was filtered through a Celite pad. Water (20 mL) was added to
the resulting filtrate, which was stirred vigorously for a further 2 h. The
product was then extracted with EtOAc, and the combined organic
layers were washed with brine, dried (Na2SO4), and concentrated in
vacuo. Purification of the residue by flash column chromatography (hex-
anes/EtOAc, 2:1!1:2) afforded both (R)-26 (0.22 g, 57% yield) and 9a
(0.120 g, 40% yield). The optical purity of (R)-26 was determined to be
83% ee by chiral HPLC analysis (Daicel CHIRALCEL OD-H, hexanes/
iPrOH 98:2, flow rate 1.0 mLmin�1, 38 8C). Retention time: 43.7 min for
(S)-26 and 46.9 min for (R)-26.


Kinetic resolution of (R)-26 (83% ee): A mixture of (R)-26 (83% ee,
0.22 g, 0.56 mmol), Pseudomonas aeruginosa lipase (Toyobo LIP, 0.45 g),
and 18b (0.54 g, 3.4 mmol) was stirred in iPr2O (23 mL) at 40 8C for 6 h.
After this time, the reaction mixture was filtered through a Celite pad,
and water (20 mL) was added to the resulting filtrate, which was stirred
vigorously for a further 2 h. The product was then extracted with EtOAc,
and the combined organic layers were washed with brine, dried
(Na2SO4), and concentrated in vacuo. Purification of the residue by flash
column chromatography (hexanes/EtOAc 2:1) afforded both (R)-26
(97% ee, 134 mg, 60% yield) and 27 (96 mg, 34% yield) as colorless oils.


(R)-8-(2-Furoyloxy)methyl-8-hydroxymethyl-1,9-dimethoxy-3-methyl-6,7-
dihydro-8H-cyclopenta[g]isoquinoline ((R)-26): [a]25D =�152 (c=0.50 in
CHCl3) for 97% ee ; IR (KBr): ñ=3600–3200, 1720, 1628, 1612,
1566 cm�1; 1H NMR (300 MHz, CDCl3): d=2.06–2.18 (m, 1H), 2.21–2.30


(m, 1H), 2.50 (s, 3H), 2.94–3.18 (m, 3H), 3.94 (s, 3H), 3.98–4.00 (m, 1H),
4.14 (s, 3H), 4.61 (d, J=11.0 Hz, 1H), 4.74 (d, J=11.0 Hz, 1H), 6.49 (dd,
J=1.5, 3.5 Hz, 1H), 6.96 (s, 1H), 7.10 (dd, J=0.5, 3.5 Hz, 1H), 7.26 (s,
1H), 7.57 ppm (dd, J=0.5, 1.5 Hz, 1H); 13C NMR (75 MHz, CDCl3): d=
23.7, 30.2, 32.3, 53.7, 55.2, 63.9, 67.1, 67.4, 111.1, 111.8, 112.7, 117.6, 118.0,
133.2, 142.8, 144.4, 146.4, 148.9, 149.7, 154.3, 158.7, 158.8 ppm; HRMS
(FAB): m/z : calcd for C22H23NO6: 398.1604 [M+H]+ ; found: 398.1598.


8-Butyryloxymethyl-8-(2-furoyloxy)methyl-1,9-dimethoxy-3-methyl-6,7-
dihydro-8H-cyclopenta[g]isoquinoline (27): IR (KBr): ñ=1732, 1628,
1612, 1566 cm�1; 1H NMR (300 MHz, CDCl3): d=0.80 (t, J=7.5 Hz, 3H),
1.50 (q, J=7.5 Hz, 2H), 2.13–2.21 (m, 2H), 2.16 (t, J=7.5 Hz, 2H), 2.42
(s, 3H), 2.98–3.03 (m, 2H), 3.81 (s, 3H), 4.06 (s, 3H), 4.41 (d, J=11.0 Hz,
1H), 4.54 (d, J=11.0 Hz, 1H), 4.57 (d, J=11.0 Hz, 1H), 4.73 (d, J=
11.0 Hz, 1H), 6.38 (dd, J=1.5, 3.5 Hz, 1H), 6.88 (s, 1H), 6.97 (d, J=
3.5 Hz, 1H), 7.17 (s, 1H), 7.47 ppm (br s, 1H); 13C NMR (68 MHz,
CDCl3): d=13.7, 18.4, 23.7, 30.5, 32.6, 36.2, 53.0, 53.7, 63.5, 67.4, 68.0,
111.2, 111.7, 112.7, 117.0, 117.9, 132.0, 142.7, 144.3, 146.3, 148.6, 149.2,
154.7, 158.4, 158.8, 173.4 ppm; HRMS (FAB): m/z : calcd for C26H30NO7:
468.2022 [M+H]+ ; found: 468.2003.


Hydrolysis of 27: A mixture of 27 (96 mg), KOH (2n, 0.13 mL), MeOH
(1.3 mL), and CH2Cl2 (0.80 mL) was stirred at 0 8C for 5 h. After this
time, the reaction mixture was quenched with saturated aqueous NH4Cl,
and the product extracted with EtOAc. The combined organic layers
were washed with brine, dried (Na2SO4), and concentrated in vacuo. Puri-
fication of the residue by flash column chromatography (hexanes/EtOAc
1:1!EtOAc) provided 9a (61 mg, 98% yield).


(R)-8-(tert-Butyldimethylsilyloxy)methyl-8-hydroxymethyl-1,9-dime-
thoxy-3-methyl-6,7-dihydro-8H-cyclopenta[g]isoquinoline ((R)-28):
Under a nitrogen atmosphere, Na2CO3 (130 mg, 1.25 mmol) and TBSOTf
(tert-butyldimethylsilyl triflate, 0.30 mL, 1.25 mmol) were added to a so-
lution of (R)-26 (95% ee, 100 mg, 0.25 mmol) in anhydrous THF
(13 mL), and the reaction mixture was stirred for 20 min. After this time,
iced water was added, and the product was extracted with diethyl ether.
The combined organic layers were washed with brine, dried (Na2SO4),
and concentrated in vacuo. The residue was roughly purified by filtration
through a short pad of silica gel (hexanes/EtOAc 3:1) to give (R)-8-(tert-
butyldimethylsilyloxy)methyl-8-(2-furoyloxy)methyl-1,9-dimethoxy-3-
methyl-6,7-dihydro-8H-cyclopenta[g]isoquinoline as a colorless oil. Al-
though this product contained a small amount of TBSOH (tert-butyldi-
methylsilyl alcohol), it was used for the following reaction without fur-
ther purification. A sample of the pure material was obtained by prepara-
tive TLC (hexanes/EtOAc 3:1). IR (KBr): ñ=1730, 1628, 1612,
1566 cm�1; 1H NMR (300 MHz, CDCl3): d=�0.03 (s, 3H), 0.03 (s, 3H),
0.84 (s, 9H), 2.18–2.27 (m, 1H), 2.31–2.41 (m, 1H), 2.49 (s, 3H), 3.02–
3.07 (m, 2H), 3.74 (d, J=9.5 Hz, 1H), 3.87 (s, 3H), 4.13 (s, 3H), 4.17 (d,
J=9.5 Hz, 1H), 4.72 (d, J=11.0 Hz, 1H), 4.82 (d, J=11.0 Hz, 1H), 6.40–
6.41 (m, 1H), 6.93 (d, J=3.0 Hz, 1H), 6.94 (s, 1H), 7.22 (s, 1H),
7.51 ppm (d, J=1.0 Hz, 1H); 13C NMR (67.8 MHz, CDCl3): d=�5.6,
�5.5, 18.2, 23.6, 25.8, 30.7, 32.2, 53.7, 55.3, 63.3, 66.7, 69.0, 111.3, 111.6,
112.8, 116.9, 117.6, 133.4, 142.6, 144.6, 146.2, 148.3, 150.2, 154.5, 158.8,
158.9 ppm; HRMS (FAB): m/z : calcd for C28H38NO6Si: 512.2468
[M+H]+ ; found: 512.2471.


Potassium carbonate (70 mg, 0.50 mmol) was added to a solution of the
above crude product in MeOH (13 mL), and the reaction mixture was
stirred at RT for 3 h. After this time, the reaction mixture was concen-
trated in vacuo, and then purified by flash column chromatography (hex-
anes/EtOAc, 5:1) to afford (R)-28 (105 mg, quant from (R)-26) as a col-
orless oil. [a]30D =++45.6 (c=0.88 in CHCl3); IR (KBr): ñ=3600–3200,
1628, 1612, 1564 cm�1; 1H NMR (270 MHz, CDCl3): d=0.02 (s, 3H), 0.06
(s, 3H), 0.87 (s, 9H), 2.16–2.33 (m, 2H), 2.45 (s, 3H), 2.95–3.00 (m, 2H),
3.43 (br s, 1H), 3.67 (d, J=9.5 Hz, 1H), 3.76–3.85 (m, 1H), 3.84 (s, 3H),
4.10 (s, 3H), 4.21 (d, J=10.5 Hz, 1H), 4.26 (d, J=9.5 Hz, 1H), 6.87 (s,
1H), 7.16 ppm (s, 1H); 13C NMR (75 MHz, CDCl3): d=�5.7, �5.6, 18.0,
23.5, 25.7, 30.1, 31.4, 53.5, 56.5, 63.6, 68.1, 68.3, 110.9, 112.5, 117.1, 133.9,
142.4, 148.2, 149.7, 153.8, 158.4 ppm; HRMS (FAB): m/z : calcd for
C23H36NO4Si: 418.2413 [M+H]+ ; found: 418.2422.


(R)-8-(tert-Butyldimethylsilyloxy)methyl-8-formyl-1,9-dimethoxy-3-
methyl-6,7-dihydro-8H-cyclopenta[g]isoquinoline ((R)-29): Under a ni-
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trogen atmosphere, Dess–Martin periodinane (0.40 g, 0.96 mmol) was
added to an ice-cooled solution of (R)-28 (195 mg, 0.47 mmol) in MeCN
(10 mL), and the mixture was stirred at RT for 4 h. After this time, satu-
rated aqueous Na2S2O3 was added at 0 8C, and the product was extracted
with EtOAc. The combined organic layers were washed with brine, dried
(Na2SO4), and concentrated in vacuo. Purification of the residue by flash
column chromatography (hexanes/EtOAc 5:1) produced (R)-29 (192 mg,
99% yield) as a colorless oil. [a]30D =�22.2 (c=1.1 in CHCl3); IR (KBr):
n=1726, 1628, 1612, 1568 cm�1; 1H NMR (270 MHz, CDCl3): d=�0.02
(s, 3H), 0.04 (s, 3H), 0.83 (s, 9H), 2.23–2.31 (m, 1H), 2.48 (s, 3H), 2.48–
2.59 (m, 1H), 3.04–3.13 (m, 2H), 3.75 (d, J=10.0 Hz, 1H), 3.80 (s, 3H),
4.12 (s, 3H), 4.52 (d, J=10.0 Hz, 1H), 6.93 (s, 1H), 7.21 (s, 1H),
10.00 ppm (s, 1H); 13C NMR (67.8 MHz, CDCl3): d=�5.5, �5.4, 18.2,
23.7, 25.8, 30.0, 31.0, 53.7, 63.5, 64.7, 65.0, 110.9, 112.7, 117.2, 132.5, 142.9,
148.8, 149.4, 153.5, 158.6, 202.2 ppm; HRMS (FAB): m/z: calcd for
C23H34NO4Si: 416.2257 [M+H]+ ; found: 416.2273.


(8R)-8-(1-Hydroxyethyl)-8-hydroxymethyl-1,9-dimethoxy-3-methyl-6,7-di-
hydro-8H-cyclopenta[g]isoquinoline ((8R)-32): Under a nitrogen atmos-
phere, MeLi (1.0m in Et2O, 1.0 mL, 1.0 mmol) was added to a solution of
(R)-29 (0.22 g, 0.52 mmol) in anhydrous THF (15 mL) at �78 8C, and the
reaction mixture was stirred at �78 8C for 1.5 h. After this time, saturated
aqueous NH4Cl was added at �78 8C, and the reaction mixture was
warmed to RT with vigorous stirring. The product was then extracted
with EtOAc, and the combined organic layers were washed with brine,
dried (Na2SO4), and concentrated in vacuo. Purification of the residue by
flash column chromatography (hexanes/EtOAc 4:1) produced (8R)-8-
(tert-butyldimethylsilyloxy)methyl-8-(1-hydroxyethyl)-1,9-dimethoxy-3-
methyl-6,7-dihydro-8H-cyclopenta[g]isoquinoline (0.22 g, 96% yield) as a
colorless oil and as a 1:1 mixture of two diastereomers. [a]30D =++62.6 (c=
1.0 in CHCl3); IR (KBr): ñ=3600–3200, 1626, 1612, 1562 cm�1; 1H NMR
(270 MHz, CDCl3): d=�0.04 (s, 3/2H), 0.03 (s, 3/2H), 0.06 (s, 3/2H),
0.10 (s, 3/2H), 0.80 (s, 9/2H), 0.90 (s, 9/2H), 0.93 (d, J=6.5 Hz, 3/2H),
1.10 (d, J=6.5 Hz, 3/2H), 2.03–2.22 (m, 2H), 2.46 (s, 3H), 2.93–3.05 (m,
2H), 3.28 (brd, J=6.5 Hz, 1/2H), 3.66 (d, J=9.5 Hz, 1/2H), 3.82–3.88
(m, 1/2H), 3.85 (s, 3/2H), 3.89 (s, 3/2H), 4.10 (s, 3/2H), 4.11 (s, 3/2H),
4.07–4.15 (m, 1H), 4.49–4.52 (m, 1H), 4.79 (q, J=6.5 Hz, 1/2H), 6.90 (s,
1H), 7.18 ppm (s, 1H); 13C NMR (67.8 MHz, CDCl3): d=�5.7, �5.6,
�5.5, 18.0, 18.1, 18.7, 19.2, 23.6, 25.7, 26.8, 30.7, 30.9, 31.4, 53.5, 53.6, 58.9,
61.2, 63.3, 63.4, 67.4, 70.8, 71.0, 73.3, 110.8, 111.0, 112.5, 117.0, 117.1,
133.7, 134.3, 142.2, 142.3, 148.0, 148.2, 149.3, 150.8, 153.3, 153.8, 158.49,
158.50 ppm; HRMS (FAB): m/z : calcd for C24H38NO4Si: 432.2570
[M+H]+ ; found: 432.2569.


Under a nitrogen atmosphere, Bu4NF (1.0m in THF, 1.3 mL, 1.3 mmol)
was added to a solution of the above product (0.22 g, 0.50 mmol) in anhy-
drous THF (15 mL) at �78 8C, and the reaction mixture was stirred at
�78 8C for 10 min. After this time, the reaction mixture was gradually
warmed to RT. Water was then added and the product was extracted
with EtOAc. The combined organic layers were washed with brine, dried
(Na2SO4), and concentrated in vacuo. Purification of the residue by flash
column chromatography (hexanes/EtOAc 1:1) produced (8R)-32 (160 mg,
quant) as colorless oil and as a 1:1 mixture of two diastereomers. [a]24D =


+18.8 (c=1.0 in CHCl3); IR (KBr): ñ=3700–3100, 1626, 1562 cm�1;
1H NMR (270 MHz, CDCl3): d=1.02 (d, J=6.5 Hz, 3/2H), 1.14 (d, J=
6.5 Hz, 3/2H), 1.91–2.04 (m, 1H), 2.12–2.22 (m, 1/2H), 2.32–2.43 (m,
1/2H), 2.49 (s, 3H), 2.99–3.06 (m, 2H), 3.73 (d, J=11.0 Hz, 1/2H), 3.80
(d, J=11.0 Hz, 1/2H), 3.89 (s, 3/2H), 3.95 (s, 3/2H), 4.05 (d, J=11.0 Hz,
1/2H), 4.14 (s, 3H), 4.14–4.23 (m, 1/2H), 4.17 (d, J=11.0 Hz, 1/2H), 4.70
(q, J=6.5 Hz, 1/2H), 6.94 (s, 1H), 7.22 (s, 1/2H), 7.24 ppm (s, 1/2H);
13C NMR (67.8 MHz, CDCl3): d=18.5, 18.8, 23.6, 27.6, 29.7, 30.3, 31.1,
36.6, 53.69, 53.72, 59.2, 60.7, 63.66, 63.70, 66.9, 69.6, 70.8, 71.8, 110.7,
110.8, 112.49, 112.51, 117.4, 117.5, 132.9, 135.2, 142.3, 142.4, 148.3, 148.5,
149.4, 150.3, 153.48, 153.5, 158.42, 158.44 ppm; HRMS (FAB): m/z : calcd
for C18H24NO4: 318.1705 [M+H]+ ; found: 318.1689.


(R)-8-Acetyl-8-formyl-1,9-dimethoxy-3-methyl-6,7-dihydro-8H-cyclopen-
ta[g]isoquinoline ((R)-8): Under a nitrogen atmosphere, DMSO
(0.94 mL, 11.8 mmol) was added to a solution of oxalyl chloride
(0.56 mL, 5.9 mmol) in anhydrous CH2Cl2 (3.0 mL), and the reaction mix-
ture was stirred at �78 8C for 1 h. After this time, a solution of (R)-32


(160 mg, 0.49 mmol) in anhydrous CH2Cl2 (3.0 mL) was added at �78 8C,
and the reaction mixture was stirred for 2 h. Finally, Et3N (2.8 mL,
17.6 mmol) was added at �78 8C, and the reaction mixture was warmed
to RT and stirred for a further 45 min. The reaction mixture was then
quenched with saturated aqueous NH4Cl, and the product was extracted
with CH2Cl2. The combined organic layers were washed with brine, dried
(Na2SO4), and concentrated in vacuo. Purification of the residue by flash
column chromatography (hexanes/EtOAc 4:1) produced (R)-8 (152 mg,
quant) as a colorless oil. The optical purity of this product was deter-
mined to be 95% ee by chiral HPLC analysis (Daicel CHIRALPAK AD-
H, hexanes/iPrOH 99:1, flow rate 0.8 mLmin�1, 25 8C). Retention time:
15.3 min for (R)-8 and 21.8 min for (S)-8. [a]26D =++303 (c=1.0 in CHCl3);
IR (KBr): ñ=1726, 1701, 1628, 1570 cm�1; 1H NMR (300 MHz, CDCl3):
d=2.20 (s, 3H), 2.33 (ddd, J=5.0, 8.5, 13.0 Hz, 1H), 2.50 (s, 3H), 2.75
(ddd, J=6.0, 7.0, 13.0 Hz, 1H), 3.06–3.19 (m, 2H), 3.85 (s, 3H), 4.13 (s,
3H), 6.96 (s, 1H), 7.28 (s, 1H), 10.04 ppm (s, 1H); 13C NMR (67.8 MHz,
CDCl3): d=23.7, 26.7, 30.9, 31.6, 53.7, 63.7, 74.2, 111.0, 112.7, 117.5,
130.1, 143.4, 148.3, 149.5, 154.0, 158.7, 197.1, 206.7 ppm; HRMS (FAB):
m/z : calcd for C18H20NO4: 314.1392 [M+H]+ ; found: 314.1397.


(8R)-1-(8-Acetyl-1,9-dimethoxy-3-methyl-6,7-dihydro-8H-cyclopenta[g]-
isoquinolin-8-yl)-3-phenylthio-2-propynyl-2-benzyloxy-4,5-dimethoxy-
benzoate ((8R)-35a) and its diastereomer ((8R)-35b): Under a nitrogen
atmosphere, lithium bis(trimethylsilyl)amide (1.0m in THF, 0.60 mL,
0.60 mmol) was added at �78 8C to a solution of (R)-8 (95 mg,
0.30 mmol), 33 (1.0m in THF, 0.30 mL, 0.30 mmol), and 34 (prepared in
situ from 2-benzyloxy-4,5-dimethoxybenzoic acid (0.34 g, 1.2 mmol)) in
anhydrous THF (3.0 mL). The reaction mixture was stirred at �78 8C for
1.5 h, and then quenched by the addition of saturated aqueous NH4Cl.
This solution was warmed to RT with vigorous stirring, and the product
was extracted with EtOAc. The combined organic layers were washed
with brine, dried (Na2SO4), and concentrated in vacuo. Purification of the
residue by flash column chromatography (hexanes/EtOAc 3:1!benzene/
diethyl ether 9:1) produced both (8R)-35a (124 mg, 57% yield) and
(8R)-35b (6 mg, 3% yield) as pale yellow gums.


(8R)-35a (less polar): [a]25D =++173 (c=1.0 in CHCl3); IR (KBr): ñ=2183,
1727, 1711, 1626, 1611, 1566 cm�1; 1H NMR (270 MHz, CDCl3): d=2.19
(s, 3H), 2.45 (s, 3H), 2.57 (ddd, J=7.0, 9.0, 14.0 Hz, 1H), 2.85 (ddd, J=
5.0, 9.0, 14.0 Hz, 1H,), 3.15 (ddd, J=5.0, 9.0, 14.5 Hz, 1H), 3.34 (ddd, J=
7.0, 9.0, 14.5 Hz, 1H), 3.56 (s, 3H), 3.73 (s, 3H), 3.83 (s, 3H), 4.06 (s,
3H), 4.91 (d, J=12.5 Hz, 1H), 4.97 (d, J=12.5 Hz, 1H), 6.35 (s, 1H),
6.71 (s, 1H), 6.78 (s, 1H), 6.85 (s, 1H), 7.14–7.19 (m, 2H), 7.23–7.35 (m,
7H), 7.40–7.45 ppm (m, 2H); 13C NMR (67.8 MHz, CDCl3): d=23.7,
26.4, 31.9, 32.2, 53.7, 55.9, 56.0, 63.3, 67.9, 68.2, 72.1, 73.0, 77.2, 96.2,
100.1, 111.0, 111.3, 112.4, 113.3, 116.8, 126.1, 126.3, 127.0, 127.6, 128.3,
129.1, 131.5, 132.4, 136.6, 142.5, 143.1, 149.1, 149.6, 153.0, 154.4, 154.5,
159.0, 163.5, 205.5 ppm; HRMS (FAB): m/z : calcd for C42H40NO8S:
718.2474 [M+H]+ ; found: 718.2444.


(8R)-35b (more polar): The IR, 1H NMR, and 13C NMR spectroscopic
data of this product compared well with the data for racemic 35b.[12a]


(S)-{1-[1,9-Dimethoxy-3-methyl-8-(3-phenylthio-2-propioloyl)-6,7-dihy-
dro-8H-cyclopenta[g]isoquinolin-8-yl]-3-(2-hydroxy-4,5-dimethoxyphen-
yl)-1,3-propanedione}hexacarbonyldicobalt ((S)-37): Under a nitrogen at-
mosphere, lithium bis(trimethylsilyl)amide (1.0m in THF, 0.51 mL,
0.51 mmol) was added to a solution of (8R)-35a (123 mg, 0.17 mmol) in
anhydrous toluene (3.2 mL) at �40 8C, and the reaction mixture was stir-
red for 4 h. After this time, the reaction mixture was quenched by the ad-
dition of saturated aqueous NH4Cl at �40 8C, and the product was ex-
tracted with EtOAc. The combined organic layers were washed with
brine, dried (Na2SO4), and concentrated in vacuo. Purification of the resi-
due by flash column chromatography (hexanes/EtOAc 2:1) produced
(R)-3-(2-benzyloxy-4,5-dimethoxy)phenyl-1-[8-(1-hydroxy-3-phenylthio-2-
propynyl)-1,9-dimethoxy-3-methyl-6,7-dihydro-8H-cyclopenta[g]isoquino-
lin-8-yl]-1,3-propanedione (123 mg, quant) as a pale yellow gum. [a]27D =


�125 (c=1.0 in CHCl3); IR (KBr): ñ=3500–3300 (br), 2190–2170, 1611,
1566 cm�1; 1H NMR (270 MHz, CDCl3): d=2.34–2.45, (m, 2H), 2.49 (s,
3H), 2.85–3.05 (m, 2H), 3.79 (s, 3H), 3.85 (s, 3H), 3.89 (s, 3H), 4.04 (s,
3H), 4.87 (d, J=11.5 Hz, 1H), 4.90 (d, J=11.5 Hz, 1H), 5.02 (d, J=
9.5 Hz, 1H), 5.10 (d, J=9.5 Hz, 1H), 6.41 (s, 1H), 6.66 (s, 1H), 6.78–6.85
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(m, 2H), 6.80 (s, 1H), 6.82 (s, 1H), 6.92–7.01 (m, 1H), 6.93 (s, 1H), 7.18–
7.24 (m, 3H), 7.30–7.36 (m, 3H), 7.49 (s, 1H), 16.32 ppm (s, 1H);
13C NMR (67.8 MHz, CDCl3): d=23.7, 30.7, 36.5, 53.6, 56.0, 56.2, 63.1,
67.7, 68.3, 71.2, 71.7, 77.2, 98.1, 98.7, 99.5, 111.8, 111.7, 112.5, 114.7, 117.3,
125.3, 125.8, 127.2, 128.1, 128.47, 128.53, 131.9, 132.1, 135.9, 142.7, 143.0,
148.8, 149.8, 152.7, 153.5, 153.6, 158.7, 178.3, 198.2 ppm; HRMS (FAB):
m/z : calcd for C42H40NO8S: 718.2474 [M+H]+ ; found: 718.2444.


Dess–Martin periodinane (31 mg, 0.074 mmol) was added to an ice-
cooled solution of the above product (35 mg, 0.049 mmol) in MeCN
(2.8 mL), and the reaction mixture was stirred for 2 h. After this time, ad-
ditional Dess–Martin periodinane (10 mg, 0.025 mmol) was added, and
the reaction mixture was stirred at RT for a further 1 h. The reaction
mixture was then quenched by the addition of saturated aqueous
Na2S2O3 at 0 8C, and the product was extracted with EtOAc. The com-
bined organic layers were washed with brine, dried (Na2SO4), and con-
centrated in vacuo to afford (S)-3-(2-benzyloxy-4,5-dimethoxyphenyl)-1-
[1,9-dimethoxy-3-methyl-8-(3-phenylthio-2-propioloyl)-7,8-dihydro-6H-
cyclopenta[g]isoquinolin-8-yl]-1,3-propanedione ((S)-36). Due to its insta-
bility, this product was used for the following reaction without further pu-
rification.


Under an argon atmosphere, octacarbonyldicobalt (21 mg, 0.054 mmol)
was added to the above crude product in anhydrous CH2Cl2 (1.4 mL).
The reaction mixture was stirred at RT for 10 min and then concentrated
in vacuo. Purification of the crude residue was achieved by flash column
chromatography (hexanes/EtOAc 2:1) to afford (S)-{3-(2-benzyloxy-4,5-
dimethoxyphenyl)-1-[1,9-dimethoxy-3-methyl-8-(3-phenylthio-2-propiolo-
yl)-6,7-dihydro-8H-cyclopenta[g]isoquinolin-8-yl]-1,3-propanedione}hexa-
carbonyldicobalt (37 mg). Although this product was not pure, it was
used for the following reaction without further purification due to its in-
stability.


Under an argon atmosphere, BCl3 (0.10m in CH2Cl2, 0.10 mL,
0.010 mmol) was added drop wise to an ice-cooled solution of the above
product (13 mg) in CH2Cl2 (4.0 mL), and the reaction mixture was stirred
at 0 8C for 5 min. BCl3 (0.10m in CH2Cl2, 0.20 mL, 0.020 mmol) was then
added, and the reaction mixture was stirred at 0 8C for another 25 min.
After this time, the reaction mixture was poured into a mixture of ice
and water. The product was extracted with CH2Cl2, and the combined or-
ganic layers were washed with brine, dried (Na2SO4), and concentrated in
vacuo. Purification of the residue by flash column chromatography (hex-
anes/EtOAc 3:1) produced (S)-37 as a dark green gum and as a mixture
of keto and enol forms (6.0 mg, 39% yield from (8R)-35a). IR (KBr):
ñ=2099, 2064, 2039, 1717, 1628, 1615 cm�1; HRMS (FAB): m/z : calcd for
C35H32NO8S: 626.1849 [M+H�Co2(CO)6]


+ ; found: 626.1837. 1H and
13C NMR spectra were complicated due to the presence of tautomers.
1H NMR (300 MHz, CDCl3) for the major isomer: d=2.42–2.55 (m, 1H),
2.49 (s, 3H), 3.06–3.20 (m, 3H), 3.79 (s, 3H), 3.90 (s, 3H), 3.95 (s, 3H),
4.04 (s, 3H), 4.27 (d, J=15.5 Hz, 1H,), 4.51 (d, J=15.5 Hz, 1H), 6.41 (s,
1H), 6.96 (s, 1H), 7.31 (s, 1H), 7.35–7.50 (m, 5H), 7.58 (s, 1H),
12.40 ppm (s, 1H).


Some typical 1H NMR (300 MHz, CDCl3) data for minor isomers: d=
2.03 (s, 3H), 3.62 (s, 3H), 3.89 (s, 3H), 6.27 (s, 1H), 6.72 (s, 1H), 12.03 (s,
1H), 15.61 ppm (s, 1H).


(S)-8,9-[Di(tert-butyl)silylenedioxy]-1’,5,6,9’-tetramethoxy-3’-methyl-4-
phenylthio-6’,7’-dihydrospiro[2H-benz[f]indene-2,8’-[8’H]cyclopent[g]iso-
quinoline]-1,3-dione ((S)-6): Under a nitrogen atmosphere, Et3N
(0.017 mL, 0.12 mmol) and Me2SiCl2 (0.074 mL, 0.058 mmol) were added
successively to a solution of (S)-37 (14 mg, 0.015 mmol) in anhydrous tol-
uene (2.0 mL). A pressure glass reactor was used, and the reaction mix-
ture was stirred at RT for 30 min, after which time chloranil (15 mg,
0.062 mmol) was added. The reactor was then sealed and heated at
100 8C for 6 h. After cooling, the reaction mixture was concentrated in
vacuo and the resulting residue dissolved in anhydrous DMF (1.2 mL).
Et3N (0.077 mL, 0.54 mmol) and (tBu)2Si(OTf)2 (0.040 mL, 0.11 mmol)
were then added, and the reaction mixture was stirred at RT for 5 h.
After this time, iced water and saturated aqueous NaHCO3 solution were
added to the reaction mixture and the product was extracted with diethyl
ether. The combined organic layers were washed with brine, dried
(Na2SO4), and concentrated in vacuo. Purification of the residue by flash


column chromatography (CH2Cl2!CH2Cl2/EtOAc 100:1) afforded (S)-6
(3.3 mg, 28% yield) as a yellow gum. [a]20D =++14.9 (c=1.2 in CHCl3);
CD (c=1.3O10�5 molL�1 in iPrOH) [q]20max=++4.7O104 (258), �1.5O104


(280), +3.6O104 (300), �1.2O104 (381), +1.7O104 cm2dmol�1 (475 nm);
IR (KBr): ñ=1730, 1703, 1630, 1603, 1571 cm�1; 1H NMR (500 MHz,
CDCl3): d=1.15 (s, 9H), 1.19 (s, 9H), 1.93–2.03 (m, 1H), 2.32–2.38 (m,
1H), 2.45 (s, 3H), 3.08–3.16 (m, 1H), 3.19–3.27 (m, 1H), 3.44 (s, 3H),
3.94 (s, 3H), 4.00 (s, 3H), 4.01 (s, 3H), 6.90 (s, 1H), 6.93–6.97 (m, 1H),
6.95 (s, 1H), 7.09 (t, J=7.5 Hz, 2H), 7.16 (d, J=7.5 Hz, 2H), 7.20 ppm (s,
1H); 13C NMR (125 MHz, CDCl3): d=21.2, 23.7, 26.1, 26.2, 32.2, 35.8,
53.3, 56.4, 61.6, 62.3, 66.1, 103.9, 111.1, 113.0, 113.8, 116.9, 120.5, 125.3,
128.5, 128.7, 134.3, 134.6, 140.9, 141.0, 143.1, 148.4, 150.0, 150.9, 151.1,
152.5, 155.3, 159.0, 198.3, 198.8 ppm; HRMS (FAB): m/z : calcd for
C43H46NO8SSi: 764.2714 [M+H]+ ; found: 764.2715.


(S)-8,9-[Di(tert-butyl)silylenedioxy]-1’,5,6,9’-tetramethoxy-3’-methyl-4-
phenylsulfinyl-6’,7’-dihydrospiro[2H-benz[f]indene-2,8’-[8’H]cyclopent-
[g]isoquinoline]-1,3-dione ((S)-5): mCPBA (meta-chloroperoxybenzoic
acid, 80% purity, 1.7 mg, 0.0080 mmol) was added to a solution of (S)-6
(5.0 mg, 0.0065 mmol) in CH2Cl2 (1.7 mL) at �78 8C, and the reaction
mixture was stirred for 1 h at �60 8C. After this time, saturated aqueous
Na2S2O3 and saturated aqueous NaHCO3 were added at 0 8C, and the
product was extracted with CH2Cl2. The combined organic layers were
washed with brine, dried (Na2SO4), and concentrated in vacuo. Purifica-
tion of the residue by flash column chromatography (hexanes/EtOAc
1:1) afforded (S)-5 (3.3 mg, 65% yield) as a yellow gum. This product
was found to consist of two diastereomers in ratio of approximately 3:2.
IR (KBr): ñ=1740, 1709, 1630, 1605, 1568 cm�1; 1H NMR (300 MHz,
CDCl3): d=1.15, 1.16, 1.17, 1.18 (4s, 18H), 2.43, 2.46 (2s, 3H), 2.35–2.65
(m, 2H), 3.10 (s, 9/5H), 3.25–3.40 (m, 2H), 3.54 (br s, 12/5H), 3.80 (s,
9/5H), 3.96, 4.00, 4.01, 4.05 (4 s, 6H), 6.90, 6.93, 6.96, 6.98 (4s, 2H), 7.22–
7.44 (m, 4H), 7.74 (d, J=7.0 Hz, 4/5H), 7.86 ppm (d, J=7.5 Hz, 6/5H);
13C NMR (125 MHz, CDCl3): d=21.0, 21.1, 21.3, 21.4, 23.65, 23.70, 26.07,
26.12, 26.17, 32.27, 32.35, 35.95, 36.04, 53.33, 53.38, 56.34, 56.37, 60.8,
61.1, 62.0, 62.8, 65.9, 66.0, 103.6, 104.1, 111.0, 111.2, 112.9, 113.0, 113.2,
116.8, 117.0, 125.6, 126.2, 128.2, 128.3, 129.0, 129.1, 134.0, 134.1, 143.2,
143.3, 145.2, 145.7, 148.5, 148.7, 149.9, 150.2, 151.16, 151.2, 152.8, 154.3,
155.3, 155.5, 158.8, 159.0, 197.6, 197.7 ppm; HRMS (FAB): m/z : calcd for
C43H46NO9SiS: 780.2662 [M+H]+ ; found: 780.2667.


(R)-4-Chloroacetoxy-8,9-[di(tert-butyl)silylenedioxy]-1’,5,6,9’-tetrameth-
oxy-3’-methyl-6’,7’-dihydrospiro[2H-benz[f]indene-2,8’-[8’H]cyclopent[g]-
isoquinoline]-1,3-dione ((R)-38): Under a nitrogen atmosphere, a solu-
tion of 18c (2.0 mL, 0.12 mmol) in anhydrous toluene (0.05 mL) and a so-
lution of anhydrous pTsOH (para-toluenesulfonic acid, 0.03 mg,
0.0002 mmol) in anhydrous toluene (0.05 mL) were added, in this order,
to (S)-5 (1.2 mg, 0.0015 mmol). The reaction flask was then set in an oil
bath, which had been pre-heated to 110 8C, and stirred for 20 min. After
cooling, saturated aqueous NaHCO3 solution was added to the reaction
mixture, and the product was extracted with CH2Cl2. The combined or-
ganic layers were washed with brine, dried (Na2SO4), and concentrated in
vacuo. Purification of the residue by preparative TLC (hexanes/EtOAc
4:1) afforded (R)-38 (1.0 mg, 60% yield) as a yellow gum. The optical
purity of (R)-38 was determined to be 95% ee by chiral HPLC analysis
(Daicel CHIRALCEL OD (hexanes/iPrOH 95:5, flow rate 1.0 mLmin�1,
20 8C). Retention time: 8.6 min for (S)-38 and 9.9 min for (R)-38. [a]20D =


�23.5 (c=0.91 in CHCl3); IR (KBr): ñ=1736, 1707, 1605, 1572 cm�1;
1H NMR (300 MHz, CDCl3): d=1.12 (s, 9H), 1.17 (s, 9H), 2.47 (s, 3H),
2.47–2.60 (m, 2H), 3.36–3.44 (m, 2H), 3.51 (br s, 3H), 3.89 (s, 3H), 4.01
(s, 3H), 4.02 (s, 3H), 4.46 (d, J=15.5 Hz, 1H), 4.51 (d, J=15.5 Hz, 1H),
6.95 (s, 2H), 7.30 ppm (s, 1H); HRMS (FAB): m/z : calcd for
C39H43


35ClNO10Si: 748.2344 [M+H]+ ; found: 748.2319.


(R)-4-Chloroacetoxy-8,9-[di(tert-butyl)silylenedioxy]-5,6,9’-trimethoxy-3’-
methyl-6’,7’-dihydrospiro[2H-benz[f]indene-2,8’-8’H-cyclopent[g]isoqui-
noline]-1,1’(2’H),3-trione ((R)-43): Under a nitrogen atmosphere, Et3N
(17 mL, 0.12 mmol), (tBu)2Si(OTf)2 (22 mL, 0.060 mmol), and MeI (4 mL,
0.060 mmol) were added, in this order, to a solution of (R)-38 (4.4 mg,
5.9 mmol) in anhydrous DMF (0.3 mL). The reaction mixture was then
stirred at RT for 28 h. After this time, water was added, and the product
was extracted with EtOAc. The combined organic layers were washed
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with brine, dried (Na2SO4), and concentrated in vacuo. Purification of the
residue by flash column chromatography (hexanes/EtOAc 1:1) afforded
(R)-43 (4.3 mg, 99% yield) as a yellow gum. [a]23D =�27.5 (c=0.86 in
CHCl3); IR (KBr): ñ=1790, 1736, 1707, 1643, 1605, 1580 cm�1; 1H NMR
(300 MHz, CDCl3): d=1.12 (s, 9H), 1.16 (s, 9H), 2.24 (s, 3H), 2.45–2.59
(m, 2H), 3.27–3.43 (m, 2H), 3.58 (br s, 3H), 3.89 (s, 3H), 4.02 (s, 3H),
4.45 (d, J=15.5 Hz 1H), 4.52 (d, J=15.5 Hz, 1H), 6.18 (s, 1H), 6.94 (s,
1H), 7.12 (s, 1H), 9.12 ppm (br s, 1H); HRMS (FAB): m/z : calcd for
C38H41


35ClNO10Si: 734.2188 [M+H]+ ; found: 734.2186.


(R)-4-Chloroacetoxy-8,9-[di(tert-butyl)silylenedioxy]-3’-formyl-5,6,9’-tri-
methoxy-6’,7’-dihydrospiro[2H-benz[f]indene-2,8’-8’H-cyclopent[g]isoqui-
noline]-1,1’(2’H),3-trione ((R)-44): Under a nitrogen atmosphere, a mix-
ture of (R)-43 (4.3 mg, 5.9 mmol) and SeO2 (2.6 mg, 23 mmol) in anhy-
drous dioxane (0.4 mL) was stirred under reflux for 1 h. After cooling,
the reaction mixture was concentrated in vacuo. Purification of the resi-
due by flash column chromatography (hexanes/EtOAc 1:1) afforded (R)-
44 (4.0 mg, 91% yield) as a yellow gum. [a]24D =�19.1 (c=0.80 in CHCl3);
IR (KBr): ñ=1788, 1734, 1707, 1659, 1605, 1580 cm�1; 1H NMR
(300 MHz, CDCl3): d=1.12 (s, 9H), 1.17 (s, 9H), 2.52–2.67 (m, 2H),
3.34–3.48 (m, 2H), 3.62 (br s, 3H), 3.89 (s, 3H), 4.02 (s, 3H), 4.46 (d, J=
15.5 Hz, 1H), 4.51 (d, J=15.5 Hz, 1H,), 6.96 (s, 1H), 7.04 (s, 1H), 7.42 (s,
1H), 8.70 (br s, 1H), 9.53 ppm (s, 1H); HRMS (FAB): m/z: calcd for
C38H39


35ClNO11Si: 748.1981 [M+H]+ ; found: 748.1976.


(S)-Fredericamycin A (1): Under a nitrogen atmosphere, nBuLi (1.6m so-
lution in hexane, 0.051 mL, 0.082 mmol) was added to an ice-cooled sus-
pension of crotyltriphenylphosphonium bromide (43 mg, 0.11 mmol) in
anhydrous THF (2.4 mL), and the reaction mixture was stirred at 0 8C for
15 min. This mixture was then added to a solution of (R)-44 (4.0 mg,
5.3 mmol) in anhydrous THF (0.5 mL) at �78 8C. The reaction mixture
was stirred at �78 8C for 30 min, warmed to RT, and then stirred for 1 h.
After this time, saturated aqueous NH4Cl was added, and the product
was extracted with EtOAc. The combined organic layers were washed
with brine, dried (Na2SO4), and concentrated in vacuo to afford a mixture
of (R)-45 and a few partially deprotected products.


Under a nitrogen atmosphere, the above crude mixture was dissolved in
anhydrous CH2Cl2 (1.0 mL), and the solution was cooled to �78 8C. BBr3
(1.0m solution in CH2Cl2, 0.10 mL, 0.10 mmol) was added, and the reac-
tion mixture was stirred at �78 8C for 4 h. The reaction mixture was then
warmed to RT and stirred overnight. After this time, water was added to
the reaction mixture, and the product was extracted with CH2Cl2. The
combined organic layers were washed with brine, dried (Na2SO4), and
concentrated in vacuo. THF (5 mL) and water (1 mL) were added to the
resulting residue, and the reaction mixture was stirred, open to the air, at
RT for 24 h. After this time, the product was extracted with CH2Cl2, and
the combined organic layers were washed successively with brine, dried
(Na2SO4), and concentrated in vacuo. Purification of the residue by prep-
arative TLC (CHCl3/MeOH/AcOH 90:10:1) afforded a mixture of 1 and
its E,Z isomer. Further purification of this mixture by HPLC (JASCO
Megapac SIL NH2–10, CHCl3/MeOH/AcOH 800:200:1) afforded 1
(1.0 mg, 35% from (R)-44) as a red solid. This product was found to be
identical (m.p., 1H NMR, IR, UV, and CD spectroscopy, HPLC, TLC)
with an authentic sample of natural fredericamycin A. HRMS (FAB):
m/z : calcd for C30H22NO9: 540.1294 [M+H]+ ; found: 540.1274.
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Scheme 12. The conversion of (1R)-39a and (� )-39b to (S)-41 and (� )-
41, respectively a) LiN(TMS)2, THF; b) Moffatt oxidation; c) 34, DMAP,
CH2Cl2.
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Introduction


The formation of aliphatic polycarbonates from epoxides
and carbon dioxide, as shown in Scheme 1, can be achieved
if an appropriate catalyst system is present.[1–7] The nature of
the catalyst is key to the copolymerization reaction. Several
side reactions may occur, which involve polyether or cyclic
carbonate formation (Scheme 1). Ethylene oxide (EO) and
1-alkyl-substituted oxiranes are especially difficult to copoly-
merize, because of the facile formation of cyclic products
through a so-called backbiting reaction, a putative intramo-
lecular reaction in which a metal-bound alkoxy chain end is
presumed to attack the nearest carbonyl carbon atom in the
chain. This behavior has been explained by the high configu-
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Abstract: A DFT-based description is
given of the CO2/epoxide copolymeri-
zation with a catalyst system consisting
of metal (chromium, iron, titanium,
aluminum)–salen complexes (salen=
N,N’-bis(3,5-di-tert-butylsalicyliden-1,6-
diaminophenyl) in combination with
either chloride, acetate, or dimethyl-
amino pyridine (DMAP) as external
nucleophile. Calculations indicate that
initiation proceeds through nucleophil-
ic attack at a metal-coordinated epox-
ide, and the most likely propagation re-
action is a bimolecular process in
which a metal-bound nucleophile at-
tacks a metal-bound epoxide. Carbon
dioxide insertion occurs at a single
metal center and is most likely the
rate-determining step at low pressure.
The prevalent chain terminating/degra-
dation—the so-called backbiting, a re-
action leading to formation of cyclic
carbonate from the polymer chain—
would involve attack of a carbonate


nucleophile rather than an alkoxide at
the last unit of the growing chain. The
backbiting of a free carbonato chain
end is particularly efficient. Anion dis-
sociation from six-coordinate alumi-
num is appreciably easier than from
chromium–salen complexes, indicating
the reason why in the former case
cyclic carbonate is the sole product.
Experimental data were gathered for a
series of chromium–, aluminum–, iron–,
and zinc–salen complexes, which were
used in combination with external nu-
cleophiles like DMAP and mainly (tet-
raalkyl ammonium) chloride/acetate.
Aluminum complexes transform PO
(propylene oxide) and CO2 to give ex-
clusively propylene carbonate. This is


explained by rapid carbonate anion dis-
sociation from a six-coordinate com-
plex and cyclic formation. CO2 inser-
tion or nucleophilic attack of an exter-
nal nucleophile at a coordinated epox-
ide (at higher CO2 pressure) are the
rate-determining steps. Catalysis with
[Cr(salen)(acetate/chloride)] complexes
leads to the formation of both cyclic
carbonate and polypropylene carbon-
ate with various quantities of ether
linkages. The dependence of the activi-
ty and selectivity on the CO2 pressure,
added nucleophile, reaction tempera-
ture, and catalyst concentration is com-
plex. A mechanistic description for the
chromium–salen catalysis is proposed
comprising a multistep and multicenter
reaction cycle. PO and CO2 were also
treated with mixtures of aluminum–
and chromium–salen complexes to
yield unexpected ratios of polypropy-
lene carbonate and cyclic propylene
carbonate.
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rational mobility of the carbonate chain derived from such
1-alkyl-epoxides that would facilitate the formation of cyclic
byproducts. It is in marked contrast to, for example, the co-
polymerization of cyclohexene oxide (CHO) and CO2,
which are much more easily transformed into the corre-
sponding polycarbonate (PCHC: polycyclohexylcarbonate).


The copolymerization of epoxides and carbon dioxide was
first reported by Inoue in the 1960s, using the heterogeneous
catalyst prepared by reaction of diethyl zinc and one equiva-
lent of water.[8,9] Today, zinc dialkyls remain important start-
ing materials for the synthesis of active epoxide/carbon di-
oxide copolymerization catalysts. Through reaction with
active proton-containing compounds more or less effective
catalytic systems are obtained.[10] These protonation reagents
include alcohols,[11–15] (polyhydridic) phenols,[16,17] carboxylic
acids,[18] enols,[19] primary amines,[20,21] and macrocycles.[2]


More recently this list was extended by diketiminates.[22–30]


An effective modern catalyst system is, for example, also
created from a mixture of ZnEt2, glycerine and 0.05 equiva-
lents of a rare earth metal salt.[14,31–34] Catalyst formation
usually proceeds through the fast protonolysis of one of the
zinc–alkyl bonds and ultimately to compounds that not nec-
essarily contain zinc–alkyl entities. In general, agglomerates
with several (different) zinc centers are formed (vide infra).
There is no essential role for the zinc–ethyl entity as chain
starter. Insertion of either CO2 or epoxide into the zinc–
alkyl bond is sluggish.[7,35] Therefore zinc–diamides can also
be effectively be used as starting materials.[36,37] The more
ionic zinc–amide bonds are readily doubly substituted
through reaction with the protonating agents, for example,
to yield active catalysts such as Zn(OR)2 (R=aracyl,
aryl).[38]


Zinc carboxylate copolymerization catalysts prepared
from salts like zinc oxide, zinc carbonates and/or hydroxides
and carboxylic acids are more convenient to handle and uti-
lize cheaper starting materials. A preferred catalyst is pre-
pared from glutaric acid,[5,39,40] but also zinc compounds pre-
pared from adipinic,[41] pimelic,[42] phthalic,[43] or mixtures of
carboxylic acids[44] show activity.[45] This type of catalyst is
preferentially used for the commercial preparation of ali-
phatic polycarbonates starting from EO or mono-substituted
oxiranes, as they give high-molecular-weight polycarbonates
with a high carbonate content and little formation of cyclic
byproducts.[41,46] Recently, a substantial body of reports ap-
peared dealing with the heterogeneous zinc dicarboxylate


systems. For example, Kim et al. performed an extensive
study on the structure of the catalyst and the interactions of
the solid with both monomers.[47–49]


Some mechanistic insights into the copolymerization with
the various (heterogeneous) zinc catalysts have been report-
ed. An early study by Inoue on the copolymerization of cy-
clohexene oxide and carbon dioxide shows the coordinated
epoxide to be nucleophilically attacked from the backside,
unusual and unexpected for a single-site catalysis, with syn
insertion at the metal center as it is operative in olefin
chemistry.[50] Another study by Inoue on a catalyst system
prepared from polyhydridic phenols and diethyl zinc con-
cludes after careful experimenting, that the active com-
pound must encompass a Zn–alkyl entity (as Lewis acid)
next to a zinc (di)phenoxide (as chain starter).[18,51] Kuran
et al. confirmed InoueGs experiments and in addition found
substituent effects when applying functionalized phe-
nols.[52,53] Related results were reported for example by
RHtsch and Haubold for the ZnEt2/H2O system.[54] They
found that the most active system contains a zinc–ethyl
entity next to zinc–oxyhydroxy species (the latter reacts
with CO2 to form the chain end). Both moieties need to be
present for catalytic activity. The highest activity is obtained
for a stoichiometry of EtZn(OZn)2.2ZnO2COH. Thus the
notion of a complex catalytic action, in contrast to single-
site catalysis, has definitely been present in the early copoly-
merization catalysis research.


In a more straightforward study on the copolymerization
of PO (propylene oxide) and CO2 with aluminum porphy-
rins a direct bimolecular reaction mode of the epoxide
opening was proposed.[55,56] Also, Jacobson reports several
studies in which the derivatization of epoxides is described
with macrocyclic metallo compounds, in which several cen-
ters work in concert.[57] Recently also Coates interprets his
results with zinc–diketiminates as catalysts for the CHO/
CO2 and limonene oxide/CO2 reaction in terms of a multi-
site catalysis mechanism.[25,30] This is in contrast, for exam-
ple, to work by the group of Darensbourg on a catalyst
system composed of chromium–salen (salen=N,N’-bis(3,5-
di-tert-butylsalicyliden-1,6-diaminophenyl) and an axial li-
gating compound, or to work by Chisholm on tetraphenyl-
porphyrin aluminum complexes, and a quantum chemical
study by Morokuma on the copolymerization of cyclohexene
oxide and CO2.


[58–60] Also discrete manganese and cobalt
macrocyclic systems have recently been reported that cata-
lyze the copolymerization.[61–63] Here another type of bimo-
lecular reaction is proposed.


Evidently, the copolymerization of epoxides and carbon
dioxide is not a simple process. A formal general scheme for
a copolymerization system based on metal compounds can
be formulated with the following elementary steps: 1) for-
mation of a chain starting group through epoxide ring-open-
ing, 2) preferred CO2 insertion, and 3) epoxide ring-opening
with concomitant carbonate nucleophile addition
(Scheme 2).


In this scheme, the alkoxide group should have a relative-
ly limited reactivity—in best case no nucleophilicity—


Scheme 1. Copolymerization scheme of EO and CO2. Formation of cyclic
carbonate occurs as a side reaction. Mechanism of cyclic carbonate for-
mation is depicted as it is discussed in the literature.
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toward epoxides, avoiding the thermodynamically favorable
polyether formation, and, on the other hand, insertion of
CO2 into the alkoxide–metal bond and/or the consecutive
reaction with an epoxide entity should at least be competi-
tive. In addition the intramolecular backbiting reaction
should be suppressed; no nucleophilic attack on the growing
chain should occur. Such a rudimentary scheme should be
further specified with respect to the prerequisites of the
metal center of the mediator. So far zinc seems the metal of
choice; however, in several ligations, active catalysts are
formed (vide supra) with CrIII (and other transition metals)
in macrocyclic ligand environments. These last complexes
are more readily investigated, since many zinc catalysts are
solids or complex aggregates.


We wish here to report on a quantum chemical and exper-
imental study of the copolymerization of epoxides and CO2


with such complexes. The CrIII–salen entity and related alu-
minum–salen complexes are considered in detail. Combined
theoretical and experimental studies on the mechanism of
the reaction are rarely reported, in fact theoretical descrip-
tions of epoxide polymerization reactions are only emerging
(vide supra). The chromium catalysts with macrocyclic li-
gands in form of a salen or porphyrin work as discrete ho-
mogenous catalysts in solution.[64] They seem to form good
model systems for the copolymerization reaction of EO or
PO and CO2. The compounds may be used to convert PO to
either polypropylene carbonate (PPC), cyclic propylene car-
bonate (cPC), or polypropylene oxide (PPO), depending on
the addition of a co-reagent. Nguyen reported that in the
CrIII–salen/DMAP (dimethylamino pyridine) system with a
1:1 ratio of catalyst/activator a very efficient formation of
cPC from PO and CO2 occurs.[65] We showed that the CrIII–
salen/DMAP system can be turned into a PPC producing
catalyst system provided that the ratio of Cr/DMAP is
larger than 1, with an optimum polymer yield at a ratio of
approximately 4.[35] If DMAP is omitted no PO conversion
is found. This parallels the observations by Darensbourg on
the CrIII–salen/imidazole system.[58] Several (putative multi-
centered) reactions, including initiation, propagation, chain
transfers, termination, chain decomposition in combination
with metal coordination/decoordination, may take place.
These reactions will be considered in detail.


Results and Discussion


Theoretical study


Catalytic cycle leading to the formation of polycarbonates :
The most challenging reaction in the system of epoxides and
CO2 is the formation of aliphatic polycarbonates: they are
the thermodynamically unfavorable products relative to
polyether and cyclic carbonate.[66] The chromium–salen cata-
lyst 1a-Cl along with the reduced model 1b-Cl used in many
of the calculations is depicted in Figure 1. Calculations were
carried out with 1b if not stated otherwise.


We started our theoretical investigation considering the
alternating insertion of ethylene oxide and CO2 at the chro-
mium center of the model compound 1b-Cl. However, in
spite of numerous attempts, calculations did not reveal a
chemically attractive, low-energy pathway for EO ring-open-
ing and insertion into the chromium–chloride bond at the
metal center. Attention was subsequently directed to the
EO coordination reaction of 1b-Cl or 1b-OAc leading to an
activated monomer. Coordination is found to be an exother-
mic reaction with factually no activation energy as shown in
Figure 2. It may thus be assumed, that any free coordination


Figure 1. Salen catalyst (1a-Cl) and the reduced model compound (1b-
Cl) used in the calculations.


Scheme 2. Copolymerization reaction scheme (Nu=nucleophile; L=


ligand system or crystal surface).


Figure 2. Initial coordination of ethylene oxide to the chromium–salen
model complex 1b-Cl.
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site on a five-coordinate chromium–salen complex is rapidly
occupied by an epoxide, certainly in neat epoxide.


The next step considered, leading to the formation of an
alkoxy chain end, is the attack of an external nucleophile,
for example, acetate, on the epoxide carbon atoms. The
attack was found to proceed smoothly in an Sn2 like fashion
leading to a coordinated alkoxide (Figure 3) and a six-coor-


dinate (negatively charged) chromium complex. The func-
tion of the chromium complex is of a dedicated Lewis acid
that polarizes and activates the epoxide, and is capable of
forming a stable metalate complex. The reaction has major
similarities to what has been described for the formation of
lactones from epoxides and CO.[67] The activation barrier for
the nucleophilic attack is negligible (2 kJmol�1) and the re-
action energy amounts to �123 kJmol�1.


The identical reaction with chloride (DE of �95 kJmol�1)
or DMAP (DE of �85 kJmol�1) as external nucleophile also
proceeds exothermally. In case of the neutral DMAP nucle-
ophile an appreciable activation barrier is found of DE�=


42 kJmol�1. The analogous salen complexes containing TiIII,
FeIII, and CoIII as central metal ion were also considered in
this type of reaction (Table 1). Likewise, it was found that


the ring-opening event occurred easily. The activation ener-
gies increase from TiIII to CoIII, possibly reflecting the de-
creasing Lewis acidity of the central metal ion. The reaction
energies were large and negative in all cases. Thus an anion-
ic six-coordinate complex is formed, the initial step into a
catalytic cycle as depicted in Scheme 2.


To assess the impact of the use of the reduced ligand
system, calculations were also performed for the experimen-
tally relevant chromium(iii)–salen complex with structure


1a-Cl (Figure 1) and also on the analogues with unsubstitut-
ed salen rings, with chloride coordinating in the axial posi-
tion and chloride as external nucleophile (on EO and PO).
A consistently negligible activation energy and a strong neg-
ative reaction energy of approximately �95 kJmol�1 results
for the ring-opening event in all cases. It shows that the
main factors are electronic in origin and that the use of the
reduced model 1b should give relevant results.


For a cationic four-coordinate CrIII–salen complex (with-
out a trans anion), the ring-opening reaction proceeds even
without a barrier both for acetate (DE=�210 kJmol�1) and
DMAP (DE=�170 kJmol�1) as nucleophiles. A comparable
cationic AlIII complex shows a (small) barrier and is less
exothermic in the reaction with an acetate nucleophile
(DE�=33 kJmol�1, DE=�67 kJmol�1). Generally, the ef-
fective Lewis acidity of aluminum–salen complexes is ex-
pected to be smaller than that of chromium complexes.


It is concluded that ring-opening of a (1-alkyl)epoxide co-
ordinated to a metal–salen complex proceeds smoothly
through a backside attack of an external nucleophile, where-
as a background reaction of these nucleophiles and epoxide
is much slower. This was only to be expected. Insertion into
a metal–nucleophile bond in one step, however, was not
found to be energetically feasible.


The consecutive insertion of carbon dioxide into the
formed metal alkoxide was presumed to be a simple intra-
molecular process. Indeed, a low-energy pathway for the in-
sertion of CO2 occurring in a syn fashion at the metal center
could be located for the negatively charged [Cr(salen)-
(alkoxide)] and [Fe(salen)(alkoxide)] (six-coordinate) com-
plexes. No such pathway is available for the titanium deriva-
tive. The [FeIII(salen)(alkoxy acetate)] complex reacts
through a transition state that involves symmetric distortion
of the salen ring system (Figure 4). The activation energy
for CO2 insertion was found to proceed through a barrier
DE�=43 kJmol�1 and a reaction energy DE=�10 kJmol�1.
For aluminum an activation barrier DE�=99 kJmol�1 with
an energy DE=++70 kJmol�1 is found. A comparable path-


Figure 3. Initial ring-opening event of ethylene oxide by an acetate anion
at complex 1b-Cl.


Table 1. Ring-opening of EO at various [metal(salen)Cl] complexes with
acetate (�OAc).


CrIII TiIII AlIII FeIII CoIII


DE� [kJmol�1] 2 5 5 12 29
DE [kJmol�1] �123 �129 �119 �115 �83


Figure 4. Insertion of CO2 in the salen Fe�OR bond.
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way for CO2 insertion into an analogous six-coordinate
chromium(iii)–alkoxide bond was not found; here an open
coordination site needs to be created through de-coordina-
tive rotation of one of the phenoxy oxygen atoms of the
salen ligand. The creation of this empty coordination site re-
quires approximately DE=++80 kJmol�1 with a barrier
DE�=++100 kJmol�1. The CO2 insertion reaction in this ac-
tivated complex then only has a very small barrier
(5 kJmol�1) with a reaction energy of �12 kJmol�1. Re-co-
ordination of the salen phenoxide results in a gain in DE=


�80 kJmol�1 and the overall insertion becomes slightly exo-
thermic. For aluminum, the activation barrier for CO2 inser-
tion in the open conformation—which lies approximately
40 kJmol�1 higher in energy—is DE�=++49 kJmol�1 and is
basically thermoneutral (DE=2 kJmol�1).


The insertion of CO2 in the five-coordinate complexes of
CrIII– and AlIII–salen was found to proceed through the
same symmetrical syn transition state as the anionic FeIII


complex. The barrier and reaction energies are 45 and
24 kJmol�1, respectively, for CrIII, and 38 and �24 kJmol�1,
respectively, for AlIII. Thus anion de-coordination or inter-
molecular anion exchange with putatively present five-coor-
dinate complexes may open an alternative low-energy CO2


insertion reaction channel. Such a sequence would probably
be a preferred mode.


After the formation of the carbonate chain end, the next
step of a functional alternating copolymerization requires
addition of a further epoxide. As already found for the ini-
tiation reaction in the 1b-OAc species, an attractive route
could not be detected for a syn insertion at a single metal
center, which does not have a five-coordinate geometry.
However, a comparable alternative low-energy pathway was
detected as soon as reactions between a [Cr-
(salen)(carbonate)] complex and a second metal center car-
rying an activated epoxide were allowed. In the productive
step, the carbonate group was transferred from one metal
center to the epoxide carbon atom carried by the other.
During this formal chain- or metal-exchange process, the ep-
oxide undergoes ring-opening and is incorporated into the
polymer chain leading to an alkoxy group at the second
metal center. The process is depicted in Figure 5. The attack
may proceed either with the C=O moiety or with the carbo-
nato metal oxygen atom. They show somewhat different ac-
tivation energies, but all within a plausible range for reac-
tion to occur at ambient temperature. Details of the transfer
mechanisms are given in Table 2. The activation barrier was
also determined for the formation of a polyether, that is, the
analogous attack of a chromium-bound alkoxide at a coordi-
nated epoxide. This process has a somewhat lower activation


barrier and a more negative enthalpy. Polyether formation
in the case of chromium catalysis may thus be expected to
competitive at low carbon dioxide concentration. Moreover,
the effect of high- and low-spin states of the two-center
chromium complex on the reactivity was studied. From the
data collected in Table 2 it becomes clear that there is no
strong dependence on spin state.


For the alkoxide transfer no transition state could be lo-
cated on the triplet surface.


The influence of the trans ligand on the activation of the
epoxide was also addressed in the transition state of the
chain-growing transfer reaction.[59] The activation barrier
and reaction energy is lower for a process in which the ep-
oxide is coordinated to a chromium metal center with
DMAP in the trans position (septet transition state, no
major influence of the spin states found) with DE�=


27 kJmol�1 and DE=�70 kJmol�1 for a carbonate (M�O)
attack. This is due to the enhanced polarization of the epox-
ide. In the case of AlIII–salen with a trans bound acetate
moiety an activation energy DE�=30 kJmol�1 and an en-
thalpy DE=�22 kJmol�1 was found. The activation barriers
for bimolecular ring-opening at chromium and aluminum
salen complexes are thus very much in the same range.


Cyclic carbonate formation : Chain growth through alternat-
ing repetition of the above reaction will only occur if two
complexes meet in an appropriate orientation. Therefore,


the metal–carbonato and –alk-
oxy species must be stable
enough to prevent side reac-
tions, such as formation of
cyclic carbonates (vide infra).
Evidently, understanding the
factors controlling the backbit-
ing process is of eminent impor-


Figure 5. Chain transfer and growth, a carbonate chain end group is
transferred and ring-opens an activated epoxide. Acetate ligands in the
trans position.


Table 2. Chain transfer (epoxide opening) with complex 1b-OAc.


Septet Quintet Triplet
DE�


[kJmol�1]
DE
[kJmol�1]


DE�


[kJmol�1]
DE
[kJmol�1]


DE�


[kJmol�1]
DE
[kJmol�1]


carbonato (�O) 51 8 39 �13 41 �12
carbonate (=O) 28 �23 32 �22 29 �30
alkoxide (�O) 16 �72 22 �72 – –
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tance for the design of a copolymerization system. We inves-
tigated several routes leading to cyclic carbonates
(Scheme 3). These are backbiting of an alkoxy end group—
the process usually discussed—and backbiting of a carbon-
ate group.[85] Additionally, during the process of cyclic car-
bonate formation, the chain may be either free or bound to
the metal center.


Calculations indicate that backbiting of the carbonate end
group has appreciably lower activation energies than of the
alkoxy moiety, either in the metal-bound or “free” anionic
form. In addition, free carboxylato chains decompose to
cyclic structures with the smallest activation energies. In


detail, formation of a cyclic carbonate starting from a car-
bonate group attached to 1b-OAc (Figure 6) has an activa-
tion energy DE�=95 kJmol�1 (DE=++68 kJmol�1). These


numbers are 90 and 60 kJmol�1, respectively, for 1b-Cl and
132 and 123 kJmol�1, respectively, for 1b-DMAP. Thus, the
more acidic the metal center, the higher the activation barri-
ers appear. For a free carbonate chain end on the other
hand, formation of cyclic carbonate is a very simple reaction
with an activation barrier and a reaction energy of 35 and of
�45 kJmol�1, respectively, for ethylene carbonate, and 45
and �55 kJmol�1, respectively, for propylene carbonate for-
mation (Figure 7). For the AlIII–salen/chloride system, the
energetics of cyclic carbonate formation at the metal center


are very similar to the corre-
sponding CrIII system (DE�=


93 kJmol�1, DE=++65 kJmol�1,
six-coordinate complex).


For alkoxy chain ends on the
other hand—both for the
metal-bound and the free spe-
cies—no low-energy pathway
for cyclic carbonate formation
was detected in the model cal-
culations. These findings can be


rationalized by considering the character of the leaving
group during formation of the cyclic carbonate. In the case
of an alkoxy nucleophile, the strongly nucleophilic aliphatic
alcoholate is also the leaving group: a very weak leaving
group compared to the much more stable carbonato group
of the alternative pathway. An uncatalyzed “intrachain”
mechanism for cyclic carbonate formation as depicted in
Figure 8 is very unlikely due to the considerably higher
energy barrier for this process.[70]


Note that a similar pathway is available to account for the
efficient formation of cyclic carbonate reported by
Nguyen[65] and Kim in case of the ZnBr2/pyridine system[71]


(Scheme 4). Nguyen recently proposed a related mechanism
for the ring expansion of aziridines with CO2.


[72]


Scheme 3. Formation of cyclic carbonate. Possible routes for the formation are through an alkoxy or carbonate
chain end.


Figure 6. Metal-centered cyclic carbonate formation. Acetate ion (initia-
tor) is shown as leaving group. Same mechanism for carbonate as leaving
group.


Figure 7. Carbonate formation through free carbonate chain end. Acetate
ion (initiator) is shown as leaving group. Same mechanism for carbonate
as leaving group.


Figure 8. Intrachain formation of cyclic carbonate.
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Hence, it is of importance to have knowledge about the
binding energies of anions in various six-coordinate metal–
salen complexes. Anion dissociation from six-coordinate
complexes is expected to be of most relevance, spontaneous
dissociation from five-coordinate neutral species is very
much more unlikely. Results are in Table 3 for selected


chromium, iron, and aluminum complexes, in part for the re-
duced salen system, and the unsubstituted chromium com-
plex 1a-tBu. Again, binding energies appear to be largely
determined by the electronics of the system. It is also easily
recognized that alkoxide ligands form stronger bonds than
carbonate groups. Of interest is also the dependence of the
dissociation energy on the trans ligand Y. The higher the nu-
cleophilicity of Y, the more facile dissociation of X may
occur; for example, the carbonate group in chromium– or
iron(iii)–salen complexes would dissociate more readily in
an alkoxy–carbonate than in a carbonate–carbonate configu-
ration. For aluminum–salen complexes it is found that anion
dissociation is energetically more favorable than in compa-
rable chromium complexes. This is also of importance for
the CO2 insertion pathway: five-coordinate species are
easily generated here that open a low-energy pathway for
carbonate formation (Figure 9).


Free carbonato groups next to metal-based ones can also
act as nucleophiles in a bimolecular reaction for the ring-


opening of coordinated epoxides with DE�=8 kJmol�1 and
DE=�82 kJmol�1. Hence, this bimolecular recombination
may stabilize a PO/CO2 copolymerization catalysis system.


It may thus be anticipated that during and after a poly-
merization reaction, polymer degradation may start via the
formation of free carbonate chains. Quenching the polymer-
ization reaction by transformation of the carbonate chain
end is thus essential for the final polymer stability. Thus, ef-
fectively quenching the polymerization reaction mixture and
end capping the polymer helps to obtain a thermally more
robust polycarbonate. From thermolysis studies it is accord-
ingly known that the low-temperature polymer-decomposi-
tion route involves unzipping of chains, rather than chain
scission.[73]


We can now summarize the data for coreacting epoxides
and carbon dioxide in the presence of chromium– and alu-
minum–salen complexes in form of an energy profile. The
energy (DE) is depicted in Figure 9 for the copolymeriza-
tion, including initiation with a nucleophile and termination
along two pathways—cyclic carbonate formation at the
metal to give carbonate-coordinated salen complexes or dis-
sociation of the growing chain followed by the formation of
cyclic carbonate. In case of aluminum, the not observed
polymerization reaction through nucleophilic attack of a
metal carbonate species onto a coordinated ethylene oxide
is also depicted. The activation energy lies substantially
under that of termination in form of a cyclic carbonate for-
mation. It should be noted that only the energy of reaction
is depicted and thus important entropy contributions to DG
are not considered. It may, for example, be anticipated that
CO2 insertion and bimolecular epoxide opening have an ap-
preciable negative entropy, leading to a substantially higher
Gibbs energy, and that, in contrast, anion dissociation and,
to a lesser extent, decomposition of carbonate species at the
metal have smaller Gibbs barriers than expected on the
basis of their energies. Gibbs activation energies for anion
dissociation may be even lower than those of decomposition
to cyclic carbonate. Gibbs energies are given for anion dis-
sociation of chromium and aluminum acetate–carbonate
complexes in Table 3 to illustrate this point. Nevertheless,
Figure 9 gives an impression of the reaction pathways of PO
and CO2 transformations mediated by the two complexes. In
addition, CO2 insertion for five-coordinate species is depict-
ed as the major reaction channel without taking de- and re-
coordination of the trans anion into consideration in the
energy plot. The energy differences between five- and six-
coordinate species are not considered essential, as intermo-
lecular exchange of anions through innersphere exchange
reactions will have low barriers and energies.


The insertion of carbon dioxide into the metal alkoxide
has the highest activation energy in the scheme for Al. Since
it is a bimolecular reaction, Gibbs energies will be even
higher. Carbon dioxide insertion may well be the rate-deter-
mining process, certainly at lower CO2 pressure. The main
difference between aluminum and chromium catalysis is the
ease of anion dissociation; these should be very decisive for
their catalytic action because of the fast decomposition of


Scheme 4. Formal pathways for the formation of cyclic carbonate from
epoxides and CO2.


Table 3. Carbonate, acetate, and alkoxide chains on both “sides” of a [M-
(salen)(X)(Y)] complex with X as leaving anion.


1b-Y 1a-tBu-Y 1b-Y
M X Y DEM-X


[kJmol�1]
DEM-X


[kJmol�1]
DG
[kJmol�1]


Cr OR OC(O)OR 258 268
OR OR 223 232
OC(O)OR OR 120 126
OC(O)OR OC(O)OR 144 146


Fe OR OC(O)OR 268
OR OR 180
OC(O)OR OR 119
OC(O)OR OC(O)OR 127


Cr OAc OC(O)OR 188 142
OC(O)OR OAc 127 80


Al OAc OC(O)OR 158 99
OC(O)OR OAc 95 45
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carbonato chain ends (vide supra). The formation of poly-
ether in case of chromium–salen complexes through bimo-
lecular reaction of metal alkoxide and coordinated epoxide
in competition to CO2 insertion is not part of Figure 9; how-
ever, rates of both reactions are not expected to be very dif-
ferent.


Experimental study : In addition to the theoretical study
above, a set of experiments was performed with the aim to
verify some of the implicit hypotheses of the theoretical
study and with the general interest to further understand
the action of metal–salen catalysts in the PO/CO2 copoly-
merization. The central issues concern synergetic interac-
tions between metal–salen complexes, a multisite catalysis,
as discussed for so many transformations involving epoxides
and also from the low activation energies of such reactions
found in the theoretical part. Emphasis is placed on the
chromium– (1a) and aluminum–salen (2) complexes, mainly


differing in Lewis acidity and anion association of the six-co-
ordinate complexes.


A first series of experiments concerned the reactivity of 2-
Cl and epoxide/CO2.


[74] These were carried out in a batch
type process in neat PO over 4 h and at 75 8C. Results given
are overall results for this reaction period. Formation of
polycarbonate is not observed: cyclic propylene carbonate
(cPC) is produced exclusively. PO conversion increases
about linearly with the amount of activator (Table 4, en-
tries 1–5). The catalysis becomes less than proportionally ef-
ficient with CO2 concentration at higher pressure, indicative
of a slow change in the rate-determining step. These obser-
vations are consistent with a reaction mechanism involving
ring-opening through a fast external nucleophilic attack on a
coordinated epoxide (saturated in coordinated epoxide) in a
simple bimolecular process. The dependence on the CO2


pressure is indicative of a slow insertion into the aluminum
alkoxide bond that eventually becomes competitive to nu-


Figure 9. Reaction enthalpies for the epoxide/carbon dioxide PO/CO2 coreacting system in the presence of aluminum– (top) and chromium–salen
(bottom) complexes.
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cleophilic attack at higher pressure. Decomposition of the
carbonate species apparently is the fastest reaction in the
system: chain propagation to yield PPC appears not compet-
itive with the backbiting.


Calculations have shown that the anion de-coordination
reaction is particularly easy in aluminum–salen complexes.
We want to explain its catalytic action, that is, cPC forma-
tion, on account of this ease of de-coordination. Even if
small chains were formed, total decomposition of intermedi-
ate (poly)carbonato chains would be very efficient as soon
as the carbonate anion is liberated from the complex
(Scheme 5). Experiments with acetate as external nucleo-


phile and with 2-OAc as the catalyst gave much lower con-
versions. The first nucleophilic attack is apparently slow.
This is attributed to a smaller polarization and, hence, acti-
vation of the epoxide (Table 4) as predicted in the theoreti-
cal study.


Similar experiments were also performed for [FeIII-
(salen)Cl] and [ZnII(salen)] derivatives. Here also the sole
formation of cPC was found. The rates for iron–salen are an
order of magnitude lower (entries 10, 11). The effective
Lewis acidity of this complex is appreciably lower than of
aluminum or chromium and was not considered further in


this study. Zn–salen complexes
catalyze the combination of
PO/CO2 at a rate comparable
to aluminum complexes.


A very more complex situa-
tion is encountered in the CrIII–
salen/nucleophile catalytic
system (Table 5). As reported
before, the presence of a nucle-
ophile is a prerequisite for the
reaction to occur.[35,55,58, 65] In
general both PPC and cPC are
formed. The amount (concen-
tration) of nucleophile has a
distinct impact on the product
distribution. Increasing the
equivalents of nucleophile rela-


tive to the salen complex leads to the increased formation
of cPC. At a ratio larger than one it becomes the dominant
product. This observation is independent of the type of nu-
cleophile, and also of the anion originally in the chromium
coordination sphere. There is, however, an influence on rate
of PO conversion and also on product ratios (entries 1–6).
The PPC formed generally has a carbonate linkage content
of over 95%; however, at low concentration of activator nu-
cleophile, ether linkages are also observed in the range up
to 25%.


The concentration of carbon dioxide and of the catalyst
has also a marked impact on the PO conversion. Figure 10
illustrates the effects in case of complex 1a-OAc with chlo-
ride (1 mol equivalent) as activator. The conversion rate is
evidently a complex function as it shows a maximum in both
dependents.


With respect to CO2 pressure, it is easily appreciated that
higher pressures give lower rates. Also a higher concentra-
tion of catalyst (at 1500 mol equiv of PO) leads to a lower
absolute rate of PO conversion. The selectivity for poly-
carbonate formation is also complex, with a favorable condi-
tion at about 15 bar of CO2 pressure and 3000 mol equiva-
lents of PO per catalyst. The pressure dependence at that
catalyst concentration is small. Using the combination of a
1a-Cl and acetate as activator gives somewhat different re-
sults with respect to selectivity and a smaller conversion.
This illustrates the importance of the starting conditions. A
study with various amounts of acetate as nucleophile and
the chromium complex 1a-OAc as catalyst shows the effect
of the activator concentration (Figure 11, top, 3000 equiv of
PO). The yield of PPC slowly decreases up to a ratio of ace-
tate to chromium of 1:1 with a continuously increasing
amount of PO being transformed into cPC. Beyond this
ratio, the polymer yield decreases rapidly at constant rate of
PO consumption. When using a system of the chromium
complex 1a-Cl and chloride as activator the behavior is sim-
ilar, but now a clear maximum in the activity and selectivity
is observed. The best ratio for PPC formation at 3000 equiv-
alents PO per CrIII was about 0.5, and 1 at 6000 equivalents.
It is noticeable that the optimum conditions for polymer for-


Table 4. Catalysis with salen complexes of Al, Fe, and Zn, and a nucleophilic activator at 75 8C, 4 h reaction
time.[a]


Metal–salen
complex


Activator n(Nu)/
n(metal)


% PO
conversion


CO2


[bar]
PO
[equiv/cat.]


Equiv PO
in cPC


1 2-Cl Cl� 0.5 15 7 3000 450
2 2-Cl Cl� 0.5 30 14 3000 850
3 2-Cl Cl� 0.5 37 35 3000 1110
4 2-Cl Cl� 1 56 14 3000 1680
5 2-Cl Cl� 1 72[a] 35 3000 2196
6 2-Cl OAc� 1 2.5 7 3000 75
7 2-Cl OAc� 1 2.5 14 3000 75
8 2-Cl OAc� 1 3.3 25 3000 99
9 2-Cl OAc� 1 2.6 14 3000 78


10 [Fe(salen)Cl] Cl� 1 3 14 3000 90
11 [Zn(salen)] OAc� 1 51 14 1500 765


[a] Extrapolated from a 2 h experiment. Acetate was added as tetraethyl ammonium, chloride as tetrabutyl
ammonium salt.


Scheme 5. Formation of cPC with aluminum–salen and chloride as exter-
nal nucleophile.
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mation are a function of the catalyst concentration; at
higher dilution the conversion of PO decreases as well as
the selectivity for PPC.


This chromium system 1a-Cl/chloride was studied in more
detail at 65 8C, at which rates are lower (Table 6). Figure 12
(top) shows the dependence of the PO conversion
(3000 equivalents of PO and 0.5 mol equivalents of Cl� to
complex 1a-Cl) and selectivity for PPC with reaction time
at 16 bar; the dependence of pressure at 3 h reaction time is
shown on the bottom of Figure 12. The catalysis evidently
has an induction period in which the selectivity is low for
PPC formation. With reaction time progressing, however,
PPC becomes the major product. It is (again) observed that
the conversion of PO is lower at higher CO2 pressure. The
catalytic action is independent of the concentration of cPC.
An experiment with 10% cPC dissolved in PO gave the
same overall conversion and selectivity. Thus quite a com-
plex behavior is found, again inconsistent with a scheme in-
volving only consecutive reactions at a single catalyst site.


Without detailed mechanistic and kinetic studies and/or
starting from several feasible intermediates, a solid proven
description of the chromium–salen system cannot be given.
However, taking the essentials of the aluminum–salen catal-
ysis, the action of chromium system can be understood if ex-
tended with intermolecular chain growth as depicted in


Figure 5, and including anion dissociation as the rate-deter-
mining step for cPC formation. The following arguments
support and illustrate this hypothesis.


The presence of a (more than) stoichiometric amount of
nucleophile in the catalysis leads (in due course) to com-
plete conversion of the chromium starting complex to a six-
coordinate species, and implies that few coordination sites
in the salen complex will be free: the concentration of coor-
dinated (activated) epoxide is relatively low and any bimo-
lecular chain formation is consequential slow. The resulting
activity thus resembles that of 2-Cl, in which M�OC(=
O)OR species simply decompose to cPC. Anion dissociation
is more extensive at higher dilution, thus better conversions
are reached at 3000 than at 1500 mol equivalents of PO, as
more epoxide is activated for reaction. Further dilution
gives a somewhat lower PO conversion, tentatively caused
by a less effective bimolecular reaction between nucleophile
and coordinated epoxide resulting in a less effective chain
growth. A bimolecular reaction is understood here as either
attack by a free carbonato group, formed through an anion
dissociation, or by a metal-bound nucleophile. The selectivi-
ty for PPC shown in Figure 10 peaks at 3000 equivalents of
PO, and can be explained by the increasing concentration of
coordinated epoxide with a higher extent of anion dissocia-
tion and a lower effectiveness at increasing dilution of bimo-


Table 5. Converting PO and CO2 mediated by complex 1a and nucleophiles at 75 8C. Acetate was added as tetraethyl ammonium, chloride as the tetra-
butyl ammonium salt.


Catalyst Activator cat./act. % PO
conversion


CO2


[bar]
PO
[equiv/cat.]


Equiv PO
in PPC


% PC in
PPC


Equiv PO
in cPC


% PPC


1 1-Cl none 0 0 13 1500 – –
2 1-Cl[a] DMAP 0.5 50 13 1500 615 91 135 82
3 1-Cl DMAP 1 68 13 1500 632 96 388 62
4 1-Cl DMAP 2 80 13 1500 0 1200 0
5 1-Cl Cl� 1 56 13 1500 470 370 56
6 1-Cl �OAc 1 29 13 1500 209 226 48
7 1-OAc[b] Cl� 1 76 7 1500 490 650 43
8 1-OAc Cl� 1 44 7 3000 1056 264 80
9 1-OAc Cl� 1 23 7 6000 538 842 39
10 1-OAc Cl� 1 77 14 1500 739 416 64
11 1-OAc Cl� 1 52 14 3000 1310 95 250 84
12 1-OAc Cl� 1 24 14 6000 1138 302 79
13 1-OAc Cl� 1 68 35 1500 612 408 60
14 1-OAc Cl� 1 30 35 3000 620 272 56
15 1-OAc Cl� 1 18 35 6000 788 292 73
16 1-OAc Cl� 2 46 14 3000 207 98 1173 15
17 1-OAc Cl� 1 52 14 3000 1310 95 250 84
18 1-OAc Cl� 0.5 52 14 3000 1388 91 153 89
19 1-OAc Cl� 0.25 22 14 3000 261 76 405 39
20 1-OAc Cl� 2 18 14 6000 414 99 405 51
21 1-OAc Cl� 1 24 14 6000 1138 97 302 79
22 1-OAc Cl� 0.5 46 14 6000 852 95 642 57
23 1-OAc Cl� 0.25 22 35 3000 411 81 153 63
24 1-OAc Cl� 0.5 46 35 3000 1071 91 165 78
25 1-OAc OAc� 2 69 13 1500 300 99 735 29
26 1-OAc OAc� 1 71 13 1500 586 96 479 55
27 1-OAc OAc� 0.75 68 13 1500 592 95 428 58
28 1-OAc OAc� 0.5 63 13 1500 595 92 350 63
29 1-OAc OAc� 0.25 56 13 1500 622 89 218 74
30 1-OAc OAc� 0 4 13 1500 0 – 60 0


[a] 91 mmol. [b] 45.5 mmol.
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lecular reaction with the concomitant decrease at 6000 mol
PO per mol Cr.


At high(er) CO2 pressure both a lower rate of PO conver-
sion and a higher yield of polycarbonate are observed (Fig-
ures 9–11). This behavior can be explained by taking the nu-
cleophilicity of five- and six-coordinate [Cr-
(salen)(carbonate)] complexes into consideration. These
species are expected to coordinate in the trans position(s) at
longer reaction times and at higher pressure, allowing all of
the nucleophile initially present, including those in the coor-
dination sphere of chromium, to react with PO and eventu-
ally become bis-carbonate complexes. Epoxide activation is
less effective in complexes with a coordinated carbonate in


the trans position, resulting in lower rates at higher pres-
sures and longer reaction times. In addition, anion dissocia-
tion is more endothermic for alkoxide–carbonate or chlo-
ride–carbonate than for a carbonate–carbonate salen com-
plex. Propylene carbonate formation is thus more effective
in the early phase of the catalysis or at low pressure when
strong nucleophilic trans ligands induce the liberation of car-


Figure 10. Dependence of PO conversion, PPC formed, and selectivity as
function of CO2 pressure and catalyst concentration (1500, 3000, and
6000 equivalents of PO) at 75 8C using one mole equivalent of tetrabutyl
ammonium (TBA) chloride.


Figure 11. Top: Conversion of PO (3000 equiv) and formation of PPC by
using complex 1a-OAc and tetraethyl ammonium acetate at 75 8C (13 bar
of CO2 pressure and 4 h of reaction time). Bottom: Conversion of PO
(3000 equiv) and formation of PPC by using complex 1a-Cl and tetrabu-
tyl ammonium chloride at 75 8C (14 bar of CO2 pressure).


Table 6. Converting PO (3000 equiv) and CO2 mediated by complex 1a-
Cl and TBA chloride (0.5 equiv) at 65 8C, including triplicate results illus-
trating the limited reproducibility.


CO2


[bar]
% PO
conversion


Equiv PO
in PPC


Equiv PO
in cPC


% PPC t [h]


1 2 23 48 642 7 3
2 5 17 122 388 24 3
3 10 23 186 504 27 3
4 12.5 22 132 528 20 3
5 16 13 148 246 38 3
6 16 13 179 211 46 3
7 16 14 176 244 42 3
8 18 11 175 155 53 3
9 21 9 108 162 40 3


10 16 14 126 294 30 1.5
11 16 8 98 142 41 6
12 16 10 502 428 54 10
13 16 20 719 691 51 20
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bonato entities. Consistently, Figure 12 shows this depend-
ence as well as the expected limited reproducibility at short
reaction times. The catalysis thus is also expected to proceed
through an initiation phase to reach a steady state as ob-
served by Darensbourg.[58] Ether linkages in the polymer are
particular prominent at high catalyst concentration and low
ratios of nucleophile. In those cases, the concentration of co-
ordinated epoxides is relatively high, nucleophilic attack of
an alkoxide chromium species becomes competitive to CO2


insertion, and polyether is formed.
Scheme 6 pertains the catalysis with chromium–salen


compounds as discussed above, without taking all anion ex-
change processes explicitly into account that certainly occur.
The first presumption is the fast and complete formation of
epoxide-coordinated complexes that undergo nucleophilic
attack to give negative charged six-coordinate alkoxide com-
plexes. This first anionic compound in the catalytic cycle
may insert CO2 to give a carbonate complex. In addition the
exchange of anionic entities is expected to proceed among
all chromium species; that is, the chloride atom may decoor-
dinate from the six-coordinate alkoxide chloride complex
either in a spontaneous process or through reaction with
any five-coordinate chromium–salen complex. The six-coor-
dinate carbonate complex also may be the result of an anion
abstraction, CO2 insertion, and anion coordination reaction
sequence. Scheme 6 is thus a simplified depiction of some of


the feasible reactions in the system. It indicates the most
prominent pathways in the catalytic cycle.


In contrast to the aluminum-based conversion of PO and
CO2, anion dissociation is presumed to be much slower and
thus becomes the rate-determining step for the formation of
cPC. The resting state is accordingly the carbonate complex.
Scheme 7 condenses the description of catalytic action into
the product (polymer or cyclic carbonate)-determining
branching point at the resting state. It is the reactivity of the
carbonate species with various trans anions (chloride, ace-
tate, or carbonate) that determine the outcome of the catal-
ysis with respect to polycarbonate and cyclic carbonate for-
mation. The importance of the trans ligand was recently
shown in cobalt–salen systems.[62] If these species effectively
react with a coordinated epoxide then polypropylene car-
bonate results, otherwise decomposition to cPC will eventu-
ally occur. The dependence on the CO2 pressure of the rate
and selectivity is related to the nature of the trans nucleo-
phile: as its concentration increases, more of the trans li-
gands is transformed into the carbonate group. At the same


Figure 12. Top: PO conversion and selectivity at 65 8C and pressure of
16 bar CO2 as function of time. Bottom: PO conversion (3000 mol equiv)
with complex 1a-Cl using 0.5 mol equiv of TBA chloride as activator and
3 h of reaction time.


Scheme 6. PO/CO2 conversion mediated by chromium–salen/nucleophile
catalyst system.
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time the activation/polarization of the epoxide is impacted
by the trans nucleophile, as the effective Lewis acidity is a
function of this parameter. The overall rate of PO conver-
sion is thus in a multiparameter space of several interfering
and connecting reactions. As the initial phase is passed a
steady state may arise, for which the conversion of PO to
PPC is a second-order function of the concentration of nu-
cleophile and a first-order function of the concentration of
the chromium–salen complex, with a parabolic maximum at
a certain ratio of added nucleophile to salen complex
(Scheme 7). This is in accordance with the shape of the ob-


served curves of Figure 11. It also explains the first-order
metal complex dependency found by Darensbourg and Chis-
holm.[58,59]


The above elaboration and data show that a multistep and
multicenter catalytic cycle is a feasible and perhaps likely
option: it makes the experimental observations explainable.
However, the only circumstantial evidence found for multi-
site chemistry is the parabolic plot for PPC formation and
PO conversion, and the polyether microstructures found at
high catalyst concentration in combination with low ratios
of nucleophile and low CO2 pressure (and assuming that
alkoxide dissociation is not taking place). This last point,
however, is only relevant for the formation of polyether
from PO.


To further investigate the importance of two-metal-center
reactions for the formation of PPC, experiments were per-
formed with mixtures of aluminum– and chromium–salen
complexes. The application of a catalyst system based on
two different salen complexes would offer the possibility of
testing for cooperation, provided that the individual compo-
nents differ substantially in their individual catalytic actions.
The complexes 1 and 2 fulfill this requirement. The results
are given in Table 7.


The first entries in Table 7 relate to experiments per-
formed with the 1a-OAc and 2-OAc complexes with acetate
as the activation agent. Experiments were conducted at 65
and 75 8C. It was found, that the resulting product mixtures
are basically determined by the catalytic action of the chro-
mium–salen complex, with a slightly higher ether content in
the polymer. This might not be surprising, since the catalytic
activity of 2-OAc complexes in the PO/CO2 conversion is
not particular high.


A further set of experiments was performed at 75 8C,
35 bar overall pressure and 2 h of reaction time and apply-
ing aluminum–salen complex 2-Cl. Effects if at all should
show up most prominently in the early phase of reaction
and at high(er) concentration of CO2. Indeed, the product
distribution undergoes a change. The formation of PPC is in
first approximation independent of the amount of alumi-


Scheme 7. Essentials of the catalysis by chromium–salen/nucleophile of
PO/CO2 to PPC and cPC.


Table 7. Crossover experiments with various chromium– and aluminum–salen complexes.


n(CrIII)
[mmol]


n(AlIII)
[mmol]


n(Nu�)/
n(CrIII)


CO2


[bar]
PO
[equiv/CrIII]


Total PO
conversion


Equiv PO
in PPC


Equiv PO
in cPC


% PPC % carb.
linkage


T
[8C]


1-OAc 2-OAc OAc�


1 45.5 1 14 3000 617 495 120 80 100 65
2 45.5 1 14 3000 120 78 65
3 45.5 45.5 1 14 3000 573 474 99 83 100 65
4 45.5 1 14 3000 1342 1026 300 76 99 75
5 45.5 1 14 3000 75 75 75
6 45.5 45.5 1 14 3000 1833 1413 336 77 95 75
7 45.5 1 35 3000 888 735 153 83 100 75
8 45.5 1 35 3000 99 99 75
9 45.5 45.5 1 35 3000 1311 996 276 76 97 75


1-OAc 2-Cl Cl�


10 45.5 45.5 1 35 3000 714 326 389 46 100 75/2
11 45.5 136.5 1 35 3000 848 323 525 38 100 75/2
12 45.5 0 1 35 3000 582 381 201 65 100 75/2
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num–salen complex; however, the amount of PO converted
to cPC increases significantly. This could have various rea-
sons. On the one side, nucleophiles may have reacted with
epoxide coordinated to aluminum with consecutive forma-
tion of cPC. A simple analysis shows that this is not the
case. In the experiment with a threefold excess of 2-Cl over
1a-OAc, a minimum of about 30% of the nucleophiles
would haven been associated with aluminum (Table 8) to ac-
count for the cPC formed. The remaining 70% on chromi-
um, however, should have resulted in much more PPC, as is
known from the behavior of 1a-OAc (Figure 11, bottom).
Since this is not observed, processes involving interactions
between both species must be considered.


A possibility is that chain ends are transferred from chro-
mium to aluminum, eventually leading to decomposition. In
that case, aluminum–salen-related cPC formation should be
linearly dependent on its concentration; Figure 13 shows


this almost linear dependency. In addition, the quantity of
PO converted corresponds within error limits to the amount
expected for catalysis by 1a-OAc in combination with the
calculated remaining quantity of nucleophiles associated
with chromium (based on a parabolic extrapolation of data
of chromium catalysis at 35 bar of CO2). The total amount
of PO transformed was thus activated and attacked at chro-
mium (as function of the average nucleophile binding at the
metal center), and formation of cPC occurred by reaction
with both 2-Cl and 1a-OAc. Consistent with this interpreta-
tion, an analysis of the microstructure of the PPC formed by
the action of mixtures of chromium– and aluminum–salen
complexes shows the same regiochemistry as PPC obtained
from chromium–salen alone (ht~76%). This indicates, that


polymer formation (epoxide ring-opening) occurs predomi-
nantly at chromium; the Lewis acidity has a marked impact
on the regiochemistry.[62] Scheme 8 shows the interference of
catalysis of 1a-OAc by 2-Cl as discussed above.


If the process in Scheme 8 is the dominant pathway, the
molecular weights should also decrease or the distribution
broaden as decomposition of the chain end becomes an im-
portant pathway. This is indeed observed (Table 8), also as
function of the amount of aluminum present. It is found
that more chains per chromium are formed, indicative that
the chloride nucleophiles that are originally in 2-Cl also
start chains. In this way thus a chain regulation is achieved.


Thus, a consistent picture results: the stronger, more ef-
fective Lewis acid 1a-OAc activates the epoxide for nucleo-
philic attack and part of the nucleophiles residing at 2 even-
tually lead to decomposition through anion dissociation in
the carbonate. The nucleophiles at aluminum must mainly
be in form of the alkoxide, since carbonates are not stable
toward dissociation, that is, are more or less unbound to ef-
fectively react with chromium-coordinated epoxides and,
hence, decreasing the PO rate of conversion. It fits well with
the fact that CO2 insertion is rate-determining for cPC for-
mation mediated by aluminum–salen species.


The remaining question then concerns the mode of nucle-
ophile exchange between 1a and 2, either as alkoxide or
through nucleophilic attack of chromium carbonate moieties
at an aluminum-coordinated epoxide. We favor the latter;
however, this is the heart of the matter and remains with cir-
cumstantial evidence only.


Table 8. Analysis of the catalysis of PO/CO2 conversion using mixtures of 1a-OAc, 2-Cl, and one equivalent of TBA chloride at 75 8C, 35 bar CO2 pres-
sure and 2 h of reaction time.


AlIII


[mmol]
Equiv PO
in PPC


Mn (calcd)
[gmol�1]


Mn


[gmol�1]
Chains/Cr D


(Mw/Mn)
Equiv PO
in cPC


AlIII-induced
cPC formation


%[a] Nu�


at AlIII
%[a] Nu�


at CrIII
Calcd equiv PO
converted at CrIII


PO converted
experimentally


0 381 38862 13400 2.9 1.24 201 201 9 91 688 582
45.5 326 33252 7200 4.6 1.23 389 389 35 65 829 715


136.5 323 32946 5986 5.5 1.22 525 525 48 52 797 848


[a] Theoretical percentage.


Figure 13. Conversion of PO/CO2 mediated by mixtures of 1a-OAc and
2-Cl at 75 8C, 35 bar CO2 pressure, and 2 h reaction time.


Scheme 8. Interference of chromium– and aluminum–salen-mediated re-
actions between PO and CO2.
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Concluding Remarks


A DFT study on chromium–salen complexes shows that low
energy pathways for an alternating copolymerization of eth-
ylene oxide and carbon dioxide involves 1) coordination of
epoxide to a chromium metal, 2) attack of an external nu-
cleophile or a metal-bound carbonate, and 3) direct inser-
tion of carbon dioxide in the metal–alkoxide bond along
several low-energy pathways. Copolymerization is a smooth
reaction if a metal coordinated epoxide is attacked by a
metal-bound carbonate. The syn opening of the epoxide ring
was not found for any case with a low activation energy or
negative reaction energy. Thermal decomposition of (metal-
bound) polycarbonate proceeds more readily through a car-
bonate backbiting than through an alkoxide (leaving) group.
Especially in the case of free carbonato chains decomposi-
tion is very efficient. Thus anion dissociation and formation
of these species during catalysis is essential for the outcome.
Anion dissociation is more facile in six-coordinate 2-Cl com-
plexes than in those of chromium. This should be a factor
considered when designing a catalyst with ligand–metal
combinations. It may underlie the electronic effects Coates
et al.[7] observed with zinc–diketiminate complexes.


The experimental study shows, that the copolymerization
of PO and CO2 mediated by chromium(iii)–salen/nucleo-
phile systems have a complex dependence on the concentra-
tion and ratios of all the components, with a maximum se-
lectivity for PPC at about 3000 equivalents of PO and 15 bar
of CO2 pressure and an activator amount of less about
0.5 equivalents. The parabolic dependence of the selectivity
for PPC and PO conversion on the concentration of nucleo-
phile is consistent with a bimolecular chain growth in which
a metal-bound carbonate attacks an activated (coordinated)
epoxide. In contrast aluminum–salen complexes give only
cyclic carbonate. Models are proposed that account for the
differences in catalytic action, and include anion dissociation
as the rate-determining step in case of chromium and CO2


insertion for aluminum.
The insights obtained are in accordance with earlier inves-


tigations on the copolymerization of PO and CO2 with an
essential role for more than one species. It may be conclud-
ed that functional copolymerization systems must fulfill a
few prerequisites: 1) the presence of a species that holds a
“sufficiently stable” carbonate group that does not undergo
dissociation or induce backbiting, 2) a Lewis acid that acti-
vates epoxides to such an extent that carbonate nucleophilic
attack is feasible, 3) a consecutive thermodynamically favor-
able carbonate transfer to the epoxide followed by CO2 in-
sertion, and 4) transfer of the carbonate to the first species.
The system becomes simpler if one metal complex can serve
all purposes.


Experimental Section


Computational methods : The overall copolymerization reaction involving
CO2 and epoxides was conceptually split into several steps. For each of


the steps the corresponding reaction mechanism was investigated by lo-
cating the transition state (TS) and the associated reactants and products.
The nature of all transition states was verified (only one negative eigen-
value of the hessian). Reactants and products were identified by inducing
small distortions in the TS structure along the eigenvector associated
with the negative eigenvalue. Distortions with positive and negative am-
plitude lead to reactants and products after subsequent geometry optimi-
zation. All calculations were performed with the quantum-chemistry
package TURBOMOLE.[75] DFT methodology was used at the B-P86/
SV(P)[76–79] level of theory to locate all stationary points. Single-point
energy calculations were carried out by using the TZVP[80] basis set. Geo-
metries were optimized on a 64 processor ATHLON 1800+ Linux clus-
ter and a 64 CPU IBM SP3. The numerical calculation of second deriva-
tives required 6N (N=number of atoms) energy and gradient calcula-
tions, which were efficiently distributed and carried out in parallel on a
network of workstations. This calculation was achieved by using
TURBO-SERVER, an in-house development of BASF polymer research,
harnessing the power of ordinary NT desktop PCs to carry out quantum
chemical calculations “at night”.[81] The effect of solvent was not taken
into account.


PO/CO2 experiments : PO/CO2 coupling experiments were performed in
a 50 or 250 mL steel autoclave equipped with magnetic stirring and exter-
nal oil bath heating. Prior to reaction, the autoclave was dried at 80 8C
under vacuum and kept under inert atmosphere of argon from thereon.
During catalytic experiments, the CO2 pressure was kept constant by
using a check valve. CO2 of purity grade 4.5 was used as provided by
BASF Aktiengesellschaft, Ludwigshafen, and was applied in all reactions.
PO was obtained from Linde.


Salen complexes were synthesized according to literature preparations
starting from 3,5-di-tert-butylsalicylaldehyde and 1,2-diaminobenzene and
by using chromium(ii) chloride,[65] iron(iii) chloride,[82] diethyl zinc,[83] or
diethyl aluminum chloride[84] as metal precursor.


Conditions for chromium(iii)- and aluminum(iii)-catalyzed copolymeriza-
tion experiments : A typical experiment is described. Chromium complex
1a-OAc (29.6 mg, 45.5 mmol), aluminum complex 2-Cl (27.4 mg,
45.5 mmol), and tetrabutyl ammonium chloride (12.6 mg, 45.5 mmol) as
cocatalyst were transferred into an autoclave (50 mL) followed by 3000
equivalents of propylene oxide (9.6 mL, 137 mmol). The reaction vessel
was closed and pressurized with CO2 to 25 bar. After heating the reactor
for 5–10 minutes to 75 8C, the final pressure was adjusted to 35 bar. The
autoclave was held for 4 h at 75 8C, after which it was cooled to 10 8C and
CO2 was vented off. Immediately after opening, a sample for 1H NMR
analysis was performed in CDCl3 to determine the product ratio (PPC/
cPC) by taking the integral values of the signals at d=4.9 and 4.5 ppm.
The viscous reaction mixture was subsequently diluted with CH2Cl2 and
added drop wise to acidified (HCl) methanol resulting in precipitation of
polycarbonate. The isolated polycarbonate was dried under vacuum at
60 8C and analyzed by 1H NMR spectroscopy. The ratio of ether and car-
bonate linkages were determined from the resonances of the respective
methyl groups in between d=1.2 and 1.35 ppm.


Experiment addressing the effect of cPC : Complex 1a-Cl (81 mg,
0.130 mmol) and tetrabutyl ammonium chloride (18 mg, 65 mmol) were
dissolved in a mixture of PO (22.6 g, 390 mmol) and cPC (3.4 g,
33 mmol) in a 250 mL autoclave. An initial pressure of CO2 10 bar was
admitted and the autoclave was submerged in an oil bath of 65 8C. After
reaching this temperature, the pressure was adjusted to 16 bar and the re-
action was run for 3 h. CO2 was vented of and the ratio of PO/cPC/PPC
was deduced from the proton NMR signal intensities to be 760:155:37
(starting ratio PO/cPC was 405:45). From this the conversion of PO was
calculated at 12% (vs 13% without cPC) and the selectivity for PPC of
36% (vs 42% without initial present cPC). This is within error limits.
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Elongated Dihydrogen Versus Compressed Dihydride Complexes: The
Temperature Dependence of the H–D Spin–Spin Coupling Constant as a
Criterion To Distinguish between Them


Ricard Gelabert, Miquel Moreno, and Jos/ M. Lluch*[a]


Introduction


Among the wide variety of transition-metal complexes that
include hydrogen atoms in the coordination sphere of the
metal, stretched or elongated dihydrogen complexes have
aroused enduring interest despite their scarcity.[1] With a H�
H distance between 1.0 ! and 1.5 !, stretched dihydrogen
complexes can be envisaged as arrested intermediates in the
important process of oxidative addition of a hydrogen mole-
cule to a metal atom, a process of great relevance in cataly-
sis.


Aside from their relevance in catalytic studies, the persist-
ing interest in stretched dihydrogen complexes is partly at-
tributable to their surprising and certainly unique properties.
Contrary to what has been reported for “classical” dihydride
complexes (RH�H>1.5 !) and “nonclassical” dihydrogen
complexes (RH�H<1.0 !), stretched dihydrogen complexes
show a clear temperature dependence of the spin–spin cou-
pling constant in NMR experiments in which the H2 ligand
has been substituted by HD (1JHD). Moreover, and surpris-
ingly enough for a family of complexes with so few mem-
bers, different opposing behaviors have been observed: 1JHD


either increases or decreases with temperature. By virtue of
a well-established inverse relationship between 1JHD and
RH�H,


[2] this temperature dependence of 1JHD has found
prompt interpretation in terms of shortening or lengthening
of RH�H with temperature.


After several unsuccessful attempts, satisfactory explana-
tion was provided for this behavior in the stretched dihydro-
gen complex [Cp*Ru(dppm)(H2)]


+ (dppm = bisdiphenyl-
phosphinomethane) (1) (RH�H = 1.10 !, neutron diffrac-
tion[3]), by means of combined quantum nuclear dynamics
calculations on a density functional theory (DFT) surface.[4]


The substantial anharmonicity of the potential energy sur-
face (PES) that describes the internal motion in the Ru�H2


unit, together with the varying thermal population of excited
vibrational states could explain the geometry obtained by
neutron diffraction and the lengthening of RH�H, observed
indirectly through a decrease in the value of 1JHD with tem-
perature. The adequacy of this theoretical explanation was
put to the test when it predicted a systematic shortening of
the H�H distance for heavier isotopomers of the dihydrogen
ligand coordinated in the complex, a prediction that was af-
terwards proven to be true.[5,6] As such, stretched dihydro-
gen complexes could be understood and set aside from the
broad family of nonclassical dihydrogen complexes as a
group with specific properties attributed to a common
cause: the effects of the anharmonicity of the PES on the vi-
brational eigenstates of the M�H2 unit in the complex.


Abstract: To be able to propose experi-
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metal complexes, a thorough density
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ture in combination with quantum nu-
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Recently, Pons and Heinekey reported the synthesis and
characterization of the complex [Cp*Ir(dmpm)H2]


2+ (dmpm
= bis(dimethyl)phosphinomethane) (2).[7] This complex was
first described as a stretched dihydrogen complex, in which
1JHD increased with the temperature, which has a compara-
tively large RH�H distance of 1.49 !, estimated from T1(min)


relaxation time measurements. In a subsequent theoretical
study, it was found that its PES had two minima, the most
stable one matching the description of a dihydride (RH�H =


1.63 !).[8] A simplified one-dimensional nuclear dynamics
study described the geometry of the Ir�H2 unit and also
showed that the mean thermal RH�H decreased with increas-
ing temperature, thus indirectly explaining the experimental
observations. The fact that the most stable minimum on the
Born–Oppenheimer potential energy surface (i.e. before nu-
clear motion was considered) was that of a dihydride com-
plex, and that the vibrational states indicated progressively
shorter H�H distances, suggested that this complex could be
described as a “compressed dihydride” rather than stretched
dihydrogen. Very recently, complex 2 has been the target of
a thorough dynamical study in which an anharmonic vibra-
tional analysis was performed.[9] More importantly, the dy-
namical study combined with a first-principles theoretical
determination of both the 1H NMR chemical shift and the
1JHD surfaces describes almost quantitatively the tempera-
ture dependence of 1JHD without resorting to correlations of
any kind. This result further validates the hypothesis behind
the explanation of the strange properties of this kind of
complexes.


Other complexes have been reported with properties
mimicking those of 2. Some years ago, Casey et al. reported
the synthesis and characterization of the complex [CpRe-
(CO)2H2] (3), described as a dihydride complex with a tem-
perature-dependent 1JHD value (increasing with tempera-
ture).[10] An equilibrium between the cis-dihydride and a hy-
pothetical dihydrogen species was postulated; however, at-
tempts to detect the dihydrogen isomer by low-temperature
IR spectroscopy were fruitless. To our knowledge, 3 has not
yet been studied theoretically to explain its properties. In
view of recent developments it now seems likely that com-
plex 3 belongs to the stretched dihydrogen family of com-
plexes.


At this point, it is logical to wonder whether the term
“compressed dihydride” could be more than just a descrip-
tor for complex 2 and could apply to more cases. According-
ly, the set of complexes previously termed “stretched dihy-
drogen complexes” could actually be divided into two differ-
ent groups with completely different properties. Herein, we
will try to provide theoretical grounds in favor of such a dis-
tinction and also discuss ways to distinguish between both
kinds of complexes. To tackle this task, a comparative study
of two opposite cases of “stretched” dihydrogen complexes
is performed. Quantum nuclear dynamics are used to deter-
mine the temperature dependence of the 1JHD coupling con-
stant from first principles. As opposite cases, two stretched
dihydrogen complexes with very different reported H�H
distances have been selected. Complex 1 is a clear example


of a “conventional” stretched dihydrogen complex and, as
such, has been selected for this study. In contrast, complex 3
has been chosen because the low value of 1JHD seems to in-
dicate that this complex is closer to the description of a
compressed dihydride. For comparison purposes we com-
pare our results to those published for complex [W(CO)3-
(PH3)2(H2)] (4), a model of complex [W(CO)3(PCy3)2(H2)],
a clear dihydrogen complex.[11]


We note that the methodology used in this work to obtain
the results for complex 1 differs slightly from that used for
the original theoretical work.[4]


Computational Methods


Electronic structure calculations : As in the previous theoret-
ical study,[4] complex 1 is modeled as
[Cp*Ru(H2PCH2CH2)(H2)]


+ (1’). No modeling is performed
on complex 3. For complexes 1’ and 3, the only restriction
imposed was global Cs symmetry. The GAUSSIAN03 pro-
gram was used in all electronic structure calculations.[12]


Electronic structure calculations were performed at the
DFT level.[13,14] The functional chosen was the three-param-
eter hybrid functional of Becke, and the Lee, Yang, and
Parr correlation functional, widely known as B3LYP.[15,16] To
reduce the computational cost, bearing in mind the large
number of point calculations needed, an effective core oper-
ator was used to replace the core electrons of the ruthenium
and rhenium atoms.[17] Outer electrons were described with
the basis set associated with the pseudopotential of Hay and
Wadt with a standard double-z LANL2DZ contraction.[12,17]


The phosphorus atoms in complex 1’ were described with
the LANL2DZ pseudopotential and basis set, enlarged with
d polarization functions.[18] The standard split valence 6-
31G(d) basis set was used for all carbon atoms.[19] All hydro-
gen atoms were described with the 6-31G basis set,[20] except
those directly linked to the ruthenium atom, for which 6-
31G(p) was used instead.[21] We note that the basis set used
for 1’ differs slightly from that used in previous work.[4]


The carbon and oxygen atoms in complex 3 were de-
scribed with the 6-31G(d) basis set.[19] Hydrogen atoms were
treated exactly the same as for complex 1’.


1H NMR chemical shifts (d) relative to hydrogen atoms in
tetramethylsilane (TMS) were obtained from nuclear mag-
netic shielding tensors computed at the DFT level with the
B3LYP functional and the gauge-invariant atomic orbital
(GIAO) method.[12,22–24] Indirect NMR spin–spin coupling
constants for H and D in the HD isotopic variant of the di-
hydrogen complex, 1JHD, were determined at the DFT level
with the B3LYP functional and the GIAO method.[12,25–27]


The coupling constants were computed as a sum of the
Fermi contact (FC), spin dipolar (SD), paramagnetic spin–
orbit (PSO), and diamagnetic spin–orbit (DSO) contribu-
tions. In selected cases, 1JHD was computed for structures in
which the hydrogen atoms bound to the metal atoms were
described with the IGLO-III basis set to examine basis set
convergence.[28]
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Nuclear dynamics calculations : This research work is con-
cerned with the dynamics of the M�H2 unit (M = Re, Ru)
and, because of the lightness of the hydrogen atoms, a quan-
tum treatment is in order. To determine both energy levels
and wave functions of the nuclear motion, the nuclear
Schrçdinger equation [Eq. (1)] has to be solved, where R is
a 3N�6 component vector describing a given arrangement
of the nuclei, and U is the potential energy surface (PES),
computed by adding the electronic potential energy plus in-
ternuclear repulsion energy obtained within the Born–Op-
penheimer approximation (static nuclei).


½T̂nuclear þ UðRÞ�ynuclear ¼ Eynuclear ð1Þ


Because computation of the full U(R) is unattainable, a
reduction of the dimensionality that preserves the main fea-
tures of the potential energy surface is needed. It has been
shown elsewhere that the dynamics of the M�H2 unit in
elongated dihydrogen complexes extensively mixes the H�H
and M�H2 motions.[4,29,30,9] With this in mind, a two-dimen-
sional surface was computed, the variables chosen being the
H�H and M�H2 distances, the latter being defined as the
distance between the metal center and the point halfway be-
tween both hydrogen atoms. This choice greatly simplifies
the kinetic energy operator in Equation (1).


When computing this PES, we allowed global relaxation
of the complex, except for the H�H and M�H2 distances,
whilst keeping the complex within the Cs symmetry group at
all times. A total of nine distance values in the M�H2 direc-
tion and 11 in the H�H direction were computed to build a
grid of 99 points, each corresponding to a different structure.
This mesh of points was fitted into a two-dimensional cubic
splines functional form to facilitate further calculations.[31]


The generic discrete variable representation (DVR)
method proposed by Colbert and Miller was chosen to solve
Equation (1).[32] The DVR representation consisted of a rec-
tangular grid of 20R20 points. After the DVR matrix repre-
sentation of the Hamiltonian is constructed, its diagonaliza-
tion yields the eigenvalues (vibrational energy levels) and
eigenvectors (vibrational wave functions). The wave func-
tions are used in further calculations of the expectation
values and averaged quantities, as will be described in the
text. It was verified that the results remained essentially in-
variant upon increasing the number of points in the DVR
grid.


Results and Discussion


Even though, as mentioned in the Introduction, complex 1’
has been studied theoretically with success before, the ex-
planation of the temperature dependence of 1JHD was indi-
rect and based on the well-known correlation between this
magnitude and RH�H.


[4] Recent advances in computer power
and algorithmics have made it possible to compute the value
of the 1JHD surfaces, which imply computing 1JHD values for
a large number of structures, with acceptable precision and


reasonable use of computational resources. Incidentally, in a
very recent paper, we presented a thorough study of com-
plex 2 in which a sizeable portion of the 1JHD surface was
computed and used to calculate vibrational state-averaged
values of 1JHD and thus determine, from first principles, the
temperature dependence of 1JHD by means of a Boltzmann
average.[8] In this study it was found that 1JHD depended not
only on RH�H, as is well known, but also that it has a certain
dependence on RM�H2


. Hence we think it is preferable, if
possible, to compute 1JHD directly and compare it to experi-
mental data, especially since it has been previously demon-
strated in several cases of elongated dihydrogen/compressed
dihydride complexes that M�H2 and H�H motions are inex-
tricably coupled.[4,29, 30,9]


The temperature dependence of 1JHD in complex 1 was es-
tablished at the time its crystal structure was resolved by
means of neutron diffraction (22.3 Hz at 213 K, 21.1 Hz at
295 K).[3] When attempting to verify the foretold[4] isotope
effect on the H�H distance for 1’, Heinekey and co-workers
carried out an extensive NMR study of 1 and related com-
plexes.[5,6] Besides verifying that there was a real isotope
effect in the direction predicted (shortening H�H for heavi-
er isotopomers of the H2 ligand), it was found that 1JHD de-
creased with temperature for a whole set of complexes relat-
ed to 1 and also that all these complexes had a measurable
isotope effect on the chemical shift. In particular, it was de-
termined that the chemical shift for the HD and HT iso-
topomers appeared 15 and 22 ppb, respectively, farther up-
field than for the HH case, for measurements at 300 K in
CD2Cl2.


[6] As for complex 3, Casey et al. determined that
1JHD increased with temperature (5.8 Hz at �35 8C and
6.5 Hz at +28 8C). We could not find a resolved structure
for 3 ; however, Casey et al. noted that the 1JHD value found
was larger than any that had been reported for any metal di-
hydride complex and smaller than any reported for a dihy-
drogen complex. The use of the new correlation[8] of 1JHD


and RH�H would yield an estimated value of 1.41 ! at room
temperature.


The availability of data for the isotope effect on the
1H NMR chemical shift and 1JHD for 1 and 3 makes it possi-
ble to carry out a parallel study for both complexes similar
to that recently published for complex 2.[9] Hence, the study
begins with a search for the stationary points in the dihydro-
gen or dihydride regions of the complete configurational
space for 1’ and 3. Next, the two-dimensional potential
energy surface within the Born–Oppenheimer approxima-
tion as a function of the H�H and M�H2 stretches will be
built. Furthermore, the 1H NMR chemical shift and 1JHD


coupling constant surfaces will also be built. Finally, quan-
tum dynamics calculations will be performed for both com-
plexes to determine the temperature dependence of 1JHD


and the chemical shift.


Static studies : The stationary points of complexes 1’ and 3
corresponding to the minima have been located and charac-
terized within the global Cs symmetry by direct minimiza-
tion of the Born–Oppenheimer potential energy surface.
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The geometries of these stationary points with respect to the
M�H2 units are detailed in Table 1. We note that the change
in basis set has not had any important effects on the geome-


try of complex 1’.[4] From a purely electronic point of view,
that is, before nuclear motion is considered, complex 1’ can
properly be described as a dihydrogen complex, whereas
complex 3 fits the description of a dihydride. However, as is
known for this family of complexes, the experimentally re-
solved geometry cannot be compared directly to that of a
direct minimization of the potential energy, as is customary
with most other systems, because the flatness of the poten-
tial energy surface describing the motion within the M�H2


unit makes it necessary to consider nuclear motion quantum
dynamically. Thus, following the same procedure as in previ-
ous studies[4,29,8] we determined the relaxed potential energy
surface as a function of H�H and M�H2 stretches, which are
represented in Figure 1.


For complexes having minima so different to each other it
is remarkable that their PESes share so many traits. The
overall shape of the PES is the same, with a deep energetic
“cleft” following a rather straight path, along which the M�
H2 distance decreases while H�H increases. This has been
the case in all complexes of this family we have studied so
far and is at the root of the dynamical nonseparability of the
H�H and M�H2 stretches that happens in these complexes
once the hydrogen molecule is coordinated to the metal
center. It is illuminating to compare these PESes to other
available examples. Complex [W(CO)3(PH3)2(H2)] (4) was
exhaustively studied to model the thermodynamics of the di-
hydrogen–dihydride equilibrium in [W(CO)3(PCy3)2(H2)],
one of the so-called Kubas complexes, and as such, a clear
dihydrogen complex.[11] At the dihydride end, we have stud-
ied recently the compressed dihydride complex 2, which, in
terms of the minimum of its PES, is a dihydride. Geometric
data for complexes 2 and 4 are also collected in Table 1 and
the corresponding potential energy surfaces in Figure 1. All
the PESes display a strong family resemblance in the form
of this above-mentioned energy cleft, even in the case of
complex 4, which, strictly speaking, does not belong to this
family of complexes. Actually, the only relevant difference
seems to lie in the position of the deepest point of the pro-
file in the general path along which RH�H lengthens and
RM�H2


shortens.
The values of d and 1JHD for the minimum energy struc-


tures of 1’ and 3 are given in Table 2. Even though the
values in Table 2 do not completely agree with experimental
data, it should be remembered that the former values are


Table 1. Geometries of the minimum energy structures of the M�H2 unit
in some theoretically studied, stretched dihydrogen complexes. For com-
plex 2, data shown corresponds to the lowest energy minimum.


Complex No. RH�H RM�H2
Reference


[!] [!]


[W(CO)3(PH3)2(H2)] 4 0.83 1.87 [11]
[Cp*Ru(H2PCH2PH2)(H2)]


+ 1’ 0.88 1.67 this work
[CpRe(CO)2H2]] 3 1.60 1.45 this work
[Cp*Ir(dmpm)H2]


2+ 2 1.63 1.37 [8]


Figure 1. Contour plots of the relaxed potential energy surfaces for complexes 1’ (bottom left) and 3 (bottom right). For comparison, the corresponding
potential energy surfaces for complexes 4[11] (top left) and 2[8] (top right) are also included. To make the comparison meaningful, all surfaces are defined
on the same range of H�H and M�H2 distances. Energy contours start at 1 kcalmol�1 and increase in 2 kcalmol�1 intervals. Dihydride character increases
counterclockwise, starting at complex 4 (top left).
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those for a single structure—that of the minimum—and that
a comparison with experimental data should be based on
the Boltzmann average of state-averaged values of d and
1JHD. In any event, the values of 1JHD for the minimum of 1’
are reasonable for a dihydrogen complex, and those of 3 are
reasonable for a dihydride complex. To estimate the mea-
sured values of the 1H NMR chemical shift and 1JHD, the cor-
responding surfaces were computed and are depicted in
Figure 2 and Figure 3, respectively.


Figure 2 and Figure 3 reveal a surprising fact: even
though the absolute value of the chemical shift and 1JHD


may differ, the general shape of these surfaces is the same
for both complexes. Furthermore, comparison to Figure 3 in
reference [9] clearly shows that the 1H NMR chemical shift
surfaces for complexes 1’, 2, and 3 look very much alike.
The form of the chemical shift surface is the same in all
complexes; however, there is a certain constant point-to-
point shift for complex 1’ downfield of 3. This is reasonable
in view of the fact that 1’ is actually a cationic complex,
hence it has less electron density and consequently it seems
reasonable that the H2 ligand is less shielded.


Something similar happens to the 1JHD surfaces (compare
Figure 3 in this work and Figure 2 in reference [9]). This in-
dicates that 1JHD is mainly a function of the geometry and
that complexes with similar geometries of the M�H2 unit,
not only H�H, ought to have similar values of 1JHD. This fact
is implicit in the known correlations of 1JHD and RH�H. We
note also that 1JHD is not only a function of RH�D, but also of
RM�HD. Therefore, according to these computations, differen-
ces in 1JHD detected at the experimental level depend on the
underlying potential energy surface (which indicates where
the minimum is and how the vibrational energy levels are).


It is known that the accuracy of theoretically computed
spin–spin coupling constants and nuclear shielding constants
greatly depends on the quality of the basis sets. Large basis
sets are known to be necessary for nuclear shielding con-
stants.[33] As for spin–spin coupling constants, in addition to
a large basis set requirement, the dominance of the Fermi-
contact contribution requires a proper description of the nu-
clear region. In the case of hydrogen atoms, this means
using 1s functions with large exponents.[33, 34] Excellent per-
formance has been reported for both nuclear shielding and
spin–spin coupling constants with the larger basis sets of
Schindler and Kutzelnigg, or IGLO basis sets, which are of
triple-z quality or better.[28] However, the dynamical nature
of the study we present here requires the computation of d
and 1JHD for a large number of different structures, which
would turn out to be too costly with these large basis sets.
Instead, to validate the basis set convergence of the d and
1JHD surfaces computed so far, we computed these magni-


Table 2. 1H NMR parameters for complexes 1’ and 3 computed for the
minimum energy structure.


Complex d [ppm] 1JHD[Hz]


1’ �5.213 34.7
3 �6.057 2.91


Figure 2. Contour plots of the 1H NMR chemical shift relative to TMS (31.775 ppm at this level of calculation) for complexes 1’ (left) and 3 (right). Con-
tours start at d = �20 ppm (contour at bottom left in both cases) and increase in 2 ppm intervals.


Figure 3. Contour plots of 1JHD for complexes 1’ (left) and 3 (right). Contours start at 2 Hz (contour at bottom right in both cases) and increase in 2 Hz
intervals.
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tudes at the potential energy minimum of complexes 1’ and
3 where the hydrogen atoms bound to the metal have been
described with the IGLO-III basis set.


The improved description of the hydrogen atoms with the
IGLO-III basis set did not significantly change either d or
1JHD. In complex 1’, d = �5.191 ppm (compared to
�5.213 ppm), and for complex 3 d = �5.913 ppm (com-
pared to �6.057 ppm). As for the spin–spin coupling con-
stants, 1JHD = 33.3 Hz in complex 1’ and 1JHD = 3.45 Hz in
complex 3 (compared to 34.7 Hz and 2.91 Hz, respectively).
These results indicate that the results obtained with the
smaller basis set are sufficiently converged with respect to
the basis set and hence adequate for our present goal.


The final value of 1JHD was obtained as the sum of four
different contributions: Fermi contact (FC), spin-dipolar
(SD), paramagnetic spin-orbit (PSO), and diamagnetic spin-
orbit (DSO). We analyzed the importance of each contribu-
tion for complexes 1’ and 3 at the potential energy minimum
structures with the IGLO-III basis set. As expected, the
main contribution to 1JHD comes from the Fermi contact
term (1’: +32.9 Hz, 3 : +3.18 Hz). The rest of the contribu-
tions are very small (for complex 1’ the three remaining con-
tributions are �0.04 Hz (SO), �0.20 Hz (PSO), and
+0.66 Hz (DSO), and for complex 3 the values are
+0.02 Hz (SD), �0.18 Hz (PSO), and +0.43 Hz (DSO)).


Dynamical studies : We used DVR to solve the nuclear
Schrçdinger equation on the PESes of 1’ and 3 for the H�H
isotopomer, and computed the expectation values of the
geometrical parameters of the M�H2 unit for the first few
vibrational states (Table 3). There is a very clear difference


between complex 1’ and 3 in terms of the vibrational wave
functions, although there was almost none in terms of the
1JHD and chemical shift surfaces. The probability densities of
the first three vibrational states for both complexes are
shown in Figure 4. The wave function of the ground state is
largely delocalized (i.e. has a nonnegligible amplitude) over
a wide range of M�H2 and H�H distances; however, it is ap-
proximately centered on the potential energy minimum for
both complexes, thus retaining a general (somewhat elongat-
ed) dihydrogen character for 1’ (hRH�Hin=0 = 0.99 !), and
(somewhat compressed) dihydride character for complex 3
(hRH�Hin=0 = 1.53 !). More quantitatively, the dihydrogen
character of either complex in the ground vibrational state
can be computed as the integral of the density for the areas
of configurational space that correspond to a dihydrogen
complex [Eq. (2)],


xdihydrogen ¼
Zþ1


0


dRM�H2


Zþ1:0�


0


dRH�HjyðRH�H, RM�H2
Þn¼0j2


ð2Þ


and analogously, for the dihydride character [Eq. (3)],


xdihydride ¼
Zþ1


0


dRM�H2


Zþ1


þ1:5�


dRH�HjyðRH�H, RM�H2
Þn¼0j2


ð3Þ


This yields a dihydogen character for 1’ of 0.540 in the
ground vibrational state, and a dihydride character for 3 of
0.614 in the ground vibrational state.


However, excited states follow quite different patterns. In
1’, the wave functions of excited vibrational states strongly
project to longer H�H (and shorter M�H2) distances, fol-
lowing the cleft in U. As such, increasingly excited states
have wave functions that have an amplitude further to the
dihydride region. In contrast, complex 3 has excited states
that project to shorter H�H distances (and longer M�H2


distances) also following the cleft in U, but this time in the
reverse direction. We have applied equations analogous to


Table 3. Vibrational energy levels and expectation values for the geomet-
rical parameters of the M�H2 unit in complexes 1’ and 3 (H�H isotopom-
er). Only levels within �5 kcalmol�1 of the vibrational ground state are
shown.


Complex 1’ Complex 3
State E hRH�Hi hRM�H2


i E hRH�Hi hRM�H2
i


[kcalmol�1] [!] [!] [kcalmol�1] [!] [!]


0 4.38 0.99 1.63 3.63 1.53 1.48
1 6.16 1.24 1.53 5.29 1.37 1.53
2 7.48 1.25 1.56 6.86 1.40 1.53
3 8.93 1.27 1.56 8.73 1.43 1.53


Figure 4. Probability density (jy j 2) of the vibrational ground state (red), first (blue), and second (green) excited states, for complexes 1’ (left) and 3
(right).
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Equation (2) and Equation (3) to quantify the increase of
the dihydride character in the vibrational excited states of
complex 1’ and of the dihydrogen character in the vibration-
al excited states of complex 3, which are represented in
Table 4.


We now address complex 1’: in the immediate vicinity of
the potential energy minimum, the path that allows a larger
geometric deformation at the least energetic cost is, of
course, the cleft in U, that is, in the general direction of M�
H2 shortening and H�H lengthening and vice versa. Howev-
er, because the minimum is closer to the dihydrogen region,
it is actually easier to elongate the H�H bond. Thus, the
wave function of the ground state is shifted towards longer
H�H distances, and this trend is more evident in excited
states. On the contrary, complex 3 has the potential energy
minimum in the dihydride region. At that point, it is easier
to shorten the H�H distance than it is to lengthen it, be-
cause lengthening it meets with a continuous rise in energy,
whereas shortening it leads to the dihydrogen region, which
is low in energy. Not surprisingly, the ground state has an
expectation value for the H�H distance that is shorter than
at the minimum, and this is true for excited states too. Thus,
as the energy of the vibrational state increases, the Ru�H2


unit is increasingly better described by geometries in the di-
hydride region, whereas the Re�H2 unit is better described
by structures in the dihydrogen region of the PES.


These different properties should have a direct manifesta-
tion in experimentally measurable quantities, such as the
isotope effect on the H�H distance, the temperature de-
pendence of the H�H distance, and maybe more easily, 1JHD.
The isotope effect on the H�H distance reflects the change
in the expectation value of RH�H when one considers the
HD isotopomer of the complex. To determine this theoreti-
cally, we solved the nuclear Schrçdinger equation for this
isotopomer to find the expectation value for RH�H. Results
are presented in Table 5. It can be seen that heavier iso-
topomers of complex 1’ are predicted to have shorter H�H


distances, whereas those of complex 3 are predicted to have
longer H�H distances.


The temperature dependence of RH�H is easily obtained
by determining the expectation values of RH�H for each vi-
brational state and then carrying out a Boltzmann average
at a given temperature. Table 6 contains the values of the


thermal averages of RH�H at different temperatures. It can
be seen that complex 1’ is predicted to display an increasing
value of RH�H with temperature, whereas complex 3 is pre-
dicted to display the opposite behavior. We note that the
present temperature-dependence calculations have been car-
ried out up to 1000 K in order to illustrate the temperature
effects, although it is likely that these complexes are not
stable at such high temperatures.


Finally, we address the effects on the 1JHD values. The the-
oretical estimate of the temperature-dependent 1JHD value is
obtained by means of a straightforward Boltzmann average
of state-averaged values of 1JHD for individual vibrational
states [Eq. 4], where jcHD


i i is the ith vibrational eigenstate
of the M�HD unit, and 1JHD(RH�D, RM�HD,) is the computed
1JHD surface (Figure 3).


h1JHDii ¼ hcHD
i j1JHDðRH�D, RM�HDÞjcHD


i i ð4Þ


This requires that the nuclear Schrçdinger equation must
be solved again for the HD isotopomer to obtain eigenvec-
tors and eigenvalues. State-averaged values for 1JHD are pre-
sented in Table 7.


Table 4. Dihydride character (xdihydride) of the vibrational states of com-
plex 1’, and dihydrogen character (xdihydrogen) of complex 3 for the lowest
vibrational states.


State xdihydride xdihydrogen
of complex 1’ of complex 3


0 0.00776 0.00820
1 0.222 0.119
2 0.383 0.231


Table 5. Expectation values for RH�H for the HH, HD, and HT isotopom-
ers of complexes 1’ and 3 in the ground vibrational state.


Isotopomer hRHAHB
in=0 [!]


Complex 1’ Complex 3


HH 0.99 1.53
HD 0.96 1.54
HT 0.95 1.55


Table 6. Thermal average of the H�H distance at different temperatures
for complexes 1’ and 3.


T [K] RH�H(T) [!]
Complex 1’ Complex 3


0 0.99 1.53
100 0.99 1.53
200 0.99 1.53
300 1.00 1.52
400 1.02 1.51
500 1.04 1.50
600 1.05 1.49
700 1.07 1.49
800 1.08 1.48
900 1.10 1.47
1000 1.11 1.47


Table 7. Vibrational energy levels and state-averaged values of 1JHD for
the HD isotopomers of complexes 1’ and 3. Only levels within �5 kcal -
mol�1 of the ground state are shown.


Complex 1’ Complex 3
State E h1JHDii E h1JHDii


[kcalmol�1] [Hz] [kcalmol�1] [Hz]


0 3.68 31.3 3.02 5.1
1 5.29 21.2 4.47 12.0
2 6.34 20.6 5.71 14.0
3 7.50 21.1 7.22 13.2
4 8.71 22.1 7.78 5.7
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An inspection of the state-averaged values of 1JHD for the
ground and first vibrational excited state of complexes 1’
and 3 (Table 7) indicates that complex 1’ will show decreas-
ing 1JHD with increasing temperature, whereas complex 3
will show increasing 1JHD with increasing temperature for
the same reason. Thus, it is not surprising to see such a dif-
ferent behavior confirmed when the Boltzmann average is
carried out. Figure 5 shows the Boltzmann average of 1JHD


for complexes 1’ and 3, and it can be clearly seen that com-
plex 1’ shows decreasing, and 3 increasing, 1JHD with temper-
ature; both are in qualitative agreement with experimental
data.


Quantitative agreement is excellent for complex 3 : our
calculations predict 5.4 Hz at �35 8C and 5.7 Hz at +28 8C
(compared to 5.8 Hz and 6.5 Hz, respectively[10]). Quantita-
tive agreement for complex 1’ is not so good, with 30.6 Hz
at 295 K and 31.1 Hz at 213 K (compare to 21.1 Hz and
22.3 Hz, respectively[3]). Nonetheless, agreement is much
better if one compares the slope of 1JHD(T) in the ranges
given: for complex 1’, this is computed to be �6.1R
10�3 HzK�1, which compares reasonably well with the exper-
imental value of �15R10�3 HzK�1. For complex 3, the
degree of agreement in terms of this slope is comparable,
4.8R10�3 HzK�1 against the experimental value of 11R
10�3 HzK�1. We think that these computed values are rea-
sonable, taking into account the many precision-sensitive
steps to compute 1JHD(T). We attribute the disagreement in
the absolute values of 1JHD(T) for complex 1’ to the elec-
tronic structure calculations involved in determining the
1JHD surface, which might more accurately describe the dihy-


dride regions of configurational space rather than those of
dihydrogen.


Finally, let us turn our attention to the computation of
chemical shift for complexes 1’ and 3. Heinekey and co-
workers found that an isotope shift was measurable: they
determined the chemical shift of the dihydrogen ligand to
be dHH = �5.975 ppm at 300 K in CD2Cl2.


[6] The chemical
shifts of the HD isotopomer and the HT isotopomer ap-
peared further upfield by 15 ppb and 22 ppb, respectively.
To compare to these data, the state-averaged values of the
1H NMR chemical shift (hdii) for the different isotopomers
of complex 1’ were computed first (Table 8), followed by the


value at 300 K computed through a Boltzmann average. It is
enlightening to compare the state-averaged values of the
1H NMR chemical shift for different isotopomers: it is easy
to see that these go to higher fields (i.e. to more negative
values of d) for heavier isotopomers. The theoretical value
at 300 K for dHH is �4.516 ppm, which compares well with
experimental data. Moreover, dHD and dHT are predicted to
be 115 and 159 ppb, respectively, upfield from dH�H. The fact
that this method correctly predicts that increasingly heavier
isotopomers cause an upfield chemical shift is supportive of
the quality of the underlying computational process fol-
lowed.


Casey et al. also found that complex 3 displayed a certain
isotope effect on the 1H NMR chemical shift of the hy-
drides.[10] They found that the hydrides in the HH isotopom-
er of 3 had a chemical shift of d=�9.240 ppm in D8-
[toluene] at T = �34 8C. The isotope effect for the HD iso-
topomer at the same temperature was 52 ppb upfield.
Table 9 contains the state-averaged values of the chemical
shift for complex 3. An examination of the values of the
state-averaged chemical shift shows that the trend seen for
complex 1’ does not hold. There are states, such as n = 0
and n = 1, where the state-averaged values of the chemical


Figure 5. Temperature dependence of 1JHD for complexes 1’ (top) and 3
(bottom).


Table 8. State-averaged values of the 1H NMR chemical shift for three
isotopomers of 1’. Values for the first few vibrational states are shown.


HH HD HT
State E hdii E hdii E hdii


[kcalmol�1] [ppm] [kcalmol�1] [ppm] [kcalmol�1] [ppm]


0 4.38 �4.550 3.68 �4.679 3.35 �4.733
1 6.16 �3.903 5.29 �4.024 4.83 �4.122
2 7.48 �4.053 6.34 �4.064 5.79 �4.066
3 8.93 �4.016 7.50 �4.067 6.81 �4.098


Table 9. State-averaged values of the 1H NMR chemical shift for two iso-
topomers of 3. Values for the first few vibrational states are shown.


HH HD
State E hdii E hdii


[kcalmol�1] [ppm] [kcalmol�1] [ppm]


0 3.63 �6.019 3.00 �6.015
1 5.29 �6.565 4.47 �6.521
2 6.86 �6.632 5.71 �6.708
3 8.73 �6.556 7.22 �6.616
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shift are slightly further upfield for the HH isotopomer, con-
trary to what has been computed for complex 1’, whereas
there are other states for which the reverse behavior holds.
This is a consequence of the shape of the cleft in the poten-
tial energy surface being almost parallel to the isolines in
the d(RH�H,RM�H2


) surface, which makes the vibrational wave
functions extend mostly over areas where the chemical shift
is approximately constant, and thus, state-averaged values of
it are almost indistinguishable, even for different isotopic
compositions.


Through use of a Boltzmann average, the thermal averag-
es of the chemical shift for the HH and HD isotopomers
can be computed along with the isotope effect on the chemi-
cal shift. We find that this isotope effect is 4 ppb upfield for
the HD isotopomer at T = �34 8C. It is predicted that the
HD isotopomer will have a chemical shift further upfield
than the HH isotopomer, which is also in agreement with
the available data.


Fundamental differences between elongated dihydrogen and
compressed dihydride complexes : In this study, and from a
comparison with data reported elsewhere for complex 2,[9]


we have found a striking similarity between the 1JHD and d


surfaces for different complexes. This indicates that no sig-
nificant differences exist at the electronic structure level as
far as these parameters are considered when comparing
equivalent configurations. The very different properties ob-
served experimentally, and correctly predicted with our the-
oretical calculations, arise from 1) where the ground vibra-
tional wave function has largest amplitude, and 2) where the
first few vibrational statesU wave functions have largest am-
plitudes. Point 1 provides information on the principal char-
acteristics of the complex, while point 2 provides informa-
tion on the temperature dependence of these characteristics.
Both points are connected.


Take complex 1’ as a representative of elongated dihydro-
gen complexes with a short H�H distance: in this case, the
vibrational analysis has revealed that 1) the wave function
of the vibrational ground state extends over a wide area but
spreads preferentially towards areas corresponding to longer
H�H distances, and 2) the wave functions of the first vibra-
tional excited states have larger amplitudes towards areas
described by increasing dihydride (longer H�H) character.
As a result, point 1 makes this complex display 1JHD values
that are generally large (closer to what is expected for dihy-
drogen complexes), and in any case, causes the complex to
have a geometry with longer H�H distances than those of
the potential energy minimum, and point 2 makes the dihy-
dride character increase with temperature, that is, makes
1JHD decrease with temperature.


An analogous reasoning can be applied to complexes 3
(this work) and 2.[9] In these cases, the vibrational analysis
reveals that 1) the wave function of the vibrational ground
state has a larger amplitude in regions of configurational
space where the H�H distance is shorter than in the mini-
mum, and 2) the wave functions of the first vibrational excit-
ed states extend towards areas described by increasing dihy-


drogen (shorter H�H) character. Similarly, point 1 makes
these complexes display 1JHD values that are generally small
(closer to what is expected for dihydride complexes), with a
geometry that is slightly shorter than that of the potential
energy minimum. Point 2, in sharp contrast to complexes
such as 1’, makes the dihydrogen character increase with
temperature, that is, makes 1JHD increase with temperature.


Complexes 1’ and 3 differ essentially in the topology of
their potential energy surfaces, not in the topology of their
1JHD or d surfaces. We have demonstrated that these differ-
ent topologies, in terms of where the absolute minimum is
and in what direction from the minimum it is less costly to
modify the H�H distance, determine clearly where the
ground vibrational state is centered and the direction in
which the vibrational excited states project. We have also
shown that this uniquely determines the range of values of
1JHD and their temperature dependence, which is clearly dif-
ferent, depending on whether a short H�H distance mini-
mum (decreasing 1JHD with temperature) or a long H�H dis-
tance minimum (increasing 1JHD with temperature) is pres-
ent. The clearly different properties in topological terms of
the potential energy surface then find a dynamical measura-
ble effect in terms of the isotope effect on the H�H dis-
tance, the temperature dependence of the H�H distance,
and the temperature dependence of 1JHD.


Accordingly, we think that complexes such as 1’ and 3 can
be distinguished as chemical species, similar indeed but dif-
ferentiable by means of a single experimental test: establish-
ing the sign of the temperature dependence of 1JHD, and, as
such, can be properly identified by different names. Com-
plex 1’ is more similar to a dihydrogen complex, with a
longer expectation value for the H�H distance, and upon in-
creasing temperature its dihydride character increases.
Hence the usual name stretched dihydrogen complex is very
reasonable. Complexes 2 and 3 are more similar to dihy-
dride complexes, with a shorter expectation value of the H�
H distance than that of their potential energy minimum, and
upon increasing the temperature dependence their dihydro-
gen character increases. In our opinion, the name com-
pressed dihydride complex is justifiable in these cases.


One puzzling question remains unanswered: some time
ago, Morris and co-workers reported a thorough experimen-
tal study of complex trans-[Os(H2)Cl(dppe)2]PF6 (5).[35] A
H�H distance of 1.22(3) ! was determined by single-crystal
neutron diffraction in the solid state. Variable-temperature
solution 1NMR experiments revealed that the magnitude of
1JHD increased with temperature, a novel behavior at that
time for elongated dihydrogen complexes. It was also estab-
lished that the librational motion of the dihydrogen ligand
was mostly unhindered. In a theoretical study of complex
trans-[Os(H2)Cl(H2PCH2CH2PH2)2]PF6 (5’), taken as a sim-
plified model of 5,[29] we found that the potential energy sur-
face at the DFT level was flatter and more anharmonic than
that of complex 1’. A nuclear dynamics calculation on the 2-
dimensional potential energy surface constructed in the
same way as in this work yielded a good description for the
expected geometry in the ground vibrational state (1.20 !),
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but also predicted a steady increase of the mean thermal
RH�H distance with temperature, in disagreement with exper-
imental data. Inclusion of a third degree of freedom describ-
ing the librational motion of the dihydrogen ligand, which
explicitly considered the dependence of the librational barri-
er on RH�H, improved the description of the expectation
value of the H�H distance for the ground state (1.23 !) and
predicted the existence of a certain range of temperatures in
which the actual H�H distance would decrease. Thus, the
tentative explanation of the experimental behavior attribut-
ed this to the influence of the librational motion of the H�
H ligand. Recently, Gusev has found that in complex 5 sig-
nificant interaction might happen between the dihydrogen
ligand and the counterion, thus suggesting that the crystal
structure of 5 is different from that of the corresponding
cation when ion pairing is not present.[36] In fact, the poten-
tial energy surface for complex 5’ was found to be extremely
flat (stretching the H�H bond from 1.0 ! to 1.5 ! implied
an energy change of only 0.5 kcalmol�1)[29] so it seems possi-
ble that otherwise weak interactions, such as ion-pairing,
might have an effect in this case that would go unnoticed
otherwise. As such, the implication of the librational motion
of the H�H unit in the inverse temperature dependence of
1JHD should be regarded as inconclusive.


Conclusions


With the aim of discerning the existence of “compressed di-
hydride complexes” as different entities from elongated di-
hydrogen complexes, a thorough comparative theoretical
study has been undertaken on complexes [Cp*Ru-
(dppm)(H2)]


+ (RH�H = 1.10 !, neutron diffraction[3]) and
[CpRe(CO)2H2] (RH�H = 1.41 !, 1JHD data[10]), including
quantum dynamics calculations and computation of the de-
pendence of 1JHD on the temperature from first principles,
that is, without resorting to correlations of any kind.


It has been found that both complexes share striking simi-
larities as far as the 1JHD and 1H NMR chemical shift for the
dihydrogen ligand are concerned, and that this similarity
holds when comparing to another case recently studied,
[Cp*Ir(dmpm)H2]


2+ .[8] Actually, the main difference comes
from the location of the potential energy minimum and the
direction of least energetic cost upon deformation of the H�
H distance. Those complexes with a minimum closer to di-
hydrogen-type distances have larger 1JHD values in general
and, importantly, display decreasing 1JHD with temperature.
Conversely, complexes with a minimum closer to dihydride-
type distances generally have smaller 1JHD values and should
show increasing 1JHD values with temperature.


Two different families of complexes can be seen compris-
ing the elongated or stretched dihydrogen complex group.
On the one hand, the elongated dihydrogen complexes
themselves, which 1) should have their potential energy min-
imum close to the dihydrogen minimum, thus having a
strong dihydrogen character, such as large 1JHD values in
general, and 2) will increase their dihydride character with


temperature, showing decreasing 1JHD with temperature and
increasing RH�H with temperature. Complex [Cp*Ru-
(dppm)(H2)]


+ belongs to this group. On the other hand,
compressed dihydride complexes would differ from the pre-
viously described because 1) they have their potential
energy minimum in the dihydride region, thus having a
strong dihydride character, such as small 1JHD values in gen-
eral, and 2) they will increase their dihydrogen character
with temperature, showing increasing 1JHD with temperature
and decreasing RH�H with temperature. Complexes [CpRe-
(CO)2H2] and [Cp*Ir(dmpm)H2]


2+ would fit this description.
Both kinds of complexes should show isotope geometric
effect when the HH unit is substituted by heavier types,
such that the RH�H distance would be decreased in elongated
dihydrogen complexes and increased in compressed dihy-
dride complexes.


Thus, the elongated (or stretched) dihydrogen and com-
pressed dihydride complexes should be distinguishable by
means of any of three experimental measurements in which
they are predicted to show opposing behavior: 1) isotope
effect on RH�H, 2) temperature dependence of RH�H, and
3) temperature dependence of 1JHD.
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Introduction


The indolocarbazole alkaloids, such as staurosporine (1),
K252a (2) and rebeccamycin (3), are potent (typically sub-
10 nm) inhibitors of a broad range of protein kinases.[1] X-
ray crystal structures of protein kinase–staurosporine com-
plexes reveal that, in each case, staurosporine is bound in an
ATP-binding pocket of the kinase, and that its lactam
mimics the adenine ring of ATP.[2] Despite their widespread
activity, the indolocarbazoles have been useful tools in the
discovery of selective kinase inhibitors. A fruitful strategy
has been to disrupt the planarity of the indolocarbazole ring
system to yield either bisindolylmaleimides[3] (e.g., 4) or di-
anilinophthalimides[4] (e.g., 5). The selectivity and potency


of some inhibitors of therapeutically important kinases has
been refined by the formation of macrocyclic analogues of
4 ; for example, the bisindolylmaleimide LY333531 (6) selec-
tively inhibits[5] the b isoforms of protein kinase C (PKCb)
(IC50=4.7 nm for PKCb I and 5.9 nm for PKCb II), and the
macrocyclic analogues 7 target glycogen synthase kinase-3b
(GSK-3b) (with up to IC50=22 nm).[6] PKCb is selectively
activated by elevated glucose in many vascular tissues, and
the bisindolylmaleimide 6 can produce significant improve-
ments in diabetic retinopathy, nephropathy, neuropathy and
cardiac dysfunction.[7] Indeed, the bisindolylmaleimide 6 is
undergoing phase III clinical trials as a therapeutic agent for
preventing diabetes complications (such as diabetic retinop-
athy) and left ventricular hypertrophy in heart failure.[8] The
mechanism of action of bisindolylmaleimides has been re-
vealed recently in molecular detail : structures of the com-
plexes of 10 with protein kinase A (PKA)[9] and those of 6,
8, 9a, 9b and 10 with 3-phosphoinositide-dependent protein
kinase-1 (PDK-1)[10] have been determined.


Bisindolylmaleimides 11 are not planar molecules, and a
30–408 angle between the planes of the maleimide and each
indole ring is typical.[11] Consequently, for simple bisindolyl-
maleimides 11 bearing achiral substituents R, R’ and R’’,
two diastereomeric (syn and anti) conformers are possible.
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selective protein kinase inhibitors that
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(syn and anti) conformations. The con-
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Rotation about either of the
indolylmaleimide bonds results
in interconversion between the
conformers. We have shown
that simple bisindolylmale-
imides 11 with R=H and Me
are not, in general, atropiso-
meric at ambient temperatures
(the half-lives for epimerisa-
tion are much less than an ar-
bitrary 1000 s[12]).[13]


Macrocyclic bisindolylmaleimides 12 are structurally relat-
ed to [2.n]metacyclophanes (such as 13), which may also
populate two diastereomeric conformations. The configura-
tional stability of cyclophanes is rather sensitive to substitu-
tion and the size of the macrocyclic ring: the transition state
for isomerisation of a cyclophane is destabilised by steric ef-
fects, and configurational stability increases (a) as the size of
the substituent(s) passed through the larger ring increases


and (b) as the size of the macrocycle decreases.[14] In this
paper, we present our investigation of the configurational
stability of simple (11) and macrocyclic (12) bisindolylmale-
imides, and we conclude that atropisomeric bisindolylmale-
imides 12 may be prepared, provided that the 2-indolyl sub-
stituents, R, are sufficiently large.


Results


Synthesis of simple bisindolylmaleimides : The preparation
of simple bisindolylmaleimides with R=H and Me has been
described previously.[15] The bisindolylmaleimides 16Ph and
16Bn (R=Ph and Bn) were prepared in an analogous
manner (Scheme 1). Hence, base-catalysed cyclisation of the
2-alkynyl anilines 14, prepared by substitution of 2-iodo ani-
line, gave the indoles 15.[16] Treatment of the indoles 15 with
ethyl magnesium bromide, and reaction with N-benzyl 3,4-
dichloromaleimide, gave the bisindolylmaleimides 16.[15]


Variable temperature (VT) NMR experiments on simple
bisindolylmaleimides : We investigated the interconversion
of the simple bisindolylmaleimides 16Ph, 16Bn and 17Me
by using variable temperature 500 MHz 1H NMR spectros-
copy. In each case, the choice of solvent was dictated by the
temperature range for which intermediate exchange was ob-
served, and also by the solubility of each compound. The
syn and anti conformers of these bisindolylmaleimides inter-


Scheme 1. Preparation of simple bisindolylmaleimides.
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convert slowly enough at tem-
peratures below approximately
273 K for them to give rise to
two sets of discrete signals in
their 500 MHz 1H NMR spec-
tra. The signals corresponding
to the syn and anti conformers
were assigned by careful in-
spection of the region of the
spectrum corresponding to the
benzyl substituent on the
imide: the benzylic protons are
enantiotopic in the syn con-
former (HA and HA’) and give
rise to a singlet, and are dia-
stereotopic in the anti con-
former (HB and HC) and give rise to a pair of doublets (see
Figure 1). The relative populations of the syn and anti con-


formers were determined as a func-
tion of temperature by integration of
the 500 MHz 1H NMR spectrum over
a range of 40 K in the slow exchange
regime (see Table 1).


The barrier to interconversion be-
tween the syn and anti conformers
was determined by analysis of
500 MHz 1H NMR spectra recorded


over a temperature range (of between 20 and 40 K) in the
intermediate exchange regime (see Table 2).[17] The rate of
equilibration, and hence krot,
was estimated by comparison
of the experimental spectra
with the simulated spectra gen-
erated by gNMR analysis[18]


using populations extrapolated
from the slow exchange
regime. Kinetic data for the
isomerisation of the anti con-
formers of 16Ph, 16Bn and
17Me is summarised in
Table 3.


Synthesis of macrocyclic bisin-
dolylmaleimides : The synthe-
ses of the macrocyclic bisindo-
lylmaleimides 18H, 18Me,
19H and 19Me (n=6–10) have
been described previously.[15]


The bisindolylmaleimides
16Ph and 16Bn were treated
with sodium hydride in DMF,
and the resulting anions were
reacted with 1,10-dibromode-
cane to give the corresponding
macrocyclic bisindolylmale-
imides 18Ph (n=10) and 18Bn
(n=10) (Scheme 2). The mac-


Figure 1. Enantiotopic and diastereotopic benzylic protons in the bisindo-
lylmaleimides 11.


Table 1. Populations of the syn and anti conformers of the bisindolylmaleimides.


Compound R Solvent,
T [K]


syn
[%][a]


anti
[%][a]


DH8
[kJ mol�1][b]


DS8
[J mol�1 K�1][b]


DG8
[kJ mol�1][b]


16Ph Ph CD2Cl2,
243


41 59 �7.9 �1.0 �29�4 0.8�0.2


16Bn Bn CD2Cl2,
253


39 61 2.7�0.5 14�2 1.6�0.3


17Me Me [D8]toluene,
298


65 35 –[c] –[c] 1.4�0.2[d]


19Me (n=9) Me [D6]DMSO,
300


57 43 5.0�1.5 14.2�3.0 0.8�0.1


19Me (n=10) Me [D6]DMSO,
300


35 65 4.4�0.5 20�2 �1.5�0.1


[a] At temperature T, determined by integration of the 500 MHz 1H NMR spectrum. [b] At 298 K, determined
by extrapolation of the relative populations of the slowly exchanging conformers. [c] Not determined. [d] De-
termined by integration of the 500 MHz 1H NMR spectrum recorded at 298 K.


Table 2. Results of VT-NMR studies on the bisindolylmaleimides.


Compound R Solvent T range[a]


[K]
K[b] krot


[s�1][b]
DG�


[kJ mol�1][c]


16Ph Ph CD2Cl2 253–283 0.71�0.10 170�30 60.3�0.5
16Bn Bn CD2Cl2 253–291 1.90�0.05 120�30 61.1�0.3
17Me Me [D8]toluene 263–343 0.57�0.05 1600�200 54.8�0.3
19Me (n=9) Me [D6]DMSO 323–373 0.72�0.05 0.58�0.1 74.3�0.3
19Me (n=10) Me [D6]DMSO 300–373 1.8�0.2 2.0�0.3 70.3�0.3


[a] Temperature range of VT-NMR experiments. [b] At 298 K. [c] For conversion of the anti conformer into
the syn conformer, extrapolated to 298 K.


Table 3. Kinetic data for the epimerisation of the bisindolylmaleimides.


Compound R Solvent Method krot [s�1][a] DG� [kJ mol�1][b] t1=2


[c]


16Ph Ph CD2Cl2 VT-NMR 170�30 60.3�0.5 4.1�0.3 ms
16Bn Bn CD2Cl2 VT-NMR 120�30 61.1�0.3 5.8�0.5 ms
17Me Me [D8]toluene VT-NMR 1600�200 54.8�0.3 0.43�0.05 ms
18H (n=6) H CD2Cl2 VT-NMR 1.1 J 106[e] 36.6�0.3[d] 0.3 ms[e]


18Me (n=6) H hexane-iPrOH chiral HPLC <1J 10�3 >90 >10 min[f]


18Me (n=8) H hexane-iPrOH chiral HPLC <1J 10�3 >90 >10 min[f]


19Me (n=9) Me [D6]DMSO VT-NMR 0.58�0.1 74.3�0.3 1.2�0.1 s
19Me (n=10) Me [D6]DMSO VT-NMR 2.9�0.3 70.3�0.3 0.23�0.03 s
18Ph (n=10) Ph [D6]DMSO NMR[g] <1J 10�17[e] >160 >107 yr[e]


18Bn (n=10) Bn [D6]DMSO NMR[g] <1J 10�17[e] >160 >107 yr[e]


[a] At 298 K. [b] For the conversion of the anti conformer into the syn conformer at 298 K. [c] Estimated half-
life for the epimerisation of the anti conformer at 298 K. [d] DG� is given at the coalescence temperature
(203 K). [e] Estimated value, on the assumption that DS� is small. [f] The enantiomeric anti conformers could
be separated by chiral analytical HPLC. [g] Epimerisation did not occur when the syn and anti atropisomers
were heated at 433 K for five days.
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rocyclic bisindolylmaleimides were separable atropisomers
whose relative configuration could be assigned by careful
analysis of their 500 MHz 1H NMR spectra: the benzylic
protons give rise to a singlet in the syn atropisomer, and to
a pair of doublets in the anti atropisomer (see Figures 1 and
2). In addition, the relative configuration of the bisindolyl-
maleimide syn-18Ph was determined by X-ray crystallogra-
phy (Figure 3).


Investigation into the configurational stability of macrocyclic
bisindolylmaleimides : As a starting point, we investigated
the configurational stability of macrocyclic bisindolylmale-
imides 18H. The syn and anti conformations of the macrocy-
cles 18H were in fast exchange on the NMR timescale at
298 K. However, at low temperature, the region correspond-
ing to the tether of 18H (n=6) in its 500 MHz 1H NMR
spectrum broadened dramatically: below the coalescence
temperature, 203 K, the methylene protons adjacent to
indole nitrogens (NCHAHB) were rendered diastereotopic
on the NMR timescale. Because molecular modelling stud-


ies had revealed that the anti conformer of 18H (n=6) was
>20 kJ mol�1 more stable that the syn conformer, the dia-
stereotopicity must stem from slow interconversion of the
enantiomeric anti conformers. This hypothesis is summarised
in Scheme 3. At the coalescence temperature, the barrier to
racemisation, DG�, of the anti conformer of 18H (n=6) was
found to be 36.6�0.3 kJ mol�1 (see Table 3). The NMR
spectra of the larger macrocycles 18H (n=7–10) were also
recorded at 200 K; however, for these compounds, the dia-
stereotopicity of the protons in the tether was not revealed,


suggesting that conformational
interconversion in these cases
was faster.


The barrier to conformation-
al interconversion increased as
the size of the 2-indolyl sub-
stituent increased. The syn and
anti conformers of the macro-
cycles 19Me (n=9 and 10) in-
terconvert slowly enough in
[D6]DMSO at around, and just
above, room temperature to
give rise to two sets of discrete
signals in their 500 MHz


Scheme 2. Synthesis of atropisomeric, macrocyclic bisindolylmaleimides.


Figure 2. Partial 500 MHz 1H NMR spectra of the bisindolylmaleimides
syn- and anti-18Bn. The signal(s) corresponding to the benzylic protons
on the imide nitrogen are at approximately 4.8 ppm in each case.


Figure 3. X-ray crystal structure of the bisindolylmaleimide syn-18Ph.


Scheme 3. Exchange of HA and HB by racemisation of the anti conformer
of 18H.
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1H NMR spectra (Figure 4). The syn and anti conformers
were assigned, and the relative populations of the conform-
ers were determined as a function of temperature in the
slow exchange regime (see Table 1). Analysis of the NMR
spectra that had been recorded over a range of higher tem-
peratures, and were, therefore, dramatically broadened, al-
lowed krot and DG� to be extracted (Tables 2 and 3). The
barriers, DG�, to isomerisation of the anti conformers of
19Me (n=10) and 19Me (n=9) were 70.3�0.3 and 74.3�
0.3 kJ mol�1, respectively (see Table 3).


The further reduction in the size of the macrocyclic ring
had a remarkable effect on the barrier to conformational in-
terconversion. The 500 MHz 1H NMR spectra of 18Me (n=
6–8) in [D8]toluene revealed that only the chiral, anti con-
former was populated at 298 K. In this case, the barrier to
anti!syn isomerisation, DG�, may be assessed indirectly by
tracking the racemisation of the anti conformer (for which
the syn conformer is a presumed intermediate). The benzylic
protons were diastereotopic on the NMR timescale, and
were used as a handle to assess the rate of racemisation.
The signals corresponding to the benzylic protons did not
coalesce as the sample was heated to 373 K. Interconversion
between the enantiomeric anti conformers of 18Me (n=6–
8) was, therefore, sufficiently slow that its rate could not be
determined by using variable temperature NMR spectrosco-


py. Indeed, analysis of the macrocycles 18Me (n=6) and
18Me (n=8) by performing chiral analytical HPLC revealed
two peaks in each case, demonstrating that the half-lives of
the enantiomeric anti conformers at 298 K were greater
than the separation of the peaks (>10 min).[19] The barrier
to racemisation of the anti conformer of 18Me (n=6 and 8)
was concluded to be at least 90 kJ mol�1.


The arbitrary boundary[12] between conformational iso-
mers and atropisomers was crossed by further increasing the
size of the 2-indolyl substituents. Although we had been
able to separate the syn and anti atropisomers of 18Ph (n=
10) and 18Bn (n=10) by preparative HPLC, the effect of
the larger 2-indoyl groups was remarkable. The anti and syn
atropisomers of 18Ph (n=10) and 18Bn (n=10) were
heated at 433 K for five days in [D6]DMSO, and the samples
were reanalysed by performing 500 MHz 1H NMR spectros-
copy. There was no evidence for epimerisation[20] of either
of the atropisomers, indicating half-lives of at least one
month at 433 K, and, hence, estimated half-lives of at least
107 years at 298 K. A lower limit for the barrier, DG�, to
conformational isomerisation of 18Ph (n=10) and 18Bn
(n=10) is 160 kJ mol�1.


Evidence for “rocking” between unsymmetrical syn and
anti conformers : Perfectly symmetrical conformers of the
bisindoylmaleimides described in this paper would have
identical indole rings: a C2-symmetrical anti conformer has
homotopic indoles, and a Cs-symmetrical syn conformer has
enantiotopic indoles. The 500 MHz 1H NMR spectra ob-
tained for the bisindolylmaleimides 16Bn and 19Me (n=
10) that had been cooled to around 250 K had two sets of
discrete signals that corresponded to the slowly intercon-
verting syn and anti conformers. For each conformer, there
was only one set of resonances for each pair of indole rings.
The conformers were either symmetrical, or were still inter-
converting rapidly on the NMR timescale.


Cooling the samples further resulted in the dramatic
broadening of some signals: all of the indolyl signals of
16Bn, and the indolyl signals corresponding to the syn con-
former of 19Me (n=10), were broadened. We conclude that
this line broadening demonstrates that some of the conform-
ers are, in fact, unsymmetrical; interconversion between
these unsymmetrical conformers had simply been fast
enough at higher temperatures (>ca. 250 K) for the indole
rings to appear to be identical.


We have previously shown that the syn conformers of bis-
indolylmaleimides are generally unsymmetrical, a phenom-
enon that is also apparent in the X-ray crystal structure of
syn-18Ph (n=10) (Figure 3). The “rocking” between unsym-
metrical syn conformers is illustrated in Figure 5; this pro-
cess does not require the 2-indolyl substituent (R=Ph) to
eclipse the maleimide C=C bond, and so the associated acti-
vation barrier is rather low. The activation barrier could not
be estimated because the slow exchange regime was inacces-
sible, and the separation of the peaks, dn, could not, there-
fore, be determined.[17, 18] The effect of the “rocking” of the
syn conformer of 18Me (n=10) impacts dramatically on the


Figure 4. Variable temperature 500 MHz 1H NMR spectra of the bisindo-
lylmaleimide 19Me (n=10) recorded in [D6]DMSO. The rate of equili-
bration at each temperature, estimated by comparison of experimental
and simulated spectra, is indicated.
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indole region of its 500 MHz 1H NMR spectrum. On cooling
from 243 K to 203 K, the indole rings in the syn conformer
become inequivalent as the “rocking” process becomes com-
parable with the NMR timescale, and its NMR resonances
broaden accordingly.


Discussion


The proposed mechanism for the racemisation of a symmet-
rical anti bisindolylmaleimide involves the stepwise rotation
about the two indole–maleimide bonds (Scheme 4). Rota-
tion about one of the inter-ring bonds of an anti bisindolyl-
maleimide gives an unsymmetrical syn bisindolylmaleimide
that is able to equilibrate easily with the enantiomeric con-
former (ent-syn) (see the “rocking” process described in
Figure 5). The racemisation process is completed by rotation
about the other inter-ring bond of the ent-syn conformation
to give the enantiomeric anti bisindolylmaleimide conformer
(ent-anti). The variable temperature NMR studies did not
produce any evidence for correlated[21] rotation about the


two inter-ring bonds (i.e., direct isomerisation between the
enantiomeric anti conformers). The conformation of bisin-
dolylmaleimides may be described in terms of the dihedral
angles, q and f, which are defined in Figure 6. A description
of the racemisation process in terms of the “traverse” of a
Ramachandran-like plot is illustrated in Figure 7.


The anti!syn isomerisation of simple bisindolylmale-
imides is significantly easier than rotation around the inter-
aryl bond of a similarly substituted biphenyl.
The difficulty in racemisation of tetrasubstitut-
ed biphenyls 20 (with A¼6 B¼6 H and C¼6 D¼6
H) is generally sufficient to prevent resolu-
tion.[22] There is a substituent in each of the
ortho positions flanking the [3,3’]bipyrrolyl
bonds of 16Ph, 16Bn and 17Me (see Figure 8,
which highlights the bipyrrolyl unit), and yet,
their syn and anti conformers are far from
being atropisomeric.


The relatively low activation barrier may stem partly from
the conjugation between a maleimide ring and an indole
ring in the transition state, which may be more stabilising
than the conjugation between two phenyl rings. However,
the sizes of the substituents and the geometry of the [3,3’]bi-
pyrrolyl ring system may also be important. The small size
of the maleimide oxo group is rivalled only by a hydrogen
atom (compare the length of the carbonyl moiety, 1.21 N,
with the lengths of other bonds to “small”[22] substituents:
1.39 N for Ph�F, 1.45 N for Ph�OH). Nevertheless, increas-


Figure 5. “Rocking” process between unsymmetrical syn conformers.


Scheme 4. A mechanism for racemisation of anti bisindolylmaleimides.


Figure 6. Definitions of the dihedral angles q and f.


Figure 7. Traversing the Ramachandran plot during the racemisation of a
symmetrical, anti bisindolylmaleimide.
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ing the size of the 2-indolyl R group has a remarkably small
effect on the activation barriers to bond rotation: with
16Bn, 16Ph and 17Me, R varies from Bn to Ph to Me, and
yet, the activation barriers (DG�) vary from only 61.1 to
60.3 to 54.8 kJ mol�1. The variable temperature NMR ex-
periments were conducted in CD2Cl2 (for 16Bn and 16Ph)
and in [D8]toluene (for 17Me). However, the rates of rota-
tion about a single bond between sp2 centres, for which no
change in hybridisation in the transition state occurs, gener-
ally vary by less than ten-fold;[23,24] the lower barrier to epi-
merisation of 17Me, though not great, is, therefore, likely to
depend largely on the smaller size of the methyl substitu-
ents. Nevertheless, the impact of the size of these groups on
the activation barrier is relatively small, and may stem from
the internal bond angles of a bisindolylmaleimide[11] (107
and 1088 in the crystal structure of 16H), which are marked-
ly smaller than those of a biphenyl[25] (1198). The carbon
atoms that are ortho to the bipyrrolyl bond are, therefore,
significantly further apart (2.96 and 3.30 N[11]) than for bi-
phenyl (2.92 N), which may reduce steric effects in the tran-
sition state.


Tethering the bisindolylmaleimide in a macrocyclic ring—
as in 18 and 19—had a large impact on configurational sta-
bility. The presence of the tether greatly exaggerates steric
effects in the transition state for conformational interconver-
sion. Decreasing the length of the tether from ten to eight
methylene groups had a large effect on configurational sta-
bility: with a indolyl 2-methyl substituent, as in 18Me or
19Me, the conformational half-life varied from 200 ms (with
n=10) to >10 min (with n=8). More dramatically, howev-
er, the presence of a tether greatly exaggerated the effect of
2-indolyl substitution. Changing the 2-indolyl substituents
from hydrogen to methyl to phenyl increased configuration-
al stability by over twenty orders of magnitude: from con-
formers that interconverted on the microsecond timescale to


configurationally stable atropisomers with half-lives of
greater than 107 years!


Conclusion


With unconstrained bisindolylmaleimides, the size of the 2-
indolyl substituents does affect configurational stability, but
not sufficiently to allow atropisomeric bisindolylmaleimides
to be obtained. However, with a tether in place, as in 18 and
19, the steric effect of 2-indolyl substituents is greatly exag-
gerated, leading to large differences in configurational sta-
bility (Figure 9). The rate of interconversion of the syn and
anti conformers may be varied by over twenty orders of
magnitude through substitution of a bisindolylmaleimide
ring system, which is constrained within a macrocyclic ring.
Indeed, the macrocycles 18Ph (n=10) and 18Bn (n=10)
are the first examples of configurationally stable atropiso-
meric bisindolylmaleimides.


Experimental Section


Preparative LC-MS was conducted by using a Waters 2525 binary gradi-
ent pump and detection with a Micromass ZQ mass spectrometer; an
XTerraS preparative HPLC column (19 J 50 mm) was used. Preparative
HPLC was generally conducted by using a Gilson HPLC machine and a
gradient of 90!95% MeCN in H2O over 30 min, detecting at 200 nm on
a Thermohypersil 250 J 21.2 mm, 8 m, HyperprepS HS C18 column. The
configurational stability of the bisindolylmaleimides was assessed by per-
forming analytical HPLC by using an Ultron chiral column (150 J 4.6 mm
ES-OVM). The bisindolylmaleimides 16[15a] were prepared from the cor-
responding commercially available or known[16, 26] indoles by the following
general procedure: Ethyl magnesium bromide (300 mL of a 3m solution
in ether, 1.0 mmol) was added dropwise to a solution of the indole 15
(200 mg, 1.0 mmol) in THF (0.9 mL) and toluene (2.5 mL). The solution
was heated to 50 8C for 1 h and 2,3-dichloro-N-benzylmaleimide (89 mg,
0.4 mmol) in toluene (1.9 mL) was added dropwise. The reaction mixture
was heated to reflux for 54 h, cooled and quenched by addition of satu-
rated aqueous ammonium chloride solution (8 mL) and stirred for
30 min. Water (30 mL) was added and the resulting precipitate was fil-
tered, washed with water (3 J 10 mL) and dried under vacuum to afford
the required bisindolylmaleimide.


1-Benzyl-3,4-bis-(2-phenyl-1H-indol-3-yl)-pyrrole-2,5-dione (16Ph): The
crude precipitate was washed with water (3 J 10 mL) to give the bisindo-
lylmaleimide 16Ph (190 mg, 95 %) as deep red plates. M.p. 137–139 8C;
Rf=0.30 (1:1 diethyl ether/petroleum ether); 1H NMR (500 MHz,
CDCl3): d=8.10 (br s, 2H; NH), 7.40–7.29 (m, 8H; indolyl 4-H, p-Ph, m-


Figure 8. The [3,3’]-bipyrrolyl unit.


Figure 9. Typical half-lives of the anti conformers of bisindolylmaleimides at 298 K.
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Bn, o-Bn), 7.18–7.08 (m, 9 H; indolyl 5-H, indolyl 7-H, p-Bn, m-Ph),
6.98–6.85, (m, 6H; indolyl 6-H, o-Ph), 4.76 ppm (s, 2 H; CH2); 13C NMR
(125 MHz, CDCl3): d=137.8, 132.9, 128.9, 128.4, 128.3, 127.8, 123.1,
120.8, 111.3, 104.3, 42.0 ppm (eight carbon signals missing or overlap-
ped); IR (film): ñ=3343, 2962, 2924, 2853, 1697 cm�1; MS (ES): m/z (%):
570 (100) [M++Na]; HRMS: m/z calcd for C39H28N3O2 [M++Na]:
570.2182; found: 570.2178.


1-Benzyl-3,4-bis-(2-benzyl-1H-indol-3-yl)-pyrrole-2,5-dione (16Bn): The
crude product was purified by conducting flash chromatography, eluting
with 1:1 diethyl ether/petroleum ether and then EtOAc, to yield the bis-
indolylmaleimide 16Bn (1.37 g, 32%) as red/orange prisms. M.p. 270–
272 8C (from EtOAc); Rf=0.32 (1:1 diethyl ether/petroleum ether);
1H NMR (300 MHz, CDCl3): d=7.80 (s, 2H; NH), 7.55 (d, J=7.2 Hz,
2H; indolyl 4-H), 7.42–6.70 (m, 21 H; aromatic), 4.91 (s, 2 H; CH2),
3.83 ppm (br s, 4H; 2PhCH2); 13C NMR (75 MHz, CDCl3): d=171.2,
139.2, 137.4, 137.1, 135.5, 131.7, 129.2, 128.9, 128.8, 128.7, 127.7, 126.9,
126.7, 122.2, 120.5, 110.7, 104.5, 42.0, 34.1 ppm (one carbon signal missing
or overlapped); IR (film): ñ=3375, 3060, 1692, 1455, 1431, 1398,
741 cm�1; MS (ES): m/z (%): 598.0 (100) [M++H]; HRMS: m/z calcd for
C41H31N3O2 [M++H]: 598.2495; found: 598.2509.


23-Benzyl-26,27-diphenyl-6,7,8,9,10,11,12,13,14,15-decahydro-22H-
5,25:16,21-dimethenodibenzo[b,h]pyrrolo[3,4-e,1,10]diazacycloicosine-
22,24-dione anti- and syn-18Ph : Sodium hydride (60 % dispersion in
mineral oil, 32 mg, 0.8 mmol) was added portionwise to a solution of the
bisindolylmaleimide (16Ph) (150 mg, 0.3 mmol) in DMF (12 mL) at 0 8C,
and the mixture was stirred at room temperature for 15 min. 1,10-Dibro-
modecane (60 mL, 0.3 mmol) was added, the reaction mixture was stirred
for 6 h, then quenched by the addition of water (100 mL). Ethyl acetate
(150 mL) was added, the organic layers were washed with water (2 J
100 mL), dried (MgSO4) and evaporated under reduced pressure. Purifi-
cation was achieved by conducting flash column chromatography (gradi-
ent elution 20:80!35:65 diethyl ether/petroleum ether) to yield the mac-
rocycle syn-18Ph (45 mg, 24 %) as red cubes. M.p. 304–306 8C (from
DMSO); Rf=0.2 (1:3 diethyl ether/petroleum ether); 1H NMR
(500 MHz, CDCl3): d=7.37–7.30 (m, 4H; indolyl 4-H, p-Ph), 7.29–7.19
(m, 9 H; m-Ph, o-Bn, m-Bn, p-Bn), 7.17–7.10 (m, 4H; indolyl 5-H, indolyl
7-H), 6.92–6.86 (m, 6H; indolyl 6-H, o-Ph), 4.59 (s, 2 H; CH2Bn), 4.16
(dt, 2J=14.6, 6.9 Hz, 2 H; NCHA), 4.08 (dt, 2J=14.6, 6.9 Hz, 2 H; NCHB),
1.43–1.33 (m, 4 H; NCH2CH2), 1.26–1.23 (m, 4H; N(CH2)2CH2), 1.06–
0.90 (m, 4H; N(CH2)3CH2), 0.86–0.68 ppm (m, 4 H; N(CH2)4CH2);
13C NMR (75 MHz, CDCl3): d=170.7, 141.6, 137.6, 137.4, 137.1, 136.6,
132.7, 130.9, 129.9, 127.8, 127.1, 122.5, 121.9, 120.7, 111.2, 105.8, 43.8,
41.8, 28.9, 27.4, 27.1, 25.1 ppm (two carbon signals missing or overlap-
ped); IR (film): ñ=2928, 2855, 1704, 1545 cm�1; MS (ES): m/z (%): 708
(100) [M++H]; HRMS: m/z calcd for C49H45N3O2 [M++H]: 708.3590;
found: 708.3599.


Also obtained was the macrocycle anti-18Ph (10 mg, 5% yield); Rf=0.3
(1:3 diethyl ether/petroleum ether); 1H NMR (500 MHz, CDCl3): d=7.44
(d, J=7.8 Hz, 2H; indolyl 4-H), 7.36 (t, J=7.5 Hz, 2H; p-Ph), 7.35–7.27
(m, 2 H; Bn), 7.24–7.22 (m, 3 H; Bn), 7.12 (app t, J=7.8 Hz, 2H; indolyl
7-H), 6.95–6.87 (m, 6 H; H-5, m-Ph), 6.73–6.64 (m, 6H; indolyl 6-H, o-
Ph), 4.85 (d, 2J=14.9 Hz, 1H; CHABn), 4.81 (d, 2J=14.9 Hz, 1 H;
CHBBn), 3.89–3.84 (m, 2 H; NCHAHB), 3.64–3.61 (m, 2H; NCHAHB),
2.19–2.14 (m, 2 H; NCH2CH2), 2.12–1.86 (m, 2 H; NCH2CH2), 1.64–1.04
(m, 8 H; N(CH2)2CH2, N(CH2)3CH2), 0.88–0.65 ppm (m, 4H; N-
(CH2)4CH2); IR (film): ñ=2928, 2855, 1704, 1545 cm�1; MS (ES) m/z
(%): 708 (100) [M++H]; HRMS: m/z calcd for C49H45N3O2 [M++H]:
708.3590; found: 708.3598.


Also observed was the anhydride 26,27-diphenyl-6,7,8,9,10,11,12,13,14,15-
decahydro-22H-5,25:16,21-dimethenodibenzo[b,h]pyrrolo[3,4-e,1,10]di-
azacycloicosine-22,24-dione (12 mg, 6% yield) as yellow prisms. M.p.
265–270 8C (from CHCl3); Rf=0.90 (CH2Cl2); 1H NMR (500 MHz,
CDCl3): d=7.41–7.30 (m, 4H; indolyl 4-H, p-Ph), 7.33 (app t, J=7.6 Hz,
4H; m-Ph), 7.26–7.24 (m, 2H; indolyl 7-H), 7.21 (app t, J=7.6 Hz, 2 H;
indolyl 5-H), 6.95 (app t, J=7.6 Hz, 2 H; indolyl 6-H), 6.90 (m, 4H; o-
Ph), 4.19 (dt, 2J=14.0, 6.0 Hz, 2H; NCHA), 4.02 (dt, 2J=14.0, 6.0 Hz,
2H; NCHB), 1.64–1.49 (m, 4H; NCH2CH2), 1.48–1.18 (m, 4 H; N-
(CH2)2CH2), 1.09–0.90 (m, 4H; N(CH2)3CH2), 0.89–0.64 ppm (m, 4 H; N-


(CH2)4CH2); 13C NMR (75 MHz, CDCl3): d=142.5, 137.0, 132.1, 130.4,
128.8, 128.5, 122.6, 121.2, 120.5, 111.1, 43.5, 29.4, 27.0, 26.8, 24.7 ppm
(four carbon signals missing or overlapped); IR (film): ñ=2926, 2854,
1760, 1626 cm�1; MS (ES) m/z (%): 641 (100) [M++Na]; HRMS: m/z
calcd for C42H38N2O3 [M++Na]: 641.2780; found: 641.2808.


23-Benzyl-26,27-dibenzyl-6,7,8,9,10,11,12,13,14,15-decahydro-22H-
5,25:16,21-dimethenodibenzo[b,h]pyrrolo[3,4-e,1,10]diazacycloicosine-
22,24-dione anti- and syn-18Bn : By using the same general method, the
bisindolylmaleimide 16Bn (50 mg, 0.084 mmol) and 1,10-dibromodecane
(19 ml, 0.084 mmol) gave a crude product that was purified by performing
flash chromatography, eluting with 15:85 diethyl ether/petroleum ether,
and preparative LC-MS, to give the macrocycle syn-18Bn (24 mg, 38%)
as a red film. Rf=0.36 (3:7 diethyl ether/petroleum ether); 1H NMR
(300 MHz, CDCl3): d=7.59 (d, J=7.8 Hz, 2 H; indolyl 4-H), 7.34–7.23
(m, 11H; aromatic), 7.16 (td, J=7.4, 0.9 Hz, 2H; p-Ph), 7.09–7.05 (m,
4H; aromatic), 6.69–6.65 (m, 4H; aromatic), 4.82 (d, J=14.9 Hz, 1 H;
NCHAPh), 4.76 (d, J=14.9 Hz, 1 H; NCHBPh), 4.02–3.97 (m, 2H;
NCHA), 3.79–3.73 (m, 2H; NCHB), 3.76 (d, J=16.9 Hz, 2 H; indolyl 2-
CHAHB), 3.30 (d, J=16.9 Hz, 2 H; indolyl 2-CHAHB), 1.74–0.82 ppm (m,
16H); 13C NMR (75 MHz, CDCl3): d=171.6, 139.7, 138.6, 137.5, 133.1,
129.0, 128.8, 128.6, 127.8, 126.8, 126.2, 122.1, 121.0, 120.8, 110.4, 106.2,
77.6, 42.9, 42.1, 32.6, 28.1, 26.7, 26.6, 24.5 ppm (two carbon signals missing
or overlapped); IR (film): ñ=2954, 1704, 1396 cm�1; MS (ES) m/z (%):
736.3 (100) [M++H]; HRMS: m/z calcd for C51H49N3O2 [M++H]:
736.3903; found: 736.3911.


Also obtained, after further preparative HPLC, was the macrocycle anti-
18Bn (anti, 8 mg, 13 % yield) as a red film. Rf=0.42 (3:7 diethyl ether/
petroleum ether); 1H NMR (300 MHz, CDCl3): d=7.40–6.87 (m, 23 H;
aromatic), 4.81 (s, 2 H; NCH2Ph), 4.14 (d, J=16.7 Hz, 2H; indolyl 2-
CHAHB), 3.57 (d, J=16.7 Hz, 2 H; indolyl 2-CHAHB), 3.91–3.86 (m, 2H;
2NCHAHB), 3.69–3.63 (m, 2 H; 2NCHAHB), 1.65–0.80 ppm (m, 16H;
alkyl chain); 13C NMR (75 MHz, CDCl3): d=170.9, 137.6, 137.0, 128.5,
128.4, 128.1, 127.8, 127.3, 126.7, 126.3, 122.1, 121.4, 120.5, 109.4, 77.2,
43.7, 30.9, 28.9, 26.8, 24.7, 24.3 ppm (four carbon signals missing or over-
lapped); IR (film): ñ=2926, 2855, 1701, 1419, 1395, 1347 cm�1; MS (ES)
m/z (%): 736.2 (100) [M++H]; HRMS: m/z calcd for C51H49N3O2 [M+


+H]: 736.3903; found: 736.3922.
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Introduction


Carbohydrates are polyfunctional molecules. Synthetic
chemistry thus focuses on the regioselectivity of carbohy-
drate transformations. Although metal catalysis appears to
be a promising way to achieve selectivity, the basic problem
remains the same when designing a catalytic reaction: which
functional group is the prevalent metal-binding site? This


problem is particularly obvious with the reducing sugars—
the aldoses and ketoses (glycoses)—as they lack configura-
tional stability. Thus, the question of (semi)metal bonding
continues: which functional group of which glycose isomer
provides a suitable binding site? Our knowledge of this sub-
ject is rather limited, particularly with respect to X-ray anal-
yses. The metal-binding sites of aldoses with special O-atom
patterns were the first to be determined. Along with Taylor
and Water(s pioneering work on the structure of a lyxose–
molybdenum complex,[1] the binucleating ability of mannose
towards trivalent metal ions is a further example of strong
metal binding that is, however, restricted exclusively to one
special sugar.[2,3] More general rules for assessing the (semi)-
metal-binding sites of a variety of glycoses have been gained
by NMR investigations on boron and molybdenum com-
plexes.[4] However, firm knowledge in terms of both crystal-
structure work and NMR spectroscopy in solution has re-
mained elusive. Presently, this criterion is met by only two
classes of glycose complexes, one of which comprises a
series of aldose–palladium(ii) complexes in aqueous solu-


Abstract: Anhydroerythritol (AnEryt)
shares some of its ligand properties
with furanosides and furanoses. Its
bonding to silicon centers of coordina-
tion number four, five, and six was
studied by X-ray and NMR methods,
and compared to silicon bonding of re-
lated compounds. Diphenyl(cycloalky-
lenedioxy)silanes show various degrees
of oligomerization depending on the
diol component involved. For example,
Ph2Si(cis-ChxdH�2) (1) and Ph2Si-
{(R,R)-trans-ChxdH�2)} (2 ; Chxd=cy-
clohexanediol) are dimeric, Ph2Si-
(AnErytH�2) (3) is monomeric, and
Ph2Si(l-AnThreH�2) (4 ; AnThre=an-
hydrothreitol) is trimeric both in the
solid state and in solution. Ph2Si(cis-
CptdH�2) (5) (Cptd=cyclopentanediol)


is monomeric in solution but dimerizes
on crystallization. Si(AnErytH�2)2 (6)
and Si(cis-CptdH�2)2 (7) are monomer-
ic spiro compounds in solution but are
pentacoordinate dimers in the crystal-
line state. Pentacoordinate silicate ions
are found in A[Si(OH)(AnErytH�2)2]
(A=Na, 8a ; Rb, 8b ; Cs, 8c). Related
compounds are formed by substitution
of the hydroxo by a phenyl ligand.
K[SiPh(AnErytH�2)2]·1/2MeOH (9) is
a prototypical example as it shows the
two most significant isomers in one
crystal structure: the syn/anti and the


anti/anti form (syn and anti define the
oxolane ring orientation close to, or
apart from, the monodentate ligand,
respectively). syn/anti Isomerism gener-
ally rules the appearance of the NMR
spectra of pentacoordinate silicates of
furanos(id)e ligands. NMR spectro-
scopic data are presented for various
pentacoordinate bis(diolato)silicates of
adenosine, cytidine, methyl-b-d-ribofur-
anoside, and ribose. In even more basic
solutions, hexacoordinate silicates are
enriched. Preliminary X-ray analyses
are presented for Cs2[Si(CydH�2)3]·
21.5H2O (10) and Cs2[Si(cis-InsH�3)]·
cis-Ins·8H2O (11) (Cyd=cytidine,
Ins= inositol).
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tion, with the second containing a number of glycose-phe-
nylsilicates in methanolic solution and includes some aldo-
pentoses as well as two ketoses.[5–7] From the viewpoint of
the carbohydrate, palladium is a “conservative” bonding
partner as bonding to palladium alters the equilibrium mix-
ture of aldose isomers in only a limited way—the prevalence
of the pyranoses is maintained on deprotonation and bond-
ing by the rather large metal center.[5,6] Silicon binding, on
the other hand, induces a radical shift of the isomer mixture
in the protic methanol solvent towards the furanose that
bears its anomeric hydroxy group cis to the epimeric one.
Thus, the most acidic cis-furanose group of a monosaccha-
ride acts as a bidentate silicon chelator in the isolated bis-
(diolato)(phenyl)silicates, as shown in the synthetic strategy
that has been derived from studies on glycose model com-
pounds.[7]


To master the difficulties of the conformationally unstable
and polyfunctional glycose ligands in a rational way, carbo-
hydrate model compounds that provide isolated binding
sites are a prerequisite for evaluating the metal-binding sites
in question. The simpler such compounds are, however, the
less representative they are as carbohydrate models. Hence
the diol function of a carbohydrate is badly modeled, for ex-
ample, by ethylene glycol (1,2-dihydroxyethane), which re-
sembles the diol function(s) of a sugar neither in terms of
acidity nor in terms of steric restrictions. In this situation,
anhydroerythritol (cis-oxolane-3,4-diol, abbr.: AnEryt,
Scheme 1) is an optimum “in-between” molecule as, on the
one hand, AnEryt is closely related to the carbohydrates as
it can be considered to be a molecular cut-out of such im-
portant glycosides as the nucleosides (Scheme 1), and, more-
over, its acidity is about the same as that of the glycosides,
including the polysaccharides.[8] On the other hand, AnEryt
is easily obtainable, configurationally stable in the entire pH


range of interest, and chemically stable under alkaline con-
ditions. AnEryt shares the latter two properties, which are
critical for the glycoses, with the glycosides. Contrary to
even glycosides, AnEryt is achiral, a property that we found
to be beneficial for the crystallization of its complexes. Fi-
nally, as a meso compound, AnEryt gives rise to particularly
simple 13C NMR spectra, which often exhibit a typical “coor-
dination-induced shift” (CIS), usually a downfield shift of
the signals of those carbons that bear metal-binding oxygen
atoms. These properties have led to extensive use of AnEryt
as a bridge to carbohydrate–(semi)metal chemistry, both in
the area of transition-metal as well as in main-group chemis-
try.
The fact that AnEryt models a furanoside and not a pyra-


noside is of particular importance if one is dealing with
small central atoms. For silicon, it has been shown that no
complexes are formed in aqueous media upon reaction with
trans-pyranoidic diol moieties. Instead, hydrogen-bonded
oligosilicate–oligosaccharide assemblies can be isolated, as
has been shown for a-cyclodextrin as the carbohydrate com-
ponent.[9] Contrary to trans-pyranoidic diols, silicon-chelat-
ing properties have been found with sugar alcohols—glycon-
ic and glycaric acids—whose open-chain diol groups are
more flexible.[10] However, to open the way to a diolatosili-
cate chemistry in aqueous solution for a sugar alcohol, sup-
port by a pattern of spatially suited hydrogen bonds is re-
quired.[11] cis-Furanoidic diols like AnEryt, but also the ribo-
furanosides, including the nucleosides and the furanoses, in-
trinsically provide the property of silicon chelation in aque-
ous media without the need for support by secondary
interactions such as hydrogen bonds.
For these reasons, AnEryt plays a leading role in the rap-


idly growing field of the carbohydrate chemistry of silicon:
the first hydrolytically stable Si�O�C linkage was prepared
with AnEryt.[12] The privileged position of furanoidic diols
as silicon chelators has been derived by comparing AnEryt
and open-chain polyols.[11] NMR work by Kinrade et al. con-
cerning the question of isomers at pentacoordinate silicon
centers has focused on AnEryt,[13] and the latest published
work concerns the attempts of Lambert et al. to use
13C NMR shift differences derived from AnEryt–silicate sol-
utions as the key to aqueous glycose–silicate chemistry.[14] In
this work, an unusual number of misleading errors accumu-
late, and these are discussed in some detail in the Support-
ing Information. Most of them originate in an uncritical ap-
plication of shift-difference concepts. Thus, as a methodolog-
ical leitmotif, the NMR spectroscopic properties of the re-
spective compound classes are deduced here in order to pro-
vide reliable data in particular on shift-difference rules,
which are a valuable tool when applied carefully.
The chemical focus of the present work is the astonishing-


ly multifaceted silicon chemistry of AnEryt. On the one
hand, AnEryt is a powerful tool for surmounting the obsta-
cles of carbohydrate–silicon chemistry but, on the other, and
like its carba analog cis-cyclopentanediol, AnEryt exhibits a
unique and unexpected alkoxysilane chemistry which ap-
pears to be untransferable to a polyfunctional carbohydrate.


Scheme 1. Diols referred to in this work (hydroxyl hydrogen atoms omit-
ted), including the atomic numbering scheme; AnEryt numbering is de-
rived from the parent polyol erythritol, not from oxolane numbering.
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Results


Furanoses—better ligands for silicon : Structural analyses
that show five-membered chelate rings of the SiO2C2 type
always reveal small torsion angles of the O-C-C-O moiety.
This finding is to be expected for the C2O2 units of, say, cat-
echolate or oxalate,[15] but is also the case for diolates and
the dianions of hydroxycarboxylic acids. In turn, the more
cheaply an approximately 08 torsion can be achieved in
terms of energy, the better silicon chelators are the diolate
ligands derived from carbohydrates. A cis-furanoidic diol,
that is, a diol group attached cis to an oxolane ring, thus ap-
pears to be a better choice than open-chain diols and, partic-
ularly, pyranoidic diol functions. The reason for the confor-
mational flexibility of a furanose ring is its balance of strain.
While open-chain diols experience Pitzer strain when twist-
ed into an eclipsed conformation, and pyranoses are bur-
dened with ring strain on being twisted towards 08 torsion, a
furanose is characterized by a balance of the various types
of strain over a pronounced range of torsions.
To give an impression of numbers, the torsional energies


of some molecules that are related to the carbohydrates
have been calculated at the B3LYP/6–31G(d) level of
theory. To prevent, in terms of X-ray structures, irrelevant
intramolecular hydrogen bonding within the diol group, the
hydroxy groups were replaced by fluorine atoms in the cal-
culations. Figure 1 shows the energetic costs for reaching the
range of torsion angles of less than about 308 that appears
to be typical for silicon–diol bonding. As a result, trans-
pyranoses (Figure 1 bottom: the perfluoro derivative of b-d-


xylopyranose) are ruled out as efficient silicon chelators in
view of the high energy needed for torsion, in line with the
results in the a-cyclodextrin/silicate system mentioned
above. As expected, the same result is obtained for trans-
furanoses: although comprising a much larger range of flexi-
bility at low energy, 08 torsion is far outside the energetically
accessible region (Figure 1 top: the perfluoro derivative of
a-l-threofuranose). Torsion of a cis-pyranose proceeds with
less resistance on a path that connects the starting 4C1 chair
and the 4B1 boat conformation. In terms of energy, however,
cis-pyranose (Figure 1 bottom: the perfluoro derivative of a-
d-xylopyranose) and open-chain (Figure 1 bottom: the per-
fluoro derivative of threitol) torsions are significantly more
expensive, in energy terms, than torsion of a cis-furanoidic
molecule (Figure 1 top: the perfluoro derivatives of b-l-
threofuranose and anhydroerythritol). For the latter, the
typical large range of low-energy conformations of about
1008 for furanose includes the 08 point.
To derive the rules of glycofuranose ligation, the cis-oxo-


lane diols thus appear to be the first choice. Two diols may
be considered. To model the most acidic C1/C2 binding site
of a furanose, cis-2,3-oxolane diol appears suitable, whereas
for modelling the cis-furanosides, AnEryt may be a good
choice. Of these two diols, AnEryt has benefits for practical
work in terms of stability, particularly in alkaline solution
(2,3-oxolane diol is much more reactive as it is the hemiace-
tal of 2,4-dihydroxybutanal).
The applicability of the model calculations on fluorine


compounds to the oxo compounds of interest has been
proven for some AnEryt conformations. The structures of
two AnEryt and one AnEryt·3H2O conformations were re-
fined at the same level of theory. The O-C-C-O torsion
angles are in the range of 30–408, depending on the actual
conformation, and include the F-C1-C2-F angle of the fluoro
derivative of a-threose of 39.18. About the same torsion
angle, 41.48, is obtained for the minimum structure of the di-
fluoro derivative of AnEryt. These calculated values are in
agreement with the four angles found in the X-ray crystal
structures: 40.18 and 41.08 in AnEryt·NaClO4,


[16] and
38.1(2)8 and 42.0(2)8 in two symmetrically independent mol-
ecules in the structure of pure AnEryt (Figure 2, left). As a
result of both computational and X-ray methods it may
therefore be stated that AnEryt does not reside at 08 torsion


Figure 1. Top: B3LYP/6–31G(d) torsion energies of various F-C-C-F
functions in the perfluoro derivatives of a- and b-l-threofuranose
(torque about the C1�C2 bond), and anhydroerythritol (torque about the
C2�C3 bond). Bottom: B3LYP/6–31G(d) torsion energies of various F-
C-C-F functions in the perfluoro derivatives of a- and b-d-xylopyranose
(torque about the C1�C2 bond), and d-threitol (torque about the C2�C3
bond). The colored area indicates the range of abscissa values that is
spanned in silicon-bonded diols.


Figure 2. ORTEP diagrams (50% probability ellipsoids) of the two oxo-
lane diols. Left: one of the two symmetrically independent molecules in
crystals of AnEryt. The diol torsion angle is 38.1(2)8 in the depicted mol-
ecule (the other value is 42.0(2)8). Right: one of the three symmetrically
independent molecules in crystals of l-AnThre. The diol torsion angle is
166.7(2)8 in the depicted molecule (the other values are 166.9(2) and
167.2(2)8).
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in its stable conformation, but 08 torsion is available at low
cost.
The conformers of the trans isomer anhydrothreitol


(AnThre) exhibit much larger diol torsion angles in the
solid state. The respective mean angle of the l enantiomer
(Figure 2, right) is 166.98, and is also close to the F-C1-C2-F
angle in the DFT structure of the fluoro derivative of b-l-
threose at minimum energy (162.28). Keeping in mind the
respective curve in Figure 1, chelation of any central atom
by a trans-furanose, an example being the 1,2-site of b-ribo-
furanose, is clearly ruled out.
Owing to the repeatedly incorrect assignment of the


13C NMR signals of AnEryt in recent work,[13,14] let us recall
the well-known fact that AnEryt, as opposed to AnThre, ex-
hibits an irregular order of its 13C NMR signals, with C1/C4
being downfield of C2/C3 in the usual solvents (Table 1).[17]


In D2O, the C1/C4 position is 1.5 ppm downfield of C2/C3, a
result that can be rationalized by DFT calculations. At the
PBE1PBE/6–311++G(2d,p)//B3LYP/6–31G(d) level, the
mean signal positions of the AnEryt·3H2O aggregate are
d=78.6 and 77.3 ppm relative to tetramethylsilane for C1/
C4 and C2/C3, respectively, and show a 1.3 ppm downfield
shift for the carbons adjacent to the diol group, the differ-
ence being close to the experimental value for an aqueous
solution. It should be mentioned that AnEryt shares this ir-
regularity with some compounds with the AnEryt partial
structure. Thus, the C3/C4 signals show a reversed order in
the 13C NMR spectra of d-erythrose and the methyl-d-eryth-
rofuranosides as well.[17]


To rationalize the systematic findings derived from com-
puter chemistry, compounds with the diol patterns in ques-
tion were treated with various silicon-based starting materi-
als to give centers with coordination numbers four, five, and
six. The focus of the following sections is on AnEryt, which
gives rise to the most widespread chemistry.


Tetracoordinate silicon centers—oxysilanes derived from
furanoidic diols : Penta- and hexacoordination of silicon to-
wards polyols is consistently prevented by introducing two
organyl substituents at the silicon atom. To examine the
structures and NMR shift differences for tetracoordinate sil-
icon centers, the diphenylsilylene moiety was bonded to var-
ious diols.


1,2-Cyclohexylenedioxy(diphenyl)silanes : Diol functions at-
tached to six-membered rings like pyranoses should be
unable (trans-diols) or hardly able (cis-diols) to act as silicon


chelators according to the DFT treatment above. This find-
ing was supported by experiments in nonaqueous media,
where silicon bonding to such a diol can be forced due to
the absence of thermodynamic traps like ortho-silicate.
Thus, the cis and trans isomers of cyclohexane-1,2-diol
(Chxd) react with dichlorodiphenylsilane in aprotic media
to give products of the net formula Ph2Si(ChxdH�2). The
29Si NMR solution spectra show a single resonance for both
diols. The actual values are those for unstrained tetrahedral
coordination of the central atom: d=�34.4 and �35.3 ppm
for Ph2Si(cis-ChxdH�2) (1) and Ph2Si{(R,R)-trans-ChxdH�2)}
(2) respectively. Crystal-structure analysis revealed the
origin of the missing strain: both 1 (Figure 3) and 2
(Figure 4) are in fact dimers. The fact that a single 29Si
NMR signal is observed with almost the same value for
both isomers can be interpreted in terms of the dimers
being the only solution species. Silicon chelation by the cis-
diol hence does not occur even to a minor extent in the so-Table 1. Signal order in the 13C NMR spectra of AnEryt (c=0.6 molL�1)


in various solvents. Dd=d(C1/C4)�d(C2/C3).


d(C1/C4) d(C2/C3) Dd


CDCl3 72.9 71.4 1.5
CD3OD 73.3 72.5 0.8
1m [K([18]crown-6)]OMe/MeOH 72.5 71.1 1.4
D2O 72.9 71.4 1.5


Figure 3. ORTEP diagram (50% probability ellipsoids) of the Ci-symmet-
rical dimers in crystals of 1. Bond lengths [X] and angles [8]: Si�O1
1.631(1), Si�O2i 1.637(2); O1-Si-O2i 111.97(7); diol torsion: 61.0(2)8.
Symmetry code: i : 1�x, 1�y, 1�z.


Figure 4. ORTEP diagram (50% probability ellipsoids) of the dimers in
crystals of 2. Bond lengths [X] and angles [8]: Si1�O11 1.619(1), Si1�O22
1.638(1), Si2�O12 1.634(1), Si2�O21 1.637(1); O11-Si1-O22 114.28(7),
O12-Si2-O21 113.57(7); torsion: �61.1(2)8 for both diol groups.
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lution equilibrium. The chemical shifts and shift differences
in the 13C NMR spectra are given in Table 2. It should be
noted that shift differences on H/Si exchange are hardly sig-
nificant for these nonchelated four-coordinate silanes.


3,4-Oxolanylenedioxy(diphenyl)silanes and 1,2-
cyclopentylenedioxy(diphenyl)silane : The structural and
spectral properties of four-coordinate Si centers bonded to
an alkylenedioxy substituent derived from a furanoidic diol
were investigated with the two isomeric oxolane-3,4-diols.
Thus, in addition to AnEryt, anhydrothreitol (AnThre) was
included in this part of the investigation to demonstrate the
inability of furanoidic trans-diols to form five-membered
chelate rings.
Dichlorodiphenylsilane reacts with AnEryt or l-AnThre


in trichloromethane, in the presence of pyridine as a base, to
form Ph2Si(AnErytH�2) (3) and Ph2Si(l-AnThreH�2) (4), re-
spectively. The crystal structure of 3 is shown in Figure 5.


The molecular structure is that of a monomer. Contrary to
the case of the cyclohexylenedioxy derivatives, chelation is
possible with the furanoidic diol. As expected, the five-
membered chelate ring is almost planar, with a diol torsion
angle close to 08. Such geometrical parameters cannot be
met by AnThre. However, this diol provides another exam-
ple that the inability to form a chelate ring must not be con-
fused with a lack of reactivity. Thus, the solid-state structure


of 4 is not that of a monomeric chelate. Instead, an unstrain-
ed molecule with all bonding angles close to their ideal
values is observed in a trimeric structure (Figure 6). Al-
though 08 torsion is outside the range of achievable diol tor-
sion angles, the great flexibility of furanoidic rings is obvious
from the AnThre structure as well. To build up the trimer,
the diol torsion angles almost span the entire available 1008
range of a furanoidic diol, with the actual values being be-
tween 828 and 1658.


The 29Si NMR spectra verify the assumption that the mol-
ecules found in the solid state are also the solution species.
Thus, a single resonance is observed for solutions of both
oxolanediols. The value for 4 (d=�29.6 ppm) resembles the
value for the also unstrained but dimeric (cyclohexylene-
dioxy)silanes. The AnEryt derivative, however, shows a dis-
tinct downfield shift (d=�1.4 ppm). The 13C NMR spectra
of the same solutions exhibit larger shift-differences for H/Si
exchange than the Chxd derivatives. For the chelating
silane, the numerical values in Table 3 show that the
13C NMR signals of those carbon atoms that bear the sili-


Table 2. Chemical shifts in the 13C NMR spectra of the Ph2Si(ChxdH�2)
isomers 1 and 2, and shift differences (d(1/2)�d(free diol)). Bold: Dd of
those carbon atoms that bear the silicon-binding oxygens.


C1/C2 C3/C6 C4/C5


1 d [ppm] 77.5 30.4 21.7
Dd [ppm] 1.6 0.4 0.2


2 d [ppm] 76.9 34.1 24.2
Dd [ppm] 1.4 1.1 0.2


Figure 5. ORTEP diagram (50% probability ellipsoids) of one of the two
symmetrically independent monomers in crystals of 3. Bond lengths [X]
and angles [8]: Si1�O21 1.649(2), Si1�O31 1.642(2); O21-Si1-O31 97.9(1);
diol torsion: �5.4(2) (�6.7(2)8 for the second molecule in the asymmetric
unit).


Figure 6. ORTEP diagram (50% probability ellipsoids) of the C1-sym-
metrical trimers in crystals of 4. Mean bond lengths [X] and angles [8]:
Si�O 1.638; O-Si-O 112.1. Diol torsion O2n-C2n-C3n-O3n : 81.6(4)8 for
n=1, 164.6(2)8 for n=2, and 163.3(2)8 for n=3.


Table 3. Chemical shifts in the 13C NMR spectra of Ph2Si(DiolH�2) de-
rived from diols attached to five-membered rings, and shift differences
(d(Si-bonded)�d(free diol)). Bold: Dd of those carbon atoms that bear
the silicon-binding oxygens. The atomic numbering of the cyclopentane-
diol has been adapted to the oxolanediols (cf. Scheme 1).


C2/C3 C1/C4 C5


5 d [ppm] 80.1 35.2 22.5
Dd [ppm] 7.2 4.3 2.7


3 d [ppm] 79.2 75.2
Dd [ppm] 7.8 2.3


4 d [ppm] 80.0 73.0
Dd [ppm] 3.7 0.0
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con-binding oxygens are shifted downfield by almost 8 ppm.
However, mere H/Si exchange is obviously not the only
factor responsible for this significant shift difference, as is
shown by the AnThre values, which are about half of the
AnEryt values even though the structures are isomeric.
The body of shift-difference data was enlarged by investi-


gating the carba analog of AnEryt, namely cis-cyclopentane-
1,2-diol (cis-Cptd). The usual synthetic procedure yielded
solutions of Ph2Si(cis-CptdH�2) (5), which contain mono-
meric molecules according to the 29Si NMR spectra (d=
�3.7 ppm). The 13C NMR spectroscopic data verify the as-
sumption of monomeric molecules in solution as well, as the
shift differences closely resemble the high values of the
AnEryt case and not those of the AnThre-derived trimer
(Table 3). On crystallization, however, a significant change
of the 29Si NMR spectrum was observed. In the solid, the re-
spective signal is shifted more than 30 ppm upfield. The mo-
lecular origin of this large shift difference was unraveled by
an X-ray analysis (Figure 7): dimerization has occurred and


an unstrained structure with bonding angles at the Si center
close to the tetrahedral angle has formed. Thus, even a diol
group attached to a five-membered ring, which is capable of
chelating a silicon atom in principle, is obviously able to
support the formation of unstrained oligomers as well.
The data in the preceding section stress the fact that in


13C NMR spectra a substantial downfield shift occurs on H/
Si exchange provided the discussion is restricted to chelating
silanes.


Bis(cycloalkylenedioxy)silanes derived from anhydroerythri-
tol or cis-cyclopentane-1,2-diol : As the next step towards
carbohydrate–silicate complexation, the steric and electronic
restrictions introduced by the two organyl substituents were
lifted. Starting with SiCl4 as an organyl-free silicon source,
the acyclic diol pinacol (2,3-dimethylbutane-2,3-diol) forms
a spirocyclic bis(alkylenedioxy)silane.[18] Furanoidic diols,
however, were not used in this context. Since not many data
on such compounds are available, both AnEryt and its carba
analog cis-Cptd were also included in this part of the investi-
gation.


Tetrachlorosilane and a double molar amount of either
AnEryt or cis-Cptd react, upon heating in toluene, with for-
mation of hydrogen chloride. The 29Si and 13C NMR spectra
indicate formation of the expected spiro compounds. For
both diols, the 13C NMR signals are doubled according to
the spiro pattern and are shifted downfield. In the case of
AnEryt, the downfield shift in toluene solution roughly re-
sembles that of the analogous diphenylsilane (Dd=6.2 and
6.3 ppm for C2/C3, and 2.0 and 2.1 ppm for C1/C4; 29Si
NMR: d=�36.7 ppm). The respective 13C NMR values for
cis-Cptd are shifted to a smaller extent (Dd=3.5 and
3.7 ppm for C1/2, 2.0 and 2.2 ppm for C3/5, and 0.9 for C4;
29Si: d=�36.8 ppm). The 29Si NMR spectroscopic data,
which are typical for strained chelate rings, again show a
pronounced downfield shift when compared to an unstrain-
ed Si(OR)4 reference like tetramethoxysilane (d=
�78.0 ppm).
Attempts to crystallize the silicic acid ester of anhydroery-


thritol yielded a total of four polymorphic forms of Si-
(AnErytH�2)2 (6). When sorted according to the molecular
structures, three polymorphs are formed from the spirocyclic
molecules whose synthesis had been attempted. The trimor-
phic spirosilane is termed a-6, b-6, and g-6 according to de-
creasing density. The molecular structure of a-6, which is de-
picted in Figure 8, is representative of all the modifications


of 6. The common features include, again, almost flat
SiO2C2 chelate rings with approximately zero torsion of the
oxolanylenedioxy moiety (i.e. almost ideal local D2d symme-
try of the silacycles), and bending of the oxolane O-atoms
towards the silicon atom. Although the differences with re-
spect to molecular symmetry are small, the packing patterns
of the molecules are completely different in the polymorphs.
Hence, no group–subgroup relationships connect the poly-
morphs nor are there phase transitions between the mono-
mer forms on heating. Thermal analysis, optical inspection
on heating, and X-ray powder diffraction at various temper-
atures show partial melting and re-solidifying until eventual-


Figure 7. ORTEP diagram (50% probability ellipsoids) of the Ci-symmet-
rical dimers in crystals of 5. Bond lengths [X] and angles [8]: Si�O2
1.629(1), Si1�O3i 1.636(2); O2�Si�O3i 112.51(8)8 ; diol torsion: 52.4(2)8.
Symmetry code: i : 1�x, 1�y, 1�z.


Figure 8. ORTEP diagram (50% probability ellipsoids) of the monomeric
spirosilane in crystals of a-6. Bond lengths [X] and angles [8]: Si�O21
1.628(2), Si�O22 1.629(2), Si�O31 1.619(2), Si�O32 1.625(1); O21-Si-
O31 99.05(9), O22-Si-O32 98.73(7); diol torsion: O21-C21-C31-O31:
�0.8(2)8 ; O22-C22-C32-O32: �1.2(2)8.
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ly all the samples melt at the melting point of b-6. On cool-
ing, the melts solidify uniformly to yield only b-6.
This latter property has also been found in a fourth poly-


morph, whose crystallization follows a special protocol: crys-
tallization from toluene solutions succeeded at about 4 8C
after the solutions were saturated at the same temperature
with respect to the fourth polymorph (i.e., saturate at room
temp., crystallize at 4 8C for about four days, remove crystals
of a-6 completely, and allow the solution to stand at 4 8C for
a further 2–3 weeks). 29Si solid-state NMR spectra indicate
that the molecular structure of this polymorph is different
(d=�36.7, �37.9, and �36.6 ppm for a-, b-, and g-6, respec-
tively; d=�94.3 ppm for the fourth polymorph). X-ray anal-
ysis revealed an unexpected molecular structure. As shown
in Figure 9, the crystals are made up of dimers of the spirosi-


lane but not of the tetracoordinate type, whose formation
might be plausible as a means of reducing steric strain in the
chelate rings as with 5. Instead, the coordination number of
silicon is five, which is not unusual for anionic Si centers but
is a new and unexpected structural motif for a simple silicic
acid ester.
When AnEryt is replaced by its carba analogue cis-Cptd,


the solutions of the monomeric spirosilane show a different
crystallization behavior, as monitored by 29Si solid-state
NMR spectroscopy. Under various crystallization conditions,
the Cptd ester always shows downfield-shifted resonances
typical for pentacoordination. Thus, an approximate 60 ppm
shift difference of the 29Si NMR signal is obtained for gently
ground crystals of Si(CptdH�2)2 (7) that had been grown
from a toluene solution (solid state: d=�94.7 ppm; solu-
tion: d=�36.8 ppm). Gentle grinding is essential to record
the solid-state signal correctly due to the mechanical sensi-


tivity of the substance. After thorough grinding, the main
signal is observed at d=�80 ppm, which is indicative of un-
strained tetrahedral Si(OR)4 coordination at silicon (cf. the
d=�78 ppm signal of tetramethoxysilane) in a tentative
oligomer or polymer. Attempts to grow crystals of the mon-
omer failed; even sublimation yielded a dimer instead of a
monomer according to solid-state 29Si NMR spectroscopy
(d=�94.6 ppm). A structure analysis confirmed a second
modification of the dimeric pentacoordinate Cptd ester. The
molecular structures of the two modifications are very simi-
lar, hence only the structure of b-72 (crystals grown from tol-
uene) is depicted in Figure 10.


The structures of the Si2O8 cores of 62 and 72 are the
same. Two Si�O distances are substantially longer than the
other ones, although these longer Si�O bonds are not the
new bonds that are formed on dimerization. Thus, the new
structures appear to be stabilized transition states of dimeri-
zation towards molecules like 52. Such aspects were investi-
gated by DFT methods. These results, which include the
close resemblance of calculated and solid-state structures,
the almost equal energy of a pair of monomers and the re-
spective dimer, and the low activation energy for formation
and cleavage of the dimer, will be published in a separate
paper. Although the focus of this work lies in a critical eval-
uation of NMR shift differences in the diol/silicon field, the
solid-state structures of 62 and 72 show that the chemistry of
simple model diols is not free of surprising results, thus indi-
cating that not only the carbohydrate–silicon interaction is
waiting to be uncovered, but also the basic chemistry behind
it.
What about the typical shift differences in the NMR spec-


tra? Having arrived at this point, things seem to develop
promisingly. Chelation—not mere binding—of tetracoordi-
nate silicon centers by alkylenedioxy groups is indicated


Figure 9. ORTEP diagram (50% probability ellipsoids) of the Ci-symmet-
rical dimers in crystals of Si(AnErytH�2)2. Bond lengths [X]: Si�O21
1.650(2), Si�O22 1.929(2), Si�O22i 1.732(2), Si�O31 1.667(2), Si�O32
1.641(2); diol torsion: O21-C21-C31-O31: �2.8(3)8 ; O22-C22-C32-O32:
�16.8(3)8. Symmetry code: i : 1�x, 1�y, 1�z.


Figure 10. ORTEP diagram (50% probability ellipsoids) of the Ci-sym-
metrical dimers in crystals of b-72. Bond lengths [X]: Si�O21 1.651(2),
Si�O22 1.929(1), Si�O22i 1.726(1), Si�O31 1.672(1), Si�O32 1.641(2);
diol torsion: O21-C21-C31-O31: 11.8(2)8 ; O22-C22-C32-O32: �27.3(2)8.
Symmetry code: i : �x, �y, �z.
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both by a typical downfield shift in the 29Si NMR spectra
and by a typical coordination-induced shift in the 13C NMR
spectra of 6–8 ppm downfield. Note, however, the lower
values for 7.


Pentacoordinate silicates with AnErytH�2 ligands


Structures of the alkali-metal salts of the [Si(OH)-
(AnErytH�2)2]


� ion : The current focus of the discussion is
doubtless the aqueous chemistry of the silicate/AnEryt
system. When introducing water as the solvent, protolytic
and hydrolytic equilibria have to be considered in addition
to the chelation/oligomerization chemistry discussed above.
Thus, hydrolysis of the spirocyclic silane Si(AnErytH�2)2 in
neutral or acidic aqueous solution may start by the addition
of a water molecule to form a transient pentacoordinate
species [Si(H2O)(AnErytH�2)2]. At higher pH, the mono-
deprotonated anion of this hypothetical acid is the predomi-
nant species, which is obtained directly by the action of
AnEryt on silica in alkali lye.
As discussed both in Lambert(s work and in a work of the


Kinrade group, such aqueous solutions show three signals in
the 29Si NMR spectra in the region of pentacoordinate sili-
con.[13,14] Thus, the question of isomerism arises. To get an
idea of what kinds of isomers have to be considered for
these pentacoordinate silicates, a look at solid-state struc-
tures is helpful. Presently, a total of five crystal structures
are available. In addition to the published structures of Li-
[Si(OH)(AnErytH�2)2]·H2O and K[Si(OH)(AnErytH�2)2],


[12]


the anhydrous Na, Rb, and Cs salts have been crystallized
from aqueous solutions and structurally resolved by single-
crystal X-ray analysis. The structure of the silicate ion in Na-
[Si(OH)(AnErytH�2)2] (8a) is shown in Figure 11. In a


slightly distorted square-pyramidal (sp) coordination at the
silicon center, the hydroxo ligand takes the apical position.
Each diolate is bonded in the basal plane, which is the only
possible position since the “bite” of a diolate ligand is not
large enough to span a basal/apical chelate with its larger
angle at silicon. Two different orientations are taken by the
oxolane rings. One of them is located on the same face of
the corresponding chelate ring as the hydroxo ligand (syn),


whereas the other oxolane ring and the hydroxo ligand are
on different faces of the respective chelate ring (anti). As
for the lithium and potassium analogs, the sodium com-
pound contains both syn and anti isomers. Another structur-
al motif is found in the isotypic Rb (8b) and Cs (8c) salts.
The anion structure of the Cs salt 8c is shown in Figure 12.


With these larger cations the anti/anti isomer is isolated,
with the coordination at silicon being sp as with the lithium
and sodium salt. The only exception to sp coordination is
found with potassium as the counterion. The hydroxo ligand
takes an equatorial position in this case, and each diolato
ligand is bonded axially/equatorially, which is the only possi-
ble position since, again, the bite of a diolate ligand is too
small to span an equatorial/equatorial chelate. Table 4 gives
a comprehensive survey of significant data on the five
alkali-metal diolatosilicates.


As a result, two kinds of isomers have to be considered at
the pentacoordinate silicon centers: syn/anti and sp/tbp.
Prior to a search for such isomers in solution by NMR spec-
troscopy, it would be helpful to have an idea what activation
barriers may be expected for the mutual transformation of
such isomers in order to decide whether these isomers can
be expected to be resolved on the NMR time scale. For this
purpose, DFT calculations were performed on the isolated
[Si(OH)(AnErytH�2)2]


� ion, not for modeling the reaction
path for syn/anti isomerization, which surely cannot be de-


Figure 11. ORTEP diagram (50% probability ellipsoids) of the anions in
crystals of 8a. Bond lengths [X]: Si�O21 1.730(2), Si�O22 1.734(2), Si�
O31 1.728(2), Si�O32 1.720(2), Si�O8 1.662(2); diol torsion: O21-C21-
C31-O31: 14.1(2)8 ; O22-C22-C32-O32: 9.7(2)8.


Figure 12. ORTEP diagram (40% probability ellipsoids) of the C2-sym-
metrical anions in crystals of 8c. Bond lengths [X]: Si�O2 1.730(4), Si�
O3 1.720(3), Si�O8 1.652(5); diol torsion (O2-C2-C3-O3): �3.5(5)8.


Table 4. Solid-state properties of the pentacoordinate silicates A-
[Si(OH)(AnErytH�2)2] (A=Li–Cs; the Li salt crystallizes as a monohy-
drate). Reference denotes the work where the structure is described; all
NMR spectroscopic data are from this work.


A Isomer[a] Si[b] % tbp[c] 29Si[d] Reference


Li syn/anti sp 2.0 �95.5 [12]


Na syn/anti sp 7.8 �97.6 this work
K syn/anti tbp 62.7 �98.3 [14]


Rb anti/anti sp 13.9 �92.7 this work
Cs anti/anti sp 13.3 �92.9 this work


[a] Orientation of the oxolane ring relative to the hydroxy ligand. [b] Co-
ordination at Si. [c] Percentage distortion of sp towards tbp (cf. R. R.
Holmes, Prog. Inorg. Chem. 1984, 32, 119–235). [d] Solid-state 29Si NMR
chemical shift.
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scribed in a realistic way by considering the isolated anion
only, but to learn about sp/tbp isomerism.
The question was dealt with using an overall anti/anti ge-


ometry first. At the B3LYP/6–31G(d) level of theory for
structure optimization, the sp structure found in the crystal-
line state refined to minimum energy on changing to tbp,
whereas starting with overall syn/anti geometry and sp coor-
dination at silicon, a local minimum structure of sp geome-
try is only achieved if a hydrogen bond from the hydroxo
ligand as the donor towards the oxolane O-atom of the syn
substituent is provided in the starting geometry. Directing
the O�H vector away from the ether oxygen results in a
transformation of the starting sp geometry to the tbp struc-
ture. When starting the refinement of a tbp structure with
the hydrogen bond towards the oxolane-O acceptor, this
bond is destroyed in favor of a bond to one of the alkoxo
O-atoms. From this refinement behavior, we conclude that
no considerable activation barriers should exist between the
sp and tbp forms of the anion in question. sp/tbp Isomerism
thus should not be detectable in real-world experiments,
thus leaving syn/anti isomerism as the only type of isomer-
ism to be considered. It should be recalled at this point that
in the crystalline alkali-metal salts only the syn/anti and the
anti/anti geometries have been found. The syn/syn case has
never been observed in solid-state work, despite both Lam-
bert and Kinrade(s discovery of this geometry in a work by
our group which, however, does not deal with silicates at
all.[12–14] As a result of this section, the interpretation of the
three signals in the 29Si NMR solution spectra in terms of
syn/anti isomerism appears straightforward, in agreement
with Lambert(s suggestion and Kinrade(s revision of his


former oligomerization hypothesis, which was based on the
assumption that the syn/syn case is the only stable one (see
above).[13,14]


However, transformations at the silicon centers other
than syn/anti have to be considered. Examples include reac-
tions at the hydroxo ligand such as condensation. Thus, a
condensation reaction may yield products like
[(AnErytH�2)2Si�O�Si(AnErytH�2)2]


2�, which appear possi-
ble in view of related species published by the Tacke group,
which has used hydroxycarboxylic acids as ligands.[19] An ex-
perimental hint regarding the occurrence of such condensa-
tion comes from thermal analysis of the potassium and
cesium compounds. Both salts lose half a mole of water per
formula unit at a temperature of 280 8C, and they then de-
compose without melting at about 400 8C.
To gain deeper insight into the significance of condensa-


tion of hydroxo ligands in solution, analogous phenylsili-
cates of the formula [SiPh(AnErytH�2)2]


� were included in
the investigation.


The [SiPh(AnErytH�2)2]
� ion and its relation to the hydroxo


analog : Bis(diolato)(phenyl)silicates were obtained by
switching to trimethoxyphenylsilane/methanol instead of sili-
cate/water. When both condensation and hydrolysis are pre-
vented by this modification, syn/anti isomers of the [SiPh-
(AnErytH�2)2]


� ion should remain as the only species. The
29Si NMR spectra of such solutions exhibit the signals of two
major and one minor pentacoordinate species. The similarity
of these spectra to those recorded from aqueous silicate sol-
utions is obvious (Figure 13). In agreement with the exis-
tence of two main species, crystallization with potassium as


Figure 13. 29Si and 13C (DEPT-135) NMR spectra of pentacoordinate AnEryt–silicate species prepared from the diol, SiPh(OMe)3 or Si(OMe)4, and base
at the molar ratio given in a)–c). Color code: red: anti/anti; blue: syn/anti; green: syn/syn isomer of the respective [Si(R)(AnErytH�2)2]


� ion; violet: equi-
librating isomer mixture. a) R=OH; base: LiOH; solvent: water; molar ratio: 3:1:1; total Si concentration: 0.54 molkg�1. The methanol signal stems
from hydrolysis of the Si(OMe)4 starting material and may be used as a reference for DEPT assignment. Dashed line: free AnEryt. b) R=Ph; base:
KOMe/[18]crown-6; solvent: methanol; molar ratio: 2:1:2; total Si concentration: 0.38 molkg�1. AnEryt region in DEPT mode referenced to the
[18]crown-6 signal. c) Same as (b), but with a molar ratio of 3:1:1; total Si concentration: 0.61 molkg�1. Dashed line: free AnEryt.
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the counterion yields crystals of the formula K[SiPh-
(AnErytH�2)2]·1/2MeOH (9) which are made up of the anti/
anti and the syn/anti phenylsilicate in equal parts
(Figure 14). Thus, the two main signals in the 29Si NMR


spectrum are assigned to the anti/anti and the syn/anti iso-
mers. In light of this assumption, interpretation of the
13C NMR spectrum is straightforward. Neglecting sp/tbp iso-
merism, both the anti/anti and the syn/syn isomer have ap-
parent C2v symmetry and should thus give rise to one signal
for C2/C3 and one signal for C1/C4. The syn/anti isomer on
the other hand, with its apparent Cs symmetry, will show
twice the number of signals, a phenomenon that has been
pointed out by Kinrade for the analogous hydroxosilicate.[13]


The 13C DEPT-135 NMR spectrum is shown in Figure 13b.
Both the C1/C4 region (consider the [18]crown-6 signal as a
reference for DEPT assignment) and the C2/C3 region at
higher field show the expected pattern of one strong signal,
two signals of medium intensity, and one weak signal for the
anti/anti, the syn/anti, and the syn/syn isomer, respectively.
A distinct feature that is observed in the spectra of glyco-
sides with the AnEryt partial structure as well may be
noted, namely that the anti/anti and one of the syn/anti sig-


nals are close together; it may be assumed that this syn/anti
signal stems from the anti part of this isomer. The corre-
sponding spectrum of an aqueous diolatosilicate solution is
shown in Figure 13a. The C1/C4 region is less structured but
the C2/C3 signals again show the pattern of a single strong
signal, a pair of signals of about equal intensity, and a single
weak resonance, in agreement with Kinrade(s finding.[13]


From the isomer distribution in the crystalline salts we
assume that the minor component resembles the syn/syn
isomer in this system also. Moreover, the fact that both the
29Si and the 13C NMR spectra show such a close resemblance
leads us to believe that the chemistry of the aqueous system
is also adequately described by taking into account syn/anti
isomers of a mononuclear bis(diolato)hydroxosilicate as the
only relevant type of isomerism.
A special feature of the phenylsilicate spectra will gain


significance in more complicated cases. Figure 13 shows the
13C NMR signals of the phenyl residue in addition to the
diol signals. It should be noted that both the signals stem-
ming from the ipso-carbon atom as well as the signals from
the two ortho-carbon atoms mirror the 29Si NMR spectrum.
These signals appear to be as suitable as the silicon nucleus
as a probe, and thus provide a tool for resolving an acciden-
tal overlap of 29Si NMR signals.
What about characteristic shift differences in the


13C NMR spectra? Figure 13a shows Si-bonded and free
AnEryt. The result is opposite to that of the tetracoordinate
chelating silanes. The signals of C2/C3—the carbon atoms of
the silicon binding site—are shifted about 1 ppm downfield
(about 6–8 ppm in chelating oxolanylenedioxysilanes),
whereas the signals of the adjacent carbons experience an
about 4 ppm downfield shift (about 2 ppm in the respective
silanes). The shift differences are thus sensitive to at least
the coordination numbers and possibly to the actual struc-
tures. It remains to be clarified whether or not these new
values are representative of related silicates of the furano-
ses.
This result may be compared with published work: by er-


roneously switching the CH and CH2 coordinate in their
DEPT spectrum, the Lambert group has wrongly assigned
both the 13C signals of free and Si-bonded AnEryt and thus
derived wrong shift differences, which are then the basis for
interpreting the spectra of aldoses and ketoses, which are
wrongly assigned as well.[14]


In attempts to record phenylsilicate NMR spectra with
excess AnEryt as an internal standard, an interesting obser-
vation was made. In the 29Si NMR spectrum (Figure 13c), a
single resonance at an intermediate value is found (d=
�87.1 ppm from a 3:1:1 solution of AnEryt, PhSi(OMe)3,
and KOMe/18-crown-6; cf. d=�87.1 and �88.6 ppm for the
stronger signals in Figure 13b, and d=�89.3 ppm for the
weak signal) instead of a triad of signals. Accordingly, the
13C NMR spectrum shows only four signals for AnEryt: two
for the free diol and two downfield-shifted signals for Si-
bonded AnEryt (Figure 13c). The shift differences in these
methanol solutions are slightly smaller than in aqueous solu-
tion: 1.6 ppm downfield for Si-bonded C2/C3 and 3.2 ppm


Figure 14. ORTEP diagram (40% probability ellipsoids) of the anions in
crystals of K[SiPh(AnErytH�2)2]·1/2MeOH. Distances [X] in the anti/anti
isomer (top): Si�O21 1.719(2), Si�O31 1.749(2), Si�O22 1.733(2), Si�O32
1.725(2), Si�C 1.887(3); diol torsion: O21-C21-C31-O31: �16.4(3)8 ; O22-
C22-C32-O32: 6.2(3)8. Distances [X] in the syn/anti isomer (bottom): Si�
O24 1.711(2), Si�O34 1.752(2), Si�O25 1.710(2), Si�O35 1.766(2), Si�C
1.899(3); diol torsion: O24-C24-C34-O34: �3.1(3)8 ; O25-C25-C35-O35:
�22.2(3)8. Percentage distance from the square-planar coordination
along the Berry pseudorotation coordinate: anti/anti isomer: 23.0; syn/
anti isomer: 64.5.
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for C1/C4. Upon varying the composition of the solutions, a
simple spectrum is always obtained if free AnEryt is detect-
ed in the 13C NMR spectrum, whereas split signals are only
present if no signals of free AnEryt are visible. We con-
clude, then, that rapid equilibration of the three silicate iso-
mers occurs in the presence of excess AnEryt. Catalytic
amounts of free AnEryt appear to be sufficient since the
AnEryt signals themselves are not affected by equilibration;
that is, there are not two signals at a medium position, as
often observed with diolato-metal complexes of high kinetic
lability.
There is a hint that catalysis/inhibition of syn/anti isomeri-


zation is not only meaningful on the NMR timescale but
also drives crystallization. Instead of the solid-state 1:1 mix-
ture of the isomers in 9, the pure anti/anti form is obtained
when small amounts of free AnEryt are present in the oth-
erwise unchanged crystallization batches of 9. The anti/anti
isomer thus appears to be the thermodynamically most
stable one for the specific counterion/silicate combination of
9. The structure is not presented here, however, because the
quality of the crystals is still low.
It should be noted that rapid syn/anti equilibration is not


observed on the NMR timescale with the pentacoordinate
hydroxosilicates, regardless of whether free diol is detected
in the spectra.


Extending the anhydroerythritol core—pentacoordinate sili-
cates with b-d-ribofuranosides : One could still hope at this
point to recognize the silicon-binding site(s) of a carbohy-
drate by shift differences in the 13C NMR spectrum. A
knowledge of silicon(s coordination number appears to be a
prerequisite, which is acceptable since 29Si NMR spectrosco-
py will provide this number. That the signals of the carbons
adjacent to the diol function are shifted to a larger extent
than the diol carbons may be accepted as well, as long as
this is constant behavior at least for AnEryt derivatives. The
fact that there is a marked shift at all is a positive aspect
that should not be underestimated.


b-d-Ribofuranosides such as methyl-b-d-ribofuranoside
(Me-b-d-Ribf) or the nucleosides were then used as probes.
Their structures can be derived from that of AnEryt by
adding the additional hydroxymethyl and methoxy or nucle-
obase residue to the oxolane face opposite the diol group so
that the diol group does not experience steric hindrance
from the additional functional groups. Similar ligand proper-
ties should then be expected for AnEryt and the b-d-ribo-
furanosides. However, some experimental peculiarities of
the nucleosides have to be considered: first, they often form
precipitates upon preparation of the required 2:1:1 molar
ratio of diol, silicon starting material, and base. Second,
there is a marked tendency to form hexacoordinate silicates.
Both increased solubility in aqueous solution and hexacoor-
dination are effected by large excesses of base, as has been
shown by Kinrade for adenosine and guanosine.[13] The ef-
fects of pure pentacoordination are presented for two cou-
ples of reaction mixtures that yielded clear solutions with
the 2:1:1 molar ratio: trimethoxyphenylsilane or tetrame-


thoxysilane and adenosine in methanol, and trimethoxyphe-
nylsilane/methanol or aqueous silicate and cytidine. With
the Si(OMe)4/OMe�/MeOH system, a step is inserted be-
tween the inert phenylsilicon moiety and the reactive hy-
droxysilicon function. The synthetic rationale behind the use
of methoxysilicates is commented upon in the ribose section
below.


Adenosine : Adenosine (Ado) provides the most complete
set of spectra, with little overlap of signals, for the study of
syn/anti isomerism of pentacoordinate bis(diolato)silicon
centers. Figure 15 shows the respective spectra, which can
be interpreted completely, without leaving signals unas-
signed, by assuming two major components and one minor
species. We assumed by analogy that the minor species is
the syn/syn isomer, since no stabilization of the syn/syn
isomer and, at the same time, destabilization of the anti/anti
species is obvious with adenosine. In light of this assump-
tion, an assignment is straightforward. Table 5 shows the po-
sitions of the signals of those carbons that are closest to the
diol group. The 1 ppm/4 ppm AnEryt pattern of shift differ-
ences for the diol and adjacent carbons obviously cannot be
confirmed entirely. The largest shifts are observed for two of
the four signals of the anomeric carbon, that is, at one of the
two carbons adjacent to the diol group. The signal of the
second adjacent carbon, C4, however, is shifted to a lesser
extent. Moreover, a large C1’ shift difference is observed for
only two of the four C1’ signals, thus showing nicely that the
connectivity contributes to the shift difference but the par-
ticular structure in question does so as well. Although the
shift differences are thus of less diagnostic use, it should be
noted that a signal shows a particularly distinct isomeric
splitting if the carbon atom is close to the silicon center.
Thus, the signals of all the diol carbons are well resolved
into four components.
Attempts to prepare aqueous silicate solutions at the


same molar ratio failed. No clear solutions were obtained;
instead, precipitates formed.


Cytidine : The reaction of twice the molar amount of cytidine
(Cyd) with trimethoxy(phenyl)silane and methoxide in
methanol yields exclusively pentacoordinate silicon accord-
ing to the 29Si NMR spectra, which have a pattern similar to
the analogous AnEryt and Ado systems. The minor compo-
nent of the three is hardly visible due to more-pronounced
signal overlap. The signal pattern of the two major species,
however, is in agreement with the assumption of a syn/anti-
anti/anti mixture without rapid exchange. With the exception
of signal overlap in the C1’/C5 region at d=94–95 ppm, all
the riboside signals can be unambiguously assigned to their
respective carbon atoms. The isomeric splitting is shown in
Figure 15c. However, a problem occurs regarding the molar
ratio of the isomers. Since the syn/anti :anti/anti ratio seems
to approach 2:1, all strong signals are of approximately
equal intensity. Attempts were made to shift the isomeric
ratio by altering the solution composition. Thus, replace-
ment of methanol as the solvent by a 1:1 mixture of meth-
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anol and N,N-dimethylformamide yielded 13C NMR spectra
which show the isomer of third-highest abundance enriched
in terms of the most-upfield phenyl signals. At the same
time, one of the three main signals of each carbon atom
shows increased intensity. Hence, the enriched isomer is as-
signed as anti/anti (Figure 16c). It should be noted that this
assignment resembles the AnEryt pattern in the phenyl
region. A detailed table of shift differences of individual iso-
mers would be less complete than for Ado. To show the gen-
eral trend that the largest shift differences are found for the
carbons adjacent to the diol group, the mean values of the
three strong signals are used. The individual shift differences
in this case are 3.4 for C1’, 2.3 for C2’, 2.1 for C3’, 2.8 for
C4’, and 1.4 ppm for C5’.
Attempts to prepare tetramethoxysilane/methanol solu-


tions as with Ado failed due to the formation of precipitates.
On the other hand, aqueous solutions with a 2:1:1 ratio of
nucleoside, silica, and hydroxide were possible with Cyd. In
comparison with AnEryt, the nucleoside appears to be less
suited to forming pentacoordinate silicon than the parent
diol in terms of free diol and oxosilicate left. The 13C NMR
signals show the usual downfield shift but to a somewhat


lesser extent than with the phenylsilicate. The individual
shift differences are 3.0 for C1’, 1.7 for C2’, 1.6 for C3’, 2.6
for C4’, and 0.8 ppm for C5’.
As regards 13C NMR shift differences, the N-glycosides


Ado and Cyd have watered down the rule emerging from
AnEryt but have not completely invalidated it in showing
the tendency that the highest values are found for the car-
bons adjacent to the diol function.


Methyl-b-d-ribofuranoside : Bearing in mind the aim of de-
termining rules for the analysis of ribofuranose–silicate
signal patterns, methyl-b-d-ribofuranoside (Me-b-d-Ribf)
should add particularly valuable data, since as an O-glyco-
side it more closely resembles the sugar than a nucleoside
does. Reaction of a double molar amount of Me-b-d-Ribf
with trimethoxy(phenyl)silane/methoxide in methanol yield-
ed the three expected pentacoordinate silicate species
(Figure 16). The 13C NMR signals are not as well resolved as
in the case of Ado, but the typical syn/anti split can be ob-
served for the diol carbons C2’ and C3’ (Figure 16). The ten-
dency for the signals of the carbon atoms adjacent to the
diol carbons to shift downfield to the largest extent is the


Figure 15. syn/anti Isomerism governing the 29Si (left) and 13C NMR spectra of the ribose region in methanolic solutions containing pentacoordinate bis-
(nucleosidato)silicates. Molar ratio of nucleoside:[SiR(OMe)3]:methoxide=2:1:1; counterion: [K([18]crown-6)]+ (Ado) or K+ (Cyd); total Si concentra-
tion: 0.20 and 0.36 molkg�1 for Ado and Cyd, respectively. a) [SiPh(Ado2’,3’H�2)2]


� ; b) [Si(OMe)(Ado2’,3’H�2)2]
� ; c) [SiPh(Cyd2’,3’H�2)2]


� ; the C1’ sig-
nals of Cyd are not shown due to overlap with the C5 signals. Color code: red: anti/anti; blue: syn/anti; green syn/syn.
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same as with AnEryt, but the numbers are again different.
Using mean values including all three isomers, the shift dif-
ferences in question are those given in Table 6. Again, the
rule is weakened: the C1 signal is no longer the most shifted
as the C4 signal shows the largest shift difference.
As an overall result it can be stated that a moderate


downfield shift of about 2 ppm of the diol carbons is observ-
able on binding to pentacoordinate silicon. At the same
time, a more pronounced downfield shift of one of the adja-
cent carbons of up to about 5 ppm may occur.


More-pronounced linking of equilibria—ribose in silicate
solutions : Up to this point, there has been no doubt about
the configuration of the diol in question. A known total con-
centration of the ligand thus enters the equilibria that de-
scribe complex formation and dissociation. This point be-
comes different when changing from simple diols and glyco-
sides to glycoses. The free ligand is now withdrawn to a
large extent from the complex equilibrium by the linked
pyranose/furanose and anomeric equilibria of the carbohy-
drate itself. Compared to AnEryt, the situation is worse for
a pure NMR treatment if a glycose is employed as a silicon
ligand in aqueous solution.
Starting with 29Si NMR spectroscopy, it has been demon-


strated that the entire transformation of all the oxosilicate


employed into penta- and hexacoordinate diolatosilicates is
possible.[13,14] The experimental conditions for achieving this
result include a large excess of aldose and high total concen-
trations (it should be noted that the 3.3m sugar concentra-
tion of reference [14] resembles a syrup, with more than a
kilogram of sugar per liter in the case of a disaccharide). In
terms of 13C NMR spectra, a proper analysis becomes more
difficult due to large amounts of free sugar beside small
amounts of Si-bonded glycose. To demonstrate the specific
problems, let us focus on the less basic solutions that have
been used by Lambert to detect ribose ligands in pentacoor-
dinate bis(diolato)hydroxosilicate species.[14] From the view-
point of glycose-bonded silicate, these solutions belong to
the regime of pentacoordination, and the shifting between


Table 5. Chemical shifts [ppm] in the 13C NMR spectra of solutions of
[K([18]crown-6)][SiR(Ado2’,3’H�2)2], and shift differences (d-
(silicate)�d(free diol)). Bold: Dd of those carbon atoms that bear the sili-
con-binding oxygens. For atomic numbering of Ado see Scheme 1. n.d.=
not determined due to signal overlap.


R=Ph R=OMe
d Dd d Dd


C1’


anti/anti 93.6 4.0 93.0 3.4
syn/anti 1 93.7 4.1 93.3 3.7
syn/anti 2 91.9 2.3


92.3 2.7
syn/syn 91.9 2.3


C2’


anti/anti 76.4 2.3 76.4 2.4
syn/anti 1 77.0 2.9 76.6 2.6
syn/anti 2 76.3 2.2 76.3 2.3
syn/syn 77.1 3.0 76.8 2.8


C3’


anti/anti 72.5 1.4 72.8 1.7
syn/anti 1 72.3 1.2 72.6 1.5
syn/anti 2 72.2 1.1 72.2 1.1
syn/syn 72.3 1.2 72.3 1.2


C4’


anti/anti
88.0 1.4


88.1 1.5
syn/anti 1 88.0 1.4
syn/anti 2


87.9 1.3
syn/syn 87.9 1.3


C5’


anti/anti
62.8 0.9


62.7 0.8syn/anti 1
syn/anti 2 62.6 0.7
syn/syn 62.5 0.6 62.6 0.7


C8


anti/anti 140.8 n.d. 140.7 n.d.
syn/anti 1 140.8 n.d. 140.7 n.d.
syn/anti 2


140.1 n.d.
140.4 n.d.


syn/syn 140.4 n.d.


Figure 16. 29Si and 13C NMR spectra (C2 and C3 signals) of 2:1:1 solu-
tions of Me-b-d-Ribf, SiR(OMe)3, and base. Red: anti/anti ; blue: syn/
anti ; green: syn/syn isomer of the respective [Si(R)(Me-b-d-
Ribf2,3H�2)2]


� ion. a) R=Ph; base: KOMe; solvent: methanol. b) R=


OMe; base: KOMe; solvent: methanol. c) R=OMe; base: CsOH; sol-
vent: water. Total Si concentration: 0.72, 0.47, and 0.75 molkg�1 for a–c,
respectively. The ratio of oxosilicate and pentacoordinate silicate is ap-
proximately 3:1.


Table 6. Shift differences (d(silicate)�d(free diol)) in the 13C NMR spec-
tra of solutions of A[SiR(Me-b-d-Ribf2,3H�2)2] prepared with a 2:1:1
molar ratio of the riboside, the silicon starting material, and base. Bold:
Dd of those carbon atoms that bear the silicon-binding oxygens. For
atomic numbering of Me-b-d-Ribf see Scheme 1.


R solvent A C1 C2 C3 C4 C5


Ph MeOH K 2.4 2.4 1.9 5.2 0.2
OMe MeOH K 1.9 2.0 1.5 4.5 0.0
OH H2O Cs 2.3 2.3 1.8 4.1 0.5
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penta- and hexacoordinate species is effected by the molar
amount of base. A maximum of pentacoordinate silicate, to-
gether with small amounts of oxosilicate, is found close to a
molar ratio of 1:1 for silicon and base. The residual oxosili-
cate vanishes on removing some 20% of base. Hexacoordi-
nate silicates become enriched on drastically increasing the
amount of base towards a 1:3 Si:OH� ratio.[13] The 13C NMR
spectra of solutions of both kinds are different and both are
rather complicated.
Prior to looking for Si-bonded ribose in the respective


spectra, the coordination ability of ribose towards silicon
centers is assessed in order to have a rough clue of what
should be searched for in addition to the established a-
Ribf1,2 silicon chelator.[7]


The tentative silicon binding sites of ribose : Scheme 2 sum-
marizes the furanose and pyranose forms that have to be


considered. Since there is no experimental evidence yet that
open-chain ribose may play a role, this form will not be con-
sidered further. Restricting our discussion to diolate binding
first, the experimentally substantiated a-Ribf1,2 form ap-
pears the most suitable in terms of acidity and stereochemis-
try. For the stereochemical reasons discussed above, pyra-
nose diol functions seem to be less suitable for silicon chela-
tion. a-Ribf2,3 and b-Ribf2,3 appear suitable in terms of
stereochemistry but the most acidic anomeric hydroxy group
would be left protonated on 2,3-complexation. It should be
noted at this point, however, that increasing the acidity of
the ligand is by no means a guarantee of obtaining a chelat-
ed silicate of hydrolytic stability. Silicon complexes of the
hydroxycarboxylic acids, for example, are hydrolytically sen-
sitive, as has been demonstrated recently by Tacke et al. for
hexacoordinate silicates like citratosilicate or oxalatosili-
cate.[20] It may thus be important that the ligand of choice
bears a sufficient amount of nondelocalized negative charge
on its oxygen atoms to compete with the oxo ligands in
aqueous silicate solutions.


Inspection of Scheme 2 suggests the consideration of tri-
dentate triolate binding as well, since ribose is particularly
rich in isomers that provide O3 patterns for a facial binding
site. More generally, the question arises whether a pyranoi-
dic cis,cis-1,2,3-triol moiety may act as a silicon chelator,
i.e., whether the unsuitable, but possibly borderline, Si-bind-
ing properties of a pyranoidic cis-diol are over-compensated
by providing a third binding site. Even more generally, is a
pyranoidic 1,3-diol a silicon chelator? Since tridentate sili-
con binding appears to be a particularly unexplored area, it
will be assessed very roughly for the current purpose. If pyr-
anoidic triolate binding is of considerable significance, 1C4-
Me-b-d-Ribp should be able to enrich a silicate solution
with six-coordinate species under the usual aqueous alkaline
conditions. Experiment shows that Me-b-d-Ribp does not.
Thus, pyranoidic triolate binding will not be considered in
this discussion. It should, however, be kept in mind that this
point needs further clarification, particularly because Me-b-
d-Ribp does not include the anomeric hydroxy group in its
O3 pattern and the required 1C4 conformation is not pre-
dominant in solution. In the same, very preliminary, way,
the significance of tridentate a-d-Ribf1,2,3 binding is rough-
ly assessed. If these ligands play a dominant role, hexacoor-
dinate [Si(a-d-Ribf1,2,3H�3)2]


2� species will be formed from
stoichiometric solutions under nonhydrolytic conditions.
However, solutions in methanol of an n :1:2 molar ratio of
Rib, Si(OMe)4, and OMe� show hexacoordinate silicate only
for n=3 but not for n=2. We can therefore conclude that
the hexacoordinate silicates are mainly tris(diolato) species
instead of bis(triolato)silicates, that is, tridentate chelation
by ribose does not appear to be a predominant binding
mode. (The rationale for using the tetramethoxysilane/meth-
anol system is explained in the next section.)
When restricting the discussion of silicon binding to fura-


nose diol groups, the main contribution should stem from
1,2-deprotonated a-ribofuranose. 1,2-Deprotonated b-ribo-
furanose, which contains a trans-furanoidic diol like anhy-
dro-threitol, is not suited as a chelator. The two remaining
silicon-chelating binding sites, a-Ribf2,3 and b-Ribf2,3, are
derived from diol functions of lower acidity. The b-furanose,
however, is more abundant in aqueous equilibria than the a-
furanose, which may compensate the lower acidity of its 2,3
site to some extent.


Steps from a well-established phenylsilicate of ribose towards
aqueous silicate solutions : The use of AnEryt as a ligand has
demonstrated that there is a close resemblance between sol-
utions of the phenylsilicates in methanol and those in water.
To derive a sensible signal assignment in the more compli-
cated ribose case, one more step will be taken to arrive at
the aqueous medium, as in the case of Me-b-d-Ribf above.
Figure 17a shows the spectrum of ribose in methanol, which
is close to the aqueous one (Figure 17f). On adding trime-
thoxyphenylsilane and methoxide according to a final 2:1:1
molar ratio of Rib, SiPh(OMe)3, and OMe� , the a-furanose
binds to silicon and becomes the prominent isomer (Fig-
ure 17b).[7] Due to its bonding in the major species, positive


Scheme 2. O-atom patterns of the various ribose isomers (H atoms omit-
ted); fac-tridentate patterns are highlighted in red.
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signal assignment is possible with certainty using 2D NMR
techniques. In terms of shift differences, the result is disas-
trous in light of the rules derived up to now. The resonance
positions of the 13C NMR signals of a-Ribf in methanol are
shifted downfield by 0.9 (C1), 0.5 (C2), 0.9 (C3), �4.6 (C4),
and �0.9 ppm (C5) on formation of the [SiPh(a-d-
Ribf1,2H�2)2]


� complex ion. The largest shift is that of C4—
the carbon with the largest distance from the reaction center
within the furanose ring—of more than 4 ppm upfield. Al-
though silicon binding through the 1,2-chelate was con-
firmed by X-ray analysis,[7] this binding site clearly cannot
be recognized from AnEryt-derived shift differences, either
from those in reference [14] or from corrected values that
are unaffected by the wrong DEPT assignment.
To take a step towards the aqueous silicate solution,


methanol is kept as the solvent for the moment but trime-
thoxyphenylsilane is replaced by tetramethoxysilane. The
spectrum with a 2:1:1 ratio of Rib, Si(OMe)4, and OMe� , is
shown in Figure 17c. Again, there is a main species with the
same stoichiometry as employed, just as with the phenyl de-
rivative. Signal assignment by two-dimensional techniques is
possible as well. Not surprisingly, the order of signals re-
mains the same due to the obvious similarity of the spectra.
Keeping to the discussion of the main species, the difference
between the phenylsilicate and the tentative methoxosilicate
is obvious: each of the five main signals is accompanied,
within a 2 ppm range, by weaker signals which adopt a pat-
tern that recalls the spectral features of the syn/anti isomers
of AnEryt and the b-d-furanosides. It should be noted that
the [SiPh(a-d-Ribf1,2H�2)2]


� ion is anti/anti in the solid
state.[7] Hence, stability relationships such as those for
AnEryt, where anti/anti and syn/anti isomers are the major
species and the syn/syn isomer is the minor one, do not
appear to be divergent. The spectral properties of the
isomer mixture were evaluated as above: one signal for each
unique carbon of the ligand for anti/anti and syn/syn, two
signals of about equal intensity for the syn/anti isomer, and
all the signals of one carbon in a 2 ppm range. Bearing in
mind these characteristics, a well-resolved signal such as
that for C1 seems to support the idea that syn/anti isomer-
ism may occur with ribose as well.
The next step appears to be the most critical. The addition


of water to these solutions causes partial hydrolysis and oxo-
silicate formation. However, the methanol solutions do not
appear to be moisture-sensitive in a narrower sense. The ad-
dition of a few mols of water per mol of silicon does not
alter the spectra significantly, an observation that is in line
with Kinrade(s and Harris(s reports on Si-OH/Si-OMe ex-
change in water/methanol mixtures.[21] Complete replace-
ment of methanol by water, however, drives oxosilicate for-
mation close to completeness in dilute solutions with a 2:1:1
stoichiometry. At the same time, the equivalent amount of
ribose, which occurs as a mixture of its four isomers in the
alkaline solution, is set free. Increasing the total concentra-
tion allows increasing amounts of pentacoordinate silicate to
survive. At the same time, there are no longer equilibrium
conditions. For example, 2:1:1 solutions containing


Figure 17. 13C NMR spectra of the ribose region of various aqueous and
methanolic solutions. Color codes: red: a-Ribf ; blue: b-Ribf ; violet: equi-
librating a-/b-Ribf ; green: b-Ribp ; yellowish green: a-Ribp. a) Rib in
MeOH, c=0.2m. b) Reaction mixtures containing a 2:1:1 molar ratio of
Rib, SiPh(OMe)3, and KOMe/[18]crown-6 in MeOH, with the [PhSi(a-d-
Ribf1,2H�2)2]


� ion as the main species (red). Total Si concentration:
0.21 molkg�1. Dashed line: [18]crown-6. c) Reaction mixtures containing
a 2:1:1 molar ratio of Rib, Si(OMe)4, and KOMe/[18]crown-6 in MeOH
and containing isomeric forms of the [Si(OMe)(a-d-Ribf1,2H�2)2]


� ion as
the main species (red). Total Si concentration: 0.48 molkg�1. Dashed
line: [18]crown-6. d) Aqueous solution of Rib, Si(OMe)4, and NaOH at a
2:1:1 molar ratio. Total Si concentration: 0.46 molkg�1; pH 11.8. e) Rib in
NaOH, molar ratio: 1:0.12, total ribose concentration: 0.46 molkg�1;
pH 11.5. f) Same as (e), but pH adjusted to 6.5 after about 18 h at
pH 11.5 at room temperature. Note the weak, unassigned signals around
the position of b-Ribf-C2 that indicate some degree of decomposition.
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0.46 molkg�1 Si remain clear for a day but colorless precipi-
tates appear after that time. More-concentrated batches of
the 2:1:1 stoichiometry cannot be prepared as clear solu-
tions. A 2:1:1 batch of 0.67 molkg�1 Si, for example, shows
the formation of precipitates during preparation. Lowering
the amount of base causes gelation, and increasing the
amount of ribose retards gelation. Thus, a solution which re-
sembles the conditions of reference [14] (ca. 3:1:0.8 at a
total Si concentration of 1.1m), gels within half an hour in
our laboratory. To come close to this reported Si concentra-
tion of 1.1m, but at the same time to avoid gelation, the
spectrum of the 2:1:1 solution with 0.46 molkg�1 Si was
chosen for Figure 17d. Comparison with reference [14]
shows the same features for both spectra. To separate the
signals of the minor amount of ribose that is still bonded to
silicon, the signals of the free sugar have to be recognized as
such. Figure 17e shows a ribose spectrum taken at pH 11.5.
A comparison with Figure 17d reveals a few signals that are
unique to the silicate spectrum, therefore assignment of
these signals to the Si-bonded a-Ribf1,2 ligand appears sen-
sible. Comparison of Figures 17c and d shows that the
C2,3,5 signals of Si-chelating a-Ribf are prone to overlap
with signals of free ribose. Si-bonded a-Ribf-C1 and C4,
however, are expected to resonate slightly upfield from their
positions in methanol, in regions free of signals of ribose
itself. In fact, broad signals are visible at these positions
which indicate the presence of the pentacoordinate
[Si(OH)(a-Ribf1,2H�2)2]


� species in aqueous solution.
The result of the ribose investigation may be summarized


in terms of available methods. Since there is obviously no
usable system for shift differences on the basis of the pres-
ently available data, the silicon-binding sites of the carbohy-
drates cannot be determined in solutions that do not allow
for unambiguous signal assignment by, preferably, two-di-
mensional methods. The main problems of an NMR meth-
odology in aqueous glycose chemistry are thus the weak and
broad 13C NMR signals, owing to small amounts of com-
plexed glycose species, together with the spreading of their
signal intensity over several isomers, a problem that is
hidden by presenting 29Si NMR spectra that benefit from
using glycose in excess.
A strategy to overcome these problems is evident in


Figure 17. By the introduction of chemically related systems
such as the phenylsilicates/methoxosilicates in methanol, iso-
merism and hydrolysis, which are the two most critical pro-
cesses in aqueous solution, may be separated from one an-
other. When using a strategy starting at silicon centers of re-
duced functionality, it should always be kept in mind that
the use of phenylsilicon residues, for example, introduces a
(deliberate) bias towards pentacoordinate bis(diolato) spe-
cies; either pentacoordinate (diolato, triolato) or hexacoor-
dinate bis(triolato) species will be suppressed and have to
be considered separately.


Minor species in methanol solutions : In the search for minor
products in the 13C NMR spectra of Figure 17, two groups of
resonances attracted our attention. Both in the phenylsili-


cate and the methoxosilicate solutions a signal group at
about d=104 ppm occurs which can be recognized under
aqueous conditions only at higher resolution than that of
the figure. A second group occurs at about d=88 ppm in
methanol solution, but is lacking in water. In light of the
above considerations, a b-Ribf2,3 ligand appears to be a
candidate for a second Si-binding site. Data that can support
or exclude this suggestion have been presented above. In ad-
dition to AnEryt, Me-b-d-Ribf is a suitable ligand for silicon
because it enriches a silicate solution with pentacoordinate
silicate under the same experimental conditions as ribose.
Owing to the greater abundance of b-ribofuranose (13.2%
in aqueous equilibrium) over the a-isomer (7.4%), it does
not appear to be impossible to observe the b-Ribf2,3H�2
ligand as a minor species.[22] Moreover, the consideration of
b-Ribf2,3 binding clarifies another reason for signal splitting
apart from syn/anti isomerism and contributes to an under-
standing of the actual appearance of the spectra in Figures
17b and c. As b-Ribf2,3 is the minor ligand, the predomi-
nant solution species which contains this ligand should be
anti/anti-[SiPh(a-Ribf1,2H�2)(b-Ribf2,3H�2)]


� in the phenyl-
silicate case. Signals of the a-Ribf1,2 ligand of this species
should thus emerge to the same extent as the b-Ribf2,3 sig-
nals, and the position of these a-Ribf1,2 signals should be
close to the signals of the same ligand in the main silicate
species. In fact, each signal of the main species rises above a
background which has the same appearance as the signals
stemming from the b-Ribf2,3 ligands. (One point has to be
clarified in future work: is the anti/anti isomer the only spe-
cies in the phenylsilicate solutions or is there rapid exchange
(the latter appears more probable)?).
A final comment on shift differences in the area of penta-


coordinate silicon seems appropriate. On considering b-
Ribf2,3 binding, the large downfield shift of about 5 ppm of
C4 appears to be most questionable. Although we have
demonstrated that shift-difference rules derived from the
AnEryt family clearly do not work for Ribf1,2 bonding, they
appear to be usable for Ribf2,3-derived ligands in the sense
that a large shift of the C4 signal is not ruled out from the
beginning. The close structural resemblance of the species
to be compared should be noted: AnEryt, the ribosides in-
cluding the nucleosides, and 2,3-bonding ribofuranose com-
prise the same atomic pattern, whereas 1,2-bonding ribofur-
anose does not. With the data available now, shift-difference
rules may be used, in a very restricted sense, to verify
whether an unexpectedly large shift difference is unprece-
dented. It should be noted that, in a narrow sense, only
equal bonding patterns are compared, a fact that is well-
known and frequently used in carbohydrate chemistry.[23]


Hexacoordinate silicates—preliminary structural results : We
have pointed out that the growing body of spectroscopic
and structural data regarding pentacoordinate silicon com-
plexes is not paralleled by such data on hexacoordinate sili-
cates. The following section provides some preliminary
structural data on furanoside complexes and contributes to
the above-mentioned question of 1,3-diolate bonding.
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Tris-bidentate 1,2-diolate binding—a crystalline cytidine com-
plex : There are no structural data for either pentacoordinate
or hexacoordinate nucleoside–silicon complexes. First X-ray
results were therefore obtained in attempts to crystallize a
pentacoordinate silicate of a nucleoside. With potassium or
cesium as the counterion, thin, weakly diffracting, hexagonal
platelets were obtained from solutions of a 2:1:1 molar ratio
of cytidine, silica, and cesium or potassium hydroxide. The
same crystalline silicate grew from solutions of different sto-
ichiometry, including the 3:1:2 ratio which resembles the for-
mula of a tentative hexacoordinate silicate. Although the
crystallization conditions were varied widely, the crystals
always proved to be the same and were always of very low
quality for X-ray diffraction. Although the structure of the
silicate ion in Cs2[Si(Cyd2’,3’H�2)3]·21.5H2O (10) was re-
solved (Figure 18), the structure solution is only preliminary.


Surprisingly, three Cyd2’,3’H�2 ligands bind to a hexacoordi-
nate silicon center, regardless of the solution composition.
The stereochemistry at the silicon atom is L. In accordance
with the larger apparent radius of the six-coordinate central
element, the chelating diol group deviates more strongly
from zero torsion. The Si�O distances resemble those in the
hexacoordinate silicates of the open-chain sugar alcohols.[11]


Bis-tridentate 1,3-diolate binding—cis-inositol complexes:
The reasons for the furanose-derived diol moieties being the
better ligands for small central atoms are restricted to the
1,2-diolate binding mode. Taking into account 1,3-binding,
the situation reverses. The bite of a furanoidic 1,3-diolato
ligand is relatively large, and thus this coordination mode
has been detected in aldose complexation only with a rela-
tively large central atom like palladium(ii).[5] Even simple
wire models show that the opposite holds for pyranoidic 1,3-
diols, which exhibit a small bite (in a trivial case, a carbon
atom matches the central atom site free of strain to com-


plete a second six-membered chair). The finding that a pyra-
noidic 1,2,3-triol like 1C4-Me-b-d-Ribp, with its large tor-
sional angles, is not as efficient an Si-chelator as a furanoidic
diol should be contrasted by the significant enrichment of
aqueous alkaline silicate solutions by hexacoordinate species
on addition of the 1,3,5-triol cis-inositol (cis-Ins). With
cesium as the counterion, crystals of Cs2[Si(cis-InsH�3)]·cis-
Ins·8H2O (11) were isolated and structurally resolved.
Figure 19 shows the bis(triolato)silicate ion.


Conclusions


Anhydroerythritol : Anhydroerythritol has been introduced
primarily as a model compound. In the spirosilane part of
this work, however, it was demonstrated for the first time
that AnEryt deserves interest in its own right for stabilizing
unexpected bonding patterns of silicon. Pentacoordination
in a simple silicic acid diol ester appears to be an expression
of unsaturated Lewis acidity at the silicon center. Due to
the limited “bite” of a diol, the five-membered chelate rings
are strained and exhibit O�Si�O angles of about 108 less
than the tetrahedral angle. Correspondingly, the expanded
tetrahedron edges (O�Si�O ca. 1158) are prone to attack by
a Lewis base. In the dimerization reaction that occurs
during the crystallization of 62, the O atoms of the Si�O�C
linkages take on the role of the base. This chemistry is thus
unique to diols that lack further centers of basicity such as
additional hydroxy functions. Pentacoordinate silicic acid
dimers are thus not expected to occur as a general bonding
pattern in carbohydrate–silicon chemistry as they require
special properties of the diol component. We will support
this view of a special position for anhydroerythritol and cis-
cyclopentanediol in due course by means of DFT calcula-
tions.[24]


In the case of the penta- and hexacoordinate silicates,
AnEryt is not merely a carbohydrate model of reduced
functionality but occupies a special position as well : current-
ly, it is the best suited furanoidic ligand for silicon chelation


Figure 18. SCHAKAL diagram of the C3-symmetrical anions in crystals
of 10. Mean Si�O distance: 1.79 X. Diol torsion: �278.


Figure 19. ORTEP diagram (40% probability ellipsoids) of the Ci-sym-
metrical anions in crystals of 11.
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in aqueous solution. It should be noted that, compared with
AnEryt, reducing sugars such as ribose are silicon chelators
of minor affinity,[13] so preparative use of glycose–silicon
chemistry may require nonaqueous solvents. To continue the
search for chelate silicates of hydrolytic stability, glycosides
with special structural features may be more promising than
the parent glycoses themselves. Thus the glycoses( benefit of
being about an order of magnitude more acidic than AnEryt
or a glycoside appears overcompensated by the problem of
the existence of unsuited pyranose and trans-furanose iso-
mers in the solution equilibria.


13C NMR spectroscopy: Aqueous solutions of glycoses and
silicate contain pentacoordinate bis(diolato)hydroxosilicate
ions. NMR spectroscopic characterization is complicated
mainly because of two effects. First, the signals are split and
broadened by isomerism. The syn/anti binding of two major
ligands is well documented but a second form should be
considered as well : the exchange of one of the two major
diol ligands for a minor ligand gives rise not only to signals
of the minor ligand, which may be well separated from the
major ligand(s shift but, in addition, slightly shifted signals
of the remaining major ligand occur. The result is that the
signals of the main complex appear to emerge out of a
hump in the background. A strategy to assign the signals of
at least the main component has been presented. It is based
on chemical variation by, for example, a reduction of the
functionality at the silicon center or a change of the solvent.
One conceivable method for signal assignment is, however,
clearly impossible and leads to wrong assignments:[14] the Si-
binding sites of a carbohydrate cannot be determined by
using typical and constant shift differences in 13C NMR spec-
tra unless the spectra are taken from closely related com-
pounds whose structures perfectly match the structures in
question.


Towards physiological conditions : A major motive for inves-
tigating aqueous silicon–carbohydrate chemistry is to con-
tribute to biochemical questions regarding the role of silicon
in living organisms. A special topic of current interest deals
with silica biomineralization. The relevance of higher-coor-
dinate silicates of polyols and catechols in the biomineraliza-
tion process has been regarded as unlikely due to the unphy-
siologically high pH values that are needed for the prepara-
tion of such compounds.[25] This opinion is supported by this
work for the case of simple diols and some common glyco-
ses. The penta- and hexacoordinate silicate species dealt
with here are clearly species of the alkaline regime. Does it
thus make sense to investigate the composition of, and bind-
ing sites in, five-coordinate glycose–silicate anions at a pH
value as low as possible, say 11.7?[14] The more general ques-
tions are: 1) What is the structure and what are the spectro-
scopic characteristics of a species? and 2) what is its signifi-
cance in a physiological environment? Mixing up these two
questions may lead to an experimental set-up that contrib-
utes convincingly to neither. Consider, say, HPO4


2�. To do
spectroscopy in aqueous solution, pH 9.5, which is the opti-


mum pH for this species, would be the best choice. In an in-
dependent set-up, one could determine the hydrogenphos-
phate concentration at pH 7 as a significant number for as-
sessing its biochemical relevance. For a newly emerged sub-
stance class like the carbohydrate–silicon complexes, it thus
appears essential to strictly separate the question of their
formulae and structures from the question of their biochem-
ical relevance. It appears more appropriate to us, therefore,
to find conditions that show the species in question at a
maximum concentration, and not to move towards neutral
aqueous solution before having ascertained the structures. A
species that is detectable at pH 11.7 may be as meaningless
at pH 7 as a species investigated at pH 13. However, collect-
ing unambiguous structural information, even at the
“wrong” pH for biochemistry, may unravel bonding princi-
ples that are useful in the search for molecules that combine
them, thereby opening-up a less heuristic approach to new
silicon chelators. In a largely unexplored area such as carbo-
hydrate–(semi)metal chemistry, it is, of course, not straight-
forward to choose the optimum conditions for a species to
be investigated. We have used a simple rationale in this
work. If there is information on the stoichiometry of a spe-
cies, for example from solid-state work, solutions of the
same stoichiometry are used to investigate that species. We
recommend this procedure not as a dogma, but as the most
reasonable starting point for an investigation.


Experimental Section


General : Reagent-grade chemicals were purchased from Fluka and used
as supplied. All syntheses were carried out under dry nitrogen using stan-
dard Schlenk techniques. Organic solvents were dried and purified ac-
cording to standard procedures and stored under nitrogen. 1H, 13C{1H},
and 29Si NMR spectra were recorded at room temperature on a Jeol EX
400 (1H: 400 MHz; 13C: 100 MHz; 29Si: 79.4 MHz) or an Eclipse 500
NMR spectrometer (1H: 500 MHz; 13C: 125 MHz). The spectra were ref-
erenced to external SiMe4. The


1H and 13C signals of pentacoordinate sili-
cate species in methanol were assigned by means of 1H/1H COSY and
1H/13C HMQC experiments. Shift differences are given as d-
(silicate)�d(free diol). Both kinds of shifts were taken from the same
spectrum. In the case of insufficient amounts of starting material in nona-
queous solutions, d(free diol) was taken from reaction mixtures with a
slight excess of diol added.


Anhydroerythritol was prepared according to standard procedures.[26] X-
ray: C4H8O3, Mr=104.105 gmol�1, orthorhombic, P212121, a=5.4980(1),
b=8.1573(1), c=20.9765(3) X, Z=8, Rw(F


2)=0.0760, S=1.095.


l-Anhydrothreitol was prepared according to the literature as well.[27] X-
ray: C4H8O3, Mr=104.105 gmol�1, orthorhombic, P212121, a=5.3944(4),
b=10.3152(7), c=26.904(3) X, Z=12, Rw(F


2)=0.0712, S=0.844.


Ph2Si(cis-ChxdH�2) (1): cis-Cyclohexane-1,2-diol (0.09 g, 0.79 mmol) and
pyridine (0.17 mL, 2.0 mmol) were dissolved in trichloromethane
(13 mL). Dichlorodiphenylsilane (0.17 mL, 0.79 mmol) in trichlorome-
thane (13 mL) was then added dropwise and the suspension was stirred
for four days at room temperature. After this time the volume was re-
duced by three quarters and toluene (20 mL) was added. Precipitated
pyridinium chloride was filtered off and the solution volume was reduced
to 10 mL in vacuo. Colorless crystals of 1 formed in the course of two
days whilst keeping the solution at 4 8C (0.18 g, 0.30 mmol, 77% yield).
M.p. 191 8C; elemental analysis calcd (%) for C18H20O2Si: C 72.93, H
6.80; found: C 72.58, H 6.89; 13C{1H} NMR (toluene, 100.5 MHz): d=
21.7 (C4, C5), 30.4 (C3, C6), 77.5 (C1, C2), 127.7 (phenyl-C3, phenyl-C5),
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130.2 (phenyl-C4), 133.6, 132.7 (phenyl-C1), 135.4 ppm (phenyl-C2,
phenyl-C6); 29Si NMR (toluene, 79.4 MHz): d=�34.4 ppm; MS (EI+ ,
70 eV): m/z : 592 [12], 516 [12�Ph], 418 [12�Ph�C6H10O], 337, 296 (1),
218 [1�Ph]; X-ray: Mr=296.435 gmol�1, triclinic, P1̄, a=9.3456(1), b=
9.6991(1), c=10.6862(2) X, a=106.1110(8)8, b=95.1714(9)8, g=


118.4405(6)8, Z=2, Rw(F
2)=0.1457, S=1.125.


Ph2Si{(R,R)-trans-ChxdH�2)} (2): (R,R)-trans-cyclohexane-1,2-diol
(0.11 g, 0.96 mmol) and pyridine (0.20 mL, 2.3 mmol) were dissolved in
toluene (13 mL) and heated to 50 8C. Dichlorodiphenylsilane (0.20 mL,
0.96 mmol) in toluene (13 mL) was then added dropwise; pyridinium
chloride precipitated immediately. The suspension was stirred for 14 h at
50 8C. The solid was filtered off and the solution volume was reduced to
5 mL in vacuo. Colorless crystals of 2 formed in the course of a few days
whilst storing the solution at 4 8C (0.21 g, 0.35 mmol, 74% yield). M.p.
255 8C; elemental analysis calcd (%) for C18H20O2Si: C 72.93, H 6.80;
found: C 72.53, H 6.86; 13C{1H} NMR (toluene, 100.5 MHz): d=24.2 (C4,
C5), 34.1 (C3, C6), 76.9 (C1, C2), 127.6 (phenyl-C3, phenyl-C5), 129.9
(phenyl-C4), 133.9, 132.7 (phenyl-C1), 135.7 ppm (phenyl-C2, phenyl-
C6); 29Si NMR (toluene, 79.4 MHz): d=�35.3 ppm; MS (EI+ , 70 eV):
m/z : 593 [22], 516 [22�Ph], 418 [22�Ph�C6H10O], 337, 319, 296 [2], 218
[2�Ph]; X-ray: Mr=296.435 gmol�1, monoclinic, P21, a=10.9794(1), b=
10.1930(1), c=14.9508(2) X, b=104.1066(5)8, Z=4, Rw(F


2)=0.1128, S=
1.117.


Ph2Si(AnErytH�2) (3): Anhydroerythritol (0.30 g, 2.87 mmol) and pyri-
dine (0.54 mL, 6.3 mmol) were dissolved in trichloromethane (20 mL),
and dichlorodiphenylsilane (0.60 mL, 2.87 mmol) in trichloromethane
(20 mL) was then added dropwise. The suspension was stirred for 16 h at
50 8C. After this time the volume was reduced by three quarters and tolu-
ene (20 mL) was added. The pyridinium chloride precipitate was filtered
off and the solution volume was reduced to 10 mL in vacuo. Colorless
crystals of 3 formed in the course of a few days whilst keeping the solu-
tion at 4 8C (0.72 g, 2.54 mmol, 88% yield). M.p. 79 8C; elemental analysis
calcd (%) for C16H16O3Si: C 67.58, H 5.67; found C 67.72, H 5.74; 13C{1H}
NMR (toluene, 100.5 MHz): d=75.2 (C1, C4), 79.2 (C2, C3), 127.9, 128.0
(phenyl-C3, phenyl-C5), 130.8, 131.1 (phenyl-C4), 131.6, 132.4 (phenyl-
C1), 134.8, 135.7 ppm (phenyl-C2, phenyl-C6); 29Si NMR (toluene,
79.4 MHz): d=�1.4 ppm; MS (EI+ , 70 eV): m/z : 284 [3], 206 [3�Ph],
176 [3�Ph�CH2O]; X-ray: Mr=284.382 gmol�1, triclinic, P1̄, a=
10.6338(2), b=10.8232(2), c=13.2007(3) X, a=72.9934(9)8, b=


85.2784(8)8, g=83.764(1)8, Z=4, Rw(F
2)=0.1717, S=0.998.


Ph2Si(l-AnThreH�2) (4): l-Anhydrothreitol (0.09 g, 0.92 mmol) and pyri-
dine (0.17 mL, 2.0 mmol) were dissolved in trichloromethane (15 mL).
Dichlorodiphenylsilane (0.10 mL, 0.47 mmol) in trichloromethane
(15 mL) was then added dropwise and the suspension was heated for
16 h under reflux. After this time the solution volume was reduced to
7 mL and toluene (20 mL) was added. The pyridinium chloride precipi-
tate was filtered off and the solution volume was reduced to 5 mL in
vacuo. Colorless platelets of 4 formed in the course of a few weeks whilst
keeping the solution at 4 8C (0.21 g, 0.17 mmol, 56% yield). Elemental
analysis calcd (%) for C16H16O3Si: C 67.58, H 5.67; found C 67.42, H
5.59; 13C{1H} NMR (toluene, 100.5 MHz): d=73.0 (C1, C4), 80.0 (C2,
C3), 128.0 (phenyl-C3, phenyl-C5), 130.7 (phenyl-C4), 132.0 (phenyl-C1),
136.0 ppm (phenyl-C2, phenyl-C6); 29Si NMR (toluene, 79.4 MHz): d=
�29.6 ppm; MS (EI+ , 70 eV): m/z : 852 [43], 775 [43�Ph], 690, 569 [42],
491 [42�Ph], 319, 303, 283 [4], 259, 241, 199, 183, 163; X-ray: Mr=


284.382 gmol�1, monoclinic, P21, a=10.0849(1), b=23.5576(4), c=
10.2639(2) X, b=114.1764(6)8, Z=6, Rw(F


2)=0.1114, S=1.013.


Ph2Si(cis-CptdH�2) (5): cis-Cyclopentane-1,2-diol (0.28 g, 2.74 mmol) and
pyridine (0.51 mL, 6.03 mmol) were dissolved in toluene (20 mL) and
heated to 50 8C. Dichlorodiphenylsilane (0.57 mL, 2.74 mmol) in toluene
(20 mL) was then added dropwise; pyridinium chloride precipitated im-
mediately. The suspension was stirred for 14 h at 50 8C. The solid was
then filtered off and the solution volume was reduced to 10 mL in vacuo.
Colorless platelets of 5 formed in the course of few days whilst keeping
the solution at 4 8C (0.71 g, 1.25 mmol, 92% yield). M.p. 132 8C; elemen-
tal analysis calcd (%) for C17H18O2Si: C 72.30, H 6.42; found: C 71.96, H
6.10; 13C{1H} NMR (toluene, 100.5 MHz): d=22.5 (C4), 35.2 (C3, C5),
80.1 (C1, C2), 128.0 (phenyl-C3, phenyl-C5), 131.0 (phenyl-C4), 131.6,


132.7 (phenyl-C1), 134.9, 135.1 ppm (phenyl-C2, phenyl-C6); 29Si NMR
(toluene, 79.4 MHz): d=�3.7 ppm; 29Si CP/MAS NMR (99.4 MHz): d=
�34.7 ppm; MS (EI+ , 70 eV): m/z : 564 [52], 282 [5], 204 [5�Ph], 176
[5�Ph�C2H4]; X-ray: Mr=282.409 gmol�1, triclinic, P1̄, a=9.249(1), b=
9.537(1), c=10.048(2) X, a=83.17(2)8, b=68.72(2)8, g=61.08(1)8, Z=2,
Rw(F


2)=0.0793, S=0.933.


a-Si(AnErytH�2)2 (a-6): Anhydroerythritol (2.97 g, 28.5 mmol) was dis-
solved in toluene (40 mL) at 100 8C and then tetrachlorosilane (1.63 mL,
14.2 mmol) in toluene (30 mL) was added dropwise within 15 min. A
transient colorless precipitate dissolved on completion of the silane addi-
tion. After heating for 2 h under reflux, the solution volume was reduced
to 10 mL. On keeping the solution at 4 8C, colorless platelets of a-6
formed (2.89 g, 12.4 mmol, 88% yield). M.p. 181 8C; elemental analysis
calcd (%) for C8H12O6Si: C 41.37, H 5.21, Si 12.09; found: C 41.28, H
5.28, Si 11.90; 1H NMR (500.2 MHz, [D8]toluene): d=2.87 (m, 4H; H1,
H4), 3.79 (m, 4H; H1, H4), 4.06 ppm (m, 4H; H2, H3); 13C{1H} NMR
([D8]toluene, 128.5 MHz): d=74.9, 75.0 (C1, C4), 77.6, 77.7 ppm (C2,
C3); 29Si NMR ([D8]toluene, 79.4 MHz): d=�36.7 ppm; 29Si CP/MAS
NMR (99.4 MHz): d=�36.7 ppm; MS (EI+ , 70 eV): m/z : 232 [6], 231
[6�H], 202 [6�CH2O], 201 [6�H�CH2O], 190 [6�C2H2O], 189
[6�H�C2H2O], 171 [6�H�2CH2O], 159 [6�H�C2H2O�CH2O]; X-ray:
Mr=232.263 gmol�1, orthorhombic, Pca21, a=10.3366(2), b=10.1473(2),
c=9.1532(1) X, Z=4, Rw(F


2)=0.0837, S=1.066.


b-Si(AnErytH�2)2 (b-6): Compound a-6 (4.17 g, 18.0 mmol) was sublimed
(1 mbar, 120 8C, cold finger: 60 8C). Colorless crystals (3.86 g, 16.6 mmol,
93% yield). M.p.: 181 8C; elemental analysis calcd (%) for C8H12O6Si: C
41.37, H 5.21, Si 12.09; found: C 41.12, H 5.47, Si 11.84; 29Si CP/MAS
NMR (99.4 MHz): d=�36.6 ppm; MS (EI+ , 70 eV): m/z : 232 [6], 231
[6�H], 202 [6�CH2O], 201 [6�H�CH2O], 190 [6�C2H2O], 189
[6�H�C2H2O], 172 [6�2CH2O], 171 [6�H�2CH2O], 159
[6�H�C2H2O�CH2O]; X-ray: Mr=232.263 gmol�1, orthorhombic, Pbca,
a=8.9325(1), b=9.1678(1), c=23.7776(3) X, Z=8, Rw(F


2)=0.0828, S=
1.058.


g-Si(AnErytH�2)2 (g-6): Compound a-6 (1.05 g, 4.5 mmol) was dissolved
in boiling acetonitrile (2 mL). Colorless crystals formed in the course of
few days at 4 8C (0.14 g, 0.6 mmol, 8% yield). Crystallization succeeded
once but has not been reproduced yet! M.p. 179 8C; elemental analysis
calcd (%) for C8H12O6Si: C 41.37, H 5.21, Si 12.09; found: C 40.97, H
5.47, Si 11.76; 29Si CP/MAS NMR (99.4 MHz): d=�37.9 ppm; MS (CI,
methane): m/z : 337 [6+AnEryt], 232 [6], 189 [6�H�C2H2O], 105
[AnEryt+H], 87 [C4H7O2]; X-ray: Mr=232.263 gmol�1, orthorhombic,
Pbca, a=9.3070(1), b=11.0378(2), c=19.1601(3) X, Z=8, Rw(F


2)=
0.1144, S=1.101.


Si2(AnErytH�2)4 (62): Compound a-6 (1.75 g, 7.5 mmol) was dissolved in
boiling toluene (5 mL). Colorless crystals of a-6 formed in the course of
few days at 4 8C (0.79 g, 1.69 mmol, 45% yield). These crystals were fil-
tered off at 4 8C. Colorless platelets of 62 formed subsequently in the
course of a few weeks. M.p. 140 8C; elemental analysis calcd (%) for
C8H12O6Si: C 41.37, H 5.21, Si 12.09; found: C 41.20, H 5.39, Si 11.97; 29Si
CP/MAS NMR (99.4 MHz): d=�94.3 ppm; MS (CI, methane): m/z : 464
[62], 337 [6+AnEryt], 232 [6], 105 [AnEryt+H]; X-ray: Mr=


232.263 gmol�1, monoclinic, P21/c, a=8.3619(2), b=16.8394(5), c=
6.9375(2) X, b=105.5409(12)8, Z=4, Rw(F


2)=0.0852, S=1.052.


b-Si2(cis-CptdH�2)4 (b-72): cis-Cyclopentane-1,2-diol (1.15 g, 11.3 mmol)
and toluene (25 mL) were heated to 100 8C. Tetrachlorosilane (0.593 mL,
5.6 mmol) in toluene (25 mL) was then added dropwise within 15 min. A
transient colorless precipitate dissolved on completion of the silane addi-
tion. After heating for 2 h under reflux, the solution volume was reduced
to 5 mL. On keeping the solution at 4 8C, colorless platelets of b-7
formed (1.12 g, 2.5 mmol, 88% yield). M.p. 102 8C; elemental analysis
calcd (%) for C10H16O4Si: C 52.61, H 7.06, Si 12.30; found: C 52.51, H
7.16, Si 12.20; 1H NMR (500.2 MHz, [D8]toluene): d=1.23 (m, 1H; H5),
1.26 (m, 2H; H1, H4), 1.79 (m, 1H; H5), 4.32 ppm (m, 4H; H2, H3);
13C{1H} NMR ([D8]toluene, 128.5 MHz): d=20.2 (C5), 33.5, 33.6 (C1,
C4), 76.9, 77.1 ppm (C2, C3); 29Si NMR ([D8]toluene, 79.4 MHz): d=


�36.8 ppm; 29Si CP/MAS NMR (99.4 MHz): d=�94.6 ppm; MS (FAB+ ,
xenon, NBA, 6 keV): m/z : 457 [72], 228 [7], 200 [7�C2H4], 199 [7�C2H5],
171 [7�C2H4�C2H5]; X-ray: Mr=228.317 gmol�1, monoclinic, P21/c, a=
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10.5586(2), b=10.3715(2), c=9.9903(2) X, b=105.4087(8)8, Z=4,
Rw(F


2)=0.0837, S=1.056.


a-Si(cis-CptdH�2)2 (a-72): Compound b-72 (2.05 g, 4.5 mmol) was sub-
limed (1 mbar, 60 8C, cold finger: 15 8C). Colorless crystals (1.82 g,
4.0 mmol, 89% yield). M.p. 100 8C; elemental analysis calcd (%) for
C10H16O4Si: C 52.61, H 7.06, Si 12.30; found: C 52.31, H 7.09, Si 12.17;
29Si CP/MAS NMR (99.4 MHz): d=�94.7 ppm; MS (CI+ , isobutane):
m/z : 457 [72], 228 [7]; X-ray: Mr=228.317 gmol�1, monoclinic, P21/c, a=
10.0605(4), b=11.2398(5), c=9.2031(4) X, b=91.582(2)8, Z=4, Rw(F


2)=
0.1063, S=1.099.


Na[Si(OH)(AnErytH�2)2] (8a): Silica (0.060 g, 1.0 mmol) and anhydroery-
thritol (0.312 g, 3.0 mmol) were suspended in a 2m sodium hydroxide so-
lution (1.0 mL, 2 mmol). Ultrasonification (30 min, 25 8C) yielded a clear
solution. Colorless platelets formed on evaporation of the solvent at 4 8C
in the course of three months. 29Si NMR (water, 79.4 MHz): d=�97.6,
�98.4 ppm, and oxosilicates; 29Si CP/MAS NMR (99.4 MHz): d=


�97.6 ppm; X-ray: C8H13NaO7Si, Mr=272.260 gmol�1, triclinic, P1, a=
5.741(1), b=6.004(1), c=9.076(2) X, a=78.03(2)8, b=89.70(2)8, g=


61.89(2)8, Z=1, Rw(F
2)=0.0565, S=1.043.


Rb[Si(OH)(AnErytH�2)2] (8b): Anhydroerythritol (1.04 g, 10.0 mmol)
and tetramethoxysilane (0.61 g, 4.0 mmol) were dissolved in water
(10 mL). After the addition of rubidium hydroxide dihydrate (1.05 g,
7.6 mmol) the solution was boiled to evaporate the methanol. Slow evap-
oration yielded colorless crystals in the course of three weeks. X-ray:
C8H13O7RbSi, Mr=334.74 gmol�1, orthorhombic, Cmc21, a=18.701(15),
b=6.193(3), c=9.829(4) X, Z=4, Rw(F


2)=0.0955, S=1.100.


Cs[Si(OH)(AnErytH�2)2] (8c): Anhydroerythritol (0.78 g, 7.5 mmol) and
tetramethoxysilane (0.38 g, 2.5 mmol) were dissolved in water (10 mL).
After the addition of cesium hydroxide monohydrate (0.88 g, 5.0 mmol)
the solution was boiled to evaporate the methanol. Slow evaporation
yielded colorless crystals in the course of three weeks. X-ray:
C8H13CsO7Si, Mr=382.18 gmol�1, orthorhombic, Cmc21, a=18.629(4),
b=6.500(3), c=9.876(2) X, Z=4, Rw(F


2)=0.0874, S=1.103.


K[SiPh(AnErytH�2)2]·1/2MeOH (9): A solution of anhydroerythritol
(0.231 g, 2.22 mmol), potassium methoxide (0.078 g, 1.11 mmol), and tri-
methoxyphenylsilane (0.207 mL, 1.11 mmol) in methanol (7 mL) was stir-
red at 25 8C for 16 h. After concentration of the solution, colorless crys-
tals of 9 formed in the course of a few weeks at 4 8C. 13C{1H NMR (meth-
anol, 67.9 MHz): d=71.5, 71.9, 72.1 (C2, C3), 74.7, 74.8, 75.3 (C1, C4),
125.6, 126.0, 126.2, 126.5 (phenyl-C3, phenyl-C4, phenyl-C5), 133.7, 134.2,
134.7 (phenyl-C2, phenyl-C6), 143.4, 144.6, 146.2 ppm (phenyl-C1); 29Si
NMR (methanol, 79.4 MHz): d=�86.7, �88.1, �88.8 ppm. X-ray:
C14.5H19KO6.5Si, Mr=364.486 gmol�1, monoclinic, P21/n, a=15.9982(3),
b=10.9630(2), c=18.8191(4) X, b=91.7758(8)8, Z=8, Rw(F


2)=0.1163,
S=1.046.


Cs2[Si(Cyd2’,3’H�2)3]·21.5H2O (10): Silica (0.060 g, 1.0 mmol) and cyti-
dine (0.73 g, 3.0 mmol) were dissolved in 2m cesium hydroxide (1.0 mL,
2.0 mmol) in an ultrasonic bath. After the addition of acetone (0.2 mL),
colorless hexagonal platelets formed within a week at 4 8C. 29Si CP/MAS
NMR (79.4 MHz): d=�136.1 ppm. X-ray: C27H76Cs2N9O36.50Si, Mr=


1404.828 gmol�1, hexagonal, P6322, a=15.4313(3), c=29.6565(7) X, Z=


4, R(F)=0.22.


Cs2[Si(cis-InsH�3)]·cis-Ins·8H2O (11): A solution of cis-inositol (0.090 g,
0.50 mmol) and tetramethoxysilane (0.037 mL, 0.25 mmol) in 1m cesium
hydroxide (0.50 mL, 0.50 mmol) was stirred at 25 8C for 16 h. After con-
centration of the solution, colorless crystals of 11 formed in the course of
a few weeks at 4 8C. X-ray: C18H46Cs2O26Si, Mr=972.439 gmol�1, triclinic,
P1̄, a=10.957(5), b=12.268(5), c=12.501(5) X, a=83.356(5)8, b=


78.126(5)8, g=78.011(5)8, Z=2, Rw(F
2)=0.0969, S=1.058.


Crystal-structure determination and refinement : Crystals suitable for X-
ray crystallography were selected by means of a polarization microscope,
mounted on the tip of a glass fiber, and investigated either on a Nonius
KappaCCD diffractometer using graphite-monochromated MoKa radia-
tion (l=0.71073 X) or a Stoe IPDS diffractometer using the same radia-
tion. The structures were solved by direct methods (SIR 97, SHELXS)
and refined by full-matrix least-squares calculations on F2 (SHELXL-97).
Anisotropic displacement parameters were refined for all non-hydrogen


atoms. CCDC-262917 (AnEryt), CCDC-262918 (l-AnThre), CCDC-
262919 (1), CCDC-262920 (2), CCDC-262921 (3), CCDC-262922 (4),
CCDC-262923 (5), CCDC-196570 (a-6), CCDC-196571 (b-6), CCDC-
196572 (g-6), CCDC-196573 (62), CCDC-196568 (a-72), CCDC-196569
(b-72), CCDC-262924 (8a), CCDC-262926 (8b), CCDC-262927 (8c), and
CCDC-262928 (10) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge from the Cam-
bridge Crystallographic Data Center via www.ccdc.cam.ac.uk/data_
request/cif.


Computational chemistry : DFT calculations were performed by using the
GAUSSIAN 98 and 03 program packages.[28] The B3LYP/6–31G(d) level
of theory was used for geometrical refinement; NMR shifts were calcu-
lated at the PBE1PBE/6–311++G(2d,p)//B3LYP/6–31G(d) level.
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Introduction


There are probably only a handful of concepts that are as
fundamental and central to chemistry as the concept of the
electron-pair bond. This concept was formulated by Lewis
in his 1916 paper,[1] and eventually given a theoretical basis
in 1927, when Heitler and London published their seminal
work,[2] which showed that the bond energy in H2 can be
viewed to arise from the resonance interaction between the
two spin arrangement patterns, H›Hfl and HflH›, required to
generate a singlet electron pair. The quantum-mechanical
articulation of Lewis%s shared-pair model has culminated in
the generalizing intellectual construct of Pauling,[3] who de-
scribed the electron pair bond A–X as a superposition of co-
valent (F


cov
) and ionic forms, F


a
+
x
� and F


a
�
x
+ (Figure 1),


and thereby enabled a unified description of bonding in any
molecule, in terms of the method known since then as va-
lence bond (VB) theory. Around the same time, Slater


Abstract: This paper deals with a cen-
tral paradigm of chemistry, the elec-
tron-pair bond. Valence bond (VB)
theory and electron-localization func-
tion (ELF) calculations of 21 single
bonds demonstrate that along the two
classical bond families of covalent and
ionic bonds, there exists a class of
charge-shift bonds (CS bonds) in which
the fluctuation of the electron pair den-
sity plays a dominant role. In VB
theory, CS bonding manifests by way
of a large covalent-ionic resonance
energy, RECS, and in ELF by a depleted
basin population with large variances
(fluctuations). CS bonding is shown to
be a fundamental mechanism that is


necessary to satisfy the equilibrium
condition, namely the virial ratio of the
kinetic and potential energy contribu-
tions to the bond energy. The paper de-
fines the atomic propensity and territo-
ry for CS bonding: Atoms (fragments)
that are prone to CS bonding are com-
pact electronegative and/or lone-pair-
rich species. As such, the territory of
CS bonding transcends considerations
of static charge distribution, and in-


volves: a) homopolar bonds of heteroa-
toms with zero static ionicity, b) heter-
opolar s and p bonds of the electro-
negative and/or electron-pair-rich ele-
ments among themselves and to other
atoms (e.g., the higher metalloids, Si,
Ge, Sn, etc), c) all hypercoordinate
molecules. Several experimental mani-
festations of charge-shift bonding are
discussed, such as depleted bonding
density, the rarity of ionic chemistry of
silicon in condensed phases, and the
high barriers of halogen-transfer reac-
tions as compared to hydrogen-trans-
fers.
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showed[4] that a molecular orbital (MO) treatment followed
by complete configuration interaction is equivalent to the
VB-based covalent-ionic scheme of Pauling.


Figure 1 describes the key elements of Pauling%s classical
paradigm of covalent-ionic superposition. Three structures,
one covalent, FCOV, and two ionic, F


a
+
x
� and F


a
�
x
+, describe


any A�X bond, which may either be homo- or heteronu-
clear. The covalent structure is stabilized by spin-pairing,
owing to the resonance of the A›Xfl and AflX› spin arrange-
ment forms. For a dominantly covalent bond, where FCOV is
the lowest VB structure (part a), this stabilization energy is
the covalent contribution, DCOV, to the total bonding energy.
On the other hand, ionic structures are stabilized by electro-
static interactions, relative to the separated atoms by an
amount DION. When an ionic form, for example, F


a
+
x
� , is the


lowest among the VB structures (part b), the bond is ionic
and the electrostatic stabilization energy is the ionic contri-
bution to the bond energy.[5,6] The covalent-ionic mixing re-
sults in a resonance energy contribution that augments, in
principle, the bonding of either covalent or ionic bonds. In
the past we referred to this quantity as the “charge-shift res-
onance energy”, RECS,


[7] because the pair density inherent in
the VB wave function shows that covalent-ionic mixing is as-
sociated with fluctuation of the electron pair from the average
electron population. As we shall see later, the RECS quantity
figures prominently in the bonding motif that is in the focus
of this paper.


The Pauling scheme in Figure 1 has two major problems:
First, the covalent structure is assumed to be always bonded
relative to the separated atoms, since the covalent bond
energy, DCOV, is estimated as the average bond energies of
the two homopolar bonds A�A and X�X. Second, since this
formula always overestimates DCOV it will always underesti-
mate the role of RECS.


[8,9] As shown later, this assumption
about DCOV is incorrect, and its implementation leads to a
loss of essential features, which are in the focus of this work.


In practice, and as a result of the above problems, the
Pauling scheme for covalent-ionic superposition has tradi-
tionally become associated with two bond-families, based on
a criterion of static charge distribution; these are the cova-
lent bond and ionic bond families in Scheme 1. In the first
family, the major contribution to bonding comes from spin-
pairing. In homonuclear bonds the RECS contribution was


assumed, in Pauling%s original scheme[8a] and thereafter, to
be very small and was set to zero. In polar-covalent bonds,
the primary contribution to bonding is normally considered
to be the DCOV quantity,[8b] while the charge-shift resonance
energy is of secondary importance, except for very polar
bonds.[9] Furthermore, the magnitude of RECS is considered
to vary in proportion to the electronegativity difference of
the fragments, A and X, much like the charge distribution in
A+d X�d, that is, the “bond-polarity”.[9]


In the second family, the major bonding contribution
comes from the electrostatic energy in the dominant ionic
structure, while the charge-shift resonance energy is a minor
factor; its magnitude is supposed to vary in proportion to
the deviation of the charge distribution from full ionicity. As
such, in the traditional classification of both bonding types,
it is assumed that one can deduce the magnitude of the co-
valent-ionic resonance energy by simple inspecting of the
static charge distribution of the molecule.


Using MO theory, it is possible to transform the delocal-
ized canonical MOs to a set of localized MOs (LMOs) that
describe two-center bonds.[10] The LMOs retrieve the cova-
lent-ionic superposition scheme as follows: The electron-
pair bond is the LMO itself, while the covalent-ionic super-
position can be quantified from the charge polarization of
the LMO, that is, from the coefficients of the hybrids that
belong to the contributing fragments to the LMO; the rela-
tive sizes of these coefficients determine the bond polarity.
Accordingly, MO theory leads to the same electron-pair
bonding picture as the classical covalent-ionic paradigm of
Pauling. In fact, both VB and MO descriptions support the
Lewis formulation of electron pair bonding.


Thus, our bonding paradigm is now 89 years old, and yet
even a cursory search in the literature suggests that this is
perhaps not the whole story.[5] Just consider the bonds of sili-
con to electronegative atoms. In terms of the static charge
distribution, these bonds are virtually as ionic as for exam-
ple, LiF or NaCl (e.g., H3Si


+0.85F�0.85 versus Li+0.94F�0.94,
Na+0.91Cl�0.91, etc).[11,12] But, while Li+ F� and Na+Cl�


behave as a genuine ionic bonds, the “Si+X�” bonds behave
chemically as covalent bonds.[13–15] The bonds look so simi-
lar, yet they are so very different in their chemical behavior.


Figure 1. The classical Pauling%s paradigm of covalent-ionic superposition
in an A�X bond. a) A�X bond with predominant covalent character. b)
A�X bond with predominant ionic character.


Scheme 1. The traditional covalent and ionic bond families based on
Pauling%s covalent-ionic superposition scheme.
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Indeed, all Si�X bonds are more ionic than the correspond-
ing C�X bonds,[13] by virtue of static charge distribution, and
nevertheless, these are the C�X bonds that exhibit “ionic”
chemistry in condensed phases, whereas the ionic Si�X
chemistry is extremely rare with a handful of excep-
tions.[13–15] For example, trityl perchlorate is an ionic solid,
Ph3C


+ ClO4
� , like NaCl,[14b] while the silicon analogue, is a


covalent solid, with a short Si�O bond.[14c] It is apparent
therefore, that the static charge distribution is not necessari-
ly a reliable indicator of the nature of bonding. There must
be an additional property of the bond that is missing in the
traditional covalent-ionic superposition scheme and that
makes this difference between the various “ionic bonds”.


These, and many similar puzzles, have prompted some of
us in 1990 to reexamine the classical covalent-ionic para-
digm using the tools of modern VB theory.[7] Our first intri-
guing finding[7a,b] concerned the F�F bond, which by any
known measure would be defined as a covalent bond. First,
it is a homonuclear bond, where ionicity should not matter.
Second, the weight of its covalent structure is as large as
that for the H�H bond.[7a,b] Is the F�F bond really covalent
as the H�H bond?


The counterintuitive answer in Figure 2b versus Figure 2a
is a definite no. Figure 2 displays the dissociation energy
curves of H2 and F2 for the covalent VB structure alone and
for the “exact” ground state, which is a resonating combina-
tion of the covalent and ionic components. It is apparent
that the bonding natures of the H�H and F�F bonds are
very different. While in H2 the covalent component alone
displays a potential well which is already a good approxima-
tion of the exact curve (Figure 2a), the covalent component
of F2 is on the contrary purely repulsive (Figure 2b), and the
bonding is in fact sustained by the very large charge-shift res-
onance energy.[16] Thus, although F�F is formally a covalent
bond, by virtue of its zero static charge distribution, this def-
inition is not telling its true nature; the F�F bond is in fact a
charge-shift bond (CS bond), because the bonding exists as a
result of the ionic-covalent fluctuation of the electron pair
density. This example shows that the assumption[8a] underly-
ing the classical Pauling scheme is incorrect; the covalent
bonding by itself is not necessarily stabilizing even for ho-
mopolar bonds, and even in case where the covalent struc-
ture dominates the wave function, as in F�F. And further-
more, homopolar bonds can have very large charge-shift res-
onance energies.


In recent years, a variety of s and p bonds, both homo-
and heteronuclear, were shown to share this property, there-
by forming a growing family of CS bonds.[7] The emergence
of the CS bond family and the eventual acceptance of the
idea would revise the electron-pair bond concept in chemis-
try. One prerequisite for such a revision is the alternative
and independent theoretical derivations of the CS bonding
phenomenon, and most importantly, drawing links to experi-
mental data.


An alternative way to look at bonding is through the elec-
tron density analyses of the molecule.[11b,17–21] The peculiarity
of F�F and a few other bonds has been noted since the late


1960s based on the electron-density perspective of bonding.
For example, two different types of density analyses, the
theory of atoms in molecules (AIM)[11b,17] and the electron
localization function (ELF) approach,[19,20] demonstrate that
the F�F molecule has very little electron density in the
bonding region, which exhibits a repulsive closed-shell like
interaction, as shown in Figure 3.[17b,20,21e]


Furthermore, Rincon and Almeida[21e] analyzed the densi-
ty of VB-type wave functions and concluded that the domi-
nant covalent character of F�F does not conform to “the
shared-type interaction”. These electron density-based re-


Figure 2. Dissociation energy curves for a) H2 and b) F2. Dotted lines,
open circles: the purely covalent VB structure. Bold lines, filled circles:
the optimized covalent + ionic “exact” ground state.
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sults regarding the nature of the F�F bond parallel the
energy-based VB picture (Figure 2), in which the covalent
structure of the bond is by itself repulsive, while the bonding
is sustained by the covalent-ionic fluctuation of the bond.
Thus, anyway one looks at the bond in F�F, this bond is fun-
damentally different from the paradigmatic covalent
bond,[16] and as such an investigation is called for of the
nature and the territory of this bond-type, so-called CS
bond. To explore the territory of CS bonding, we undertook
a dual and systematic study of the nature of a variety of
two-electron bonds, using two independent theoretical meth-
ods, modern VB theory and density functional theory
(DFT) followed by an ELF analysis, with the goal of provid-
ing complementary insight into this bond-type. Thus, while
the VB approach will provide the energy perspective, the
ELF approach will outline the complementary electron den-
sity perspective. As shall be demonstrated, both VB and
ELF theories show that CS bonding is a ubiquitous and dis-
tinct class of bonding that transcends formal “ionicity”; it
exists alongside the traditional covalent and ionic bond fami-
lies and provides the missing bonding property necessary to
understand many of the aforementioned puzzles.


Theoretical Methods


Modern VB methods: The principles of modern VB theory
have been recently reviewed.[22] The VB methods that incor-
porate dynamic correlation and are used in the present
study were described elsewhere.[23,24] These are the breathing
orbital VB (BOVB) method,[23] and the VB configuration
interaction (VBCI) method,[24] which are briefly outlined. In
both methods, the bond is described by the wave function
given in Equation (1), where the c denotes structural coeffi-
cients and F denotes covalent and ionic VB structures that
distribute the electron pair between the orbitals of the two
bonded fragments; these orbitals are called the active orbi-
tals.


YA�X ¼ cCOVFCOV þ cAþX�FAþX� þ cA�XþFA�Xþ ð1Þ


The remaining electrons (inactive-shell), of each VB
structure, are arranged in doubly occupied orbitals.


In the BOVB method, the structural coefficients and orbi-
tals of the VB structures are optimized, and a dynamic cor-
relation is introduced by allowing the orbitals to assume
sizes and shapes that are different for the different struc-
tures. In the VBCI method,[24] initially, the coefficients and
orbitals are optimized, the latter as a common set for the
three fundamental VB structures, as in the valence-bond-
self consistent field (VBSCF) method.[25] Subsequently, dy-
namic correlation is introduced by singles and doubles con-
figuration interaction (CI) from the optimized orbitals of
the fundamental structures into virtual orbitals. The virtual
orbitals are constrained to be localized on the same bonds
as the occupied orbitals.[24] In this manner, the excited VB
structures keep the same spin-pairing and charge characters
as the fundamental structures, and it is therefore possible to
contract each fundamental structure and its excited ones
into a single structure, covalent or ionic as in Equation (1).
The final VBCI wave function has the same dimension as
the one expressed by Equation (1).


The charge-shift resonance energy, RECS, is defined in
Equation (2) as the difference between the lowest energy
structure Fi and the full wave function of Equation (1) (see
also Figure 1).


RECS ¼ EðFiÞ�EðYA�XÞ; Y i ¼ FCOV or FAþX� ð2Þ


Here both E(Fi) and E(YA�X) are determined variational-
ly within their respective spaces of VB structures, and as
such, the RECS quantity is quasi-variational.


The weights of the VB structures are determined by using
the Coulson–Chirgwin[26] formula, [Eq. (3)], which is the
equivalent of a Mulliken population analysis in VB theory.


wi ¼ c2i þ
X


j 6¼i


cicjhFijFji;


ðFi,Fj : covalent and ionic structures, ½Eq: ð1Þ�
ð3Þ


The trends in the weights arising from Equation (3) do
not change if instead of the Coulson–Chirgwin formula one
uses Lçwdin weights, which are derived from the squares
of the coefficients after renormalization.[27] Qualitatively,
the VB structure with the lowest energy in the wave func-
tion will possess the largest coefficient and hence, also the
largest weight according to Equation (3) or to a Lçwdin
analysis. Thus, the weights of Equation (3) are valid wheth-
er a given structure is bonded or repulsive. For example, in
the case of the F�F bond (Figure 2b above), the weight of
the covalent structure is going to be the dominant weight
since FCOV is the lowest VB structure. The same would
apply to H�H, where now the FCOV structure is bonded
(Figure 2a). Therefore, despite the different behavior of
the two covalent structures, the VB population analysis
will predict very similar covalent-ionic weights for the two
bonds. As such, VB weights by themselves, much like static
charges in a heteropolar molecule conceal fundamental in-
formation, which can be revealed only through the energy


Figure 3. ELF localization domains of F2. Color code: orange: monosy-
naptic; green: disynaptic. Note the highly depleted and disjoined bonding
region.
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analysis of the VB wave function as done in Equation (2)
above.


The ELF approach : The theory of electron localization func-
tions (ELF) has been described elsewhere[19,20] and is recal-
led in the Supporting Information. The aim of the ELF ap-
proach is to partition the space occupied by a molecule into
definite adjacent regions, called “basins”, which correspond
to different chemical objects: atomic cores, bonds, lone
pairs, and single electron domains. ELF basins, labeled here-
after as WA, are either core basins that include the nucleus,
or valence basins that generally do not include a nucleus
(except for bonds containing hydrogen). The synaptic order
of a given valence basin is its number of connections to core
basins; a disynaptic basin V(A,X) characterizes a two-center
covalent bond, while a lone pair V(X) is monosynaptic, etc.


ELF theory calculates the mean populations, N̄(W), of the
basins; these populations can be interpreted to arise from
weighted VB structures. One may further carry out a statisti-
cal analysis of the basins’ populations through the cova-
riance matrix, which provides information about electron
delocalization. For example, a large covariance matrix ele-
ment between two basins W and W’ indicates substantial
fluctuation of electronic density between these two basins.
In particular the diagonal element of the covariance matrix,
the variance s2[N̄(W)] of a basin%s population, that is, the
square of the standard deviation of the population, is the
degree of fluctuation of the given electron pair, which can be
interpreted as the dispersion due to VB structures.
Scheme 2 summarizes the electron density properties for
ideal two-electron bonds of the covalent and ionic
types.[19d,20]


Technical notes : VB Calculations : Molecular geometries
were optimized by MP2/6–31G* using GAUSSIAN-98.[28]


The VB calculations were done with the Xiamen package.[27]


A basis set of double-zeta + polarization quality was used
for all the VB calculations, unless noted otherwise. The 6–
31G* basis set was used for the study of A�X bond (A, X=


atoms of the second line or heavier), while the 6–31G** was
employed for the study of A�H bonds. For heteropolar
bonds involving a fluorine atom, we added standard diffuse


functions. In a few cases we repeated the VBCI calculations
with larger basis sets, up to cc-pVTZ,[29] to see the basis set
dependence of the bond energy. As a benchmark method
we used CCSD(T),[30] which is known to give reliable bond
energies (see Supporting Information).


ELF calculations : The analysis of the ELF function has
been carried out with the TopMoD program.[31] Here too,
the 6–31G* basis set and the hybrid Hartree–Fock density
functional B3LYP[32] were used throughout unless noted
otherwise. Since the density is correct to second order, the
mono-determinantal level is sufficient, and is in anyway
compatible generally with higher levels.[20] We further note
that DFT includes correlation implicitly; this and the fact
that the definite kinetic energy and the one electron density
distribution, in the ELF formula, take into account correla-
tion by construction, mean that the ELF results can be used
in conjunction with the VB results, which include electron
correlation explicitly. In the C�F and Si�F cases, we have
also used a larger basis set including a set of diffuse func-
tions on Si and F (6-31+G*).


Results and Discussion


Valence-bond computational trends : A test of the accuracy
(see results in Table S1 in the Supporting Information) of
bond dissociation energies, De, as calculated by the BOVB
and VBCI methods, was performed by using different basis
sets, ranging from 6–31G* to cc-pVTZ. These data were
compared with the corresponding benchmark CCSD(T)
values, and wherever available with experimental values.
The two VB methods give similar results, and in all cases
the calculated VB values are compatible with the bench-
mark values, within a few kcalmol�1. Moreover, the VB and
CCSD(T) methods exhibit a similar basis set dependence,
and with the cc-pVTZ basis set, the values approach the ex-
perimental quantities. A test of the dependence of RECS on
method and basis set was also carried out (see results in
Table S2 in the Supporting Information). The results show
small to moderate dependence, which is expected as most
molecular properties show anyway such dependencies. Im-
portantly, what do not depend on method or basis set are
the trends in the RECS quantity.


Covalent, ionic and charge-shift bonds emerge from VB :
Table 1 collects BOVB calculated properties for 21 different
single bonds. BOVB calculations constitute our largest and
uniform data set. Still, in some cases, where the RECS values
exhibit method dependence, we show also corresponding
VBCI data. In each case we show the contribution to the
bond dissociation energy due to the lowest structure, either
the covalent (DCOV) or ionic (DION), the total bond energy
(De), the charge shift resonance energy (RECS), and the
weight of the covalent structure (wCOV).


In Table 1, entries 1–7, one can see the two classical bond
families; Table 1, entries 1–5 correspond to classical covalent


Scheme 2. Expected ELF properties for the ideal covalent and ionic
bonds.
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bonds, for which the bond energy is dominated by the spin-
pairing contribution in the covalent structure, while Table 1,
entries 6 and 7 correspond to the classical ionic bonds, in
which bonding is dominated by the electrostatic energy in
the ionic structure. In both classical groups the charge-shift
resonance energy is a minor bonding effect compared with
the principal contributions.


Alongside the classical groups, we see in Table 1, en-
tries 8–20 a group of bonds where now the classical covalent
or ionic interactions contribute only weakly, if at all, to the
overall bonding energy. The bonding, in this group, arises
mainly or solely from the CS resonance energy. This is the
group of charge-shift bonds (CS bonds), which is seen to in-
clude a variety of homonuclear bonds, for which the weight
of the covalent structure is very similar to those in the cova-
lent-bond family. Notably, almost all dihalogens (Table 1,
entries 8–13) display a negative bonding energy for the cova-
lent component, corresponding to a repulsive covalent curve
as shown in Figure 2b for the F2 molecule. Moreover, since
the covalent structure is calculated at the VBCISD level
with dynamic correlation, and since it remains repulsive at
this level in F�F, Cl�Cl, etc., this means that dynamic corre-
lation, by itself, cannot create bonding in the covalent struc-
ture of F�F, Cl�Cl, etc. By contrast, the inclusion of the
ionic VB structures in the wave function, at both the BOVB
and VBCI computational levels, contributes large RECS


quantities and causes a drastic change, leading thereby to
significant bond energies. As we noted in the Methods sec-
tion, the weight of a repulsive covalent structure will be


dominant in all the homopolar bonds, since it is the lowest
VB structure in the corresponding wave functions. The fea-
ture that distinguishes classical covalent from the CS bonds
is the RECS quantity.


It appears therefore that, in the CS-bonded family of mol-
ecules, the only physical interaction that holds the bonded
atoms together is the charge-shift resonance energy due to
the covalent-ionic fluctuation; again, the term “fluctuation”
refers to the deviation of the pair density from the average
of one electron per atom (fragment). This conclusion carries
over to the O�O bond (Table 1, entry 14), and in tempered
manner also to the N�N bond, where the CS resonance
energy plays a dominant role. In addition, some regular ten-
dencies are observed in the homonuclear bonds: the CS res-
onance energies increase, and the covalent interactions
become more repulsive, as one moves in a family from
bottom to top (Br�Br to F�F), or from left to right in a row
(H2N�NH2, HO�OH, F�F) of the periodic table. As such,
large resonance energies and repulsive covalent interactions
seem to be associated with compact orbitals and the presence
of lone pairs ; this observation will turn out to be fundamen-
tal.


Alongside the homonuclear bonds, one finds highly polar
bonds, such as H�F, Si�Cl, and Ge�Cl, in which the cova-
lent contribution to bonding is inferior to the CS resonance
energy. Finally, the Si�F bond (Table 1, entry 21), with a res-
onance energy of 36.6 kcalmol�1, is a borderline case, in be-
tween the charge-shift and ionic families. Clearly therefore,
CS bonding transcends ionicity or covalency of the bond, in


Table 1. Properties of single bonds and their classification according to VB theory.


Entry Bond [a] De Dcov Dion RECS wcov Origin of bonding


1 H�H[b] 105.4 93.7 – 11.7 0.760 Cov
2 Li�Li 20.9 15.5 – 5.4 0.810 Cov
3 H3C�H[b] 105.7 90.2 – 15.4 0.694 Cov
4 H3Si�H[b] 93.6 82.5 – 11.1 0.648 Cov
5 H3C�CH3 94.7 66.4 – 28.3 0.600 Cov
6 Na�Cl[c] 90.7 – 84.3 6.4 0.285 Ion
7 Na�F[d] 102.5 – 101.9 0.6 0.070 Ion
8 F�F[a] 36.2 �30.5 – 66.7 0.728 CS


F�F[c] 32.3 �21.8 – 54.1 0.741 CS
9 Cl�Cl[a] 40.0 �21.9 – 61.9 0.684 CS


Cl�Cl[c] 41.6 �3.4 – 45.0 0.661 CS
10 Br�Br[a] 41.3 �18.1 – 59.4 0.713 CS


Br�Br[c] 44.1 +9.2 – 34.9 0.667 CS
11 F�Cl[a] 47.9 �39.7 – 87.6 0.588 CS


F�Cl[c] 49.3 �29.8 – 79.1 0.585 CS
12 F�Br 50.1 �34.5 – 84.6 0.554 CS
13 Cl�Br 40.0 �9.2 – 49.2 0.694 CS
14 HO�OH[a] 50.8 �11.7 – 62.5 0.676 CS


HO�OH[c] 49.8 �1.1 – 50.9 0.673 CS
15 H2N�NH2


[a] 68.5 19.6 – 48.9 0.612 CS
H2N�NH2


[c] 70.5 35.7 – 34.8 0.675 CS
16 H�F[c,e] 134.0 49.3 – 84.7 0.551 CS
17 H3C�F[e] 99.2 28.3 – 70.9 0.450 CS
18 H3C�Cl[f] 79.9 34.0 – 45.9 0.616 CS
19 H3Si�Cl 102.1 37.0 – 65.1 0.572 CS
20 H3Ge�Cl[g] 88.6 33.9 – 54.7 0.587 CS
21 H3Si�F[e] 140.4 – 103.8 36.6 0.358 ion-CS


[a] SD-BOVB calculation in 6–31G* basis set, unless specified otherwise. [b] 6–31G**. [c] VBCISD followed by Davidson correction. [d] From ref. [7b].
[e] 6-31+G*. [f] From ref. [7c]. [g] From ref. [7d].
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the static sense of charge distribution or in terms of weights
of covalent and/or ionic contributions to the bond; the bond-
ing arises rather from the resonance energy due to the cova-
lent-ionic fluctuation of the electron pair density.[33]


ELF results and the emergence of covalent, ionic, and
charge-shift bonding : Table 2 collects the ELF results for
the same group of single bonds. For covalent and CS bond-
ing, we show the population of the disynaptic basin that cor-
responds to the A�X bond, N̄[V(A,X)], its variance s2,
which is a measure of the charge density fluctuation of the
bonding electrons, and the main covariance matrix element,
<cov(A,B)> . For ionic bonds (Table 1, entries 6,7), the
core population of the most electropositive atom A is re-
ported instead of nonexistent N̄[V(A,X)].


Once again, we see three groups of bonds. In Table 2, en-
tries 1–5, we find bonds with almost 2.0 electrons in the disy-
naptic basin, with weak to moderate fluctuation compared
to the total population. Following the classification in
Scheme 2 these are the classical covalent bonds. A pictorial
representation of the various basins for a typical molecule
displaying a bond of this type, the C�C bond in ethane, is
displayed in Figure 4.


At equilibrium distance (Figure 4a), the molecule exhibits
a disynaptic basin (green) that characterizes the C�C cova-
lent bond with the population of 1.81 e (see entry 5 in
Table 2). As one stretches the C�C distance, the disynaptic
C�C basin transforms into a pair of monosynaptic basins
(orange, Figure 4b), which characterize the dissociated
bond; now, each CH3 fragment bears an unpaired electron.


In entries 6 and 7 of Table 2, we show two bonds that do
not exhibit any disynaptic basin, but rather the bare core


basin of the electropositive atom and a monosynaptic basin
on the most electronegative one. The population of the core
basin of the sodium atom is close to 10 e, and the variance is
rather small (0.11–0.12); following Scheme 2 these are classi-
cal ionic bonds.


The largest group in Table 2 corresponds to entries 8–17.
In all of these bonds the population of the A-X basin is of
the order of 1 e� or less, and the variances of these popula-
tions are large, almost of the same order as the population.
The small populations of the disynaptic basins indicate that
these are not classical covalent bonds, in which two spin-
paired electrons are expected to provide the bonding. This
is most visible in F�F, which is shown in Figure 3 to possess
a disynaptic basin (green) that exhibits minimal electron pair
localization in the middle of the “bond”, fundamentally dif-
ferent from the barrel-shaped disynaptic basin of the C�C


bond in Figure 4a, more akin
to the dissociated bond in Fig-
ure 4b. In fact, at higher levels
of calculations,[20] in the cases
of F�F and Cl�Cl, the disynap-
tic basins are split into two
monosynaptic ones that are
0.2 T apart, and the electrons
in the bonding region behave
as though the bonds were “dis-
sociated” with significant Pauli
repulsion. This, together with
the large variance, signifies
that the bonding in these mol-
ecules is dominated by fluctua-
tion of the charge density.


This last group of bonds cor-
responds therefore to the same
CS-bonding type that emerges
from the VB calculations. As
we mentioned in the introduc-
tory section, the special nature
of the F�F bond emerges also
from other density-based ap-
proaches.[17b,21a,21c] Thus, as


Table 2. Populations N̄(W), population variance s2 and summed nonbonded covariance matrix elements hcov-
(A,B)i of ELF basins.


Entry Molecule Basin N̄(W) s2 hcov(A,B)i[a] Bond type


1 H�H V(H,H) 2.0 0.0 cov.
2 Li�Li V(Li,Li) 2.0 0.17 cov.
3 CH4 V(C,H) 1.97 0.63 cov.
4 SiH4 V(Si,H) 2.0 0.46 cov.
5 C2H6 V(C,H) 2.0 0.63 �0.18 cov.


V(C,C) 1.81 0.96 cov.
6 NaCl C(Na) 10.02 0.11 ion.
7 NaF C(Na) 10.01 0.12 ion.
8 F2


[b] V(F,F) 0.44 0.42 �0.49 CS
9 Cl2


[b] V(Cl,Cl) 0.73 0.59 �0.38 CS
10 Br2 V(Br,Br) 0.81 0.68 �0.40 CS
11 FCl V(F,Cl) 0.39 0.35 �0.51 CS
12 FBr V(F,Br) 0.28 0.26 �0.53 CS
13 ClBr V(Cl,Br) 0.67 0.54 �0.40 CS
14 H2O2 V(O,O) 0.49 0.41 �0.43 CS
15 N2H4 V(N,N) 1.16 0.77 �0.29 CS
16 HF V(H,F) 1.22 0.68 �0.64 CS
17 CH3F V(C,F) 0.86 0.64 �0.28 CS
18 SiH3Cl V(Si,Cl) 1.55 0.95 �0.18 (�0.63)[c] cov-CS
19 SiH3F V(Si,F) 0.27 0.24 �0.24 ion-CS


[a] hcov(A,B)i= hcov(N̄[V(A)],N̄[V(B)])i+
P
X 6¼A


P
Y 6¼B


hcov(N̄[V(A,X)],N̄[V(B,Y)])i. [b] V(F, F) and V(Cl, Cl)


are the unions of two monosynaptic basins. [c] The value in parentheses is covariance matrix element between
V(Si,Cl) and V(Cl).


Figure 4. Localization domains in ethane: a) RC�C=1.53 T. b) RC�C=


3.0 T). Color code: orange: monosynaptic, V(C); green: disynaptic, V-
(C,C); lilac: disynaptic V(C,H); magenta: core.
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noted by Bader and Essen,[17b] in F2, the electrons remain lo-
calized near the nuclei, the interaction in the binding region
is more typical of closed-shell species, and the covalent in-
teraction (due to exchange) is weak. Similarly, a recent den-
sity analysis by Rincon and Almeida,[21e] using inter alia VB
type wave functions, led to the following conclusion: “F2,
Cl2,···, show a dominant covalent character but not a shared
typed interaction behavior”.


An additional indication of the CS-bonding behavior is
provided by the summed elements of the covariance matrix
between the V(A, X) and V(X) basin populations; the sums
are large and negative. In dihalogen molecules the large
negative covariance matrix element between V(A) and
V(B) means that a significant quantity of electronic density
fluctuates back and forth from one atom to the other, and
corresponds to the charge-shift scheme A+B�$A�B+ .


The VB results for H3Si�Cl show that the bond is clearly
a charge-shift type (entry 19, Table 1), but the ELF proper-
ties of this bond are less clear-cut (entry 18, Table 2). A
source for this difference between the analyses could lie in
the exceptionally small ionic radius of the SiH3


+ ion (ac-
tually smaller than that of the CH3


+ ion, see Figure 7
below),[7c] which could make a disynaptic basin very difficult
to distinguish from a monosynaptic one.


The last entry in Table 2 corresponds to the Si�F bond.
With the 6–31G* basis set this bond does not possess a disy-
naptic V(Si, F) basin. Adding diffuse functions to the basis
set (6-31+G*), leads to an emergence of a disynaptic Si-F
basin, with a weak population, and large variance, mostly
due to the delocalization involving the fluorine lone pairs.
Thus, the improvement of the basis set increases the cova-
lent contribution at the expense of the static ionic one, and
confirms that although this bond has high static ionicity, it is
a borderline case fitting in between the groups of ionic
bonds and charge-shift bonds.


Comparison of CS bonding in VB and ELF theories : The
match between the predictions of the two methods is good.
However, it is most vivid in the homonuclear bonds that for
all intents and purposes would be considered “purely cova-
lent” by the traditional bond classification based on static
charge distribution. To project this unified prediction of the
two methods, Figure 5 shows a plot of the basin population
for homonuclear bonds vis-W-vis the charge shift resonance


energy. The correlation is apparent; the smaller the basin
population the larger the charge-shift resonance energy. Re-
calling (Table 1) that all these bonds have very similar
weights of covalent and ionic contributions to bonding, it is
clear that the major feature of bonding that distinguishes
this group is the RECS quantity that arises from the cova-
lent-ionic fluctuation of the pair density.


The correlation in Figure 5 indicates that both theories
converge to the same conclusion, thereby substantiating the
classification of CS bonding as a distinct bonding-type that
is supported by a dominant RECS quantity, due to covalent-
ionic fluctuation. Furthermore, both theories show that this
group of bonds transcends considerations based on static
charge distribution, and is more concerned with the “dynamic
bond ionicity”.[34]


Origins of CS bonding


While the phenomenon of CS bonding is derived from two
independent theoretical treatments, still one would like to
base this bonding type on some fundamental principles. The
following sections relate the phenomenon to fundamental
properties of atoms and bonding mechanisms.


The lone-pair bond weakening effect : In bonds such as F�F,
Cl�Cl, O�O, etc, the spin-pairing leads to a covalent struc-
ture that is either destabilized or only weakly stabilized rela-
tive to the dissociated atoms (Table 1). This failure of the
covalent structure to provide significant bonding was quanti-
fied before in VB terms,[7a–f] and found to originate primarily
in the repulsion between the bonding electrons and the lone
pairs that have the same symmetry as the bond, the repulsion
between the lone pairs themselves makes a lesser contribu-
tion.[7f]


The role of this repulsive interaction is well accepted.[21,35]


Sanderson[35] has referred to this interaction as the lone-pair
bond-weakening effect (LPBWE), and has demonstrated its
importance for all atoms bearing electron pairs. For exam-
ple, in the case of the F�F bond, the LPBWE amounts to
75.3 kcalmol�1 at equilibrium distance;[7f] the repulsion over-
comes the stabilization due to spin pairing, and is responsi-
ble fully for the repulsive nature of the covalent interaction in
this molecule (e.g. see Figure 2b). The LPBWE is not re-
stricted to F-F and will be common to all bonds between
fragments X that carry s-type lone pairs, for example, F, Cl,
Br, I, OH, SH, SeH, NH2, PH2, SbH2, etc. The covalent
structures in such X-X’ bonds, will be either weakly bonding
or repulsive. Moreover, the LPBWE will carry over, albeit
to a smaller extent, to heteronuclear A�X bonds, when only
one of the fragments carries a s- lone pair. According to VB
theory, in such bonds, the bonding will have to be sustained
by the RECS quantity that arises from the covalent-ionic
fluctuation of the electron-pair density; the spin pairing in
the covalent structure will make either a small contribution
or altogether a negative contribution to the bonding energy.
The discussion that follows provides the fundamental reason
why must RECS be large in these bonds.


Figure 5. A correlation between the population of the disynaptic basin,
calculated by ELF, and the charge-shift resonance energy, calculated by
VB, in a series of homonuclear bonds.
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The atom compactness and electron-pair richness effects:
What are then the origins of the large CS resonance
energy? And when do we expect it to be large? Some guid-
ing insight into these questions can be gained from Figure 6,
which shows a plot of the RECS quantity against the sum of
the electronegativities of the two atoms that constitute the
bond. Figure 6a shows this plot only for the homonuclear
bonds, A�A. One can see two families on two different
lines. The first line involves hydrogen and atoms of the first
row of the periodic table, that is, atoms of comparable size.
The second family involves corresponding atoms of lower
rows of the periodic table. More lone-pairs on the atoms
seem to play the same role, and for example, Br�Br and
Cl�Cl exhibit larger RECS compared with the N�N bond
that carries less lone-pairs.


Figure 6b is a similar plot for all the bonds in this study,
labeled generally as A�X. Despite the scatter, the general
trend is basically similar to the plot in Figure 6a; the larger
the sum of electronegativities and the more lone-pair rich
are the atoms the greater is the CS resonance energy of the
bond. The scatter in the plot reflects, in part, the effect of
the electronegativity difference, namely the classical Pauling
effect on the covalent-ionic resonance energy.[9] Thus, for a
given electronegativity sum (cX + cA), the RECS quantity in-
creases, to some extent, with increase of the electronegativi-
ty difference (cX�cA), thereby reflecting an increase of RECS


due to the stabilization of the ionic structure, A+X� , and its
stronger mixing into the covalent structure. However, the
electronegativity difference constitutes only a secondary in-
fluence. Indeed, in contrast to the behavior in Figure 6b
where a general correlation with (cX + cA) is apparent, no
correlation whatsoever is observed when the RECS data is
plotted against (cX�cA) alone in Figure 6c. The fundamental
correlation is with the sum of electronegativities.


Similar findings were noted before[7e] for the charge-shift
resonance energy of p bonds, and the respective plot is
adopted here in Figure6d. Thus, here too, the charge-shift
resonance energy was found[7e] to be large for atoms that
are either highly electronegative (O, N) and/or moderately
electronegative but bearing electron pairs (S, P). Clearly, the
CS resonance energies of s and p bonds, be they homonu-
clear or heteronuclear, exhibit a uniform behavior; in both
cases, the dominant factor is the sum of the electronegativities
and/or the number of lone-pairs on the constituent atoms.


Another interesting dependence of the CS resonance
energy is on the compactness of the orbital that participates
in bonding. Indeed, as we showed in an earlier treatment,[7b]


the effect of orbital compactness can be modeled by calcu-
lating the CS resonance energy of an H’2 molecule, where
H’ is an atom with a variable orbital exponent, z. The ap-
proximate relationship given in Equation (4) was found.


LnðRECSÞ  8:9 logeðzÞ�0:4 ð4Þ


Thus as z increases, the orbital of H’ becomes more com-
pact, and the CS resonance energy increases. This relation-
ship provides a simple explanation for the dependence of
RECS on the electronegativity sum in Figure 6. The sum of
electronegativity is an index of compactness of the valence
orbitals[36,37] of the constituent atoms of the bond, and the
correlation in Figure 6a,b reflects therefore the compactness
of the atoms that participate in the bond.


While this relationship accounts for one feature of the CS
resonance energy, it does not account for the effect of lone-
pair richness. To understand the latter, we first need to con-
sider the fundamental changes that occur during bond ma-
king,[17b,c,21a,21c,38] based on the virial theorem expressed in
Equation (5a), where E is the total energy, V and T are re-
spectively the potential and kinetic components, and R is


Figure 6. Correlation between the charge-shift resonance energy (RECS) of a bond and the electronegativity sum of the constituent fragments in: a) ho-
monuclear bonds, and b) all bonds in Table 1. c) Note the lack of correlation between RECS and the electronegativity difference for the bonds in (b). d)
A correlation between the RECS of p bonds and the sum of electronegativities.


www.chemeurj.org H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6358 – 63716366


S. Shaik, B. Silvi, and P. C. Hiberty et al.



www.chemeurj.org





the interatomic distance between the two atoms (or frag-
ments).


�RdE=dR ¼ 2T þ V ð5aÞ


The term on the left of Equation (5a; the force acting on
the molecule multiplied by the respective bond length, R) is
zero at equilibrium, that is, for R=Req. This means that any
properly optimized wave function at its own equilibrium dis-
tance Req must obey the virial ratio of the kinetic to the po-
tential energy given in Equation (5b).


2T=ð�VÞ ¼ 1 ð5bÞ


Achieving this ratio results in energy lowering, namely in
bonding, which is expressed in Equation (5c).


DE ¼ �DT ¼ 0:5 DV; ðDV < 0Þ ð5cÞ


However, far from equilibrium, the virial ratio (2T/(�V))
will be off-balance: larger than unity for R<Req, (i.e. the ki-
netic energy T being too large to satisfy Equation (5b)), and
smaller than unity for R>Req.


[38g]


Let us now bring together two atoms (fragments): At in-
finite separation the atoms (fragments) obey individually
the virial ratio [Eq. (5b)]. Simply shortening the distance,
without any other change, will cause a decrease of the kinet-
ic energy, and will thereby put the virial ratio of the species
off-balance.[38d,e,g] The wave function will then have to relax
in some way to restore this ratio and decrease the total
energy. At the purely covalent level, this is accomplished by
orbital shrinkage,[38d] which lowers the potential energy but
raises the kinetic energy steeply. At the optimal distance of
the covalent structure, Rcov


eq , the virial ratio will be obeyed.
However, the purely covalent wave function yields, as a
rule, too small bonding energies and bonding distances that
are too long relative to accurately calculated spectroscopic
parameters; this wave function is insufficient. To optimize
the bonding, the orbital shrinkage mechanism has to be aug-
mented by an additional mechanism. This mechanism allows
the wave function to include ionic structures, thereby result-
ing in an optimized covalent-ionic wave function YA�X with
a shorter equilibrium distance RA�X


eq , where the virial ratio is
obeyed. At this distance, which is shorter than Rcov


eq , the co-
valent component of the wave function no longer obeys the
virial ratio, which now exceeds unity, and it is the mixing of
the ionic structures that restores the ratio to unity. There-
fore, it is clear that the effect of ionic structures is to dimin-
ish the 2T/(�V) ratio, that is, to reduce the excess of kinetic
energy relative to potential energy.


Thus, CS resonance due to the mixing of ionic structures
into the covalent one is expected to be responsible, along
with orbital shrinkage, for the adjustment of the kinetic and
potential energy terms to the virial ratio at equilibrium. This
effect of the CS resonance was ascertained by us using
BOVB calculations.[39] The following trends were found for
H2 at equilibrium distance: 1) upon binding, the orbitals


shrink, 2) the shrinkage of the orbitals in the covalent struc-
ture lowers the potential energy, V, but excessively raises the
kinetic energy, T, thereby tipping the virial ratio off-balance;
and 3) adding the ionic structures lowers T without having
much an effect on V, thus restoring the correct virial ratio.[39]


Generalizing to typical classical covalent bonds, like H�H or
C�C bonds, the mechanism by which the virial ratio is
obeyed during bond formation is primarily orbital shrinkage,
and therefore the charge-shift resonance energy is only a
small corrective effect.


Let us now consider a bond that bears adjacent electron
pairs, as in F2, Cl2, etc. The presence of lone pairs creates
additional Pauli repulsions (LPBWE), which raise the kinet-
ic energy.[38b] An extreme case is that of the F2 molecule, in
which the covalent component of the bond is repulsive,
having excessive kinetic energy throughout, thus making the
virial ratio greater than unity at any distance in the covalent
wave function. Therefore, by reference to H2, which lacks
these repulsive interactions, the additional increase of kinet-
ic energy brought by LPBWE must be compensated by
greater participation of covalent-ionic mixing. Moreover,
the necessity for large RECS is further reinforced by the fact
that the atoms that bear lone pairs are also compact, and
shrinkage of a compact atom (fragment) raises its kinetic
energy more steeply than in a case of a diffuse atom (frag-
ment).[40] It follows therefore, from the above discussion,
that the smaller the atom (fragment) and the more lone-pair
rich it is, the larger will be the excess kinetic energy, in the co-
valent structure, and the greater RECS would be required to
restore the viral ratio. This is the reason why the homonu-
clear bonds of F, O, N, Cl, etc., are CS bonds, and why many
heteronuclear bonds containing F, Cl, O, S, N, P, will have a
propensity for CS bonding. This is also the reason why the
RECS peaks for F, which is the most compact and lone-pair
rich atom in its period. This property comes inherently with
the atom (fragment). It follows therefore that CS bonding is
the outcome of a fundamental mechanism of bonding.


Manifestations of CS bonding


This section links the concept of CS bonding to some experi-
mental manifestations.


CS bonding and experimentally derived bond densities: The
density difference in the bonding region,[18] so-called also
the “bonding density” is defined as Equation (6), where 1M


is the electron density of the molecule, 1Pro is the density of
the pro-molecule, which consists as the superimposed densi-
ty of the two non-interacting atoms at the equilibrium bond
distance.


D1ðBÞ ¼ 1M�1Pro ð6Þ


Thus, 1Pro serves as a reference density to quantify the
nature of charge reorganization in the molecule relative to
the nonbonded atoms. For H2


+ and H2, D1(B)>0, namely
charge density accumulates in the bonding region and acts
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as the “glue” that binds the atoms. This simple bonding
paradigm, and its articulation based on the Hellman–Feyn-
man theorem,[41,42] have created an incentive to quantify the
D1(B) quantity by experimental X-ray and neutron diffrac-
tion techniques.[43] The findings of these studies led to two
types of “covalent bonds”. In the first type, there were
bonds like Li�Li, C�C, Si�Si, C�H, etc for which the D1(B)
quantity was positive much like in the H2 molecule. Howev-
er, the other type exhibited D1(B) that was negative or mar-
ginally positive. Among the latter class of “covalent bonds”
were the bonds, F�F, Cl�Cl, O�O, S�S, N�N, N�O, C�F,
and C�O.


We fully agree with the judgement that[21b–d] that the nega-
tive bonding density is an artifact of the choice of the pro-
molecule, however, the depleted density or the virtual lack
of a clear bonding basin are not artifacts, since these latter
features result also from examination of the density without
resort to the pro-molecule reference (e.g., Figure 3). We
note that the classification of two covalent bond groups
based on their electron density can be connected to the cen-
tral notion in the present paper, of classical covalent bond-
ing versus CS bonding. Right at the outset, one can identify
that the first group of bonds, for example, C�C, Si�Si, C�H,
that possess significantly positive D1(B), consists of classical
covalent bonds, while the second group, for example, F�F,
O�O, Cl�Cl, C�F, which possesses depleted D1(B) consists
of the group of CS bonds. The depletion of electron density
from the bonding region is diagnostic of poor binding by the
spin-pairing interaction of the covalent structure, due to
LPBWE effect. As a consequence of the LPBWE, the elec-
trons try to avoid these repulsive interactions by polarizing
away from the bonding region to the outer-side regions of
the bond, leading thereby to depleted bonding density (see
Figure 3 for the ELF domains). As discussed above, the
bonding interaction is provided by the covalent-ionic fluctu-
ation of the pair density. This covalent-ionic fluctuation
does not lead to electron density build-up in the bonding
region, and is more typical of closed-shell interaction, as
indeed probed by the various other electron density criter-
ia.[17b,20,21e]


CS bonding and the rare ionic chemistry of silicon in con-
densed phases : A large CS resonance energy typifies also
bonds with a high static ionicity, like H�F, C�F, Si�F, Si�Cl,
and Ge�Cl (Table 1). This arises due to a combination of ef-
fects, one being the LPBWE of the lone-pair bearing heter-
oatom, and the second is the strong covalent-ionic interac-
tion due to the decreased energy gap between the two struc-
tures.[7] In the case of Si�X bonds, the ionic VB structure
undergoes a special stabilization that can be appreciated
from the calculated charge distribution of the ionic struc-
tures, in Figure 7, for Si�Cl versus C�Cl.[7c,d] It is seen that
the positive charge of H3Si


+ is concentrated on silicon,
while in the case of CH3


+ the charge is delocalized over all
the atoms, placing only a small charge on the carbon. This
in turn causes much stronger electrostatic interactions in the
ionic structure H3Si


+Cl� compared with H3C
+Cl� . The


result is that the minimum of the ionic curve becomes very
deep for H3Si


+Cl� and it coincides with the minimum of the
covalent structure, leading thereby to a strong covalent-ionic
mixing and large RECS compared with the carbon analogue
(65 versus 46 kcalmol�1, see Table 1). The same situation
carries over to any R3Si�Cl versus R3C�Cl, R=alkyl, etc; in
each case the R3Si


+Cl� structure will have a minimum coin-
cident with the covalent structure and a large resultant
RECS, some 21 kcalmol�1 larger than that of the carbon ana-
logue.[7c,d,44] In a condensed phase, the ionic structure is sta-
bilized by the environment, but since the Si+Cl� minimum
is tight, the stabilization will be only moderate, and hence,
the ionic curve should remain close to the covalent curve,
thereby retaining the large RECS interaction of the bond.
Thus, in a condensed phase, the covalent-ionic mixing re-
mains large giving rise to Si�X bonds that stay intact due to
the large CS resonance energy. Since the heterolysis of the
Si�X bond would result in a loss of this resonance energy,
solvolysis of the bond would necessarily be difficult. This, in
our view, is one of the reasons why it was so difficult to gen-
erate “free” silicenium ions in condense phases,[13, 15] by con-
trast to carbon chemistry which is replete with carboca-
tions.[14] Other reasons were discussed before[7d] and are as-
sociated with the fact that the positive charge on the silicon
in a silicenium ion is screened by the negative charge of the
substituents (Figure 7). This leads to inefficient solvation of
the free silicenium ion, on the one hand, and on the other,
to the propensity of silicon to form hypercoordinated spe-
cies, with directed Si�X bonds in which bonding is sustained
by large CS resonance energy.[45] Indeed, hypercoordination
abounds in the chemistry of silicon.


The R3Si�F bond is a limiting case. On the one hand, the
presence of F creates propensity for CS bonding, but on the
other hand, the small size of the silicenium ion intensifies
the Coulomb interactions with F� , and causes the ionic
structure to be much lower in energy than the covalent
structure (Table 1), thus preventing an overly large value of
the resonance energy RECS. The RECS quiantity will diminish
gradually in a series of heteropolar bonds as the ionic struc-
ture gets further and further stabilized relative to the cova-
lent structure, until the interaction between the two struc-
tures becomes too small to matter. This limit occurs in the
classical ionic bonds, such as Na+F� , where the covalent-
ionic gap is too large to lead to any appreciable RECS.


Figure 7. Coulson–Chirgwin charges and some geometric parameters of
the ionic structures H3C


+Cl� and H3Si
+Cl� .
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Other manifestations of CS bonding : We would expect to
see manifestations of CS bonding on reactivity for cases
which involve cleavage of CS bonds. Our preliminary stud-
ies[46] show that the loss of CS resonance energy is the root
cause of the computational[47] and experimental[48] findings
that halogen transfer reactions (and especially of fluorine)
[Eq. (7a)], have much larger barriers (by >20 kcalmol�1 for
X=F) than the corresponding hydrogen transfer processes
[Eq. (7b)].


HC þ X�H0 ! H�Xþ CH0 ð7aÞ


XC þ H�X0 ! X�Hþ CX0 ð7bÞ


The two processes have almost identical covalent struc-
tures, but they differ in the status of the ionic VB structures
in the vicinity of the transition state. In reaction (7a), the
key combination of ionic structures, HC X :� H+ $ H+ X :�


CH, is destabilized by two repulsive three-electron interac-
tions[49] between HC and the X� fragment (Scheme 3a). By


contrast, the ionic combination X :� H+ CX Q XC H+ X :� , for
Equation (7b), is devoid of repulsive interactions (Sche-
me 3b versus 3a). The destabilization of the ionic structure
during X-transfer results in a loss of RECS in the respective
transition state. Since the H�X bonds, and especially H�F,
have large RECS to begin with, the loss is significant and the
barrier is higher for the X transfer reaction and especially
so for X=F. Similar trends were recently reported also for
group transfer reactions in lanthanide complexes.[50]


Scope and territory of CS bonding : The territory of CS
bonding for electron pair bonding is ultimately larger than
discussed in this paper. Thus, a recent VB study[51] shows
that coordinate bonding such as the one between tetravalent
boron and amines, R3B�NR’3, is dominated by CS resonance
energy. Similarly, Coote et al.[52] found that the dependence
of the relative bond strengths of R�X bonds (R=Me, Et,
iPr, tert-Bu; X=H, F, OH, OCH3) follows the CS resonance
energy. Our recent study of M�H bonds, where M is a first-
row transition-metal,[53] showed that the CS resonance
energy is quite significant despite the apparent “covalency”
of most of the bonds. Furthermore, RECS was found to in-
crease from left to right in the period, and to be affected by
the presence of the 2s22p6 core electron pairs, which behave
as lone-pairs on an atom. The above analyzed propensity of
atoms (fragments) to generate CS bonding suggests that


many of the bonds of first-row transition metals will tend to
be CS bonds, especially when the bonding partner an elec-
tronegative and/or lone-pair rich atom. More such CS bonds
should be looked for among the bonds between the heavier
elements of the periodic table. CS bonding typifies also the
bonds of noble gas atoms, for example, XeFn (n=2,4,6), and
all hypercoordinated species,[54] such as PCl5, SFn (F=4,6),
and so on. CS bonding is expected to be ubiquitous with a
large territory waiting to be explored.


Concluding Remarks


This study uses valence bond (VB) theory and electron-lo-
calization function (ELF) calculations to demonstrate that
along the two classical bond families of covalent and ionic
bonds, which describe the electron-pair bond, there exists a
distinct class of charge-shift bonds (CS bonds) in which the
fluctuation of the electron pair density plays a dominant
role. In VB theory, this is manifested by large covalent-ionic
resonance energy, RECS, and in ELF, by a depleted basin
population with a large variance and negative covariance.


The large RECS quantity of CS bonds was shown to be an
outcome of the mechanism necessary to establish equilibri-
um and optimum bonding during bond formation. As atoms
(fragments) bind they shrink, and hence, the steep increase
in their kinetic energy exceeds the lowering of the potential
energy that results from the diminished atomic size. The ki-
netic energy rise becomes all the more severe when the
atoms (fragments) bear lone-pairs, which by repulsion with the
bonding electrons and between themselves further augment
the kinetic energy during binding. The RECS quantity consti-
tutes therefore the energy mechanism required to lower the
excess kinetic energy, so that the total energy of the molecule
can ultimately decrease. Heuristically speaking, the electrons
in the bonding region trade off their frantic “motions” near
the atoms by the slower fluctuations between the atoms.


Atoms (fragments) that are prone to CS bonding are com-
pact electronegative and/or lone-pair-rich species, albeit
with moderate electronegativity; the CS-property peaks at
fluorine. Indeed, CS bonding was found to include the fol-
lowing bond groups: a) Homopolar s and p bonds of heter-
oatoms with zero static ionicity. b) Heteropolar s and p


bonds of the electronegative elements (F�Cl, F�Br). c) Het-
eropolar s and p bonds of the electronegative elements (F,
O, N, Cl) to H and C. d) Heteropolar bonds, with large
static ionicity, of second and third row metalloids (Si, Ge,
Sn, etc) to electronegative and electron-pair rich atoms
(e.g., F, Cl). e) All hypercoordinate molecules have CS
bonding.[54] Our most recent results show that triple bonding
is almost invariably CS bonding. Clearly, this is a distinct
and large group of bonding that transcends consideration of
covalency or static charge distribution.


In sum: CS bonding is ubiquitous; defining its territory
and manifestations will ultimately depend on the acceptance
of the idea and its articulation by experimentalists and theo-
reticians.


Scheme 3. Lone-pair bond weakening effect (LPBWE) in the ionic struc-
ture for X-transfer reactions and the lack of LPBWE in the ionic struc-
ture of H-transfer reactions. The �2bS terms correspond to the repulsion
energy of the particular interaction.
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Introduction


Carbon�nitrogen and carbon�carbon bond-forming reac-
tions are important fundamental transformations in synthet-
ic chemistry. Catalytic hydroamination, that is, the addition
of N�H bonds across unsaturated carbon�carbon functional-
ities, is a useful, direct, and atom-economical means of syn-
thesizing nitrogen-containing compounds that have diverse
applications as important bulk and fine chemicals or build-
ing blocks in organic chemistry.[1] A variety of complexes of


early[2] and late[3] transition metals, as well as rare earth ele-
ments,[4] are known to assist the hydroamination reaction.
Among them, lanthanides[5,6] exhibit a number of distinctive
and useful characteristics for activation of carbon–carbon
multiple bonds and amino groups. The unique properties of
lanthanides include 1) the relatively large ionic radii, which
give rise to high coordination numbers and possible coordi-
native unsaturation, 2) high electrophilicity and kinetic labil-
ity, 3) compatibility with a variety of nondissociable, immo-
bile, yet tunable, ancillary ligation, and 4) a single stable oxi-
dation state (Ln3+). This opens a specific route for amine
activation by transformation into the stronger nucleophilic
amide A by deprotonation (Scheme 1). The amides of the
strongly electropositive lanthanides can undergo nucleophil-
ic addition to a C�C multiple bond to give a reactive inter-
mediate B with pronounced carbanion activity. This inter-
mediate is smoothly transformed into the alkylamine prod-
uct (with regeneration of amide A) by concerted four-cen-


Abstract: The complete catalytic reac-
tion course for the organolanthanide-
mediated intermolecular hydroamina-
tion of 1,3-butadiene and n-propyl-
amine by an archetypical [Me2Si(h


5-
Me4C5)2NdCH(SiMe3)2] precatalyst was
critically scrutinized by employing a re-
liable gradient-corrected DFT method.
A free-energy profile of the overall re-
action is presented that is based on the
thorough characterization of all crucial
elementary steps for a tentative catalyt-
ic cycle. A computationally verified, re-
vised mechanistic scenario is proposed
which is consistent with the experimen-
tally derived empirical rate law and ac-
counts for crucial experimental obser-


vations. It involves kinetically mobile
reactant association/dissociation equili-
bria and facile, reversible intermolecu-
lar diene insertion into the Nd–amido
bond, linked to turnover-limiting proto-
nolysis of the h3-butenyl–Nd function-
ality. The computationally predicted ef-
fective kinetics (DH�


tot=11.3 kcalmol
�1,


DS�tot=�35.7 e.u.) are in reasonably
good agreement with experimental
data for the thoroughly studied hydro-


amination of alkynes. The thermody-
namic and kinetic factors that deter-
mine the almost complete regio- and
stereoselectivity of the mechanistically
diverse intermolecular 1,3-diene hydro-
amination have been unraveled. The
present computational study comple-
ments experiments because it allows,
first, a more detailed understanding
and a consistent rationalization of the
experimental results for the hydroami-
nation of 1,3-dienes and primary
amines and, second, enhances the in-
sights into general mechanistic aspects
of organolanthanide-mediated intermo-
lecular hydroamination.
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tered s-bond metathesis, rather than by conventional oxida-
tive addition/reductive elimination sequences, which are
common in late transition metal chemistry.[1i]


Organolanthanides have been pioneered by Marks et al.[7]


as highly efficient catalysts for the intramolecular cyclohy-
droamination of aminodienes[8] to regioselectively afford
five-, six-, and seven-membered functionalized azacycles.
The catalytic diversity of organolanthanide-mediated 1,3-
diene hydroamination has been extended by Marks et al. to
an intermolecular version,[9] which thus offers an efficient
route to aliphatic aminoalkenes from readily available
dienes and primary amines. The intermolecular hydroamina-
tion of 1,3-dienes by late transition-metal complexes has
been advanced by Hartwig et al.[10] and Ozawa et. al.[11] Sev-
eral computational studies dealing with transition-metal-as-
sisted intermolecular hydroamination of a variety of sub-
strates have been reported, whereby the work by Straub
et al.[12a] and Senn et al.[12b] on early and late transition-metal
catalysts, respectively, deserves particular attention.
Organolanthanide-mediated intermolecular hydroamina-


tion has been established for a variety of C�C multiply
bonded systems,[9d] and is characterized by the following
common features: 1) smooth precatalyst activation through
protonolysis by amine substrate, 2) a large negative activa-
tion entropy (DS�), and 3) a reaction rate that is zeroth-
order in [amine] and first-order in [hydrocarbon] and [cata-
lyst].[7,9a,b] These observations suggest a similar turnover-lim-
iting step for all intermolecular hydroamination processes,
which Marks and Hong suggested to be bimolecular inser-
tion of a C�C unsaturated bond into the Ln�N bond.[7] Al-
though experimental studies led to the first detailed insights
into intermolecular hydroamination, the nature of the turn-
over-limiting step and the origin of the high regio- and/or


stereoselectivity, for instance, still require further elabora-
tion. Thus, a thorough computational exploration can com-
plement experiments by revealing intimate features, so that
a symbiotic combination of computational and experimental
approaches gives rise to the most detailed mechanistic pic-
ture.
Herein is presented, to the best of my knowledge, the first


comprehensive computational study of the salient mechanis-
tic features of the organolanthanide-supported intermolecu-
lar hydroamination of 1,3-dienes that comprises the com-
plete sequence of crucial elementary steps. This study has a
twofold aim: first, to unravel the general mechanistic princi-
ples of organolanthanide-assisted intermolecular hydroami-
nation, with the intermolecular hydroamination of 1,3-
dienes taken as an example, and second, to elucidate the
principal catalytic issue of which factors govern the selectivi-
ty of the mechanistically highly diverse 1,3-diene hydroami-
nation (see below). The following intriguing aspects are ex-
plored: 1) What are the crucial structural and energetic fea-
tures of the individual elementary steps? 2) Which of the
steps is likely to be assisted by excess diene and/or amine
substrate? 3) Which species represents the resting state of
the catalytic cycle? 4) Which step must be considered turn-
over-limiting? 5) Which factors determine the regioselectivi-
ty of the insertion and protonolysis steps? 6) What governs
the almost complete stereospecificity?
The elucidation of these aspects allowed us to propose a


computationally verified, revised mechanistic scenario that
is consistent with the derived empirical rate law and ration-
alizes crucial experimental observations. The present study
represents the first part of our systematic computational ex-
ploration of the fine mechanistic details and of the catalytic
structure–reactivity relationships in the organolanthanide-
assisted intermolecular hydroamination of a variety of unsa-
turated carbon–carbon functionalities.


Proposed Catalytic Reaction Course


Organolanthanide complexes of the general type
[Me2SiCp


0
2LnCH(TMS)2] (Cp’=h5-Me4C5; Ln=Nd, Sm, Lu;


TMS=SiMe3) have been reported to serve as effective pre-
catalysts for the intermolecular hydroamination of 1,3-buta-
diene with primary amines.[9] Scheme 2 shows a general cat-
alytic cycle for the organolanthanide-mediated intermolecu-
lar hydroamination of 1,3-butadiene with amine substrate 1
by [Me2SiCp


0
2LnCH(TMS)2] starting material 2. Precatalyst


2 is activated through protonolysis by amine substrate 1 to
afford amido–Ln complex 3 along with liberation of the hy-
drocarbyl ligand as CH2(TMS)2. Uptake of butadiene, which
generates catalytically active diene–amido–Ln compound 4,
and subsequent insertion into the Ln�N bond gives rise to
butenyl–Ln intermediates having a tethered amine function-
ality. With regard to the regio- and stereoselectivity, inser-
tion can proceed along the alternative 1,2- and 1,4-routes,
whereby butadiene can insert in either its s-cis or s-trans
configuration, respectively. Insertion along the 1,4-route af-


Scheme 1. Favorable route for amine activation through N�H deprotona-
tion in the organolanthanide-supported hydroamination of unsaturated
carbon–carbon functionalities. Apart from the shown intermolecular C�
N bond formation, this process can also be accomplished in an intramo-
lecular fashion.[7]
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fords h3-butenyl–Ln compound 5,[6g, i, 13,14] as stereoisomers 5s
(via the trans-1,4 pathway) and 5a (via the cis-1,4 pathway),
with syn- and anti-h3-butenyl–Ln bonds. On the other hand,
species 6 t, 6c of the h1(C2)-butenyl–Ln regioisomer 6 are
the products of the trans-1,2 and cis-1,2 insertion pathways,
respectively. The two stereoisomers of 5 and 6, respectively,
are interconnected by allylic isomerization, as exemplified
in Scheme 2 for 5sÐ5a. The aminoalkene–amido–Ln com-
plexes 7, 8 are generated through ensuing protonolysis of
the butenyl–Ln intermediates 5, 6 by 1, respectively, from
which the aminoalkene products are readily liberated, there-
by closing the catalytic cycle with regeneration of 3. Proto-
nolysis of 5 gives rise to linear aminoalkenes, while methyl-
branched products are formed by protonation of 6. Rotam-
ers 10 t, 10c of N-(1-methyl-2-propenyl)-n-propylamine are
the products of the latter route that starts from 6 t, 6c, re-
spectively. Two different regioisomeric pathways are possi-
ble for protonolysis of 5s, 5a, in which the proton is trans-


ferred to either of the two reactive allylic sites. Protonation
of the unsubstituted terminal C1 carbon atom affords N-
(trans-2-butenyl)-n-propylamine (9a) and N-(cis-2-butenyl)-
n-propylamine (9b) isomers from 5s and 5a, respectively.
The alternative proton transfer to the substituted C3 carbon
atom in 5s, 5a leads to rotamers 9c, 9d of N-(3-butenyl)-n-
propylamine.
The intermolecular hydroamination of 1,3-butadiene and


n-propylamine 1 by [Me2SiCp’2NdCH(TMS)2] (2) proceeds
with almost complete stereospecificity, and 9a is the amino-
alkene that is almost exclusively formed.[9] Detailed kinetic
studies on the intermolecular hydroamination of 1,3-dienes,
however, have not been reported thus far. For the thorough-
ly investigated intermolecular hydroamination of alkynes
with primary amines, experiment showed that the reaction
rate is zeroth-order in [amine] and first-order in [alkyne]
and [catalyst],[9a,b] as expressed in the empirical law
[Eq. (1)], and associated with a large negative DS� of


Scheme 2. General catalytic reaction course for the organolanthanide-mediated intermolecular hydroamination of 1,3-dienes and primary amines, based
on experimental studies of Marks et al.[7, 9] 1,3-Butadiene and n-propylamine (1), as well as [Me2SiCp


0
2LnCH(TMS)2] (2), were chosen as prototypical re-


actants and precatalyst, respectively. The diene–amido–Ln active catalyst complex 4 is omitted for the sake of clarity.
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�25.9(9.7) e.u.[15] These findings can reasonably be adapted
to the hydroamination of 1,3-dienes.


velocity ¼ k½amine�0½alkyne�1½Ln�1 ð1Þ


Computational Model and Method


Model : In this DFT study, the comprehensive computational exploration
of the experimentally studied intermolecular hydroamination of 1,3-buta-
diene and n-propylamine 1 by [Me2Si(h


5-Me4C5)2NdCH(SiMe3)2] precata-
lyst 2 is reported. Alternative regio- and stereoisomeric pathways for
each of the crucial elementary steps of the tentative catalytic cycle shown
in Scheme 2 have been scrutinized.


Method : All calculations were performed with the program package
TURBOMOLE[16] using the BP86 functional,[17] which has already been
applied successfully to the description of energetic and structural aspects
of organolanthanide compounds[18] and has been furthermore demon-
strated to allow the reliable determination of the energy profile for orga-
nolanthanide-assisted catalytic processes.[19] Further details together with
a description of the employed computational methodology are given in
the Supporting Information. All the drawings were prepared by employ-
ing the StrukEd program.[20]


Results and Discussion


The computational examination of 1,3-diene hydroamina-
tion is divided into two parts. It starts with the detailed step-
by-step exploration of the various pathways conceivable for


each of the elementary steps outlined in Scheme 2. This first
part focuses on casting light on the crucial features of each
of the individual steps. On the basis of the revealed detailed
insights, in the second part, the condensed free-energy pro-
file of the complete reaction is presented, and general mech-
anistic aspects of organolanthanide-promoted intermolecu-
lar hydroaminations are revealed. A further section is devot-
ed to the implications regarding several issues of regio- and
stereoselectivity of aminoalkene production.


Exploration of crucial elementary steps


Precatalyst activation : For the catalytic hydroamination to
be initiated, precatalyst 2 requires activation through proto-
nolysis by amine 1, which converts it to amido-Ln complex 3
with liberation of the CH2(TMS)2 hydrocarbyl ligand. The
key species participating along the favorable path for preca-
talyst activation are shown in Figure 1, while the energetics
are collected in Table 1.
Protonolysis of 2 takes place with initial formation of


amine substrate (AS) encounter complex 2-AS and subse-
quent protonation of C1 of the hydrocarbyl ligand. Amine
complexation by 2 is an exothermic process (DH=


�7.2 kcalmol�1, Table 1) that is, however, almost thermo-
neutral in terms of free energy (DG=0.9 kcalmol�1), due to
the entropic costs connected with bimolecular association.
The transition state (TS) is encountered nearly halfway
along the reaction path for proton transfer, as indicated by
similar lengths of the vanishing N�H and emerging C�H


Figure 1. Selected geometric parameters [K] of the optimized structures of key species for 1+2!3+CH2(TMS)2 activation of precatalyst 2 through pro-
tonolysis by amine 1 (AS). The cutoff for drawing Nd�C bonds was arbitrarily set to 3.1 K. The hydrogen atoms on the methyl groups of the catalyst
backbone are omitted for the sake of clarity.
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bonds in the located TS structure. Noteworthily, the TS is
furthermore characterized by a significantly elongated Nd�
C1 bond, and thus by a loosely attached hydrocarbyl ligand
(Figure 1). After overcoming a free-energy barrier of
12.5 kcalmol�1 (Table 1) the TS decays into 3 with smooth
release of CH2(TMS)2, thereby activating the amine by
transformation into the amido–Nd species. This process is
driven by a strong thermodynamic force of �20.9 kcalmol�1
(DG), which implies that precatalyst activation proceeds in
an almost quantitative fashion through initial 1+2!3+
CH2(TMS)2 protonolysis, which is kinetically feasible.
Inspection of the geometry of the key species reveals that


3 is potentially coordinatively unsaturated, so that it might
have a tendency for complexation of excess substrate.[9c] Be-
tween butadiene and amine 1, the latter, as the stronger
donor, is found to be more competent in this regard (see
Section 1.B) and gives rise to
adduct 3-AS, which is
6.6 kcalmol�1 lower in free
energy than {3+1}. According-
ly, compound 3 predominantly
occurs as amine adduct 3-AS
under actual reaction condi-
tions.[9c]


The question whether an in-
dividual step benefits energeti-
cally from participation of
excess reactants is of crucial
importance for the interpreta-
tion of the experimental obser-
vations. For protonolysis, addi-
tive amine can be imagined
reasonably, if at all, as being a
supporting agent, since it, first,
displays a higher tendency for
complexation than butadiene
and, second, is directly in-
volved in the process. Addi-


tional amine molecules can assist protonolysis in different
fashions, the most likely of which are, first, as a spectator by
coordinative stabilization of the key species and, second, by
directly involvement in the process as a mediator for proton
transfer (“proton shuttle”).[12b] The latter, direct amine assis-
tance was explicitly probed computationally by locating the
corresponding transition state (Figure S1, Supporting Infor-
mation), in which methylamine was adopted as a chemically
suitable and computationally affordable model amine. This
transition state provides a clear insight into the role of the
additional methylamine, which is seen to function as a medi-
ating agent. Instead of a direct proton transfer as in
TS[2+1–3+CH2(TMS)2] (Figure 1), the proton is transferred
to C1 from an external quarternary nitrogen center, which is
generated by deprotonation of the terminal ammonium
group of the Nd-coordinated substrate 1. As revealed from
Table 1, additional amine does not act to stabilize the transi-
tion state for protonolysis, either on the DH or on the DG
surface, and this strongly indicates that excess reactants are
unlikely to assist the first precatalyst activation step.


Intermolecular butadiene insertion into the Ln�N bond :
After amine activation has proceeded smoothly with genera-
tion of amido–Nd complex 3, butadiene uptake and ensuing
insertion into the Nd�N bond are the next steps in the reac-
tion course (Scheme 2). The complete energetics are collect-
ed in Table 2, and the key species for the 1,4-insertion are
shown in Figure 2, while the structural data for the regioiso-
meric 1,2-path can be found in the Supporting Information
(Figure S2). The first butadiene uptake affords the catalyti-
cally active diene–amido–Nd complex 4. As previously ana-
lyzed,[18a] the interaction of a lanthanide with hydrocarbon p


ligands is predominantly electrostatic in nature, and the re-
sulting weak complexation of butadiene in 4 is characterized
by rather long Nd�C distances and a diene moiety that is


Table 1. Enthalpies and free energies of activation and reaction for pro-
tonolysis of precatalyst 2 by amine substrate 1.[a,b]


Protonolysis
pathway


Substrate
encounter


TS Products


complex


1+2!
3+CH2(TMS)2


�7.2/0.9
(2-AS)


3.2/12.5
(DS�=�31.2 e.u.)[c]


�20.0/�20.9
(3+CH2(TMS)2)


amine-substrate-assisted pathway[d]


protonolysis pathway[e] TS


9.6/26.5 (DS�=�56.6 e.u.)[c]


[a] Total barriers, reaction energies, and activation entropies are relative
to {1+2}. [b] Activation enthalpies and free energies (DH�/DG�) and re-
action enthalpies and free energies (DH/DG) are given in kilocalories per
mole; values in italic type are the Gibbs free energies. [c] The activation
entropy is given in entropic units (calmol�1K�1). [d] The process assisted
by an additive amine molecule was investigated with methylamine
(MeNH2, AS’) as substrate. Total barriers and activation entropies are
relative to {1+2+MeNH2}. [e] The additive substrate acts as a “proton
shuttle” (see Figure S1, Supporting Information).


Table 2. Enthalpies and free energies of activation and reaction for butadiene insertion into the Nd�N bond
of 3 occurring along the alternative regioisomeric 1,2- and 1,4-pathways.[a,b]


Insertion pathway p complex TS Product[c]


1,4-insertion
cis-butadiene 3.3/10.7 (4-1,4c) 5.2/14.3 (DS�=�30.5 e.u.)[d] �10.9/�1.2 (5a)
trans-butadiene �1.8/5.5 (4-1,4t) 4.3/13.4 (DS�=�30.3 e.u.)[d] �10.5/�0.7 (5s)
1,2-insertion
cis-butadiene 0.8/8.1 (4-1,2c) 12.6/21.7 (DS�=�30.5 e.u.)[d] 5.3/14.7 (6c)
trans-butadiene �1.3/6.3 (4-1,2t) 11.6/20.7 (DS�=�30.6 e.u.)[d] 3.2/12.5 (6t)


amine-substrate-assisted process[e]


1,4-insertion
cis-butadiene 2.5/19.1 �10.4/7.1 (5a-AS)
trans-butadiene 1.1/18.0 �13.7/3.1 (5s-AS)
1,2-insertion
cis-butadiene 9.9/26.6 1.8/19.0 (6c-AS)
trans-butadiene 8.6/25.2 �1.6/15.4 (6t-AS)


[a] Total barriers, reaction energies, and activation entropies are relative to {3+ trans-C4H6}. [b] Activation en-
thalpies and free energies (DH�/DG�) and reaction enthalpies and free energies (DH/DG) are given in kiloca-
lories per mole; values in italic type are the Gibbs free energies. [c] See Scheme 2 for description of the inser-
tion products. [d] The activation entropy is given in entropic units (calmol�1 K�1). [e] The process assisted by
an additional coordinating amine molecule was investigated for 1 as amine substrate (AS). Total barriers and
reaction energies are relative to {3+ trans-C4H6+1}.
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only slightly distorted (Figures 2 and S2). The structural fea-
tures are paralleled by the computed energetics (Table 2),
which predict the uptake of trans- and cis-butadiene to be
slightly exothermic and endothermic, respectively, on the
DH surface relative to the separated {3+ trans-C4H6} frag-
ments. Since a chelating stabilization of cis-h4-butadiene is
not effective here, cis-butadiene complexation in “formal”
monodentate (4–1,2c) and bidentate (4–1,4c) fashion is vir-
tually equivalent energetically, whereby the latter is unfavor-
able due to some steric congestion around the Nd center.
Noteworthily, the relative stability of the various forms of 4
(Table 2) reflects the stability of the s-trans and s-cis config-
urations of free butadiene.[21] Thus, the precursor species 4–
1,4c, 4–1,4t, 4–1,2c, 4–1,2t for the various insertion pathways
are likely to be present in different, but comparable popula-
tions. In terms of free energy, however, the bimolecular as-
sociation suffers from an entropic penalty, and thus p-com-
plex formation is thermodynamically unfavorable.
After butadiene uptake, insertion proceeds through a


four-membered transition-state structure with a square-
planar arrangement of the Nd�N and the inserting C=C
functionality for both regioisomeric 1,4- and 1,2-insertion
paths (Figures 2 and S2). On the 1,4-path C�N bond forma-
tion occurs at a distance of about 2.07–2.19 K via TS[4-1,4t–
5s] and TS[4-1,4c–5a], which are stabilized by partial p co-
ordination of the already preformed allylic moiety. On the
other hand, TS[4-1,2t–6t] and TS[4-1,2c–6c] for 1,2-insertion
occur somewhat later at a distance of about 1.96–1.98 K of


the newly formed C�N bond and constitute the insertion of
h2-vinylethylene into the Nd�N bond. The decay of the tran-
sition states gives rise to 5s, 5a along the 1,4-path, which
have a syn- and an anti-h3-butenyl group, respectively, to-
gether with the coordinated N-donor center of the tethered
amine moiety. The h1(C2)-butenyl-Nd compounds 6 t, 6c
with an h1-coordinated amino group are the products of the
1,2-path (Scheme 2, Figures 2 and S2).
The stabilizing effect of the h3-p mode of butenyl–Nd co-


ordination, when compared to the h1-s mode, is clearly seen
from the relative stabilities of the TS and of the insertion
products that are associated with the various pathways. The
1,4-path is distinctly favored, both kinetically (DDG�>


7 kcalmol�1) and thermodynamically (DDG>13 kcalmol�1),
relative to 1,2-insertion. This leads to the conclusion that
generation of 6 t, 6c by 1,2-insertion is entirely precluded
energetically, and 5s, 5a are the exclusive products of the in-
sertion step. Along the dominant 1,4-path, almost identical
energy profiles are predicted for the trans-1,4 and cis-1,4
pathways, that is, both are equally likely to be traversed.[22]


Coordination of the amine-N atom to Nd, as realized in the
favorable isomers of 5s, 5a (Figure 2), affects significantly
the stability of these species. Isomers with a disrupted Nd�
N interaction are strongly disfavored energetically (>5–
9 kcalmol�1 higher in free energy).
Before firm conclusions about the regio- and stereoselec-


tive outcome of the insertion can be drawn, it must be eluci-
dated whether excess substrates[9c] can act competently to


Figure 2. Selected geometric parameters [K] of the optimized structures of key species for the stereoisomeric cis-1,4- (top) and trans-1,4-insertion
(bottom) pathways. The cutoff for drawing Nd�C bonds was arbitrarily set to 3.1 K. The hydrogen atoms on the methyl groups of the catalyst backbone
are omitted for the sake of clarity.
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support the process. This has been probed computationally
for both 1 and butadiene. As already indicated by the weak
butadiene association in 4, additional butadiene molecules
do not exhibit any tendency to stabilize either of the key
species by complexation. Despite several efforts, all at-
tempts to localize such species failed, and this provides
strong indications that excess butadiene does not facilitate
the insertion energetically. With regard to amine as a possi-
ble assisting agent, the various insertion pathways were ex-
plored with explicit participation of n-propylamine (1)
(Figure S3, Supporting Information). The complete energet-
ics are included in Table 2. As exemplified for the dominant
1,4-path, amine complexation in the TS and in 5 comes at
the expense of the butenyl–Nd coordination, which for the
TS switches from an h3-p toward an h1-s mode. Despite sev-
eral attempts, amine adducts of precursor 4 could not be lo-
cated. Thus, excess amine is not likely to participate in the
early stages, but is possibly involved when the process ap-
proaches the vicinity of the transition state. As far as the
DH surface is concerned, the kinetics and reaction energy
benefit to only a small extent from amine association, as TS-
[4-1,4–5]-AS and 5-AS are stabilized at most by
3.2 kcalmol�1 relative to {TS[4-1,4–5]+1} and {5+1}, re-
spectively. The magnitude of the enthalpic profit is certainly
not large enough to compensate for the entropic disfavor
connected with amine association, so that a free-energy pro-
file arises for the amine-assisted process that is more diffi-
cult than for 3+C4H6!5. Accordingly, it must be concluded
that neither excess butadiene nor amine substrate is likely
to assist the insertion step.
Overall, butadiene insertion is predicted to be almost


thermoneutral in terms of free energy, is thus likely to occur
in a reversible fashion, and must overcome an activation
barrier of 13.4–14.3 kcalmol�1 (DG�). C�N bond formation
occurs with complete regioselectivity along the 1,4-path, and
the stereoisomeric trans-1,4 and cis-1,4 pathways are equally
feasible, both kinetically and thermodynamically. Thus, 5s
and 5a are formed as intermediates of the catalytic process
and should be present in similar concentrations. As antici-
pated, a large negative activation entropy (DS�=�(30.3–
30.5) e.u., Table 2) is linked to this bimolecular step.


Isomerization of the allylic group of the 1,4-insertion prod-
uct : Although 5s and 5a are generated through alternative
insertion pathways and are likely to have similar popula-
tions, it is of mechanistic interest whether the two isomers
are readily interconvertible by allylic isomerization. This
process is found to preferably proceed through initial h3-p!
h1-s switching of the butenyl–Nd coordination mode and
subsequent internal rotation of the vinyl group around the
formal C2�C3 single bond via TSISO[5]. This is in agreement
with evidence provided by both experimental[23,24] and com-
putational[25] studies. The key species involved along the
preferable pathway for 5sÐ5a interconversion are shown in
Figure 3, and the energy profile is collected in Table 3.


The h3-p!h1(C3)-s butenyl–Nd rearrangement lowers the
coordination number around the lanthanide center. As seen
from Figure 3, this is partially compensated for in TSISO[5]
by an amplified interaction between Nd and the lone pair of
the amino nitrogen atom. Nevertheless, thermoneutral
5sÐ5a isomerization is predicted to be kinetically difficult,
associated with a significant free-energy barrier of 18.2 kcal
mol�1 (Table 3), which, however, is of the same magnitude


Figure 3. Selected geometric parameters [K, 8] of the optimized structures of key species for allylic 5sÐ5a isomerization. The cutoff for drawing Nd�C
bonds was arbitrarily set to 3.1 K. The hydrogen atoms on the methyl groups of the catalyst backbone are omitted for the sake of clarity.


Table 3. Enthalpies and free energies of activation and reaction for allyl-
ic isomerization occurring in compound 5.[a,b]


Insertion
pathway


5s[c] TSISO 5a[c]


1,4-insertion 0.0/0.0 18.4/18.2 (DS�=0.6 e.u.)[d] �0.4/�0.5


amine-substrate-assisted process[e]


1,4-insertion �3.2/3.8
(5s-AS)


11.1/19.2
(DS�=�27.0 e.u.)[d]


0.1/7.9
(5a-AS)


[a] Total barriers, reaction energies, and activation entropies are relative
to the syn-h3-allyl-Ln isomer 5s. [b] Activation enthalpies and free ener-
gies (DH�/DG�) and reaction enthalpies and free energies (DH/DG) are
given in kilocalories per mole; values in italic type are the Gibbs free en-
ergies. [c] See the text (or Scheme 2) for description of the isomers of 5.
[d] The activation entropy is given in entropic units (calmol�1 K�1)
[e] The process assisted by an additional coordinating amine molecule
was investigated for 1 as the amine substrate (AS). Total barriers, reac-
tion energies and activation entropies are relative to {5s+1}.
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as determined experimentally for related (h3-allyl)3La com-
plexes.[14b,d, 26] Excess amine substrate can reasonably be im-
agined to stabilize the h1(C3)-allylic TSISO[5] and thus facili-
tate the isomerization kinetically. In fact, the TSISO[5]-AS
adduct (Figure S4, Supporting Information) becomes
7.3 kcalmol�1 lower in enthalpy relative to TSISO[5] (DDH


�,
Table 3), which, however, is approximately equivalent to the
entropic disfavor caused by amine complexation. As a
result, very similar kinetics are predicted in terms of free
energy, regardless of whether the step is assisted by excess
amine substrate or not. This indicates this step to be kineti-
cally more expensive, and thus slower, than intermolecular
insertion (see above) and ensuing protonolysis (see below).


Protonolysis of the h3-butenyl-amine–Nd intermediate : Fol-
lowing the various insertion pathways that afford 5s, 5a, and
6 t, 6c, respectively, ensuing protonolysis by 1 gives rise to
aminoalkene-amido–Nd compounds 7 and 8 (Scheme 2),
from which the aminoalkene products are liberated in a
facile substitution by 1, which initiates a new catalytic cycle
by regeneration of 3. It was shown in Section I.B that the in-
sertion step proceeds with complete regioselectivity by fol-
lowing exclusively the 1,4-path. As a consequence, first, 8
has a negligible population and, second, the 6+1!8 (+1)!
10 (+3-AS) path for generation of branched aminoalkenes
remains closed, irrespective of whether protonolysis is kinet-
ically affordable or not. Therefore, this section focuses ex-
clusively on the alternative pathways for protonolysis of 5s,
5a by 1, for which structural and energy data are presented
in Figure 4 and Table 4, respectively.
The two reactive carbon atoms of the butenyl moiety in 5


are both eligible for protonation. From substituted C3 in 5s,
5a, first 7c, 7d are generated, from which rotamers 9c, 9d
of N-(3-butenyl)-n-propylamine, respectively, are subse-
quently liberated. The regioisomeric pathways for proton
transfer to the terminal, unsubstituted carbon atom C1


afford 7a, 7b and successively trans-2- and cis-2-butenyl iso-
mers 9a, 9b of N-(2-butenyl)-n-propylamine, respectively,
when commencing from 5s and 5a. For the initial formation
of precursor species 5s-AS and 5a-AS, incoming substrate 1
must compete for coordination with h3-butenyl and tethered
h1-N-amine moieties, and this leads to a more relaxed coor-
dination sphere in the amine adducts when compared to 5s,
5a. As far as the 7a-, 7b-generating pathways are con-
cerned, the h3-p mode of the butenyl–Nd coordination is re-
tained in the adducts[27] together with an intact h1-N com-
plexation of the tethered amine in 5a-AS, which, however,
is cleaved in 5s-AS (Figure 4). For protonation of C3, how-
ever, the cis-approaching 1 displaces the tethered amino
group from the immediate proximity of the Nd atom.
Amine uptake is predicted to range from a slightly exother-
mic to a thermoneutral process (DH, Table 4). Among the
precursors for C1/C3 protonation the one involved in the
7c-, 7d-generating pathways (Figure 4) are slightly favorable
owing to relief of steric congestion around the lanthanide.
A s-bond metathesis-type transition-state structure, repre-


senting simultaneous N�H bond cleavage and C�H bond


formation in the proximity of the Nd center, is encountered
along the minimum-energy path for each of the various pro-
tonolysis pathways and is characterized by partial allyl!
vinyl transformation (Figure 4). Starting from a h3-butenyl-
Nd moiety in 5s-AS and 5a-AS, the C1 and C3 carbon atoms
that undergo protonation are displaced from the immediate
proximity of the Nd atom while traversing through the tran-
sition state. This reduction of the coordination number
around Nd is compensated for in TS[5-AS–7a] and TS[5a-
AS–7b] by a recoordinating and closer approaching, respec-
tively, chelating amine tether group (Figure 4). In contrast,
this supporting influence is not operative along the pathways
for C3 protonolysis, as here the two cis-disposed amine moi-
eties prevent any effective tether-amine–Nd interactions.
Following the reaction path further, passage through the
transition state leads to 7a, 7b and 7c, 7d, in which the ami-
noalkene is coordinated through its N-donor center and
olefin double bond, respectively, to Nd in the initially
formed product species.
The predicted energy profile for the various pathways re-


flects the structural aspects. Of the two regioisomeric paths,
proton transfer to the butenyl C1 carbon atom is more feasi-
ble kinetically and is also driven by a stronger thermody-
namic force (Table 4), which has its primary origin in the
supporting influence of the chelating amine tether group
(see above). The alternative protonation of the substituted
butenyl C3 carbon atom via 5s/5a+1!7c/7d is predicted to
be distinctly impeded by both kinetic and thermodynamic
factors. These steps are endergonic (DG=7.7–10.4 kcal
mol�1) and require a significant total barrier of 19.5–
20.3 kcalmol�1 (DG�, relative to {5s+1}) to be overcome.
Of the two stereoisomeric 5s+1!7a and 5a+1!7b


pathways, 5s exhibits a higher propensity to undergo proto-
nolysis, which is linked to a total free energy of activation of
14.1 kcalmol�1. The competing 7b-generating pathway, how-
ever, has a total barrier of 17.7 kcalmol�1 (DG�). Subse-
quent expulsion of the aminoalkene products through 7a/
7b+1!3-AS+9a/9b is a highly facile,[28] thus instantane-
ously occurring, exergonic process (DG=�7.1/
�7.1 kcalmol�1), which drives the overall 5a/5s+1!7a/7b
(+1)!9a/9b (+3-AS) process downhill. Overall, 1) genera-
tion of 7a/9a is predicted to be energetically most feasible
among the various pathways, which 2) occurs in an irreversi-
ble fashion and 3) is associated with a large negative activa-
tion entropy (DS�=�29.2 e.u., Table 4) that is essentially
due to initial amine-adduct formation.
Finally, the possible assistance of protonolysis by excess


substrate 1 was computationally explored. Two borderline
cases are imaginable, in which the amine can act, first, as a
passive spectator ligand or, second, as a “proton shuttle”,
that is, an active mediator. Having already probed the
second alternative for the first precatalyst activation, we de-
cided to focus here on the first case. To this end, the full set
of transition states TS[5-AS–7]-AS for the various pathways
that commence from 5 were located with 1 as amine sub-
strate (Figure S5, Supporting Information), while the kinet-
ics are included in Table 4. For the favorable proton transfer
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to C1 only a small enthalpic stabilization of the transition
states upon additional amine complexation is predicted
(DDH�=0.2/4.0 kcalmol�1 for 7a/7b-generating pathways).
Thus, in terms of free energy, excess amine does not facili-


tate the favorable protonolysis pathway kinetically, and is
therefore not likely to assist this process. As anticipated, a
significant acceleration is predicted for the 7c/7d-production
pathways on the DH surface due to compensation of the


Figure 4. Selected geometric parameters [K] of the optimized structures of key species for protonolysis of the h3-butenyl–Nd complex 5 by amine sub-
strate 1 (AS) affording aminoalkene-amido–Nd compounds 7a–7d along alternative pathways. The cutoff for drawing Nd�C bonds was arbitrarily set to
3.1 K. Several of the species are displayed in truncated fashion. The hydrogen atoms on the methyl groups of the catalyst backbone are omitted for the
sake of clarity.
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lacking tether-amine–Nd interaction (see above) by coordi-
nation of 1. The computed enthalpic stabilization on amine
complexation is of the same mag-
nitude as the associated entropic
costs. Hence, these pathways may
benefit from association of an ad-
ditive amine molecule, which,
however, affects the kinetics to
only a small extent. As a conse-
quence, the 7c/7d-generating
pathways are still distinctly sepa-
rated by a gap greater than
6 kcalmol�1 (DDG�) relative to
the favorable 7a-generating path-
way, and are therefore not acces-
sible and have no relevance for
any further mechanistic consider-
ations.


Catalytic reaction course of inter-
molecular hydroamination of 1,3-
dienes and primary amines


Gibbs free-energy profile : The
Gibbs free-energy profile of all
critical elementary steps of the
tentative catalytic cycle
(Scheme 2) is presented in
Scheme 3, which comprises solely
viable pathways. More detailed
enthalpy and free-energy profiles
(Schemes S1, S2) can be found in
the Supporting Information.
Scheme 3, together with the de-
tailed insight into individual steps
revealed in previous sections,
brings us to a position where we


can complement experiments with regard to deeper under-
standing of general aspects of organolanthanide-mediated


Table 4. Enthalpies and free energies of activation and reaction for protonolysis of the h3-allyl-Nd intermediate 5 by amine substrate 1 to afford the ami-
noalkene-amido–Nd compounds 7a–d along various regioisomeric pathways for H transfer (H-trf).[a,b]


Aminoalkene-generating pathway
Insertion pathway 5-AS[c] TS 7[c]


1,4-insertion
7a/9a via H-trf to C1 of 5s �3.2/3.8 (5s-AS) 5.4/14.1 (DS�=�29.2 e.u.)[d] N-(trans-2-butenyl)-n-propylamine (7a) �8.3/�1.3
7b/9b via H-trf to C1 of 5a 0.1/7.9 (5a-AS) 9.1/17.7 (DS�=�28.9 e.u.)[d] N-(cis-2-butenyl)-n-propylamine (7b) �6.8/0.2
7c/9c via H-trf to C3 of 5s �4.5/2.9 (5s-AS) 12.1/19.5 (DS�=�25.0 e.u.)[d] N-(3E-butenyl)-n-propylamine (7c) 1.1/7.7
7d/9d via H-trf to C3 of 5a �0.9/6.4 (5a-AS) 12.8/20.3 (DS�=�25.3 e.u.)[d] N-(3Z-butenyl)-n-propylamine (7d) 3.8/10.4


amine-substrate-assisted aminoalkene-generating pathway[e]


insertion pathway TS


1,4-insertion
7a/9a via H-trf to C1 of 5s 5.2/22.2
7b/9b via H-trf to C1 of 5a 5.1/21.6
7c/9c via H-trf to C3 of 5s 4.4/20.4
7d/9d via H-trf to C3 of 5a 6.0/21.9


[a] Total barriers, reaction energies, and activation entropies are relative to {5s+1}. [b] Activation enthalpies and free energies (DH�/DG�) and reaction
enthalpies and free energies (DH/DG) are given in kilocalories per mole; values in italic type are the Gibbs free energies. [c] See text (or Scheme 2) for
description of the various isomers of the amine adduct 5-AS and product complex 7. [d] The activation entropy is given in entropic units (calmol�1 K�1).
[e] The process assisted by an additive amine molecule was investigated for 1 as amine substrate (AS), which acts as a Nd-coordinated spectator ligand.
Total barriers, reaction energies, and activation entropies are relative to {5s+2P1}.


Scheme 3. Condensed Gibbs free-energy profile [kcalmol�1] of the intermolecular hydroamination of 1,3-
butadiene and n-propylamine (1) mediated by [Me2SiCp


0
2NdCH(TMS)2] precatalyst 2. Only the most feasi-


ble pathways for individual steps are included, while alternative, but unfavorable pathways are omitted for
the sake of clarity (see also Scheme S2, Supporting Information). Aminoalkene displacement through 7a/
7b+1!3-AS+9a/9b is included.
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intermolecular hydroamination by unraveling the salient
features of 1,3-diene intermolecular hydroamination. A de-
tailed kinetic study has, unfortunately, not been reported for
this process thus far. The following conclusions can be
drawn: 1) The 3-AS adduct is predicted to be the prevalent
species of the catalytic cycle and thus likely represents the
catalystQs resting state under actual reaction conditions.[9c,29]


2) C�N bond formation by butadiene insertion into the Nd�
N bond necessitates displacement of the amine from 3-AS
to form the catalytically active complex 4. The present com-
putational study provides no indication for the favorable
1,4-insertion path being facilitated by excess reactants,
either by butadiene or by 1. 3) Ensuing protonolysis of 5 by
incoming amine 1 to afford linear aminoalkene products is
also not likely to be assisted by additive reactant molecules.
4) C�N bond formation along 3+ trans/cis-C4H6!5s/5a and
subsequent protonolysis by 5s/5a+1!7a/7b are the crucial
steps that determine the activity and selectivity of hydroami-
nation. Alternative pathways for these steps, as well as
5sQ5a allylic isomerization, are predicted to be significantly
more difficult kinetically and therefore not accessible under
actual reaction conditions. Furthermore, 7a+1!3-AS+9a
product displacement is a highly facile, hence instantaneous-
ly occurring, exergonic process. 5) Identical total free-energy
barriers[30] are predicted for the most feasible 3+ trans-
C4H6!5s and 5s+1!7a pathways of the two bimolecular
insertion and protonolysis steps. Butadiene insertion is
driven by a small thermodynamic force of only
�0.7 kcalmol�1 (DG), and hence is likely to occur in a rever-
sible fashion. In contrast, 5s+1!7a (+1)!9a (+3-AS)
protonolysis linked to immediate product release is downhill
(DG=�8.4 kcalmol�1).
Although it is not possible to predict the turnover-limiting


step from the computed free-energy profile, we suggest the
mechanistic scenario outlined in Scheme 4 for the organo-
lanthanide-supported intermolecular hydroamination of 1,3-


dienes. This scenario consists of kinetically mobile, reversi-
ble amine association/dissociation in 3 (K1) and 5s (K4) and
1,3-diene association in 3 (K2), C�C insertion into the Nd�
N bond (k3) and ensuing turnover-limiting protonolysis (k5

kprod). Starting from the resting state 3-AS, the amine must
first dissociate before 3 can accommodate incoming 1,3-
diene to lead first to the catalytically active species 4-1,4t
and subsequently give rise to 5s after feasible 1,4-insertion
(k3), which is likely to be reversible. The entropic contribu-
tions for the dissociative/associative equilibria K1, K2 ap-
proximately cancel each other, so that the insertion step, al-
though bimolecular, is associated with only a small negative
total reaction entropy (DStot=�6.5 e.u.).[30] On the other
hand, bimolecular proton transfer is characterized by a large
negative activation entropy of �29.2 e.u. (Table 4), the ma-
jority of which originates from the association equilibrium
K4 (DS=�23.6 e.u.). Kinetic analysis assuming kinetically
mobile equilibria K1, K2, K4 and applying steady-state con-
centrations for 5s,[31] which can reasonably be assumed to
occur in negligible stationary concentrations (see above),
yields the rate law of Equation (2).[32] This law predicts first-
order behavior in [catalyst] and [diene],[33] and thus is in
general agreement with the empirical law in Equation (1),
derived from experiment.[9a,b]


velocity ¼ K1K2K4k3k5½diene�½3-AS�k4½AS��1 ð2Þ


Although amine reactant is involved in the turnover-limit-
ing protonolysis, the kinetics are nevertheless zeroth-order
in [amine] owing to the associated dissociation/association
equilibria K1 and K4. For this mechanistic scenario, an effec-
tive total enthalpy barrier of 11.3 kcalmol�1 (DH�


tot)
[29,30] is


predicted for the most feasible 7a-generating pathway for
protonolysis (Scheme S1, Supporting Information), which is
connected with an estimated negative total activation entro-
py of �35.7 e.u. (DS�tot).[30] Thus the computationally predict-


Scheme 4. Proposed mechanistic scenario for the organolanthanide-mediated intermolecular hydroamination of 1,3-dienes and primary amines.
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ed kinetics are in reasonable agreement with experimental
data for alkyne intermolecular hydroamination.[15] The large
negative value for DS�tot originates primarily from amine as-
sociation via K4 and, to smaller extents, from DS for buta-
diene insertion (k3) and DS� for turnover-limiting protonoly-
sis (k5). The entropy contributions for equilibria K1, K2,
however, essentially compensate each other. The proposed
mechanistic scenario (Scheme 4) in combination with the
computed free-energy profile (Schemes 3 and S2) is consis-
tent with the empirical rate law [Eq. (1)] and accounts for
crucial experimental observations.[9]


The computationally verified mechanistic scenario for the
organolanthanide-mediated intermolecular hydroamination
of 1,3-dienes contrasts with the general mechanism proposed
by Marks et al.,[7,9a,b] who suggested insertion of unsaturated
C�C bonds into the Ln�N bond as being turnover-limiting
for the various unsaturated C�C functionalities.[9d] This al-
ternative scenario with 1,4-insertion as the turnover-control-
ling step (i.e., k3
kprod) would give rise to a rate law[34] that
predicts first-order dependence on [catalyst] and [diene].
This rate law is equally as consistent with the empirical rate
law [Eq. (1)] as Eq. (2) is. The following kinetics can be de-
duced from the computed energy profiles:[35] DH�


tot=


20.7 kcalmol�1, DS�tot=�4.2 e.u. The small DS�tot value (see
above), however, is in sharp contrast with the experimental-
ly measured large negative activation entropy[15] and there-
fore rules this mechanistic scenario out.


Factors governing regioselectivity and double-bond selectivi-
ty : This section elucidates the factors that discriminate be-
tween the various pathways for insertion and protonolysis
and thereby govern the issues of regio- and stereoselectivity
of 1,3-diene intermolecular hydroamination. The C�N bond-
forming step is the crucial step that determines whether
linear or branched aminoalkene products are formed. The
1,4-insertion path is predicted by both kinetic (DDG�=


7.3 kcalmol�1)[36] and thermodynamic (DDG=13.2 kcal
mol�1)[36] factors (see Section I.B) to be distinctly preferred
over the regioisomeric 1,2-path, and hence this process
occurs with complete regioselectivity. This rationalizes the
exclusive formation of linear (i.e., 1,4-insertion) products
that is observed by experiment.[9] The strong preference for
traversing through the 3+C4H6!5 path has its primary
origin in the coordinative assistance of the TS and product
species by the emerging and established h3-butenyl–Nd in-
teraction, respectively. With regard to the stereoselectivity,
almost identical free-energy profiles are predicted for the al-
ternative trans-1,4 and cis-1,4 pathways, which should there-
fore be passed through with similar probabilities.
Accordingly, precursors 5s, 5a for protonolysis are pres-


ent in comparable concentration, but they do not occur in
rapid equilibrium. Isomerization of the h3-butenyl–Nd group
in 5 is connected with a significant barrier (DG�=18.2 kcal
mol�1), and is thus slow and kinetically retarded relative to
ensuing protonolysis that follows the most feasible pathway
(DDG�=4.1 kcalmol�1). This indicates that 5sÐ5a inter-
conversion is almost suppressed and plays no role in selec-


tivity control. The distribution of the various linear aminoal-
kenes 9a–9d is entirely regulated kinetically by the aptitude
of the equally populated precursor 5s, 5a to traverse
through the competing pathways for protonolysis.
Proton transfer to the terminal butenyl C1 carbon atom in


5 is the dominant path for protonolysis, while the regioiso-
meric path for C3 protonation is distinctly more difficult ki-
netically (DDG�=5.4 kcalmol�1)[36] and also less favorable
thermodynamically (DDG=9.0 kcalmol�1),[36] as the former
path benefits from coordinative assistance of the chelating
amine tether functionality (see Section I.D). The predicted
kinetic gap can be considered large enough to completely
prevent production of N-(3-butenyl)-n-propylamine. Among
the alternative 5s/5a+1!7a/7b (+1)!9a/9b (+3-AS)
pathways, the syn-h3-butenyl–Nd form 5s exhibits a higher
propensity to undergo proton transfer (DDG�=


3.6 kcalmol�1); thus, the 9a-generating pathway is predicted
to be kinetically easiest among the various pathways. Ac-
cordingly, protonolysis of the exclusively formed 1,4-inser-
tion compound 5 occurs with almost complete stereoselec-
tivity and affords N-(trans-2-butenyl)-n-propylamine (9a) as
sole aminoalkene product, while the pathways towards alter-
native product isomers are entirely precluded kinetically
due to associated activation barriers that are distinctly
higher. This conforms to the experimentally observed prod-
uct composition[9] and rationalizes furthermore the regio-
and stereochemical outcome of the intermolecular hydro-
amination of 1,3-butadiene with primary amines.


Concluding Remarks


Herein is presented, to the best of my knowledge, the first
comprehensive computational mechanistic exploration of
the entire catalytic reaction course for the organolantha-
nide-catalyzed intermolecular hydroamination of 1,3-dienes
and primary amines by a prototypical ansa-neodymocene-
based catalyst. All critical elementary processes for a tenta-
tive catalytic cycle (Scheme 2) have been scrutinized in
terms of structural and energetic aspects by means of a reli-
able gradient-corrected DFT method for the experimentally
studied intermolecular hydroamination of 1,3-butadiene and
n-propylamine (1) mediated by the real [Me2Si(h


5-
Me4C5)2NdCH(SiMe3)2] precatalyst 2. The present computa-
tional investigation provides a detailed insight, first, into
general mechanistic aspects of organolanthanide-mediated
intermolecular hydroamination and, second, into the salient
features of the intermolecular hydroamination of 1,3-dienes.
This study therefore complements experiments with regard
to a deeper understanding and rationalization of the experi-
mental results and should assist the rational design of new
catalysts.
The enhanced insights revealed by the present study can


be summarized as follows: 1) Precatalyst activation is pre-
dicted to occur in an almost quantitative fashion through ki-
netically facile, strongly exergonic protonolysis by amine 1
to give the amido–Nd complex 3. 2) This compound is pre-
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dominantly present under actual reaction conditions as
amine adduct 3-AS, which most likely represents the cata-
lystQs resting state. 3) The amine must first dissociate from 3-
AS before incoming butadiene can coordinate to the Nd
center and subsequently insert into the Nd–amido bond. C�
N bond formation occurs with complete regioselectivity,
passing exclusively through the 1,4-path. This process does
not benefit from the coordinative assistance of either excess
amine or 1,3-diene reactants. The stereoisomeric trans-1,4
and cis-1,4 insertion pathways are characterized by very sim-
ilar energy profiles, which indicates that they occur with
comparable probabilities. 4) Accordingly, the precursor spe-
cies 5s, 5a for ensuing protonolysis are present in similar
populations, but they are not in rapid equilibrium. The
5sÐ5a conversion is kinetically disabled relative to proto-
nolysis, so allylic isomerization does not play any role in
control of selectivity. The selectivity for the aminoalkene
product is entirely regulated kinetically by the abilities of
5s, 5a to follow the various protonolysis pathways. 5) The
two reactive sites of the h3-butenyl–Nd moiety are predicted
to exhibit distinctly different propensities for protonation,
and this explains the almost complete regioselectivity of the
proton-transfer process. The coordinative assistance of the
chelating amine tether, but not of additive amine molecules,
makes proton transfer to the terminal, unsubstituted butenyl
C1 atom the path that is almost entirely passed through. Fol-
lowing this path, protonolysis of 5s (i.e. , the trans-1,4 inser-
tion product) is significantly less expensive kinetically com-
pared to 5a and affords N-(trans-2-butenyl)-n-propylamine
(9a) as sole product. This rationalizes the experimentally
observed regio- and stereoselectivity. 6) A computationally
verified, mechanistic scenario comprising kinetically mobile
reactant association/dissociation equilibria and facile, rever-
sible intermolecular diene insertion into the Nd–amido
bond, linked to turnover-limiting protonolysis of the h3-bu-
tenyl–Nd functionality, has been suggested (Scheme 4). The
refined mechanistic scenario, which revises prior mechanistic
assumptions, in combination with the computed free-energy
profile is consistent with the empirical rate law [Eq. (1)] and
accounts for crucial experimental observations.[9,15] Whether
this mechanism can be generalized to organolanthanide-as-
sisted intermolecular hydroamination of the various other
unsaturated C�C functionalities will be the subject of forth-
coming investigations.
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Interplay between Intra- and Interligand Charge Transfer with Variation of
the Axial N-Heterocyclic Ligand in Osmium(ii) Pyridylpyrazolate
Complexes: Extensive Color Tuning by Phosphorescent Solvatochromism
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Introduction


Recently, much effort has been directed towards the synthe-
sis and characterization of octahedral iridium complexes
with specially tailored cyclometalated ligands.[1] These com-
plexes have attracted much attention because of their high
luminescence quantum yields and long-lived excited states
caused by efficient intersystem crossing from the singlet to
the triplet excited states. These properties increase the po-
tential of these complexes in applications such as oxygen
sensors[2] and as the emissive dopants in phosphorescent or-
ganic light-emitting devices (OLEDs).[3] Devices based on
these materials may have an electroluminescent efficiency
that is theoretically four times greater than that of fluores-
cent dopants, for which an upper limit of about 25% of elec-
tron and hole recombination would produce the required


Abstract: The rational design and syn-
theses of a new series of OsII com-
plexes with formula [Os-
(fppz)2(CO)(L)] (1: L=4-dimethylami-
nopyridine; 2 : L=pyridine; 3 : L=4,4’-
bipyridine; 4 : L=pyridazine; 5 : L=4-
cyanopyridine), bearing two (2-pyri-
dyl)pyrazolate ligands (fppz) together
with one carbonyl and one N-heterocy-
clic ligand at the axial positions are re-
ported. Single-crystal X-ray diffraction
studies of, for example, 2 reveal a dis-
torted octahedral geometry in which
both fppz ligands reside in the equato-
rial plane with a trans configuration
and adopt a bent arrangement at the
metal center with a dihedral angle of
~238, while the carbonyl and pyridine
ligands are located at the axial posi-


tions. Variation of the axial N-hetero-
cyclic ligand leads to remarkable
changes in the photophysical properties
as the energy gap and hence the phos-
phorescence peak wavelength can be
tuned. For complexes 1 and 2 the sol-
vent-polarity-independent phosphores-
cence originates from a combination of
intraligand 3p–p* (3ILCT) and metal-
to-ligand charge transfer transitions
(3MLCT). In sharp contrast, as sup-
ported by cyclic voltammetry measure-
ments and theoretical calculations,
complexes 3–-5 exhibit mainly ligand-


to-ligand charge transfer (LLCT) tran-
sitions, resulting in a large dipolar
change. The phosphorescence of com-
plexes 3–-5 thus exhibits a strong de-
pendence on the polarity of the sol-
vent, being shifted for example, from
560 (in C6H12) to 665 nm (in CH3CN)
and from 603 (in C6H12) to 710 nm (in
CH3CN) for complexes 3 and 5, respec-
tively. The results clearly demonstrate
that a simple, straightforward derivati-
zation of the axial N-heterocyclic
ligand drastically alters the excitation
properties per se from intraligand
charge transfer (ILCT) to LLCT transi-
tions. The latter exhibit remarkable
LLCT phosphorescence solvatochrom-
ism so that a broad range of color tuna-
bility can be achieved.


Keywords: charge transfer · N
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emission through the population of the singlet excited
states.[4]


More recently, these investigations have been extended to
the isoelectronic osmium(ii) complexes.[5] Neutral complexes
of formula [Os(fppz)2L2]


[6] are a particularly important class
of luminescent osmium(ii) complexes, where “fppz” stands
for 3-trifluoromethyl-5-(2-pyridyl)pyrazole and L denotes
the p-acidic carbonyl ligand or even more electron-donating
ligands such as PPh2Me and PPhMe2. These carbonyl deriva-
tives possess two orthogonal fppz ligands, leaving the car-
bonyl ligands to adopt a cis orientation in which the compe-
tition for the metal p electron can be minimized. Moreover,
this complex exhibits a bright blue emission from the ligand-
centered 3pp* excited state.[6a] After phosphine substitution,
the fppz chelates undergo ligand reorientation, giving rise to
an all-trans and planar conformation. The emission signal is
also red-shifted to the longer wavelength range of 620–
650 nm depending on the electron-donating or p-accepting
capability of the phosphine utilized.[6b] This observation
clearly demonstrates that by tuning the energetics of os-
mium(ii) metal dp orbitals the emitting state alters from the
ligand-centered 3pp* state to the metal-to-ligand charge
transfer state (3MLCT). Further investigations of the
luminescent behavior of other types of charge-neutral [Os-
(fppz)2L2] complexes are thus of great importance from
both fundamental and application points of view.
Herein, we report the characteristics of a new series of os-


mium(ii) metal complexes 1–5 bearing two (2-pyridyl)pyra-
zolate ligands together with one carbonyl and one function-
alized N-heterocyclic donor ligand at the mutually trans
axial positions (see Scheme 1). The results shown in the fol-
lowing sections clearly demonstrate that a simple derivatiza-
tion of the axial N-heterocyclic donor is capable of convert-
ing the excitation properties from intraligand to ligand-to-
ligand (interligand) transitions. For the interligand charge
transfer transition, as a result of the large changes in the di-
polar vectors compared with those of the ground state, re-
markable phosphorescence solvatochromism was observed,
leading to an exceedingly broad range of color tunability.


Experimental Section


General information and materials : Mass spectra were obtained on a
JEOL SX-102A instrument operating in electron-impact (EI) or fast-
atom-bombardment (FAB) mode. 1H and 13C NMR spectra were record-
ed with a Varian Mercury-400 or INOVA-500 instrument; for both 1H
and 13C NMR spectra, chemical shifts are quoted with respect to the in-
ternal standard tetramethylsilane. Elemental analyses were carried out at
the NSC Regional Instrumentation Center at National Chiao Tung Uni-
versity, Hsinchu, Taiwan. All reactions were performed under nitrogen
using anhydrous solvents or solvents treated with an appropriate drying
reagent. The progress of the reactions was monitored by using Merck
TLC plates precoated with fluorescent indicator UV254. Column chroma-
tography was carried out by using silica gel purchased from Merck (230–
400 mesh).


Preparation of [Os(fppz)2(CO)(npy)] (1): A stirred solution of [Os-
(fppz)2(CO)2] (120 mg, 0.179 mmol) in anhydrous ethanol (15 mL) was
treated dropwise with an ethanolic solution (10 mL) of freshly sublimed


Me3NO (20 mg, 0.268 mmol) under nitrogen at room temperature over a
period of 5 min. The stirring was continued for 10 min, after which 4-di-
methylaminopyridine (npy, 66 mg, 0.537 mmol) was added and the solu-
tion was refluxed for 20 h, during which time the solution gradually
changed from milky white to pale yellow and finally to yellow. The de-
sired yellow crystalline product [Os(fppz)2(CO)(npy)] was obtained by
slowly cooling the reaction mixture to room temperature and was then
collected by filtration (93 mg, 0.122 mmol, 68%). Further purification
was conducted by recrystallization from a mixture of CH2Cl2 and hexane
at room temperature.


Spectral data of 1: 1H NMR (400 MHz, [D6]acetone, 25 8C): d=10.65 (d,
J(H,H)=5.6 Hz, 2H), 8.04–7.94 (m, 4H), 7.53–7.45 (m, 4H), 7.16 (s, 2H),
6.22 (d, J(H,H)=7.2 Hz, 2H), 2.81 ppm (s, 6H); 13C NMR (125 MHz,
[D6]acetone): d=174.4 (CO), 158.3 (2 C), 155.3 (2 CH), 155.0 (C), 153.5
(2 C), 147.5 (2 CH), 143.0 (q, 2J(C,F)=35.5 Hz, 2 C), 139.1 (2 CH), 123.4
(q, 1J(C,F)=265.0 Hz; 2 CF3), 123.1 (2 CH), 119.6 (2 CH), 107.6 (2 CH),
103.0 (2 CH), 38.7 ppm (NMe2);


19F NMR (470 MHz, [D6]acetone): d=
�59.67 ppm (s, CF3); IR (CH2Cl2): ñ=1914 cm�1 (C=O); MS (FAB,
192Os): m/z : 766 [M+], 738 [Os(fppz)2(npy)


+], 644 [Os(fppz)2(CO)+], 616
[Os(fppz)2


+]; elemental analysis calcd (%) for C23H20F6N8OOs: C 40.84,
N 14.65, H 2.64; found: C 40.30, N 14.22, H 2.89.


Preparation of [Os(fppz)2(CO)(py)] (2): A stirred solution of [Os-
(fppz)2(CO)2] (102 mg, 0.152 mmol) in anhydrous ethanol (15 mL) was
treated dropwise with an ethanolic solution (3 mL) of freshly sublimed
Me3NO (17 mg, 0.228 mmol) under nitrogen at room temperature over a
period of 5 min. The stirring was continued for 10 min and then pyridine
(py, 37 mL, 0.455 mmol) was added to this mixture and the solution was
refluxed for 4 h, during which time the solution gradually changed from
milky white to light yellow and finally to orange. The solvent was then
removed under vacuum, the residue was taken into ethyl acetate
(35 mL), and the solution was washed with deionized water three times
(20 mLN3). The organic phase was dried with anhydrous Na2SO4 and the
filtrate was concentrated to dryness to give an orange solid. This crude
product was then loaded onto a silica gel column and eluted with a mix-
ture of ethyl acetate and hexane (1:1). Finally, the desired compound
[Os(fppz)2(CO)(py)] was recrystallized from an CH2Cl2 and hexane mix-
ture to give yellow crystals (67 mg, 0.091 mmol, 60%).


Spectral data of 2 : 1H NMR (500 MHz, [D6]acetone, 25 8C): d=10.60
(dd, J(H,H)=5.8, 1.5 Hz, 2H), 8.14 (dd, J(H,H)=5.2, 1.5 Hz, 2H), 8.04
(ddd, J(H,H)=7.3, 5.8, 1.5 Hz, 2H), 7.94 (dd, J(H,H)=7.3, 5.8 Hz, 2H),
7.74 (td, J(H,H)=7.4, 1.5 Hz, 1H), 7.56 (ddd, J(H,H)=7.3, 5.8, 1.5 Hz,
2H), 7.23 (ddd, J(H,H)=7.4, 5.2, 1.5 Hz, 2H), 7.16 ppm (s, 2H); 13C
NMR (125 MHz, [D6]acetone, 25 8C): d=174.8 (CO), 158.4 (2 C), 155.6
(2 CH), 153.8 (2 C), 149.5 (2 CH), 143.7 (q, 2J(C,F)=35.5 Hz, 2 C), 140.1
(CH), 139.8 (2 CH), 126.6 (2 CH), 123.9 (2 CH), 123.6 (q, 1J(C,F)=
265.5 Hz, 2 CF3), 120.1 (2 CH), 103.5 ppm (2 CH); 19F NMR (470 MHz,
[D6]acetone, 25(C): d=�59.90 ppm (s, CF3); IR (CH2Cl2): ñ=1931 cm�1


(C=O); MS (FAB, 192Os): m/z : 723 [M+], 616 [Os(fppz)2
+]; elemental


analysis calcd (%) for C24H15F6N7OOs: C 39.94, N 13.59, H 2.10; found:
C 39.85, N 13.72, H 2.32.


Preparation of [Os(fppz)2(CO)(4bpy)] (3): Following procedures identi-
cal to those used in the preparation of 2, using the Os complex [Os-
(fppz)2(CO)2] (101 mg, 0.150 mmol), freshly sublimed Me3NO (17 mg,
0.225 mmol), and 4,4’-bipyridine (4bpy, 70 mg, 0.45 mmol) in anhydrous
ethanol (ca. 20 mL). Orange crystals of [Os(fppz)2(CO)(4bpy)] (3)
(42 mg, 0.053 mmol, 35%) were obtained by column chromatography
using a 1:1 mixture of hexane and ethyl acetate followed by crystalliza-
tion from a mixture of ethyl acetate and hexane at room temperature.
Complex 3 is somewhat unstable in chlorinated solvents such as CH2Cl2,
giving a dark brown solution within a period of 4 h.


Spectral data of 3 : 1H NMR (400 MHz, CDCl3, 25 8C): d=10.56 (d, J-
(H,H)=5.6 Hz, 2H), 8.63 (d, J(H,H)=6.0 Hz, 2H), 8.20 (d, J(H,H)=
5.4 Hz, 2H), 7.77 (dd, J(H,H)=8.0, 6.8 Hz, 2H), 7.56 (d, J(H,H)=8.0 Hz,
2H), 7.37–7.32 (m, 4H), 7.23 (dd, J(H,H)=5.6, 6.8 Hz, 2H), 6.88 ppm (s,
2H); 13C NMR (125 MHz, [D6]acetone, 25 8C): d=174.8 (CO), 158.5 (2
C), 155.7 (2 CH), 153.9 (2 C), 151.6 (2 CH), 150.2 (2 CH), 148.7 (C),
143.9 (q, 2J(C,F)=35.5 Hz, 2 C), 143.4 (C), 139.8 (2 CH), 124.1 (2 CH),
123.9 (2 CH), 123.6 (q, 1J(C,F)=266.1 Hz, 2 CF3), 122.0 (2 CH), 120.2 (2
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CH), 103.6 ppm (2 CH); 19F NMR (470 MHz, [D6]acetone, 25 8C): d=
�59.80 ppm (s, CF3); IR (CH2Cl2): ñ=1933 cm�1 (C=O); MS (FAB,
192Os): m/z : 800 [M+], 772 [Os(fppz)2(4bpy)


+], 644 [Os(fppz)2(CO)+],
616 [Os(fppz)2


+]; elemental analysis calcd (%) for C29H18F6N8OOs: C
43.61, N 14.03, H 2.27; found: C 44.01, N 13.69, H 2.48.


Preparation of [Os(fppz)2(CO)(pyd)] (4): Following procedures identical
to those used in the preparation of 2, using the Os complex [Os-
(fppz)2(CO)2] (107 mg, 0.159 mmol), freshly sublimed Me3NO (18 mg,
0.239 mmol), and pyridazine (pyd, 34 mL, 0.477 mmol) in anhydrous etha-
nol (ca. 20 mL). [Os(fppz)2(CO)(pyd)] (4) (40 mg, 0.056 mmol, 35%) was
obtained as an orange crystalline solid by column chromatography using
hexane and ethyl acetate (1:2) followed by crystallization from a mixture
of CH2Cl2 and hexane at room temperature.


Spectral data of 4 : 1H NMR (400 MHz, [D6]acetone, 25 8C): d=10.63 (d,
J(H,H)=5.8 Hz, 2H), 8.80–8.78 (m, 1H), 8.69–8.67 (m, 1H), 8.02 (dd, J-
(H,H)=6.3, 7.6 Hz, 2H), 7.94 (d, J(H,H)=7.6 Hz, 2H), 7.65 (t, J(H,H)=
3.8 Hz, 2H), 7.50 (dd, J(H,H)=5.8, 6.3 Hz, 2H), 7.12 ppm (s, 2H); 13C
NMR (125 MHz, [D6]acetone, 25 8C): d=175.6 (CO), 158.7 (2 C), 156.3
(2 CH), 153.6 (CH), 153.5 (2 C), 153.0 (CH), 143.0 (q, 2J(C,F)=35.5 Hz,
2 C), 139.5 (2 CH), 131.5 (CH), 130.3 (CH), 123.3 (2 CH), 123.9 (q, 1J-
(C,F)=266.1 Hz, 2 CF3), 119.7 (2 CH), 103.1 ppm (2 CH); 19F NMR
(470 MHz, [D6]acetone, 25 8C): d=�59.66 ppm (s, CF3); IR (CH2Cl2): ñ=
1922 cm�1 (C=O); MS (FAB, 192Os): m/z : 724 [M+], 696 [Os(fppz)2-
(pyd)+], 644 [Os(fppz)2(CO)+], 616 [Os(fppz)2


+]; elemental analysis
calcd (%) for C23H14F6N8OOs: C 38.23, N 15.51, H 1.95; found: C 37.50,
N 15.10, H 2.20.


Preparation of [Os(fppz)2(CO)(cpy)] (5): Following procedures identical
to those used in the preparation of 2, using the Os complex [Os-
(fppz)2(CO)2] (104 mg, 0.155 mmol), freshly sublimed Me3NO (17 mg,
0.232 mmol), and 4-cyanopyridine (cpy, 48 mg, 0.465 mmol) in anhydrous
ethanol (20 mL). Orange crystals of [Os(fppz)2(CO)(cpy)] (5) (32 mg,
0.043 mmol, 28%) were obtained from by chromatography using hexane
and ethyl acetate (1:1) and crystallization from a mixture of CH2Cl2 and
hexane at room temperature.


Spectral data of 5 : 1H NMR (400 MHz, [D6]acetone, 25 8C): d=10.58
(dd, J(H,H)=6.0, 1.2 Hz, 2H), 8.41 (dd, J(H,H)=5.4, 1.8 Hz, 2H), 8.05
(ddd, J(H,H)=6.0, 7.6, 1.2 Hz, 2H), 7.97 (d, J(H,H)=7.6 Hz, 2H), 7.70
(dd, J(H,H)=5.4, 1.8 Hz, 2H), 7.59 (ddd, J(H,H)=7.6, 6.0, 1.2 Hz, 2H),
7.14 ppm (s, 2H); 13C NMR (125 MHz, [D6]acetone, 25 8C): d=174.8
(CO), 158.3 (2 C), 155.6 (2 CH), 153.9 (2 C), 150.9 (2 CH), 143.8 (q, 2J-
(C,F)=35.5 Hz, 2 C), 140.0 (2 CH), 128.9 (2 CH), 124.1 (2 CH), 122.4 (q,
1J(C,F)=263.5 Hz, 2 CF3), 123.6 (C), 120.2 (2 CH), 115.9 (CN),
103.7 ppm (2 CH); 19F NMR (470 MHz, [D6]acetone, 25 8C): d=


�59.83 ppm (s, CF3); IR (CH2Cl2): ñ=1938 cm�1 (C=O); MS (FAB,
192Os): m/z : 748 [M+], 720 [Os(fppz)2(cpy)


+], 644 [Os(fppz)2(CO)+], 616
[Os(fppz)2


+]; elemental analysis calcd (%) for C25H14F6N8OOs: C 40.22,
N 15.01, H 1.89; found: C 40.51, N 14.87, H 2.02.


Measurements : Single-crystal X-ray analysis was performed with a
Bruker SMART Apex CCD diffractometer using MoKa radiation (l=
0.71073 O). The data collection was executed using the SMART program.
Cell refinement and data reduction were carried out using the SAINT
program. The structure was determined using the SHELXTL/PC pro-
gram and refined by using full-matrix least-squares methods. All non-hy-
drogen atoms were refined anisotropically, whereas hydrogen atoms were
placed at the calculated positions and included in the final stage of the
refinement with fixed parameters. The crystallographic refinement pa-
rameters of complex 2 are summarized in Table 1 and selected bond
lengths and angles are listed in Table 2.


CCDC-271969 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge from the Cambridge
Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.


Cyclic voltammetry (CV) measurements were performed by using a BAS
100 B/W electrochemical analyzer. The oxidation and reduction measure-
ments were recorded, respectively, in anhydrous CH2Cl2 and anhydrous
THF containing 0.1m TBAPF6 as the supporting electrolyte at a scan rate
of 100 mVs�1. The potentials were measured against an Ag/Ag+ (0.01m
AgNO3) reference electrode with ferrocene as the internal standard.


Steady-state absorption and emission spectra were recorded with a Hita-
chi (U-3310) spectrophotometer and an Edinburgh (FS920) fluorimeter,
respectively. Quinine sulfate with an emission yield of F~0.57 in 0.1m
H2SO4 served as the standard to calculate the emission quantum yield.
The degassed samples were prepared by three freeze–pump–thaw cycles
under vacuum (~10�5 Torr). Nanosecond lifetime studies were performed
with an Edinburgh FL 900 photon-counting system. The emission decays
were analyzed by the sum of exponential functions, which allows partial
removal of the instrument time-broadening and consequently renders a
temporal resolution of about 200 ps.


Computational methodology : All calculations were performed with the
Gaussian 03 package.[7] Geometrical optimization of the electronic
ground state was carried out by using the hybrid Hartree–Fock/density
functional theory (HF/DFT) method, B3LYP.[8, 9] The “double-z” quality
basis set consisting of Hay and WadtRs effective core potentials
(LANL2DZ)[10, 11] was employed for osmium element and the 6-31G*
basis set[12] for hydrogen, carbon, nitrogen, fluorine, and oxygen atoms. A
relativistic effective core potential (ECP) replaced the inner-core elec-
trons of osmium(ii), leaving the outer-core (5s25p6) and valence (5d6)
electrons. Time-dependent DFT (TDDFT) calculations were then per-
formed with the same functional and basis set at the optimized geometry
to obtain electronic transition energies. Oscillator strengths were deduced
from the dipole transition matrix elements (for singlet states only). In the
Onsager solvent reaction field model, we applied the Hartree–Fock
method with 6-31G(d’, p’) basis sets to calculate the molecular volume,
which is defined as the electron density inside a contour of 0.001 elec-
tronsbohr�3. Furthermore, as recommended by the Gaussian 03 package,
the radius was selected to be 0.5 O larger than that deduced from the
computed volume.


Table 1. X-ray structural data of complex 2.


formula C24H15F6N7OOs
Mr 721.63
crystal system triclinic
space group P1̄
T [K] 295(2)
a [O] 8.9216(5)
b [O] 9.6844(5)
c [O] 14.8374(8)
a [8] 86.458(1)
b [8] 89.951(1)
g [8] 78.293(1)
V [O3] 1252.8(1)
Z 2
1calcd [gcm


�3] 1.913
F(000) 692
m(MoKa) [mm�1] 5.167
crystal size [mm] 0.17N0.15N0.12
h, k, l ranges �11, 11; �12, 12; �19, 19
transmission: max, min. 0.5760, 0.4737
data/restraints/parameters 5760/0/352
GOF on F2 1.152
R1, wR2 with I>2s(I) 0.0348, 0.0760
D-map, max/min�1 [eO�3] 1.225/�1.011


Table 2. Selected bond lengths [O] and angles [8] for complex 2.


Os�C1 1.835(6) Os�N1 2.100(4)
Os�N2 2.060(4) Os�N4 2.096(4)
Os�N5 2.060(4) Os�N7 2.186(4)
O1�C1 1.153(7) C2···N6 3.268
H2A···N6 2.483 C11···N3 3.248
H11A···N3 2.471
C1-Os-N7 179.6(2) N1-Os-N2 76.9(2)
N4-Os-N5 76.9(2) N1-Os-N5 102.5(2)
N2-Os-N4 102.4(2)
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Results and Discussion


Synthesis and characterization : The general approach to the
synthesis of the required osmium(ii) complexes involved the
treatment of the parent carbonyl complex [Os(fppz)2(CO)2]
with the respective functionalized pyridine ligands in the
presence of excess anhydrous Me3NO (Scheme 1). The


products prepared by this method consist of monosubstitut-
ed derivatives of formula [Os(fppz)2(CO)L]; their formation
is independent of the amount of N-heterocyclic donor and
Me3NO reagent added to the reaction mixture. This result is
clearly different from the analogous reactions of [Os-
(fppz)2(CO)2] and phosphorus donors in that the latter
mainly give disubstituted complexes [Os(fppz)2P2], where
P=PPh2Me, PPhMe2, etc.


[6] The marked differences in these
reactions lies in the good electron-donating and poor p-ac-
cepting strengths of the pyridyl fragment, which results in
relatively less stable Os�N(py) bonds. Moreover, the forma-
tion of Os�N bonds may increase the electron density at the
osmium d orbitals, strengthening the remaining Os�CO
bond interaction and hence reducing the CO bond strength
as well. This viewpoint is further confirmed by the observed
solution IR n(CO) stretching signals; 1: 1914 cm�1; 2 :
1931 cm�1; 3 : 1933 cm�1; 4 : 1922 cm�1; 5 : 1938 cm�1. The
trend in the CO stretching frequencies (1<4<2–3<5)
shows a good qualitative correlation with the decrease in
the basicity (pK) of the free N-heterocyclic ligands; npy:
9.76; py: 5.17; 4bpy: 4.82, pyd: 2.33; cpy: 1.9 (1>2~3>4>
5).[13] The only exception is the pyridazine complex 4, for
which the electrostatic repulsion between the vicinal nitro-
gen atoms would further enhance its electron-donating capa-
bility to the osmium(ii) cation thereby lowering the ob-
served n(CO) stretching frequency.[14] Moreover, several at-
tempts were also made to prepare other diazine complexes
involving pyrimidine or pyrazine. However, owing to their
substantially lower basicities (pK of pyrimidine=1.10 and
pK of pyrazine=0.37), a result of the lack of electrostatic
repulsion between the vicinal nitrogen atoms compared with
that in pyridazine,[14] their reactivities would be lower or the


hypothetical reaction products [Os(fppz)2(CO)L] (L=pyri-
midine or pyrazine) less stable with rapid decomposition in-
duced by the loss of the N-heterocycle or even CO ligand.
Finally, it is also possible that the postulated disubstituted
derivatives [Os(fppz)2L2], where L is any one of the N-het-
erocyclic donors, did exist. However, they would also be rel-
atively unstable and easily give rise to the formation of in-
tractable products.
These osmium complexes were fully characterized using


routine NMR spectroscopic methods, while the pyridine
complex 2 was further examined by single-crystal X-ray dif-
fraction analysis to establish their exact structure in the
solid state. As depicted in Figure 1, complex 2 consists of a


distorted octahedral configuration around the central os-
mium(ii) atom, with the two chelating fppz ligands located
in the equatorial plane, together with the unique carbonyl
and the trans-pyridine ligands located in the axial positions.
The Os�N(py) distance of the axial pyridine ligand is as long
as 2.186(4) O owing to its poor p-bond competition with the
CO ligand located trans to the pyridine. For the fppz frag-
ments in 2, the measured Os�N(pz) distances of 2.060(4) O
are slightly shorter than the corresponding Os�N(py) bonds
of approximately 2.100(4) O; however, both bond lengths
fall in the range expected for a typical N!osmium(ii) dative
bond. Of particular interest are the relatively short non-
bonding contacts, C(2)···N(6)~C(11)···N(3)~3.268 O and
H(2A)···N(6)~H(11A)···N(3)~2.48 O, observed between the
ortho-substituted C�H fragment of the pyridyl moiety and
the nitrogen atom of the nearby pyrazolate fragment. In
good agreement with this observation, the 1H NMR spec-
trum of 2 revealed a significantly downfield signal at d=


10.60 ppm, giving additional evidence for the deshielding
effect exerted by the electronegative nitrogen atom. It is
speculated that this interligand hydrogen bonding, to a cer-
tain extent, is akin to that observed in cobaloxime com-
plexes in which intramolecular hydrogen bonding exists be-


Scheme 1. Synthesis of complexes 1–5.


Figure 1. Structure of complex 2 (ORTEP diagram with thermal ellip-
soids shown at the 30% probability level).
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tween the oxygen atoms of the dioxime ligands and gives a
downfield 1H NMR chemical shift of d~18.0 ppm.[15] More-
over, the equatorial fppz ligands adopt a bent arrangement
with a large dihedral angle of about 238, the arrangement of
which sharply contrasts the near planar geometry observed
in the related diphosphine complexes [Os(fppz)2P2] (P=
PPh2Me, PPhMe2, etc).


[6] The driving force that influences
the overall chelating ligand arrangement at the metal center
remains unknown. However, it is possible that the subtlety
of the hydrogen bonding between the fppz ligands play a
significant role. On the other hand, it is believed that the
crystal-packing effect, in part, should also be important for
producing the observed distortion. Intriguingly, however,
this distortion is reminiscent of the analogous metallopor-
phyrin compounds, in which a large saddle distortion of the
porphyrin ring structure is observed in the carbonyl com-
plexes [Os(TPP)(CO)L] (L=pyridine and 1-methylimida-
zole),[16] whilst a planar arrangement is observed for the di-
phosphine-substituted complexes [Os(TPP)(PPh3)2] and [Os-
(OEP)(OPPh3)2] (H2TTP=meso-tetraphenylporphyrin and
H2OEP=octaethylporphyrin).[17]


Photophysical properties : As shown in Figure 2, the UV/Vis
absorption spectra of complexes 1–5 in cyclohexane exhibit
similar features. Their absorption peaks were found to have


large molar extinction coefficients of the order of about
104 m�1 cm�1 (260–350 nm) and were insensitive to solvent
polarity. Thus, the dominant absorption bands in the 260–
350 nm region were ascribed to ligand-centered S0!Sn (n�
2, fppz p–p*) transitions. In the case of 2, the lower-lying
transition bands at >350 nm, which have relatively weak
absorptivity (e<3000 m�1 cm�1), are mainly ascribed to
Os(dp)-to-pyridyl (in fppz) ligand (MLCT) transitions in
combination with pyrazolate-to-pyridyl intraligand p–p*


(ILCT) transitions. In contrast, as supported by theoretical
calculations, the lower-lying transitions of complexes 3–5
originate primarily from transitions either from Os(dp) or


pyrazolate to the axial N-heterocyclic groups, and are as-
signed to MLCT or ligand-to-ligand p–p* transitions
(LLCT), respectively, in the singlet state. The lowest absorp-
tion bands at >450 nm should incorporate these transitions
in the triplet states, which are partially allowed owing to the
enhancement of spin–orbit coupling in the osmium(ii) atom.
However, strong overlapping with bands arising from the
singlet states makes the assignment of these peak wave-
lengths difficult. Detailed insights into the triplet states are
elaborated in the section on luminescent and theoretical ap-
proaches. The peak wavelengths and extinction coefficients
of the first three allowed absorption peaks in various sol-
vents are listed in Table 3.
Despite the similarity in the absorption spectral features,


salient differences were resolved in the emission spectra. In
a nonpolar solvent such as cyclohexane, in which there is
negligible solvent perturbation, the emission peak wave-
lengths of 497 and 487 nm for 1 and 2, respectively, are
clearly blue shifted in comparison to those of 3 (560 nm), 4
(600 nm), and 5 (603 nm) (see Figure 2). Other photophysi-
cal properties such as the emission quantum yields (F) and
the relaxation kinetic data for 1–5 in cyclohexane solution
are listed in Table 3. As shown in Table 3 the emission inten-
sities of 1–5 are modest, with quantum yields measured to
be in the range of 1.0N10�3–1.5N10�1 in degassed cyclohex-
ane, while their corresponding emission lifetimes were in
the range of a few to several hundred nanoseconds. Accord-
ingly, a radiative decay rate constant, kr (=Fdeg/tdeg, see
Table 3 for the definition of Fdeg and tdeg) of ~106 s�1 was
deduced for complexes 1–5 (e.g., 1.8N106 s�1 for 1, 1.3N
106 s�1 for 2, also see Table 3 for 3–5) in cyclohexane. The
radiative lifetime in the ms range, in combination with the
significant oxygen quenching (in terms of the signal intensi-
ty) and the decay rate constants (see Table 3), lead us to as-
certain that the emission from complexes 1–5 originates
from the triplet state.
The phosphorescence spectra of both complexes 1 and 2


were observed to have very little dependence on the solvent
polarity. In the case of 2, the peak wavelength is red-shifted
by only 18 nm by changing the solvent from cyclohexane
(487 nm) to acetonitrile (~505 nm, see Table 3). In sharp
contrast, remarkably large Stokes-shifted emission was re-
solved for complexes 3–5. As shown in Figure 3, the phos-
phorescence of 3 is bathochromically shifted as the polarity
of the solvent increases, being shifted from 560 nm in cyclo-
hexane to as high as 665 nm in CH3CN. Likewise, as depict-
ed in Figure 4 and Figure 5, emission from 4 and 5, respec-
tively, was found to be significantly dependent on the polari-
ty of the solvent. As the same emission excitation spectra
are obtained in each solvent for the wavelengths monitored
(500–750 nm, not shown here), it can be ascertained that the
emission band originates from a common ground-state spe-
cies. Furthermore, the excitation spectra, within experimen-
tal error, are also effectively identical to the absorption
spectra, indicating that the entire phosphorescence results
from a common Franck–Condon excited state. Since the ab-
sorption peak wavelength exhibits only a slight shift from


Figure 2. Absorption and emission spectra of complexes 1–5 recorded in
cyclohexane solution: 1 (~), 2 (*), 3 (&), 4 (!), and 5 (*).
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cyclohexane to acetonitrile (see Table 3), the anomalously
large red-shifted phosphorescence observed for complexes
3–5 should be attributed to a large change in the dipolar
vector of the T1 state, such that solvent dipolar relaxation
takes place during the T1!S0 transition, resulting in a dis-
tinctive phosphorescence solvatochromism. Since the differ-
ence in the T1!S0 transition between 1 and 2 and 3–5, ac-
cording to frontier orbital analyses, is a result of the com-
pletely different LUMOs (vide infra), we tentatively con-
clude that the T1!S0 transitions in 3–5 are associated with
significant ligand-to-ligand charge transfer (LLCT).[18] Firm
support of this viewpoint is rendered by the subsequent the-
oretical calculations as well as by previous studies of os-
mium(ii) cationic complexes [(bpy)2Os(CO)L]2+ (bpy=2,2’-
bipyridine and L=pyridine and benzonitrile).[19] It is appar-


ent that the Os(dp)!bpy(p*) transition is of the lowest
energy and long-lived, highly luminescent MLCT states are
observed for [(bpy)2Os(CO)L]2+ ; however, when L is re-
placed by the electron-donating aminobenzonitrile, 3MLCT
emission is quenched as 3LLCT is the lowest triplet state.
The observation of phosphorescence solvatochromism is


of fundamental interest.[20] For comparison, in view of the
solvent-perturbed phosphorescence properties, a few fasci-
nating examples have been reported for several classes of d8


and d10 metal complexes, for which multicolor bright lumi-
nescence is not only sensitive to solvent polarity, but also to
other factors such as temperature and even concentration.[21]


However, in most cases both absorption and emission are
affected, that is, the Franck–Condon energy gap is tuned by
solvent environment, while emission solvatochromism, in


Table 3. Photophysical properties of complexes 1–5 in various solvent systems.[a]


labs [nm] lem Fdeg Fair tdeg tair
(e [m�1 cm�1]) [nm] [ns] [ns]


1
C6H12 390, 415, 445 494 0.021 0.020 11.8 11.3


(N/A)
CH3CN 396, 422, 445 512 0.012 0.010 6.9 6.7


(1679, 1058, 767)
2
C6H12 389, 411, 449 487 0.002 0.002 1.6 1.6


(N/A)
CH3CN 394, 419, 442 505 0.002 0.002 1.3 1.3


(1689, 1046, 704)
3
C6H12 406, 436, 465 560 0.059 0.038 55.1 36.6


(N/A)
C6H6 400, 428, 449 589 0.057 0.040 60.3 35.8


(1484, 968, 694)
THF 397, 424, 450 625 0.040 0.021 55.8 34.4


(2231, 1412, 905)
CH2Cl2 396, 427, 449 643 0.012 0.011 33.0 27.6


(2072, 1256, 815)
CH3CN 365, 397, 433 665 0.005 0.004 12.3 9.7


(2447, 1563, 874)
4
C6H12 359, 386, 434 600 0.033 0.006 28.9 9.5


(N/A)
C6H6 401, 429, 450 618 0.086 0.018 263.8 57.0


(1878, 1353, 1102)
THF 399, 425, 448 630 0.040 0.010 185.6 48.6


(2704, 1856, 1361)
CH2Cl2 397, 420, 446 641 0.028 0.015 136.3 70.7


(3228, 2353, 1770)
CH3CN 396, 420, 443 654 0.010 0.004 82.6 35.5


(2178, 1508, 866)
5
C6H12 435, 462, 504 603 0.147 0.044 421.0 64.7


(N/A)
C6H6 400, 427, 449 641 0.048 0.024 82.8 47.3


(2785, 1843, 1515)
THF 395, 426, 448 664 0.009 0.007 25.1 19.4


(2561, 1638, 1289)
CH2Cl2 397, 425, 449 678 0.004 0.004 10.6 8.9


(2777, 1758, 1351)
CH3CN 389, 429, 438 710 0.001 0.001 4.4 4.1


(2004, 1270, 955)


[a] Fdeg and tdeg were recorded in solutions degassed with at least three freeze–pump–thaw cycles, while Fair and tair were measured using air-saturated
solutions.
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which the phosphorescence is mainly governed by solvent
relaxation, is rare. Similar to that deduced from the fluores-
cence, the dependence of phosphorescence on solvent polar-
ity can be specified quantitatively according to the theory
derived from dielectric polarization, which specifies that the
spectral shifts of the emission upon increasing solvent polar-
ity depend on the differences in the permanent dipole mo-
ments between the ground (S0) and excited (T1) states. The
magnitude of the excited-state dipole moments can thus be
estimated by a method that incorporates the luminescence
solvatochromic shift.[22] If the dipole moments of the solute
are approximated by a point dipole in the center of a spheri-
cal cavity of radius a0, on the basis of small solvent-depen-
dent absorption properties and negligible solute polarizabili-
ty, one obtains Equation (1), where ñf and ~nvacf are the spec-
tral positions (in terms of wavenumber) of the solvation-
equilibrated fluorescence maxima and the value extrapolat-
ed to the diluted gas phase, respectively, m!g and m!e are the
dipole moment vectors of the ground and excited states, and
Df is the solvent polarity parameter function and is general-
ly expressed as Df= e�1


2eþ1, where e denotes the static dielectric
constant of the solvent.


~nf ¼ ~nvacf �
2ð m!e� m!gÞ2


hca30
Df ð1Þ


The plots of the phosphorescence peak frequency as a
function of Df for complexes 3–5 are shown in Figure 6. As
predicted by Equation (1), a linear relationship is found
from cyclohexane to acetonitrile, and slopes as steep as
�9427, �4610, and �8111 cm�1 were obtained for complexes
3, 4, and 5, respectively, consistent with the assignment of
charge-transfer emission. a0 in Equation (1) was estimated
to be 7.3 (3), 5.9 (4), and 6.7 O (5) by the Hartree–Fock
method using 6-31G(d’,p’) basis sets. Accordingly, the
change in dipole moment between the ground and excited
states was deduced to be as large as 19.08, 9.54, and
15.57 Debye for 3, 4, and 5, respectively.


Electrochemistry : The electrochemical properties of these
osmium complexes were investigated by cyclic voltammetry


Figure 3. Normalized emission spectra of complex 3 in cyclohexane (&),
benzene (*), tetrahydrofuran (~), dichloromethane (!), and acetonitrile
(^) at room temperature.


Figure 4. Normalized emission spectra of 4 in cyclohexane (&), benzene
(*), tetrahydrofuran (~), dichloromethane (!), and acetonitrile (^) at
room temperature.


Figure 5. Normalized emission spectra of 5 in cyclohexane (&), benzene
(*), tetrahydrofuran (~), dichloromethane (!), and acetonitrile (^) at
room temperature. Figure 6. LippertRs plots for complexes 3–5 : 3 (*), 4 (~), and 5 (&).
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using ferrocene as the internal standard. The results are dis-
played in Figure 7 and the redox data listed in Table 4.
During the anodic scan, all the osmium complexes exhibited


a reversible oxidation wave with potentials in the region of
0.58–0.75 V. It is believed that oxidation mainly occurred at
the metal center with a contribution from the cyclometalat-
ed pyrazolate fragments. Hence, the formal oxidation poten-
tial is strongly dependent on the electronic environment of
the osmium(ii) cation, that is, good s-donor and/or poor p-
acceptor strengths of the axial N-heterocyclic ligand would
shift the oxidative potential to a more negative value. This
hypothesis was verified by the effect of an electron-donating
dimethylamino group in 1, which decreased the oxidative
potential from 0.69 V for 2 to 0.58 V for 1, while the elec-
tron-withdrawing cyano substituent in complex 5 led to an
anodic shift to 0.75 V. However, the replacement of the
axial pyridine ligand with a more-conjugated 4,4’-bipyridine
ligand in 3 did not significantly change the oxidation poten-
tial. For complex 4, the oxidation potential is cathodically
shifted to 0.63 V compared with that of complex 2. This
could be due to pyridazine being a slightly better s-donor
than pyridine, a result possibly originating from the lone
pair–lone pair repulsion between the vicinal nitrogen atoms
of pyridazine.[14]


The reduction processes are more complicated. They may
involve the reduction of either the axial N-heterocyclic
ligand or the pyridyl moiety of the fppz ligands. During the
cathodic scan, we observed a reversible reduction process
for complexes 3–5 with potentials in the region of �1.78–
�2.12 V, followed by two closely overlapping reductive
waves at more negative potentials (ca. �2.6 V). We assigned
the first reversible reduction wave to the reduction of the
axial N-heterocyclic ligands and the second and third waves
to the reduction of the pyridyl sites of the two fppz ligands.
For complex 2, the first reduction peak, which may be relat-
ed to the reduction of the axial pyridine ligand, was irrever-
sible with the peak potential at �2.46 V and was immediate-
ly followed by the reduction peaks of the fppz ligands. On
the other hand, we found two irreversible waves for com-
plex 1, ascribed to the reduction of its two fppz ligands,
while the unobserved reduction of the 4-dimethylaminopyri-
dine ligand may occur at a more negative potential. The re-
sults of these electrochemical studies show that substituents
on the axial ligand significantly affect the redox properties
of these osmium complexes. Also, they reveal that the
LUMOs in complexes 1 and 2 are mainly located at the pyr-
idyl site of the fppz ligands and are shifted to the N-hetero-
cyclic ligand in complexes 3–5. Qualitatively, this observa-
tion is consistent with both the experimental results and the
theoretical predictions elaborated as follows.


MO calculations : To gain more insight into the differences
in the photophysical properties of 1–5, ab initio calculations
(DFT, see Experimental Section) on the molecular orbitals
involved in the transitions were carried out. For complexes
1–5, the features of the lowest-unoccupied (LUMO) and the
highest-occupied (HOMO) frontier orbitals mainly involved
in the low-lying transitions are depicted in Figure 8, while
their energy gaps are listed in Table 5. The calculated ener-
gies of the lowest triplet states of 1 (468 nm) and 2 (464 nm)
are similar in energy to those obtained experimentally (peak
wavelengths of 494 nm and 487 nm, respectively) if one ne-
glects the associated vibronic and solvation broadening.
Therefore, the level of theory used here is suitable for inter-
preting the photophysical properties of the complexes con-
cerned. Likewise, the calculated energies of 497 (3), 588 (4),
and 585 nm (5) are also qualitatively in agreement with the
experimental values (cf. the peak wavelengths in cyclohex-
ane) and are significantly red-shifted compared with com-
plexes 1 and 2. Indirectly, the results imply differences in
the frontier orbitals involved in the transitions, details of
which are elaborated as follows.
As shown in Table 5, the lowest energy gap for both sin-


glet and triplet states mainly involves HOMO!LUMO
transitions. For complexes 1 and 2, the electron densities of
the HOMOs of the singlet and triplet states are located
largely on the Os(dp) and pyrazolate moiety, while the elec-
tron densities of the LUMOs are mainly distributed on the
pyridyl moiety of the fppz ligands, indicating that the lowest
transition involves both a p(pyrazolate)!p*(pyridyl) ILCT
and an Os(dp)!p*(pyridyl group of fppz) MLCT. As for


Figure 7. Cyclic voltammograms of the osmium complexes 1–5.


Table 4. Redox potentials of complexes 1–5.


Eox
1=2
[V][a] Ered


1=2
[V][a]


1 0.58 –[b]


2 0.69 �2.46[c]
3 0.69 �1.96
4 0.63 �2.12
5 0.75 �1.78


[a] Potential values referenced versus Fc/Fc+ . [b] No reduction process
occurred prior to �2.5 V. [c] Peak potential.
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complexes 3–5, although the HOMOs are similar to those of
1 and 2 in terms of electron distribution, in sharp contrast,
the electron densities of the LUMOs are exclusively distrib-
uted on the axial N-heterocyclic ligand. From the results it
can unambiguously be concluded that in addition to MLCT,
the lowest S0!T1 transition for 3–5 mainly possesses LLCT
character involving p(pyrazolate)!p*(axial N-heterocyclic


ligand) excitation. The resulting LLCT causes huge dipolar
change and hence the salient phosphorescence solvato-
chromism in solution. Among 3–5, the largest dipolar
change occurs in 3, which can be attributed to the longest
charge transfer distance (or p conjugation), to the axial 4,4’-
bipyridine ligand, of the three complexes. Likewise, the
smallest dipolar variation occurs in 4 possessing axial pyrid-
azine, which can be rationalized on the basis of the shortest
charge transfer distance. Qualitatively, since the LUMOs of
both complexes 1 and 2 are located predominantly at the
pyridyl site of fppz, one can safely assume that the reduction
potential of the axial pyridine is higher than that of the pyr-
idyl site in fppz, such that the LUMO is exclusively populat-
ed at the pyridyl (in fppz) site. The addition of extended p-
conjugated or electron-withdrawing substituents, such as the
second 4-pyridine group (in 3), the second in-ring nitrogen
atom (to form pyridazine in 4), and the cyano group (in 5),
should stabilize the lowest p* level of axial N-heterocyclic
ligands.
Consequently, as supported by the theoretical calculations,


the LUMO shifts from the pyridyl site of fppz in 1 and 2 to
the axial N-heterocyclic ligand in 3–5, and is accompanied
by a lowering of the p–p* transition as well as large dipolar
changes due to the alternation of both spatial and orienta-
tion features of the dipolar vector. These theoretical predic-
tions are qualitatively in full agreement with both the lumi-
nescent and electrochemical properties of 1–5 elaborated
above. For a comparison, results have recently been report-
ed for a series of iridium complexes with a N^N^N-bonded
tpy electron-acceptor (tpy=2:2’,6’:2“-terpyridine) and a
C^N^C-bonded dppy electron-donor ligand (dppy=2,6-di-
phenylpyridine); the emitting state of these iridium(iii) com-
plexes were unambiguously described as being LLCT in
nature.[23] Moreover, LLCT transitions have also been ob-
served in other third-row metal complexes, showing that the
emitting excited state has a unique directional character.[24]


Further studies have revealed that substituents significantly
affect the redox potentials as well as the photophysical
properties of complexes. In particular, electron-donating or


Figure 8. HOMOs and LUMOs of complexes 1–5. Note that the first
transition for both singlet and triplet states is dominated by HOMO and
LUMO frontier orbitals.


Table 5. The calculated energy levels of the lowest singlet and triplet
states of complexes 1–5.


Transition Energy gap
[eV]


MO contribution Oscillator
strength


1 S1 2.82 (440)[a] HOMO!LUMO 0.0147
T1 2.65 (468) HOMO!LUMO N/A


2 S1 2.85 (435) HOMO!LUMO 0.0159
T1 2.67 (464) HOMO!LUMO


(95%)
N/A


HOMO-2!LUMO
(5%)


3 S1 2.51 (494) HOMO!LUMO 0.0046
T1 2.49 (497) HOMO!LUMO N/A


4 S1 2.16 (574) HOMO!LUMO 0.0054
T1 2.11 (588) HOMO!LUMO N/A


5 S1 2.15 (577) HOMO!LUMO 0.0035
T1 2.12 (585) HOMO!LUMO N/A


[a] The unit of the value in the parentheses is nm.
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p-conjugated substituents on the donor segment reduce the
oxidation potential of an orbital that receives significant
contributions from the HOMO and leads to LLCT emission
from triplet excited states.[25] Conversely, the usual MLCT
emission predominates when such a substituent effect is
absent.


Conclusions


In conclusion, we have reported the rational design and syn-
theses of a new series of osmium(ii) complexes 1–5 bearing
two (2-pyridyl)pyrazolate ligands together with one carbonyl
and one N-heterocyclic donor at the axial positions. The
presence of axial nitrogen-donor ligands as well as the os-
mium(ii) heavy-atom effect makes the photophysical proper-
ties of these complexes unique. A straightforward variation
of the axial ligand (L) leads to the conversion from ILCT (1
and 2) to LLCT (3–5) emission, with LLCT causing a large
change in the dipolar vector. Consequently, a rare room-
temperature phosphorescence solvatochromism was ob-
served for complexes 3–5. Thus, 1–5, prepared by a straight-
forward variation of the axial N-heterocyclic ligand, in sol-
vents of various polarity can achieve extensive broad color
tunability from 480 to 720 nm. These results show that
coarse-tuning can be achieved by altering the electron-do-
nating/withdrawing properties of the axial N-heterocyclic
ligand, while fine-tuning may be manipulated by substituent
effects on the planar pyridylpyrazolate ligands.[26] Thus, the
design and applications of complexes with multiple hues are
feasible and versatile. The results may also spark an interest
in designing a solvent-polarity probe as well as a biomolecu-
lar probe based on the remarkable phosphorescence solva-
tochromism. For example, our preliminary results have
shown that protonating the dialkylamino group of 1 causes a
bathochromic shift from 495 to about 600 nm owing to the
loss of the electron-donating property of the dialkylamino
group upon protonation. This clearly demonstrates the feasi-
bility of developing a metal-cation sensor based on the ana-
logs of complex 1. Work on these issues is currently in prog-
ress.
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Regioselective Conversion of the Secondary Hydroxyl Groups of
d-Glucuronic Acid without the Requirement of O-Protecting Groups


K*roly +goston[a] and Armin Geyer*[b]


Introduction


The combination of protection and activation in a single
functional group, which can be an epoxide or an active
ester, allows the straightforward modification of sugar sec-
ondary hydroxyl groups. For example, the Cerny epoxide is
an activated d-glucose derivative that adds nucleophiles se-
lectively without the need for O-protecting groups.[1] The re-
gioselective functionalization of equally reactive secondary
hydroxyl groups in as few as possible synthetic steps is a
prerequisite for the synthesis of sugar-based[2] or other
small-molecule libraries.[3] Carbohydrate scaffolds that bear
a different activating group on every carbon atom offer in-
teresting options for molecular diversity-based synthetic
strategies. Carbohydrate-based chiral-pool strategies are
well established in organic chemistry, but only a few synthet-
ic approaches do not require the tedious shuffling of pro-
tecting groups. Here, we describe the transformation of the
chiral-pool bulk material d-glucuronic acid into selectively
O-diversified products, by the generation of orthogonal re-
active sites at the positions of the secondary hydroxyl
groups, followed by the addition of nucleophiles with high


regio- and stereoselectivity to the sterically and functionally
overcrowded synthesis intermediates.


The elimination cascade that converts polyol 1a into elim-
ination product 2 was observed in an effort to regioselec-
tively functionalize all four hydroxy groups of 1a
(Scheme 1), to obtain bicyclic dipeptides[4] with diversified


side-chains. The transformation of 2 into hapalosin[5] ana-
logues is shown here as a possible application of the aze-
pane scaffold. Hydroxyazepanes[6] and other perfunctional-
ized medium-sized rings[7] are recurring scaffolds in medici-
nal chemistry, and derivatives of 2 have additional functions.
Peptidomimetics that are based on bicyclic medium-sized
thiazolidinlactam rings have applications ranging from
model peptides[8] to drugs.[9]


Abstract: Trifluoromethanesulfonic
acid anhydride (triflic acid anhydride)
transforms the bicyclic thiazolidinlac-
tam 1a into the crystalline elimination
product 2, in which all four secondary
hydroxyl groups of 1a are differently
functionalized. Compound 2 can then
add nucleophiles with high chemo- and


stereoselectivity. Altogether, the four
secondary hydroxyl groups of d-glucur-
onic acid are selectively transformed


without the need for any O-protecting
groups. Minimizing the number of O-
protecting groups is a prerequisite for
the use of sugar scaffolds in molecular
libraries. The hapalosin analogues 15,
16, 19, and 22 outline the strategy to-
wards O-diversified glucose derivatives.


Keywords: carbohydrates · glucose ·
hapalosin · synthetic methods · thia-
zolidinlactams
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Scheme 1. Reaction conditions: a) 5 equiv Tf2O, DMAP (cat.), pyridine/
DCM, 0 8C!RT, 12 h, 80%; b) 2.5 equiv Tf2O, pyridine/DCM, 0 8C!RT,
1 h, 37%.
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Results and Discussion


Although the simultaneous activation of several sugar hy-
droxyl groups as sulfonate esters has been investigated, the
study of possible applications of sugar polysulfonates has re-
mained limited.[10] The treatment of bicyclic thiazolidinlac-
tam 1a (Scheme 1) with excess triflic acid anhydride does
not result in a polysulfonate, but rather a stable, crystalline
elimination product 2 (Figure 1) in a yield of 80%.[11] The


four secondary hydroxyl groups of 1a (d-gluco-configura-
tion) are transformed into complementary reactive sites in 2
via sulfonate ester intermediates in a single synthetic step.
No comparable activation/elimination sequences are known
for gluco-pyranoses that bear their hydroxyl groups in equa-
torial positions. The axial orientation of the three hydroxyl
groups 7-O, 8-O, and 9-O in 1a is a key requirement for the
observed formation of the oxirane ring and the enol ether.
The sequence of events, however, remains unclear, because
no intermediates are observed during the conversion of 1a
into 2. The first triflation probably occurs in the a position
to the amide carbonyl group; the only equatorial hydroxyl
group is located at this position.[4,8] Subsequent triflation of
O-7 triggers the elimination reaction to form the vinyltri-
flate, and the triflation of O-8 induces the oxirane ring for-
mation by nucleophilic attack of O-9. Other 7,5-membered
thiazolidinlactams, of which only the acid 1b is shown, yield
partially sulfonated reaction products with triflic anhydride
in lower yields. Crystalline lactone 3 (Scheme 1) is shown as
an example in Figure 1.


Different nucleophiles add selectively to one of the four
electrophilic sites of 2, thus permitting the stepwise modifi-


cation of all four stereocenters, as shown in Scheme 2. The
selectivity of the first addition is the most critical step, be-
cause in principle, each of the nucleophiles can add to alter-
native ring positions of 2, leading to complex reaction mix-


tures. Conjugate addition to C-7 renders the O-6-triflate sus-
ceptible to nucleophilic exchange. However, no over-reac-
tions from the several-fold addition of the same nucleophile
are observed under the conditions used here.


Benzyl alcohol opens the oxirane ring of 2 under Lewis
acid assistance (4, Scheme 2). Other alcohols show the same
regioselectivity and the enol triflate remains intact under
the reaction conditions. A selective hydrolysis of the acety-
lated enol-triflate 4 generates the a-ketoamide 5. In the
presence of potassium carbonate, an oxa-Michael reaction is
observed for methanol, which attacks C-7. As expected,
methanol adds to the less-hindered side of the double bond
in 2, affording 6. Compound 2 decomposes in the presence
of alkyl amines, but ammonium formate adds as an N-nucle-
ophile cleanly to C-7, thus transforming 2 into 7 in 82%
yield. Surprisingly, this attack proceeds from the more-hin-
dered side of 2, resulting in the opposite stereochemistry of
C-7. Acylation of 7 yields the crystalline product 8
(Figure 1).[11] In spite of kinetic studies, the reason for these
opposite selectivities could not be clarified. The amide
proton and the ester carbonyl group form a hydrogen bond
in the crystal structure of 8, suggesting that this carbonyl
group assists the nucleophilic attack of NH3 to C-7 of 2. The
alternative stereochemistries of compounds 6 and 8 at C-7
were confirmed by the results of NMR spectroscopy (see
Table 1). The chemical shifts and the coupling constants
3J9H,9aH and 3J8H,9H indicate that the epoxide remains intact.
Differences in J7,8 and J6,7 between both compounds prove
the inverted stereochemistry at C-7. The anti orientation of


Figure 1. Crystal structures of elimination product 2, lactone 3, and Mi-
chael adduct 8.


Scheme 2. Reaction conditions: a) BnOH, CHCl3, BF3/Et2O, 50 8C, 20 h,
75%; b) Ac2O, pyridine, RT, 8 h, quant, then H2O/MeOH, K2CO3,
CHCl3, RT, 1 h, quant; c) MeOH, K2CO3, DCM, RT, 5 d, 78%;
d) NH4HCOO, MeOH, DCM, 50 8C, 3 d, 82%; e) Ac2O, pyridine, RT,
8 h, 95%; f) NaBH4, MeOH, DCM, RT, 10 min, 90%.
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the two groups in compound 6 explains the high value of
3J6H,7H. Strong NOEs between the 9a-H and 6-H in com-
pounds 6 and 8 determine the equatorial orientation of the
O-triflate groups. Sodium borohydride cleanly adds hydride
equivalents from the less-hindered side of the double bond
in 2, leading to the deoxyhexuronic derivative 9[11] shown in
Scheme 2 and Figure 2.


In principle, each of the monoadducts 4, 6, 8, and 9 can
add a second and even a third nucleophile. Only a few of
the many possible combinations have been studied to date,
and only O- and N-nucleophiles are described in this manu-
script. The reaction sequence in Scheme 3 shows that all of
the reactive sites of 2 remain accessible to nucleophiles, in
spite of the increasing steric bulk visible in the crystal struc-
tures of Figure 1. The triflate group of 7 was exchanged
against azide to form compound 10 (Scheme 3). An SN2-
type reaction is expected, although the stereochemistry at


C-6 opposes the one observed in the reaction of azide with
the 6-O-triflate of the parent compound 1a, as described in
the literature [8] . Acylation of 10 with isovaleryl chloride af-
forded 11. Subsequently, the azide was reduced and the re-
sulting amine was acylated with benzoyl chloride. Unexpect-
edly, in a one-pot reaction, the benzoyl carbonyl oxygen at-
tacked the epoxide regioselectively, thus forming the oxa-
zine 12 and rendering O-9 accessible for further transforma-
tions. Crystalline 13[11] (Figure 2) was obtained after
acylation of O-9 with Ac2O. The six-membered oxazine ring
was opened under mild acidic conditions (13!14) and the
resulting derivative was acylated with caproyl chloride,
yielding 15. The thiazolidine ring remains intact under the
transformations studied so far. Compound 15 can be ob-
tained from the commercial sugar precursor d-glucorono-
1,3-lactone in only nine steps, and contains all of the phar-
macophoric groups that were identified for the macrolide
hapalosin in sugar molecular libraries: methyl, branched
alkyl, long-chain alkyl, and aromatic side-chains.[12] The
seven-membered ring populates a twist-boat conformation
because it cannot bear four axial groups, and the substitu-
ents in ring positions 6 and 7 assume pseudoequatorial ori-
entations. As a consequence, large 3J coupling constants are
measured for 3J6H,7H (10.1 Hz) and 3J7H,8H (9.1 Hz), whereas
3J8H,9H (2.5 Hz) and 3J9H,9aH (<2 Hz)
remain small. The unexpectedly
stable oxazine derivative is not
only formed with benzoyl chloride:
acylation of 11 with caproyl chlo-
ride (Scheme 3 step c) followed by
benzoyl chloride (step f) leads to
16, in which the side chains in ring


Table 1. 1H NMR chemical shifts (600 MHz, [D6]DMSO) and 3J-cou-
plings of 6 and 8.


6 8
d [ppm] JH,H [Hz] d [ppm] JH,H[Hz]


6 5.20 J6,7=9.9 6.18 J6,7=2.6
7 3.85 J7,8<1 5.07 J7,8=7.6
8 3.35 J8,9=3.8 3.60 J8,9=4.3
9 3.29 J9,9a<1 3.42 J9,9a<1
9a 5.48 5.98


Figure 2. Crystal structures of triflate 9, oxazine 13, and azide 17.


Scheme 3. Reaction conditions: a) NaN3, CHCl3, DMF, 8 h, 78%; b) iso-
valeryl chloride, DMF, pyridine, 20 min, 87%; c) Pd/C, H2, MeOH, 3 h,
then benzoyl chloride, pyridine, 30 min, 80%; d) Ac2O, pyridine, 40 8C,
48 h, quant; e) AcOH, MeOH, H2O, 24 h, 77%; f) caproyl chloride, pyri-
dine, 8 h, 85%.
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positions 6 and 8 are swapped relative to the situation in
compound 15.


The C-7 defunctionalized thiazolidinlactam 9 can also be
converted into bicyclic peptidomimetics, as shown in
Scheme 4. Clean inversion of the configuration at C-6 is ob-


served with the azide nucleophile, leading to 17. The SN2-
type reaction is proven by the crystal structures of 9 and 17
shown in Figure 2. Reduction of the azide and subsequent
acylation yielded the benzamide 19. The azide 20 was ob-
tained by two routes: Firstly, by the BF3/Et2O-catalyzed nu-
cleophilic opening of the oxirane 17. Secondly, along an ex-
changed order of Lewis acid-catalyzed oxirane opening (2!
4), double-bond reduction with NaBH4, and triflate-to-azide
exchange, yielding 20. A branched alkyl chain was intro-
duced by reduction and amide bond formation with isobu-
tyryl chloride, yielding 21. The linear alkyl chain was intro-
duced by ester saponification and coupling to hexylamine
with benzotriazol-1-yl-oxytripyrrolidinophosphonium hexa-
fluorophosphate pyBOP (22).


Conclusion


The axial hydroxyl groups of 1 react in elimination reactions
and can be refunctionalized subsequently by the addition of
nucleophiles. The 7,5-bicyclic thiazolidinlactam scaffold can
lock substituents in preferred conformations more efficiently
than is possible with a monocyclic pyranose ring. Thus, some
reaction channels are opened and others are closed, with the
effect that Michael addition, epoxide opening, and triflate
exchange have different susceptibilities towards nucleophilic
attack. Compound 2 can be obtained from the cheap start-


ing materials d-glucuronic acid and l-cysteine methyl ester
in only two synthetic steps, and has as many orthogonal re-
action centers as other molecular library templates.[3a] Com-
pound 2 offers alternative reaction scenarios, such as the
one exemplified in Scheme 3, and the methyl ester function
of compound 1 remains intact in all transformations. This
allows the syntheses shown here to be transferred to a solid
support to diversify the key intermediate 2 into a four-point
molecular library.


Experimental Section


General remarks : Solvents were purified according to standard proce-
dures. Flash chromatography was performed by using J. T. Baker silica
gel 60 (0.040–0.063 mm) at a pressure of 0.4 bar. Thin layer chromatogra-
phy was performed by using Merck silica gel plastic plates, 60F254; com-
pounds were visualized by treatment with a solution of
(NH4)6Mo7O24·4H2O (20 g) and Ce(SO4)2 (0.4 g) in 10% sulfuric acid
(400 mL) and heating at 150 8C. All compounds had a white to yellowish
color, unless otherwise indicated. NMR spectra were recorded by using
Bruker Avance 400 or 600 spectrometers. TMS, or the resonance of the
residual solvent ([D6]DMSO: d=2.49 ppm), was used as internal stan-
dard. All 13C assignments are based on inverse CH correlations (HMQC
and HMBC). ROESY spectra were aquired for most of the compounds,
to confirm relative stereochemistries.


Compound 2 : Tf2O (81.9 mmol, 13.8 mL) was added dropwise to a solu-
tion of alcohol 1a (4 g, 13.6 mmol) and 4-dimethylaminopyridine
(DMAP) (200 mg) in pyridine (30 mL) and dry DCM (200 mL) at 0 8C.
The mixture was stirred for 12 h at RT, then diluted with toluene
(500 mL) and washed with water (2P100 mL). The organic phase was
dried (NaSO4), filtered, and concentrated. Column chromatography (pe-
troleum ether/ethyl acetate 1:1) of the residue afforded crystalline elimi-
nation product 2 (4.2 g, 80%). [a]20D =�207.8 (c=1, CHCl3);


1H NMR
(600 MHz, [D6]DMSO): d=7.03 (d, 3J7,8=5.71 Hz, 1H; H-7), 5.35 (s, 1H;
H-9a), 5.01 (dd, 3J3,2=6.78, 4.94 Hz, 1H; H-3), 3.88 (d, 3J8,9=4.06 Hz,
1H; H-9), 3.66 (s, 3H; OMe), 3.62 (dd, 1H; H-8), 3.42, 3.26 ppm (each
dd, Jgem=11.89 Hz, 2H; H-2, 2a); 13C NMR: d=168.29, 158.08 (C=O),
140.29 (C-6), 128.16 (C-7), 67.73 (C-9), 63.81 (C-3), 58.46 (C-9a), 52.26
(OMe), 46.90 (C-8), 31.35 ppm (C-2); ESI-MS: m/z : 407.0 [M++NH4],
796.1 [2M++NH4]; HRMS: m/z : calcd for C11H11F3NO7S2: 389.9924;
found: 389.9923 [M+].


Compound 3 : Tf2O (3 mL) was added dropwise to a solution of acid 1b
(1.5 g 5.37 mmol) in pyridine (50 mL) and dry DCM (25 mL) at 0 8C. The
mixture was stirred for 1 h at RT, then diluted with toluene (500 mL) and
washed with water (2P100 mL). The organic phase was dried (NaSO4),
filtered, and concentrated. Column chromatography (petroleum ether/
ethyl acetate 2:3) afforded lactone 3 (790 mg, 37%). 1H NMR (600 MHz,
[D6]DMSO): d=6.29 (s, 1H; H-6), 6.28 (d, J7,OH=4.80 Hz, 1H; 7-OH),
6.25 (d, J8,OH=4.30 Hz, 1H; 8-OH), 6.23 (s, 1H; H-9a), 5.31 (d, J2,3=
5.29 Hz, 1H; H-3), 4.36 (d, J8,9=3.71 Hz, 1H; H-9), 4.07 (m, 1H; H-8),
4.05 (m, 1H; H-7), 3.33 ppm (m, 2H; H-2); 13C NMR: d=165.52 (CO2),
164.02 (C-5), 84.42 (C-6), 83.95 (C-9), 72.85 (C-7), 69.10 (C-8), 61.15 (C-
3), 52.67 (C-9a), 33.53 ppm (C-2); HMBC: JH9,COO.


Compound 4 : BF3/EtO2 (100 mL) was added to a solution of epoxide 2
(1 g, 2.57 mmol) and benzyl alcohol (12.8 mmol, 1.32 mL) in dry CHCl3
(50 mL). The mixture was stirred for 20 h at 50 8C, then diluted with
DCM (200 mL), washed with saturated NaHCO3 (2P50 mL) and water
(2P50 mL), dried (NaSO4), filtered, and concentrated. Column chroma-
tography (dichloromethane/ethyl acetate 97:3) of the residue afforded
benzyl ether 4 (960 mg, 75%) as a syrup. 1H NMR (600 MHz,
[D6]DMSO): d=7.38 (m, 5H; Ph), 6.97 (d, 3J7,8=4.04 Hz, 1H; H-7), 6.09
(d, 3JOH,9=4.64 Hz, 1H; OH), 5.26 (d, 3J9,9a=3.03 Hz, 1H; H-9a), 4.89
(dd, 3J3,2=6.86, 9.08 Hz, 1H; H-3), 4.66 (ABq, 2H; CH2Ph), 4.34 (dd,
3J8,9=7.06 Hz, 1H; H-8), 4.11 (ddd, 1H; H-9), 3.63 (s, 3H; OMe), 3.41,
3.34 ppm (each dd, Jgem=11.10 Hz, 2H; H-2, 2a); 13C NMR: d=168.81,


Scheme 4. Reaction conditions: a) NaN3, CHCl3, DMF, 0.5 h, 80%;
b) EtOH, CHCl3, BF3/Et2O, 7 d, 85%; c) HS-(CH2)3-SH, MeOH, 5 h,
then benzoyl chloride, pyridine, 2 h, 60%; d) BnOH, CHCl3, BF3/Et2O,
7 d, 85%; e) NaBH4, MeOH, DCM, RT, 30 min, then NaN3, DMF, 2 h,
75%; f) Pd/C, H2, MeOH, 1 h, then isobutyryl chloride, pyridine, 30 min,
68%; g) 1n LiOH, MeOH, then neutralization with HCl and hexylamine,
pyBOP, DMF, 2 h, 60%.
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159.63 (C=O), 138.35, 137.62 (C-6, aromatic quat), 133.78 (C-7), 128.80,
128.50 (Ph), 79.74 (C-9), 79.50 (C-8), 72.19 (CH2Ph), 66.37 (C-9a), 62.68
(C-3), 52.42 (OMe), 32.61 ppm (C-2); ESI-MS: m/z : 498.0 [M++H],
515.0 [M++NH4], 536.0 [M++K].


Compound 5 : Ac2O (1 mL) was added to a solution of alcohol 4 (100 mg,
200 mmol) in pyridine (2 mL). The mixture was maintained for 8 h at RT,
then concentrated. K2CO3 (200 mg) was added to a solution of the crude
intermediate in CHCl3 (10 mL), MeOH (10 mL), and water (0.5 mL).
The mixture was stirred for 1 h, then diluted with ethyl acetate (50 mL)
and washed with water (2P10 mL). The organic phase was dried
(NaSO4), filtered, and concentrated. Column chromatography (petroleum
ether/ethyl acetate 1:1) of the residue afforded ketoamide 5 (80 mg
quant). 1H NMR (600 MHz, [D6]DMSO): d=7.40–7.25 (m, 5H; aromat-
ic), 5.61 (d, J9,9a=2.22 Hz, 1H; H-9a), 5.32 (dd, J8,9=6.86 Hz, 1H; H-9),
4.97 (pt, J2,3=6.46 Hz, 1H; H-3), 4.58 (ABq, 2H; -CH2Ph), 4.10 (ddd,
J7,8=3.03, 10.70 Hz, 1H; H-8), 3.61 (s, 3H; OMe), 3.35, 3.24 (each dd,
Jgem=11.30 Hz, 2H; H-2), 3.13, 2.96 (each dd, Jgem=14.56 Hz, H-7),
2.03 ppm (s, 3H; OAc); 13C NMR: d=196.48 (C-6), 169.36, 168.68,
161.78 (C=O), 137.96, 128.21, 127.65, 127.56 (aromatic), 74.67 (C-9),
74.42 (C-8), 70.49 (-CH2Ph), 61.98 (C-3), 61.26 (C-9a), 52.29 (OMe),
41.17 (C-7), 31.57 (C-2), 20.54 ppm (Ac); ESI-MS: m/z : 407.2 [M+]; ele-
mental analysis calcd (%) for C19H21NO7S (407.44): C 56.01, H 5.20, N
3.44; found: C 56.21, H 5.20, N 3.41.


Compound 6 : K2CO3 (100 mg) was added to a solution of enol-triflate 2
(100 mg, 0.26 mmol) in MeOH (1 mL) and DCM (5 mL). The mixture
was stirred for 5 d, then diluted with DCM (50 mL), and washed with
water (3P20 mL). The organic phase was dried (NaSO4), filtered, and
concentrated. Column chromatography (petroleum ether/ethyl acetate
6:4) of the residue afforded methyl ether 6 (82 mg, 78%) as a syrup.
1H NMR (600 MHz, CDCl3): d=5.48 (s, 1H; H-9a), 5.20 (d, 3J6,7=
9.87 Hz, 1H; H-6), 5.08 (dd, 3J3,2=5.43, 5.46 Hz, 1H; H-3), 3.85 (d, 1H;
H-7), 3.78 (s, 3H; OMe), 3.63 (s, 3H; OMe), 3.43, 3.25 (each dd, Jgem=
11.85 Hz, 2H; H-2, 2a), 3.35 (d, 3J8,9=3.75 Hz, 1H; H-8), 3.29 ppm (d,
1H; H-9); 13C NMR: d=167.95, 160.90 (C=O), 82.17 (C-6), 73.93 (C-7),
64.45 (C-3), 60.13 (OMe), 59.32 (C-9a), 55.31 (C-8), 55.16 (C-9), 52.79
(OMe), 31.23 ppm (C-2); MS (in DCM + NH4Ac): m/z : 438.9 [M+


+NH4].


Compound 7: Ammonium formiate (1 g) was added to a solution of enol-
triflate 2 (1 g, 2.57 mmol) in MeOH (20 mL) and DCM (2 mL). The mix-
ture was kept for 3 d at 50 8C, then the solvents were removed and the
residue was redissolved in ethyl acetate (500 mL), then washed with
water (3P100 mL). The organic phase was dried (NaSO4), filtered, and
concentrated. Column chromatography (petroleum ether/ethyl acetate
1:4) of the residue afforded amine 7 (855 mg, 82%) as a syrup. 1H NMR
(600 MHz, [D6]DMSO): d=5.95 (d, 3J6,7=2.75 Hz, 1H; H-6), 5.92 (s, 1H;
H-9a), 4.93 (dd, 3J3,2=6.60, 6.24 Hz, 1H; H-3), 3.68 (dd, 3J7,8=7.16 Hz,
1H; H-7), 3.66 (s, 3H; OMe), 3.48 (dd, 3J8,9=4.22 Hz, 1H; H-8), 3.36 (d,
1H; H-9), 3.34, 3.19 (each dd, Jgem=11.55 Hz, 2H; H-2, 2a), 1.75 ppm (d,
2H; NH2);


13C NMR: d=168.49, 162.92 (C=O), 85.36 (C-6), 63.91 (C-3),
59.51 (C-9), 58.03 (C-9a), 55.01 (C-8), 52.29 (OMe), 48.94 (C-7),
30.50 ppm (C-2); ESI-MS: m/z : 406.8 [M++H], 423.9 [M++NH4].


Compound 8 : Ac2O (1 mL) was added to a solution of amine 7 (100 mg,
0.24 mmol) in pyridine (2 mL) and kept for 8 h at RT, then the mixture
was concentrated. Column chromatography (petroleum ether/ethyl ace-
tate 6:4) of the residue afforded acetamide 8 (105 mg, 95%) as crystals.
1H NMR (600 MHz, [D6]DMSO): d=7.07 (d, 3JNH,7=10.22 Hz, 1H; NH),
6.16 (d, 3J6,7=2.61 Hz, 1H; H-6), 5.97 (s, 1H; H-9a), 5.06 (ddd, 3J7,8=
7.16 Hz, 1H; H-7), 4.94 (dd, 3J3,2=6.89, 7.30 Hz, 1H; H-3), 3.76 (s, 3H;
OMe), 3.60 (dd, 3J8,9=4.28 Hz, 1H; H-8), 3.44 (d, 1H; H-9), 3.42, 3.18
(each dd, Jgem=11.89 Hz, 2H; H-2, 2a), 1.91 ppm (s, 3H; NHAc);
13C NMR: d=169.60, 168.66, 163.02 (C=O), 83.46 (C-6), 64.24 (C-3),
59.67 (C-9a), 57.99 (C-9), 2P52.92 (C-8, OMe), 44.92 (C-7), 30.51 (C-2),
22.59 ppm (NHAc); ESI-MS: m/z : 449.0 [M++H], 466.0 [M++NH4].


Compound 9 : NaBH4 (1.42 mmol, 54 mg) was added to a solution of
enol-triflate 2 (500 mg, 1.29 mmol) in MeOH (15 mL) and stirred for
10 min. Then the mixture was diluted with DCM (100 mL) and washed
with water (2P20 mL). The organic phase was dried (Na2SO4), filtered,
and concentrated. Column chromatography (petroleum ether/ethyl ace-


tate 1:1) of the residue afforded crystalline triflate 9 (450 mg, 90%).
1H NMR (600 MHz, [D6]DMSO): d=5.93 (dd, 3J6,7=4.12, 12.08 Hz, 1H;
H-6), 5.90 (s, 1H; H-9a), 4.98 (pt, 3J3,2=5.76 Hz, 1H; H-3), 3.65 (s, 3H;
OMe), 3.42–3.12 (m, 4H; H-8, H-9, H-2, 2a), 2.55, 2.35 (each m, 2H;
H-7, 7a); ESI-MS: m/z : 409.0 [M++NH4], 800.0 [2M++NH4].


Compound 10 : NaN3 (320 mg, 4.92 mmol) was added to a solution of tri-
flate 7 (1.00 g, 2.46 mmol) in DMF (20 mL) and DCM (5 mL), and the
mixture was stirred for 8 h at RT. Then the solvents were removed and
column chromatography (toluene/ethyl acetate/methanol 1:4:1) of the
residue gave azide 10 (574 mg, 78%) as a syrup. 1H NMR (600 MHz,
[D6]DMSO): d=5.85 (s, 1H; H-9a), 4.88 (dd, J2,3=4.42, 6.30 Hz, 1H; H-
3), 4.30 (d, J6,7=5.45 Hz, 1H; H-6), 3.63 (s, 3H; OMe), 3.48 (dd, J7,8
<2 Hz, 1H; H-7), 3.38–3.15 (m, 4H; H-8, H-9, H-2), 1.80 ppm (br s, 1H;
NH2);


13C NMR: d=168.77, 164.73 (C=O), 68.15 (C-6), 64.49 (C-3), 59.22
(C-9a), 56.98, 55.04 (C-8, C-9), 52.09 (OMe), 47.07 (C-7), 29.85 ppm (C-
2); ESI-MS: m/z : 299.8 [M++H], 599.2 [2M++H]; elemental analysis
calcd (%) for C10H13N5O4S (299.31): C 40.13, H 4.38, N 23.40; found: C
39.98, H 4.34, N 23.21.


Compound 11: Isovaleryl chloride (300 mL) was added to a solution of
amine 10 (500 mg, 1.67 mmol) in DMF (5 mL) and pyridine (1 mL), and
the mixture was kept for 20 min at RT. Then the solvents were removed
and column chromatography (petroleum ether/ethyl acetate1:2) of the
residue gave amide 11 (556 mg, 87%) as a syrup. 1H NMR (600 MHz,
[D6]DMSO): d=7.00 (d, J7,NH=8.68 Hz, 1H; NH), 5.89 (s, 1H; H-9a),
4.90 (dd, J2,3=5.04, 6.46 Hz, 1H; H-3), 3.48 (ddd, J6,7=5.86 Hz, J7,8
<2 Hz, 1H; H-7), 4.37 (d, 1H; H-6), 3.70 (s, 3H; OMe), 3.47 (m, 2H; H-
8, H-9), 3.38, 3.15 (each dd, Jgem=11.70 Hz, 2H; H-2), 2.01 (m, 2H;
COCH2-), 1.95 (m, 1H; -CH(CH3)2), 0.89, 0.87 ppm (each d, 6H; -CH-
(CH3)2);


13C NMR: d=171.24, 169.58, 164.34 (C=O), 64.62 (C-3), 64.04
(C-6), 59.18 (C-9a), 56.58, 52.58 (C-8, C-9), 52.46 (OMe), 44.56 (CO-
CH2-), 43.68 (C-7), 29.92 (C-2), 25.45 (CH(CH3)2), 22.28, 22.19 ppm (CH-
(CH3)2); ESI-MS: m/z : 383.9 [M++H], 405.9 [M++Na]; elemental analy-
sis calcd (%) for C15H21N5O5S (383.42): C 46.99, H 5.52, N 18.27; found:
C 46.79, H 5.50, N 18.11.


Compound 12


Procedure A : Propanedithiol (100 mL) was added to a solution of azide
11 (100 mg, 0.26 mmol) in MeOH (10 mL) and the mixture was kept for
two days at RT, then benzoyl chloride (150 mL) was added at 0 8C and
stirred for 30 min. The solvents were removed and column chromatogra-
phy (petroleum ether to petroleum ether/ethyl acetate 4:1) of the residue
gave oxazine 12 (78 mg, 65%) as a syrup.


Procedure B : The mixture of Pd/C (100 mg) and azide 11 (500 mg,
1.30 mmol) in MeOH (15 mL) was stirred under H2 for 3 h. Then the
mixture was filtered through celite, washed with MeOH, and concentrat-
ed. The residue was dissolved in pyridine (5 mL), then benzoyl chloride
(200 mL) was added and stirred for 30 min. Then the mixture was concen-
trated. Column chromatography (petroleum ether to petroleum ether/
ethyl acetate 4:1) of the residue gave oxazine 12 (480 mg, 80%) as a
syrup. 1H NMR (600 MHz, [D6]DMSO): d=7.92–7.41 (m, 5H; aromatic),
7.52 (d, J7,NH=9.50 Hz, 1H; NH), 6.56 (d, J9,OH=5.23 Hz, 1H; 9-OH),
5.10 (s, 1H; H-9a), 4.67 (dd, J2,3=9.30, 6.95 Hz, 1H; H-3), 4.65 (ddd,
J7,8=4.35 Hz, J8,9=5.23 Hz, 4J6,8<2 Hz, 1H; H-8), 4.62 (ddd, J6,7=
6.42 Hz, 1H; H-7), 4.31 (dd, 1H; H-6), 4.08 (dd, 1H; H-9), 3.70 (s, 3H;
OMe), 3.28, 3.24 (each dd, Jgem=11.37 Hz, 2H; H-2), 2.10–2.00 (m, 3H;
COCH2-, -CH(CH3)2), 0.91, 0.88 ppm (each d, 6H; -CH(CH3)2);
13C NMR: d=171.32, 169.97, 165.87 (C=O), 155.31 (O�C=N), 131.68,
131.51, 128.24, 127.63 (aromatic), 72.79 (C-8), 72.45 (C-9), 65.63 (C-3),
61.09 (C-9a), 60.95 (C-6), 52.25 (OMe), 44.65 (COCH2-), 41.91 (C-7),
30.68 (C-2), 25.29 (CH(CH3)2), 22.43, 22.16 ppm (CH(CH3)2); ESI-MS:
m/z : 462.1 [M++H], 479.1 [M++NH4], 923 [2M++H]; elemental analysis
calcd (%) for C22H27N3O6S (461.53): C 57.25, H 5.90, N 9.10; found: C
57.29, H 5.88, N 9.04.


Compound 13 : Ac2O (2 mL) was added to a solution of alcohol 12
(100 mg, 0.22 mmol) in pyridine (5 mL) and the mixture was maintained
at 40 8C for 48 h. Then the mixture was concentrated and column chro-
matography (petroleum ether/ethyl acetate 3:2) of the residue gave ester
13 (102 mg, quant) crystals. 1H NMR (600 MHz, [D6]DMSO): d=7.85–
7.38 (m, 5H; aromatic), 7.34 (d, J7,NH=10.03 Hz, 1H; NH), 5.34 (s, 1H;
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H-9a), 5.22 (dd, J8,9=4.12 Hz, 1H; H-9), 4.92 (dd, J2,3=6.96, 7.95 Hz, 1H;
H-3), 4.82 (ddd, J6,7=6.64 Hz, J7,8=5.22 Hz, 1H; H-7), 4.72 (ddd, 4J6,8=
1.95 Hz, 1H; H-8), 4.38 (dd, 1H; H-6), 3.78 (s, 3H; OMe), 3.25, 3.15
(each dd, Jgem=11.37 Hz, 2H; H-2), 2.10–2.00 (m, 3H; COCH2-, -CH-
(CH3)2), 2.09 (s, 3H; OAc), 0.91, 0.88 ppm (each d, 6H; -CH(CH3)2);
13C NMR: d=171.47, 170.91, 168.7, 165.93 (C=O), 155.35 (O�C=N),
131.62, 131.39, 128.18, 127.84 (aromatic), 71.64 (C-9), 69.95 (C-8), 65.27
(C-3), 60.71 (C-6), 59.75 (C-9a), 52.75 (OMe), 44.58 (COCH2-), 40.96 (C-
7), 30.25 (C-2), 25.46 (CH(CH3)2), 22.44, 22.09 (CH(CH3)2), 20.43 ppm
(OAc); ESI-MS: m/z : 503.2 [M+]; elemental analysis calcd (%) for
C24H29N3O7S (503.57): C 57.24, H 5.80, N 8.34; found: C 57.02, H 5.76, N
8.30.


Compound 14 : AcOH (300 mL) was added to a solution of oxazine 13
(100 mg, 0.20 mmol) in MeOH (2 mL) and water (5 mL), and the mixture
kept at room temperature for 24 h. Then the mixture was concentrated
and subjected to column chromatography (petroleum ether/ethyl acetate
1:3) to give benzamide 14 (80 mg, 77%) as a syrup. 1H NMR (600 MHz,
[D6]DMSO): d=8.53, 8.03 (each br s, 2H; 2NH), 7.75–7.48 (m, 5H; aro-
matic), 6.28 (d, J9,9a=2.47 Hz, 1H; H-9a), 5.43 (br s, 1H; OH), 5.00 (dd,
J8,9=6.59 Hz, 1H; H-9), 4.73 (pt, J2,3=5.53 Hz, 1H; H-3), 4.52–4.38 (m,
2H; H-6, H-7), 3.82 (ddd, J7,8=7.55 Hz, 1H; H-8), 3.68 (s, 3H; OMe),
3.30, 3.13 (each dd, Jgem=11.25 Hz, 2H; H-2), 2.07 (s, 3H; OAc), 2.00–
1.90 (m, 3H; COCH2-, -CH(CH3)2), 0.85 ppm (2Pd, 6H; -CH(CH3)2);
13C NMR: d=171.66, 169.32, 169.26, 167.43, 166.2 (C=O), 134.69, 130.98,
128.02, 127.20 (aromatic), 78.04 (C-9), 69.77 (C-8), 65.60 (C-3), 59.72 (C-
9a), 57.53 (C-6), 52.10 (OMe), 44.20 (COCH2-), 31.19 (C-2), 25.42 (CH-
(CH3)2), 22.16 (2CH(CH3)2), 20.71 ppm (OAc); ESI-MS: m/z : 522.3 [M+


+H], 544.3 [M++Na], 1043.5 [2M++H].


Compound 15 : Caproyl chloride (50 mL) was added to a solution of alco-
hol 14 (50 mg, 96 mmol) in pyridine (2 mL) and the mixture was stirred
for 8 h. Then the mixture was diluted with ethyl acetate, washed three
times with water, the organic phase was dried, filtered, and concentrated.
Column chromatography (petroleum ether/ethyl acetate 1:1) of the resi-
due afforded ester 15 (49 mg, 85%) as a syrup. 1H NMR (600 MHz,
CDCl3): d=7.75–7.38 (m, 5H; aromatic), 7.07 (d, J7,NH=9.33 Hz, 1H; 7-
NH), 6.59 (d, J6,NH=4.94 Hz, 1H; 6-NH), 5.65 (s, 1H; H-9a), 5.47 (d,
J8,9=2.47 Hz, 1H; H-9), 5.36 (dd, J7,8=9.06 Hz, 1H; H-8), 4.99 (dd, J2,3=
2.31, 7.17 Hz, 1H; H-3), 4.94 (ddd, J6,7=10.08 Hz, 1H; H-7), 4.86 (dd,
1H; H-6), 3.67 (s, 3H; OMe), 3.37, 3.19 (each dd, Jgem=12.35 Hz, 2H; H-
2), 2.23 (s, 3H; OAc), 2.25, 2.04, 1,49, 1.2, 1.13 (each m, 11H; aliphatic),
0.80, 0.68 (each d, 6H; -CH(CH3)2), 0.72 ppm (t, 3H; -CH2CH3);
13C NMR: d=174.80, 174.54, 169.19, 169.03, 167.25, 167.13 (C=O),
133.01, 132.01, 128.62, 127.13 (aromatic), 73.94 (C-8), 69.33 (C-9), 64.72
(C-3), 62.62 (C-9a), 53.46 (C-6), 52.71 (OMe), 50.90 (C-7), 45.43,
(COCH2-), 34.06 (-COCH2CH2-), 31.50, 29.71, 22.28
(-COCH2CH2CH2CH2-), 31.05 (C-2), 24.43 (-CH(CH3)2), 22.50, 22.14,
20.73, 13.67 ppm (4PCH3); ESI-MS: m/z : 620.3 [M++H], 642.3 [M+


+Na]. C30H41N3O9S (619.73): calcd C 58.14, H 6.67, N 6.78; found: C
58.31, H 6.64, N, 6.58.


Analytical data of compound 16 : 1H NMR (600 MHz, [D6]DMSO): d=
8.70 (d, J6,NH=7.23 Hz, 1H; 6-NH), 7.75–7.40 (m, 5H; aromatic), 7.71
(br s, 1H; 7-NH), 6.37 (d, J9a,9<2 Hz, 1H; H-9a), 5.37 (dd, J8,9=6.80 Hz,
1H; H-9), 5.22 (dd, J7,8=10.3 Hz, 1H; H-8), 4.73 (pt, J2,3=7.02 Hz, 1H;
H-3), 4.62 (m, 1H; H-7), 4.11 (m, 1H; H-6), 3.70 (s, 3H; OMe), 3.30,
3.11 (each dd, Jgem=11.18 Hz, 2H; H-2), 2.10–1.85 (m, 3H; COCH2CH-,
-CH(CH3)2), 2.05 (s, 3H; OAc), 1.45, 1.20 (each m, 6H;
-CH2CH2CH2CH3), 0.88 ppm (m, 9H; 3PCH3);


13C NMR: d=172.68,
171.47, 169.28, 169.22, 167.06, 164.83 (C=O), 133.48, 129.20, 128.59,
128.15 (aromatic), 76.04 (C-9), 72.38 (C-8), 63.78 (C-3), 59.91 (C-9a),
57.79 (C-6), 52.25 (OMe), 44.59 (COCH2CH-), 34.67 (-COCH2CH2-),
30.70 (C-2), 30.59 (COCH2CH2-), 24.52 (-CH(CH3)2), 25.00. 21.67
(-COCH2CH2CH2CH2-), 22.09, 21.82, 21.82 (CH3), 20.41 ppm (Ac); ESI-
MS: m/z : 620.3 [M++H], 642.3 [M++Na]; C30H41N3O9S (619.73): calcd C
58.14, H 6.67, N 6.78; found: C 58.41, H 6.65, N 6.89.


Compound 17: NaN3 (26 mg, 0.4 mmol) was added to a solution of tri-
flate 9 (80 mg, 0.2 mmol) in DCM (5 mL) and DMF (5 mL). The mixture
was stirred for 30 min, then diluted with toluene (50 mL) and washed
with water (3P10 mL). The organic phase was dried, filtered, and evapo-


rated. Column chromatography (petroleum ether/ethyl acetate 1:1) of the
residue afforded crystalline azide 17 (47 mg, 80%). 1H NMR (600 MHz,
[D6]DMSO): d=5.82 (s, 1H; H-9a), 4.82 (dd, 3J3,2=3.67, 6.42 Hz, 1H; H-
3), 4.40 (dd, 3J6,7=2.38, 5.14 Hz, 1H; H-6), 3.56 (s, 3H; OMe), 3.26, 3.11
(each dd, Jgem=11.73 Hz, 2H; H-2, H-2a), 3.22–3.20 (m, 2H; H-8, H-9),
2.42, 2.18 ppm (each m, Jgem=14.12 Hz, 2H; H-7, 7a); 13C NMR: d=


168.72, 165.77 (C=O), 64.48 (C-3), 62.23 (C-6), 58.98 (C-9a), 54.52 (C-9),
51.96 (OMe), 51.10 (C-8), 30.07 (C-2), 26.24 ppm (C-7); ESI-MS: m/z :
285.0 [M++H], 302.0 [M++NH4]. C10H12N4O4S (284.29): calcd C 42.25,
H 4.25, N 19.71; found: C 42.04, H 4.23, N 19.60.


Compound 18 : BF3/EtO2 (50 mL) was added to a solution of azide 17
(100 mg, 0.35 mmol) and absolute EtOH (1.0 mL) in dry CHCl3 (10 mL).
The mixture was stirred for 1 week at RT, then diluted with DCM
(200 mL), washed with saturated NaHCO3 (2P50 mL) and water (2P
50 mL), dried (NaSO4), filtered, and concentrated. Column chromatogra-
phy (petroleum ether/ethyl acetate 3:2) of the residue afforded ethyl
ether 18 (98 mg, 85%) as a syrup. 1H NMR (600 MHz, [D6]DMSO): d=
5.53 (s, 1H; H-9a), 5.20 (d, 3J9,OH=4.52 Hz, 1H; 9-OH), 4.75 (dd, 3J3,2=
5.70, 6.89 Hz, 1H; H-3), 4.58 (dd, 3J6,7=4.52, 8.08 Hz, 1H; H-6), 3.56 (m,
4H; H-9, OMe), 3.58–3.45 (m, 3H; H-8, -OCH2CH3), 3.31, 3.23 (each dd,
Jgem=11.47 Hz, 2H; H-2, H-2a), 2.11, 2.00 (each m, Jgem=15.03 Hz, 2H;
H-7, 7a), 1.12 ppm (t, 3J=6.89 Hz, 3H; -CH3);


13C NMR: d=170.4,
166.84 (C=O), 77.91 (C-8), 73.04 (C-9), 64.53 (-OCH2CH3), 63.79 (C-3),
61.42 (C-9a), 61.27 (C-6), 52.37 (OMe), 30.97 (C-2), 28.11 (C-7),
15.25 ppm (CH3). C12H18N4O5S (330.36): calcd C 43.63, H 5.49, N 16.96;
found: C 43.44, H 5.45; N 17.04.


Compound 19 : Propanedithiol (10 mL) was added to a solution of azide
18 (50 mg, 0.15 mmol) in MeOH (5 mL) and the mixture was kept for 5 h
at RT, then benzoyl chloride (100 mL) was added at 0 8C and stirred for
2 h. The solvents were removed and column chromatography (petroleum
ether/ethyl acetate 1:2) of the residue gave benzamide 19 (38 mg, 60%)
as a syrup. 1H NMR (600 MHz, [D6]DMSO): d=8.91 (br s, 1H; 6-NH),
7.80, 7.55, 7.48 (each m, 5H; aromatic), 5.80 (s, 1H; H-9a), 5.28 (d,
3J9,OH=4.60 Hz, 1H; 9-OH), 4.67 (pt, 3J3,2=6.58 Hz, 1H; H-3), 4.52 (m,
1H; H-6), 3.72 (pt, 3J8,9=4.60 Hz, 1H; H-9), 3.66 (s, 3H; OMe), 3.60–
3.52 (m, 3H; H-8, -OCH2CH3), 3.33, 3.22 (each dd, Jgem=11.18 Hz, 2H;
H-2, H-2a), 2.17, 2.02 (each m, Jgem=14.69 Hz, 2H; H-7, 7a), 1.12 ppm (t,
3J=6.80 Hz, 3H; -CH3);


13C NMR: d=170.60, 168.85, 165.57 (C=O),
133.70, 131.37, 128.36, 127.04 (aromatic), 79.21 (C-8), 73.99 (C-9), 64.54
(-OCH2CH3), 64.28 (C-3), 61.72 (C-9a), 52.89 (C-6), 52.24 (OMe), 30.88
(C-2), 26.43 (C-7), 15.41 ppm (-CH3); ESI-MS: m/z : 409.0 [M++H],
431.0 [M++Na], 447.0 [M++K], 839.5 [2M++Na]. C19H24N2O6S (408.47):
calcd C 55.87, H 5.92, N 6.86; found: C 56.01, H 5.94, N 6.69.


Compound 20


Procedure A : BF3/EtO2 (50 mL) was added to a solution of epoxide 17
(100 mg, 0.35 mmol) and absolute BnOH (1.0 mL) in dry CHCl3 (10 mL).
The mixture was stirred for 1 week at RT, then diluted with DCM
(200 mL), washed with saturated NaHCO3 (2P50 mL) and water (2P
50 mL), dried (NaSO4), filtered, and concentrated. Column chromatogra-
phy (petroleum ether/ethyl acetate 3:2) of the residue afforded benzyl-
ether 20 (110 mg, 85%) as a syrup.


Procedure B : NaBH4 (38 mg, 1.0 mmol) was added to a solution of enol-
triflate 4 (400 mg, 0.80 mmol) in DCM (1 mL) and MeOH (10 mL), and
stirred for 30 min. Then the mixture was diluted with DCM (50 mL) and
washed with water (3P10 mL), dried, filtered, and concentrated. The res-
idue was dissolved in DMF (10 mL), NaN3 (104 mg, 1.6 mmol) was added
and the mixture was stirred for 2 h, then diluted with toluene (50 mL),
and washed with water (3P10 mL), dried, filtered, and concentrated.
Column chromatography (petroleum ether/ethyl acetate 1:1) of the resi-
due afforded azide 20 (235 mg, 75% over two steps) as a syrup. 1H NMR
(600 MHz, [D6]DMSO): d=7.40–7.20 (m, 5H; aromatic), 5.27 (s, 1H; H-
9a), 5.27 (d, J9,OH=5.06 Hz, 1H; OH), 4.76 (dd, J2,3=5.61, 7.09 Hz, 1H;
H-3), 4.60 (ABq, Jgem=12.05 Hz, 2H; -CH2Ph), 4.59 (dd, J6,7=4.64,
8.26 Hz, 1H; H-6), 3.75 (dd, J8,9=4.32, 1H; H-9), 3.68 (s, 3H; OMe),
3.60 (ddd, J7,8=3.58, 7.71, 1H; H-8), 3.32, 3.24 (each dd, Jgem=11.56 Hz,
2H; H-2), 2.18, 2.08 ppm (each ddd, Jgem=15.11 Hz, 2H, H-7); 13C NMR:
d=170.45, 166.86 (C=O), 138.37, 128.17, 127.97, 127.45, 127.45, 127.39
(aromatic), 77.73 (C-8), 72.97 (C-9), 70.73 (-CH2Ph), 63.83 (C-3), 61.47
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(C-9a), 61.29 (C-6), 52.36 (OMe), 30.97 (C-2), 28.18 ppm (C-7); ESI-MS:
m/z : 393.0 [M++H], 410.1 [M++NH4], 415.0 [M++Na]. C17H20N4O5S
(392.43): calcd C 52.03, H 5.14, N 14.28; found: C 51.91, H 5.14, N 14.09.


Compound 21: The mixture of azide 20 (200 mg, 0.51 mmol) and Pd/C
(50 mg) in MeOH (5 mL) was stirred under H2 for 1 h. Then the mixture
was filtered through celite and concentrated. The residue was dissolved
in DMF (5 mL) and pyridine (2 mL), and isobutyryl chloride (100 mL)
was added and stirred for 30 min. Then the mixture was diluted with tolu-
ene (50 mL), and washed with water (3P10 mL), dried, filtered, and con-
centrated. Column chromatography (petroleum ether/ethyl acetate/meth-
anol 3:2:1) of the residue afforded amide 21 (151 mg, 68%) as a syrup.
1H NMR (600 MHz, [D6]DMSO): d=8.16 (d, J6,NH=6.14 Hz, 1H; NH),
7.40–7.20 (m, 5H; aromatic), 5.77 (s, 1H; H-9a), 5.30 (d, J9,OH=4.86 Hz,
1H; OH), 4.68 (dd, J2,3=6.91, 7.17 Hz, 1H; H-3), 4.58 (ABq, 2H;
-CH2Ph), 4.36 (m, 1H; H-6), 3.75 (dd, J8,9=5.39 Hz, 1H; H-9), 3.62 (s,
3H; OMe), 3.60 (m, 1H; H-8), 3.24, 3.22 (each dd, Jgem=11.52 Hz, 2H;
H-2), 2.29 (m, 1H; -CH(CH3)2), 2.08, 1.96 (each ddd, Jgem=14.59 Hz, 2H,
H-7), 0.94, 0.91 ppm (each d, 6H; 2PCH3);


13C NMR: d=177.76, 175.52,
170.62 (C=O), 138.43, 128.16, 128.09, 127.82, 127.58, 127.50 (aromatic),
79.04 (C-8), 70.81 (C-9), 64.17 (-CH2Ph), 61.86 (C-3), 61.86 (C-9a), 52.23,
52.09 (C-6, OMe), 33.75 (-CH(CH3)2), 30.98 (C-2), 29.56 (C-7), 19.31,
19.17 ppm (2PCH3); ESI-MS: m/z : 436 (in DCM + NH4Ac), 437.1 [M+


+H], 454.1 [M++NH4]. C21H28N2O6S (436.52): calcd C 57.78, H 6.47, N
6.42; found: C 57.49, H 6.44, N 6.40.


Compound 22 : 1n LiOH solution (344 mL) was added to a solution of
methyl ester 21 (75 mg, 0.17 mmol) in MeOH (1 mL): when TLC showed
the disappearance of the starting compound, 1n HCl (344 mL) was added
to neutralize the solution, and the mixture was concentrated. The residue
was dissolved in DMF (2 mL), pyBOP (88 mg, 0.17 mmol) was added,
and the pH was adjusted to 7–8 by adding N,N-diisopropylethylamine
(DIPEA). Then the solution of hexylamine (20 mL, 0.17 mmol) in DMF
(200 mL) was added to the mixture and stirred for 2 h. The solvent was
removed and column chromatography (dichloromethane/acetone 3:2) of
the residue afforded hexylamide 22 (51 mg, 60%) as a syrup. 1H NMR
(600 MHz, [D6]DMSO): d=8.29 (t, JCH2,NH=4.95 Hz, 1H; NH-hexyl),
7.92 (d, J6,NH=6.86 Hz, 1H; 6-NH), 7.40–7.20 (m, 5H; aromatic), 6.72 (d,
J9,OH=5.49 Hz, 1H; OH), 5.72 (s, 1H; H-9a), 4.63 (dd, J2,3=3.29, 7.41 Hz,
1H; H-3), 4.52 (ABq, 2H; -CH2Ph), 4.42 (m, J6,7=2.47, 7.41 Hz, 1H; H-
6), 3.85 (dd, J8,9=3.84 Hz, 1H; H-9), 3.71 (m, J7,8=3.48, 5.00 Hz, 1H; H-8),
3.26, 3.05 (each dd, Jgem=11.80 Hz, 2H; H-2), 3.05 (m, 1H; -NH2CH2-),
2.28 (m, 1H; -CH(CH3)2), 2.20, 1.95 (each ddd, Jgem=15.13 Hz, 2H, H-7),
1.20 (m, 8H; -(CH2)4CH3), 0.88 ppm (m, 9H; 3PCH3);


13C NMR: d=


175.22, 170.80, 168.62 (C=O), 138.00, 128.19, 127.56, 127.48 (aromatic),
78.91 (C-8), 71.05 (C-9), 70.71 (-CH2Ph), 65.36 (C-3), 60.38 (C-9a), 52.73
(C-6), 38.07 (-NH2CH2-), 33.89 (-CH(CH3)2), 31.89 (C-2), 29.53 (C-7),
30.84, 28.67, 25.80, 21.99 (-(CH2)4CH3), 19.30, 19.10, 19.07 ppm (-CH3);
ESI-MS: m/z : 506.3 [M++H], 523.3 [M++NH4], 528.3 [M++Na], 1011.6
[2M++H], 1033.7 [2M++Na]. C26H39N3O5S (505.67): calcd C 61.76, H
7.77, N 8.31; found: C 61.73, H 7.69, N 8.05.
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Oxidative Electrochemical Switching in Dithienylcyclopentenes, Part 1:
Effect of Electronic Perturbation on the Efficiency and Direction of
Molecular Switching**


Wesley R. Browne, Jaap J. D. de Jong, Tibor Kudernac, Martin Walko, Linda N. Lucas,
Kingo Uchida, Jan H. van Esch, and Ben L. Feringa*[a]


Introduction


Molecules capable of reversible change via external stimuli,
preferably in a unidirectional multistate cycle, are receiving
continuing attention in the development of molecular devi-
ces and as molecular memory materials.[1] A key prerequi-


site for effective development of such materials is, however,
addressability, that is, the ability to detect each state inde-
pendently of the switching process. Photo- and electrochro-
mic compounds and materials offer distinct advantages in
this regard, not only due to the wide range of spectroscopic
and electrochemical techniques available to address (read
out) these systems, but also in the close relationship be-
tween photophysical and redox processes.[2]


Photochromic materials based on diarylethenes and spiro-
pyrans have received considerable attention over the last
few years with regard to their rich photochemical behaviour.
In addition, the use of external stimuli such as pH change
and binding of transition metal ions to control the photo-
reactivity of both diarylethene and indophenylethenes has
been demonstrated.[3] Many of these studies have utilised
the inherent difference in conformational flexibility and de-
pendence on excitation wavelength of the photoreactivity
with considerable success;[4] for example, their photochrom-
ism has been adapted to drive changes in bulk material
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properties (e.g., gelation properties,[5] liquid-crystal phase
changes[6]). The photochromic process is quite robust with
regard to the environment, and indeed several studies have
demonstrated the application of dithienylethene-[7] and spi-
ropyran-based[8] compounds in modified electrode devices.
Recently, we demonstrated one-way optoelectronic switch-
ing of dithienylethenes on gold using breakjunction techni-
ques.[9] The use of redox-active groups covalently attached
to the dithienylethenes has been examined in an effort to
marry the electronic and redox properties in multicompo-
nent systems,[10,11] but only in a few examples have the elec-
trochemical properties been explored.[12] Only recently, the
redox chemistry of dithienylethenes has received attention
in reports of electrochemical ring opening and closing.[2,11b,13]


To date, relatively few studies
dealing with specific examples
of electrochemically driven
ring-opening and ring-closing
reactions have been repor-
ted.[11b,13] Earlier, we reported
the synthesis and characterisa-
tion of a series of (dithienyl)cy-
clopentenes in which the well-
known hexafluorocyclopentene
moiety is replaced by hexahy-
drocyclopentene,[14] with only a
modest effect on the photo-
chemical properties of the
switches. In the present contri-
bution, both the hexafluoro (F)
and the recently developed hex-
ahydro switches (H) are em-
ployed to investigate the potential for manipulation of elec-
tronic, photochemical and redox properties of this distinct
class of photochromic materials (i.e. , the dithienylcyclopen-
tenes). The bridging cyclopentene groups are themselves
redox-inactive, but they represent extremes: the hexafluoro-
cyclopentene group is electron-withdrawing and thereby de-
creases the electron density on the central alkene group,
while the electron-donating hexahydrocyclopentene increas-
es the electron density on the same group. Phenyl groups
are employed at the C5 position of the thienyl (i.e. , 1H and
1F) rings to minimise interference by reactions other than
ring-opening and -closure, such as cationic polymerisation.[15]


Both 1H and 1F exhibit excellent photochemically driven
switching properties that allow reversible formation of a
closed (bis(trans-butadiene) structure, 1Hc/1Fc) and open
(1,2-bis(thiophene)ethene structure, 1Ho/1Fo) forms by UV
and visible light, respectively. The methoxy groups in the
para positions of the phenyl rings in 2H and 2F add an
extra dimension of complexity to the electrochemical prop-
erties[16] through both their inherent redox activity and their
electron-donating properties. Hence, they are employed to
explore the role of peripheral redox groups in the electro-
chemical processes of the dithienylethene switches, and to
counter the electron-withdrawing properties of the hexa-
fluorocyclopentene group. A detailed examination of the in-


fluence of solvent, electrolyte and temperature on the elec-
trochemical reactivity is presented to gain a better mecha-
nistic understanding of these processes. Ultimately, by un-
ravelling the fundamental processes which govern electro-
chemical switching, rational design of photo- and
electroactive compounds may be achieved for application in
the emerging field of photonic devices.


Results and Discussion


Compounds 1H, 2H, 1F and 2F (Scheme 1) were prepared
according to procedures reported earlier.[14] The electronic
and photochemical behaviour of the four compounds in


their open and closed forms are discussed briefly in the con-
text of the relationship between structure and electronic
properties. The redox properties of 1H/2H and 1F/2F are
explored in detail to elucidate the parameters which deter-
mine their electrochemical behaviour. The properties of 1F
and 2F are compared to those of 1H and 2H, and the fac-
tors responsible for the contrasting behaviour of these com-
pounds towards oxidative ring opening/closing are discussed.


Electronic properties : The electronic properties of the four
compounds in their open (o) and closed (c) states are pre-
sented in Table 1. Comparison of the electron-rich hexahy-
drocyclopentene-based compounds (1Ho/1Hc and 2Ho/
2Hc) with the electron-deficient hexafluorocyclopentene-
based compounds (1Fo/1Fc and 2Fo/2Fc) shows a batho-
chromic shift in the lowest energy absorption bands in both
the open and closed forms (Figure 1). The changes in energy
observed for higher energy absorption bands of the closed
forms are equally pronounced. The methoxyphenyl-substi-
tuted compounds 2H and 2F (Scheme 1) show, in the closed
state, an additional intense absorption at 303 (2Hc) and
344 nm (2Fc) (and 284 nm in 2Ho), which is assigned tenta-
tively to the methoxyphenyl group. The large bathochromic
shift in this band observed in the closed form (2Hc versus
2Fc) is not as pronounced in the open form (2Ho versus


Scheme 1. Dithienylcyclopentene switches examined in the present report: suffix o denotes open form, c de-
notes closed form; H and F denote hexahydrocyclopentene and hexafluorocyclopentene, respectively.
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2Fo), and this suggests that the influence of the hexafluori-
nated group on the methoxyphenyl moiety is minor in the
open form. This difference is rationalised on the basis of
loss of conjugation of the thienyl ring with the bridging cy-
clopentene in the more flexible open state,[17] while the
minor bathochromic shift (2Ho versus 2Fo) is attributed to
inductive effects.


Redox properties : Electro-
chemical data for 1H/2H
(Figure 2) and 1F/2F
(Figure 3), in open and closed
states, are presented in
Table 1.[18] The hexahydro- and
hexafluorocyclopentene units
represent extreme limits in
terms of the electronic proper-
ties of the bridging cyclopen-
tene unit, and hence significant
differences in the redox proper-
ties of the two sets of dithienyl-
ethene compounds are expect-


ed. For the phenyl-substituted compounds 1H/1F very large
anodic shifts in both the oxidation (ca. 420–430 mV) and re-
duction (ca. 670–780 mV) processes are observed (1F vs
1H, see Table 1); this indicates that the hexafluoro substitu-
tion stabilises the LUMO (i.e., the first reduction process)
to a greater extent than the HOMO (i.e., the first oxidation
process). The smaller HOMO–LUMO gap measured elec-


Table 1. Electronic and redox properties of 1H/1F and 2H/2F in open and closed forms.[a]


Abs. lmax [nm] Ep,a [V] vs SCE DE [mV] (c/c+/c2+)
(e [103 cm�1


m
�1]) (Ep,a where irr)


Open form
1Ho 278 (18), 303 (sh) 1.16 (irr), �2.53 (irr)
1Fo 285 (33) 1.59 (irr), �1.75 (irr)
2Ho 284 (28), 308 (sh) 0.99 (irr)
2Fo 296 (38) 1.2 (irr), �1.7 (irr)


Closed form
1Hc 267 (15), 349 (5.2), 360 (6.4) 527 (8.8) 0.67, 0.43, �1.74 (irr), �2.03 (irr) 240
1Fc 308 (22), 366 (8.8), 380 (9.1) 588 (12) 0.85 (qr), �1.13 (qr) <50
2Hc 237 (14), 303 (24), 345 (9.5) 519 (13) 0.45, 0.32, �1.84 (irr), �2.16 (irr) 130
2Fc 344 (25), 376 (sh) 593 (18) 0.67, �1.16 (qr), �1.46 (irr) <20


[a] sh= shoulder, irr= irreversible, qr=quasireversible (see ref. [18] for definitions used in present work);
DE= separation of the first and second oxidation processes in closed state (c/c+/c2+). Electronic spectra were
recorded in CH3CN. Redox measurements were carried out in 0.1m TBAP/CH3CN.


Figure 1. UV/Vis absorption spectra of 1H, 1F, 2H and 2F (a: open
form, b: closed form) in CH3CN.


Figure 2. Cyclic voltammetry of 1Hc (a) and 2Hc (b) in CH3CN (0.1m
TBAP) at 0.1 Vs�1. (For 2Hc only the first reduction is shown due to
pacification of the electrode on the second reduction).
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trochemically suggests that overall a reduction in the
HOMO–LUMO gap should be observed for 1F compared
with 1H. In the electronic spectra this is seen as a batho-
chromic shift in the lowest absorption band (vide supra).
For the closed methoxyphenyl-based compounds 2Hc/2Fc
an almost identical situation is observed, but in the open
forms, 2Ho/2Fo, a more complex electrochemical behaviour
is present (vide infra), due to the non-innocent nature of the
methoxyphenyl group. In the first instance it is apparent
that the electron-withdrawing properties of the hexafluoro-
cyclopentene unit are effectively compensated by the intro-
duction of the methoxyphenyl moiety. However, the absence
of such a compensatory effect of the methoxyphenyl group
in the closed form suggests that more complex electrochemi-
cal behaviour is present. Overall, however, it is clear that
the redox properties (in terms of redox potentials) are very
sensitive to, and hence tuneable by, modification of both the
bridging cyclopentene unit and substitution at the C5 posi-
tion.


Electrochemical properties in the closed state : The closed
states were prepared readily by UV irradiation at l=


313 nm to yield a photostationary state (PSS) containing the
closed forms in greater than 98% purity (determined by


1H NMR spectroscopy). Overall, in the closed state, the di-
thienylethenes show destabilisation of the HOMO, and
hence less anodic redox potentials, than in the open state.
For 1Hc and 2Hc two fully reversible oxidation processes
are observed between 0.0 and 1.0 V (vs SCE), assigned to
two one-electron oxidation steps (Figure 2). Similarly, two
irreversible reduction steps are observed between �1.5 and
�2.2 V (vs SCE). The separation between the first and
second oxidation processes indicates that the monocationic
species is stable both chemically[19] and with regard to dis-
proportionation (1/Kc, vide infra).


[20]


For 1Fc, a quasireversible oxidation is observed at 0.85 V
(Figure 3) and a quasireversible reduction at �1.13 V. At
high scan rates (>2 Vs�1), two oxidation processes are parti-
ally resolved (30<DE<50 mV) and two reduction waves
are observed on the return cycle. The scan-rate dependence
of the reversibility suggests that the oxidation processes are
electrochemically reversible and that the irreversibility ob-
served at low scan rates is due to a moderately slow (10�3 to
10�2 s�1) subsequent chemical reaction (an EC mecha-
nism).[21] This is in agreement with results obtained from
spectroelectrochemistry (vide infra). For 2Fc the reversibili-
ty of the oxidation is considerably improved, and the obser-
vation of two quasireversible reductions also indicates a
more complex electrochemical behaviour than for 1Fc. The
separation of the first and second oxidation processes (DE)
is less than the resolution limit for both cyclic and differen-
tial pulse voltammetry (<30 mV). The reduction in DE
from 1Fc to 2Fc is in agreement with that observed for 1Hc
to 2Hc. Together with the reduction in DE observed be-
tween 1Hc and 1Fc, this indicates that the two thienyl units
(or more specifically the two trans-butadiene units) do not
form an extended conjugated system over the entire dithie-
nylethene but are predominantly localised on each thienyl
ring (vide infra). For both 2Hc and 2Fc, however, the simi-
larity of the redox properties and potentials with those of
the phenyl-substituted compounds 1Hc and 1Fc, provide
strong evidence that the electrochemical processes observed
are governed primarily by the dithienylethene core and not
the methoxyphenyl substituents. The first reduction process
for 2Fc is assigned to reduction of the dithienylethene core
on the basis of its similarity to that observed for 1Fc, whilst
the second is assigned tentatively to a reduction process in-
volving the methoxyphenyl units.
Overall, it is apparent that the stability and reversibility


of the oxidised compounds can be affected quite profoundly
by C5 substitution, even though substitution in the C5 posi-
tion of the thienyl ring results in relatively minor changes in
the redox potentials of the closed dithienylcyclopentenes in
comparison to substitution of the hexahydrocyclopentene
group (H) for the hexafluorocyclopentene group (F).


Electrochemical properties in the open state : As has been
reported previously for related compounds,[2,10, 12,13] in the
open state all of the compounds examined exhibit an irre-
versible oxidation process at more anodic potentials than in
the closed state. As with the dithienylhexahydrocyclopen-


Figure 3. Cyclic voltammetry of 1Fc (a) at 0.5 and 5 Vs�1 and 2Fc at
0.1 Vs�1 (b) in CH3CN (0.1m TBAP).
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tenes in the closed state (i.e. , 1Hc and 2Hc), in the open
state a cathodic shift (150 mV) is observed on introduction
of the methoxyl group, which reflects its electron-donating
properties. In contrast to the closed forms, the open form
shows a single irreversible two-electron[22] redox process at
anodic potentials, typical of thiophene oxidation chemis-
try.[18,23] For both 1Ho and 2Ho oxidation is completely irre-
versible.[26] Indeed with a Pt microelectrode (10 mm), no re-
versibility in the oxidation of the open form 1Ho was ob-
served at scan rates up to 1000 Vs�1, which places the rate
of the ring-closure reaction at greater than 104 s�1. However,
in the return cycle two new reduction processes are ob-
served at potentials coincident with those of the closed
forms. Repetitive cycling at higher scan rates results in a sig-
nificant buildup of the closed form (1Ho!1Hc and 2Ho!
2Hc) in the diffusion layer of the electrode (Figure 4).[24,2,13]


For 1Fo and 2Fo a more complex situation is observed.
In contrast to 1Ho, repetitive cycling of 1Fo leads to a new
irreversible reduction process at 0.3 V (assigned to 1Fx,
vide infra), which itself results in a new oxidation process at
about 0.9 V (coincident with the oxidation process observed
for 1Fc). The difference in reduction potential between 1Fx
(Figure 5) and 1Hx (see Figure 7b) of about 500 mV is in


agreement with the difference in potential observed be-
tween 1Fo and 1Ho (ca. 430 mV).
For 2Fo an irreversible oxidation process at 1.2 V is ob-


served, but in contrast to 1Fo, for 2Fo direct ring closure is
observed on oxidation of the open state (Figure 5). As in
the case of 2Fc, replacement of the phenyl rings by
methoxyphenyl groups results in a cathodic shift (ca.
400 mV, 1Fo to 2Fo) in the first oxidation process, but the
first reduction process (at �1.75 V) is virtually unaffected
(compared to 1Fo). This remarkable difference in electro-
chemical behaviour between 1Fo and 2Fo, together with the
large difference in oxidation potential (400 mV), suggests
that in contrast to 2Ho, for 2Fo the oxidation process in-
volves the methoxyphenyl unit and not the dithienylethene
unit (vide supra).
Overall, it may be concluded that whereas the hexahydro-


cyclopentene-based compounds 1H/2H undergo ring clo-
sure on oxidation of the ring-open form, the hexafluorocy-
clopentene-based compound 1F is unreactive towards ring
closure. In contrast, ring opening on oxidation of the ring-
closed form 1Fc is observed (see Figure 5 and below). Thus,
the driving force for electrochemical ring opening and clo-
sure appears to be controllable.


Figure 4. Oxidative conversion of 1Ho to 1Hc (50 cycles, a), and 2Ho to
2Hc (b), by repetitive cyclic voltammetry at 0.5 Vs�1 in 0.1m TBAP/
CH3CN. Initial scan direction is cathodic and starting point is 0 V versus
SCE.


Figure 5. Cyclic voltammetry of 1Fc/1Fo (a) and 2Fc/2Fo (b) at 0.5 Vs�1


(0.01m TBAP in CH3CN). Initial scan direction is cathodic and starting
point is 0.0 V versus SCE.
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To exploit this “tunability” in the direction of the reac-
tion, the underlying driving force for ring opening and clos-
ing must first be understood. Assuming that the two thienyl
rings of the open form (and by analogy the two trans-buta-
diene systems of the closed form) behave as independent
redox units, then it is possible that the most important
factor is the relative stabilisation of the cation located on
the thiophene heterocycle (i.e. , in the open form) compared
with the cation located on the extended trans-butadiene
(i.e., in the closed form). To a first approximation the cyclic
cation would be expected to be the most stable state, and
hence the natural direction of electrochemical switching is
from the closed to the open form. However, in the hexahy-
drocyclopentene-based compounds, sufficient delocalisation
of the positive charge of the cation over the entire dithienyl-
ethene group occurs, renders the closed cation the most
stable state and hence allows ring closure. A further consid-
eration is the role of substituents at C5 of the thienyl rings.
The reversal of reactivity towards ring closure observed in
1Ho (compared with 1Fo) is achieved also by introduction
of electroactive groups such as the methoxyphenyl unit
(2F).[2] Although the role the peripheral redox groups play
in ring closure is not certain at this stage, it is possible that
ring closure occurs by an intramolecular electron-transfer
process subsequent to oxidation of 2Fo (Scheme 2).


To investigate the mechanism and driving forces behind
electrochemical switching in dithienylethene-based systems,
a better understanding of the species formed on oxidation
and their relative stabilities is required. In addition, applica-
tion of this class of compound in molecular devices and
functional materials requires that the role of environment in
their electrochemical behaviour also be understood. In the
following sections, the role of solvent, electrolyte and tem-
perature in controlling the cyclisation/cycloreversion of the
dithienylcyclopentenes are explored in an effort to answer
some of the questions raised above.


Solvent and electrolyte dependence of the electronic and
redox properties of 1Ho/1Hc : The effect of solvent and the
nature of the electrolyte on reaction rates, in particular in
systems exhibiting chemical reactions subsequent to electro-
chemical processes, is well established.[25] The solvent de-
pendence of the electronic and redox chemistry of 1H was
examined in detail to explore the role solvent and other en-
vironmental factors play in determining the chemical proc-
esses which the oxidised open and closed states undergo.
The influence of solvent on the absorption spectra of 1Ho
and 1Hc, although modest, is apparent (see Supporting In-
formation, Figure S2). For 1Hc, a distinct perturbation of
the band shape with changing polarity of the solvent and a
bathochromic shift in the bands both at lmax�350 nm and at
lmax�525 nm (10 nm, 450 cm�1) is observed with decreasing
solvent polarity. The absence of a pronounced solvatochro-
mic behaviour suggests the lowest energy absorption in 1Hc
is predominantly pp* in nature and has little, if any, charge-
transfer character.
The solvent dependence of the redox properties of 1Ho


and 1Hc is presented in Table 2. Although the first oxida-
tion process of both 1Ho and 1Hc is predominantly solvent-
independent (1Ho 1.12�0.06 V, 1Hc 0.41�0.07 V),[26] the
separation DE between the first and second oxidation steps
of 1Hc is very sensitive to both solvent and electrolyte. The


relationship between DE for the closed forms and solvent
acceptor number and dielectric constant (or polarity) was
explored, but no clear relationship was observed (see Sup-
porting Information, Table S1).[27] In contrast a relatively
good correlation (R2=0.92) was observed between DE and
the Guttmann solvent donor number (Figure 6); DE de-
creases with increasing solvent donor strength.[27] The rela-
tionship between solvent donor number and DE indicates
that a significant degree of stabilisation of the monocation
1Hc+ is achieved through solvation. As the solvent donor
strength decreases, the electron density on the closed form


Scheme 2. Tuning of direction of electro- and photochemical ring-opening/closing. For 1H/2H oxidative (followed by reduction) ring-closure is observed,
whereas for 1F, oxidative (followed by reduction) ring-opening is observed. Proposed mechanism for ring-closure during the oxidation of 2Fo.
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of the dithienylethene increases, which renders the second
oxidation step more difficult and moves it to more anodic
potentials.
The value of DE obtained in diethyl ether solution is sig-


nificantly higher than expected (i.e., by comparison with
THF, Table 2). This, initially surprising, result is due to the
use of sodium tetrakis[3,5-bis(trifluoromethyl)phenyl]
borate (NaBArF) in place of Bu4NPF6 (TBAP) as support-
ing electrolyte.[28] Although anions such as PF6


� are general-
ly accepted as being innocent with regard to their coordina-
tion properties, they are nevertheless stronger electron
donors than the solvents employed. The larger BArF� anion
is a much weaker electron donor than more compact anions


(e.g., PF6
�), and hence its ability to stabilise the monocation


(1Hc+) would be expected to be much lower, so that an in-
crease in DE results.[29] To test this hypothesis the effect of
NaBArF (instead of TBAP) was examined. Indeed, in THF
the dependence of DE on the electrolyte is striking
(D(DE)=47%).[29] Correction of the value obtained in di-
ethyl ether[30] (DE=490 mV) for the electrostatic contribu-
tion of the electrolyte results in a value of DE=260 mV,
which is consistent with data obtained with TBAP. The in-
creased values obtained with BArF� reflect its poorer donor
properties compared with PF6


� . The importance of the elec-
trolyte is demonstrated further by the fact that in protic sol-
vents (i.e., MeOH and EtOH), values for DE lower than ex-
pected are obtained. Again the use of NaClO4 as supporting
electrolyte is a possible contributing factor to the lower
value of DE. The effect appears to be restricted to the
anionic component of the electrolyte, as in CH3CN using
KPF6 instead of TBAP has no observable effect on the oxi-
dation chemistry. This sensitivity to the electrolyte indicates
that stabilisation by the electrolyte anion (ClO4


� , PF6
� or


BArF�) through ion pairing is more important than stabili-
sation through the solvent donor properties. Delocalisation
of the SOMO over the entire conjugated system is encour-
aged by the use of poorer donor environments and leads to
an increase in the relative potential of the second oxidation
step. Overall the dependence of DE on solvent and electro-
lyte indicates that the first oxidation step (1Hc to 1Hc+) is
not delocalised over the entire conjugated system but is lo-
calised on a single thienyl ring.
It is clear from Figure 6 that both solvent and electrolyte


play a crucial role in stabilisation of the monocation 1Hc+ .
In addition, the reversibility of the first and second oxida-
tion processes (i.e., the chemical stability of the mono- and
dications 1Hc+ and 1Hc2+ is very dependent on the solvent
employed. The stability of these species is essential if elec-
trochemical ring closure of the open form 1Ho is to be ob-
served.


Solvent dependence of electrochemical reversibility for
switching of 1Ho to 1Hc : The effect of the solvent on the
stability of the mono- and dications of the closed forms and
the switching processes was examined for 1H. In strong
donor solvents neither process is reversible; the first oxida-
tion step results in rapid decomposition (only the first oxida-
tion process is observable at scan rates <100 mVs�1). In
weaker donor solvents such as acetone, the first oxidation
process of the closed form becomes fully reversible (vide
supra). Nevertheless a pronounced dependence on scan rate
of the reversibility of the second redox process (with im-
proved reversibility at higher scan rates) is observed in sev-
eral weaker donor solvents, and formation of a stabilised
cationic species is observed (vide infra). These observations
indicate that several factors influence the electrochemical
stability of these systems.
Figure 7 shows cyclic voltammograms of 1Hc (a) and


1Ho (b) in diethyl ether. As for 1Ho in acetonitrile, an irre-
versible oxidation process is observed at about 1.18 V (vs


Table 2. Solvent dependence of electrochemical properties of 1H.


Open form Closed form DE
[mV]


DN[b]


(solvent)
Solvent[a] Ep,a [V] vs SCE (all


processes are irr)
E1/2 [V] vs SCE (Ep,a


where irr)


CH3OH
[c] 1.09 0.51 (irr) 0.38 70 19


C2H5OH
[c] 1.09 0.56 (irr) 0.45 (irr) 110 20


(CH3)2SO 1.14 0.63 (irr) 0.515 (irr) 115 29.8
DMF 1.15 0.62 (irr) 0.46 (irr) 160 26.6
THF 1.33 0.82 (irr) 0.61 170 20
(CH3)2CO 1.13 0.69 (irr) 0.47 190 17.0
CH3CN 1.16 0.67 0.43 240 14.1
CHCl3 1.18 0.73 (irr) 0.46 (qr) 200 <10
PhNO2 1.11 0.68 (qr) 0.34 (qr) 305 4.4
CH3NO2 1.08 0.58 0.31 270 2.7
CH2Cl2 1.10 0.68 0.34 360 0
Et2O


[d] 1.18 0.86 (irr) 0.345 490 19.2
THF[d] [e] 0.86 (irr) 0.50 320 20


[a] Unless stated otherwise, measured at 298 K, 0.1m TBAP supporting
electrode, scan rate 100 mVs�1. [b] Guttman donor numbers (DN) are
for pure solvents. The effect of the high concentrations (0.1m) of electro-
lyte, although nonnegligible, is assumed to be constant throughout the
series of solvents. [c] 0.1m NaClO4 supporting electrolyte. [d] 0.1m
NaBArF, [e] not measured.


Figure 6. Solvent dependence of DE for 1Hc [E1/2(1Hc+/1Hc2+)�E1/2


(1Hc/1Hc+)] in 0.1m TBAP/solvent at 0.1 Vs�1. For MeOH and EtOH
0.1m NaClO4 was employed as supporting electrolyte. For CHCl3 the DN
is estimated as <10, but trace impurities may raise the DN of the solvent
and hence bring the value of DE into alignment. See Table 2 for data.
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SCE). However, only negligible amounts of 1Hc2+ are ob-
served on the return scan. Instead a reduction process at
�0.1 V is observed, which is attributed to an additional spe-
cies (1Hx). This new species is cationic and is formed by re-
versible chemical rearrangement of 1Hc2+ (vide infra). The
reduction process observed on the return cycle (at �0.1 V)
is itself irreversible and results in two new oxidation proc-
esses being observed on the second scan at potentials coinci-
dent with those of the closed form (1Hc), as for 1Fo in
CH3CN (see Figure 3).
Similar behaviour was obtained for the closed form 1Hc


(Figure 7). Oxidation processes observed at 0.345 and 0.86 V
(vs SCE) are assigned to the formation of the mono- (1Hc+


) and dicationic (1Hc2+) forms, respectively (vide supra).
The first oxidation process is fully reversible, but the second
oxidation process is irreversible and yields a reduction pro-
cess at �0.1 V (as observed for 1Ho) on the return cycle.
Similar behaviour is observed in acetone, THF, dichlorome-
thane and CHCl3, albeit with increasing reversibility of the
second oxidation process of the closed form with increasing
solvent donor strength. This solvent dependence highlights


the role of solvent in the stabilisation of 1Hc2+ and 1Hc+ .
In every case, at higher scan rates reversibility of the redox
chemistry of 1Hc is improved, and this confirms that the
formation of 1Hx occurs by an electrochemical–chemical
(EC) mechanism and that the transformation is not directly
coupled to the electron-transfer process itself (Figure 8).
Clearly, for 1Hc, both the first and second oxidation proc-
esses are electrochemically reversible, and the formation of
the oxidation product (1Hx, observed at �0.1 V) is due to a
subsequent chemical reaction (presumably a reversible in-
tramolecular reaction given its chemical reversibility), that
is, the process has an EC mechanism[21] (vide infra). Hence,
overall, the conversion of 1Ho to 1Hc may be viewed as an
ECEC mechanism in diethyl ether. A broad overview of the
mechanisms discussed in this section is presented in
Figure 8.


Overview of redox processes : It is clear from cyclic voltam-
metry (vide supra) that 1Ho yields the dication 1Hc2+ and/
or 1Hx on oxidation, with a clear solvent dependence for
the formation of either species. Both 1Hc2+ and 1Hx are
also formed by oxidation of the closed form above the
second oxidation process (e.g.,> 0.7 V). For 1Hc an inter-
mediate species (monocation 1Hc+) is formed between the
first and second oxidation processes (ca. 0.4 to ca. 0.6 V, see
Table 1). For 1Fc, although the first oxidation process is
electrochemically reversible, the irreversibility of the second
oxidation process (which occurs at almost the same poten-
tial) renders the oxidation irreversible overall (Figure 3). In
contrast, for 2Fc fully reversible oxidation processes were
observed, and 2Fo undergoes electrochemical ring closure
to form 2Fc. To gain deeper insight into the electrochemical
processes observed by cyclic voltammetry, the spectroscopic
properties of the various oxidation products were investigat-
ed by spectroelectrochemistry.


Spectroelectrochemistry : Spectroelectrochemistry is a pow-
erful tool in the elucidation of redox processes and the iden-
tification of oxidation products.[31] It is surprising then that
this technique has not been applied to dithienylcyclopen-


tene-based electrochromic com-
pounds, with the exception of
one isolated example.[13d] It is
clear from cyclic voltammetry
that oxidation of 1Ho, 2Ho or
2Fo leads to ring closure to
form 1Hc2+ , 2Hc2+ or 2Fc2+ .
However, for 1Fo ring closure
is not observed, presumably
due to the irreversible nature of
the oxidation of 1Fc to 1Fc2+ .
To establish the ultimate prod-
ucts of these oxidation process-
es spectroelectrochemical char-
acterisation of all four com-
pounds in both open and closed
states was carried out.


Figure 7. Repetitive cyclic voltammetry of a) 1Hc and b) 1Ho in diethyl
ether (0.1m NaBArF) at 298 K and 1 Vs�1.


Figure 8. Schematic diagram of electrochemical processes observed for 1Ho/1Hc in a) CH3CN (0.1m TBAP)
and b) diethyl ether (0.1m NaBArF). Arrows indicate chemical reversibility only. The rate of isomerisation is
relative to electrochemical scanning rate (0.1 Vs�1) . The point of ring closure (i.e., via 1Ho+ or 1Ho2+) is dis-
cussed further in the text (vide infra).
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Spectroelectrochemical proper-
ties of 1Ho/1Hc : For 1Hc the
large separation between the
first and second oxidation steps
allows generation of both the
monocationic (1Hc+) and
dicationic (1Hc2+) species (see
Table 3). Oxidation at 0.55 V
(i.e., at a potential intermediate
between the first and second


oxidation processes of 1Hc) results in depletion of the ab-
sorption of 1Hc (at ca. 530 nm) with a concomitant forma-
tion of strong absorption bands at about 750 nm and
>1100 nm and sharp transitions at 387 and 447 nm (possibly
formally spin forbidden transitions, as indicated by their
narrow peak shape). Complete recovery of the original spec-
trum of 1Hc is observed on subsequent reduction at 0.0 V.
The low-energy absorption bands and the narrow transitions
at higher energy support the assignment of the spectrum as
that of the monocation 1Hc+ .[32] Oxidation of 1Hc (or
1Hc+) at 0.9 V resulted in the formation of 1Hc2+ (lmax=
390, 537 nm) at 273 K. At higher temperatures, (e.g., 298 K)
1Hc2+ was unstable, and the absorptions at 390 and 537 nm
decreased, while new bands appeared at 685, 425 and
403 nm (1Hx). The species formed is cationic[33] and can be
reduced to the closed form 1Hc at �0.2 V versus SCE. The
species is assigned as the same species 1Hx observed by
cyclic voltammetry (see Figures 4 and 7).
On oxidation of 1Ho at 1.3 V (at 273 K), a marked de-


crease in the absorption intensity around 280 nm is ob-
served, accompanied by the appearance of new bands at 390
and 537 nm (1Hc2+). In addition, bands assignable to 1Hc+


and 1Hx (vide supra) are also present, but reach only very
low pseudo-steady-state concentration prior to complete ox-
idation of 1Ho. Reduction of the oxidised sample (i.e., 1Ho
electrolysed at 1.3 V) at 0.0 V results in a decrease in the ab-
sorption intensity at 554 nm, together with an almost com-
plete loss of the absorption bands at 396 and 428 nm and a
transient increase in the absorption at 750 nm (assigned to
1Hc+). The transient formation of 1Hc+ during reduction
of 1Hc2+ is not unexpected. The reduction of 1Hc2+ to 1Hc
is not a concerted two-electron transfer but occurs in two
single-electron reduction steps. Partial recovery of the ab-
sorption intensity around 280 nm also occurs, but a strong
absorption at about 530 nm remains (Figure 9c). As expect-
ed, no change in the absorption at 685 nm (1Hx) is observed
until reduction at �0.2 V is carried out (1Hx is most likely
formed via 1Hc2+ , vide supra). Reduction at �0.2 V results
in depletion of 1Hx (i.e., bands at 685 and 425 nm), further
recovery of the 280 nm absorption and a small increase in
the absorption at 530 nm. The absorption spectrum (in the
visible region, lmax=530 nm) is identical to that of 1Hc, that
is, ring closure occurred during the oxidation and subse-
quent reduction process.


Formation and properties of 1Hx : The formation of 1Hx di-
rectly from 1Hc+ is improbable, as the rate of conversion is


Table 3. Electronic properties of 1Hcm+/o and 2Hcm+/o (m=0, 1, 2, from Figures 9 and 10) and 1Hx (from
Figure 10) in CH3CN (0.1m TBAP).[a]


Abs. lmax [nm] Abs. lmax [nm] (e)


1Ho 278, 303 (sh) 2Ho 284, 308 (sh)
1Hc 267, 287 (sh), 349, 360, 527 2Hc 237, 273 (sh), 303, 345, 519
1Hc+ 387, 447, 753, 838(sh), >1100 2Hc+ 392, 444, 528, 757, 846, 1043
1Hc2+ 390, 537 2Hc2+ 387, 435, 546, 582
1Hx 406 (sh), 427, 674


[a] sh= shoulder.


Figure 9. a) Oxidation of 1Hc to 1Hc+ at 0.55 V, b) oxidation of 1Ho to
1Hc2+ at 1.3 V and c) subsequent reduction to 1Hc at 0 V and 273 K in
0.1m TBAP/CH3CN.
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quite modest when oxidation is carried out at 0.55 V. This
conclusion is supported by the fact that at lower tempera-
ture the formation of 1Hx is suppressed effectively and also
by the fact that in diethyl ether the 1Hc/1Hc+ redox couple
is fully reversible (Figure 7). At 298 K, oxidation at 0.9 V re-
sults in very rapid formation of 1Hx and transient formation
of 1Hc+ with no spectral evidence for the formation of
1Hc2+ . It is probable then that formation of 1Hc2+ results
in reversible rearrangement to the more stable species 1Hx.
Reduction of 1Hx at �0.2 V results in reformation of the
spectrum of 1Hc (Figure 10). Hence, it can be concluded


that the disproportionation of 1Hc+ [i.e. , 2Hc+Ð1Hc2+ +


1Hc, see Eq. (1) below], although thermodynamically un-
favourable, is driven by the rapid conversion of 1Hc2+ to
1Hx. The isosbestic points observed on reduction of 1Hx to
1Hc suggests the chemical reaction which follows reduction
is rapid with no long-lived intermediates.
The rapid conversion of 1Hx to 1Hc on reduction indi-


cates that the formation of 1Hx occurs with retention of
structure (i.e. , it involves an intramolecular rearrangement).
The molecular structure of 1Hx is, at present, unknown, but
its intense visible absorption spectrum, very low oxidation
potential and insolubility in hexane confirm that it is a cat-
ionic species. In addition, its rapid formation from 1Hc2+ in-
dicates that 1Hx is a dication. The strong temperature and
electrolyte dependence, together with the absence of a con-
centration or O2 dependence, of the formation of 1Hx indi-
cates that the conversion of 1Hc2+ to 1Hx is an intramolec-
ular process.
Selective oxidation by chemical oxidants has been em-


ployed previously to induce electrochemical ring opening.[13]


The use of selective oxidants in achieving ring closure was
also explored. The monocation 1Hc+ could be prepared by
selective oxidation with ferrocenium hexafluorophosphate
(0.39 V vs SCE) in several solvents (see Figure S3 in the
Supporting Information).[19] The absorption spectrum of the
monocation is largely solvent-independent (752–760 nm),
but the lowest energy absorption feature (>1100 nm) is


beyond the range of the instrument. Similarly, chemical oxi-
dation with the stronger oxidant CeIV (ca. 0.9 V vs SCE),[19]


at 298 K results in oxidation of 1Ho and 1Hc to 1Hx. Spec-
tral features of both 1Hc+ and 1Hc2+ could be observed
during the oxidation process. It is clear that electrochemical
ring closure by chemical oxidation is possible, however it is
difficult to control, and the formation of 1Hx, (which re-
quires subsequent reduction to form 1Hc, Figure 7 and 10
highlight the complexity of the cyclisation/cycloreversion
processes observed for this class of compound (Figure 8).


Spectroelectrochemical properties of 2Ho/2Hc : The
methoxyphenyl-based compounds (2H) exhibited electro-
chemical ring closure of 2Ho and reversible oxidation of
2Hc to 2Hc+ and 2Hc2+ . For 2H similar spectroelectro-
chemical behaviour to that of 1H was observed (Figure 9).
Bulk oxidation of 2Ho (at 1.0 V) leads to the formation of
intense bands in the visible region, which show more struc-
ture than that observed for 1Ho (Figure 11). Formation of


2Hc+ (ca. 50%) was also observed during oxidation, with
complete disappearance of features assigned to 2Hc+ to-
wards the end of the oxidation process resulting in 2Hc2+


(Figure 11). No evidence for the formation of a species
equivalent to 1Hx in significant amounts was observed,
however. This is possibly due to the stabilising effect of the


Figure 10. Reduction of 1Hx (generated by oxidation of 1Hc at 0.9 V) to
1Hc at �0.2 V at 298 K in 0.1m TBAP/CH3CN.


Figure 11. Oxidation of 2Ho to 2Hc2+(a) at 1.3 V and subsequent reduc-
tion to 2Hc+ at (b) 0.35 V at 273 K in 0.1m KPF6/CH3CN.
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methoxyphenyl groups on cation 2Hc+ and dication 2Hc2+ .
Reduction of 2Hc2+ did not occur, except below 0.45 V (as
expected), and at 0.35 V complete conversion to monocation
2Hc+ was observed. Subsequent reduction at 0.0 V leads to
complete loss of the spectral features assigned to 2Hc+ and
the formation of a spectrum similar[34] to that of 2Hc gener-
ated photochemically from 2Ho (Figure 12). The differences


between the spectrum generated electrochemically and that
generated photochemically are attributable to minor
(<10%) degradation under electrochemical conditions.


Spectroelectrochemical properties of 1Fo/1Fc : In contrast to
1Ho and 2Ho, electrochemical ring closure was not ob-
served by cyclic voltammetry for 1Fo. Moreover, oxidation
of 1Fc resulted in very rapid subsequent chemical reactions,
and hence an effectively irreversible oxidation process was
observed at slow scan rates. To investigate further the prod-
ucts of both these oxidation processes, spectroelectrochemi-
cal studies were carried out on 1Fo and 1Fc. For 1F, effi-
cient and quantitative electrochemical ring opening of 1Fc
to 1Fo was observed on controlled potential electrolysis at
1.0 V (vs SCE, Figure 13). No evidence for additional bands
in the visible region was obtained during the course of the
oxidation process, but the conversion of 1Fc to 1Fo (via
1Fc2+) is clearly not immediate on oxidation (as evidenced


by the slower formation of the open form compared with
the rate of loss of the closed form). As expected from cyclic
voltammetry, oxidation of 1Fo resulted in irreversible oxida-
tion with a significant modification of the absorption spec-
trum in the UV region, that is, degradation. Although oxida-
tion of 1Fo did not lead to ring closure, regeneration of 1Fc
was possible by UV irradiation (l=313 nm). Subsequent
ring opening by oxidation and photochemical ring closure
were achieved (at 298 K) with less than 10% degradation
per cycle (possibly due to formation of reactive species such
as NH3 during the electrochemical oxidation).


[35] Recently,
Zhou et al.[13d] showed that electrochemical ring opening of
hexafluorocyclopentene-based compounds in which the sub-
stituent at C5 of the thienyl ring is H or -CH(COCH3)-
(CO2CH3)


[36] is a general feature of this class of compound.
For compounds which incorporate electroactive groups, ring
opening was reported to occur.[13d]


Spectroelectrochemistry of 2Fc/2Fo : Cyclic voltammetry
shows that the redox properties of 2F are in marked con-
trast to those of 1F. Clearly, in the closed form the oxidation
process is localised on the dithienylcyclopentene unit, but in
the open form the low redox potential and clearly opposite
redox behaviour to 1Fo supports assignment of the oxida-
tion process at 1.2 V as being methoxyphenyl-based. In con-


Figure 12. Reduction of 2Hc+ to 2Hc (a) at 0 V at 273 K in 0.1m KPF6/
CH3CN and overlay of spectra of photochemically generated closed form
with electrochemically generated compound (b).


Figure 13. Oxidation of 1Fc (a) at 1.0 V and 1Fo (b) at 1.4 V at 273 K in
0.1m TBAP/CH3CN.
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trast to the hexahydrocyclopentene-based compounds 1H/
2H, more complex spectroelectrochemical behaviour (Fig-
ures 14 and 15) is observed for methoxyphenyl-based 2F.


Oxidation of 2Fo at 1.4 V results in a decrease in absorb-
ance at 295 nm and increase in absorbance in the visible
region (Figure 14a). The growing in of the band at 500 nm is
preceded by the initial formation of two bands at 422 and
530 nm (the intermediate spectrum resembles that obtained
for 2Fc on oxidation, vide infra). Reduction at 0.0 V result-
ed in only minor changes at 295 nm, but the absorption
maximum at 500 nm undergoes a decrease in intensity and a
red shift to 575 nm, and the increase in absorbance at
350 nm is similar to that observed for 2Fc. The absence of
clear isosbestic points indicates that several species are in-
volved in the redox processes.
For the closed form 2Fc, oxidation at 1.0 V results in the


appearance of a weak absorption band at about 750 nm and
a blue shift in the visible absorption spectrum, from 595 to
559 initially, followed by a further blue shift to 525 nm and
the appearance of a new band at 430 nm. In the near-UV
region a collapse in the absorption band of 2Fc at 350 nm is
observed. Formation of the monocation 2Fc+ is not practi-
cal due to the absence of significant separation of the first
and second oxidation steps. Nevertheless, previous studies
on both organic and inorganic systems have shown that it is
possible to form the monocation in appreciable amounts.[37]


Subsequent reduction at 0.0 V resulted in partial reforma-
tion of the spectrum of 2Fc (60%) and a small increase in
absorption at 305 nm. The lack of evidence for increased ab-
sorption at 285 nm suggests ring opening does not occur. It
is possible that during the oxidation process “deprotection”
of the methoxyl groups occurs, but this is unlikely given that
the absorption features are distinctly different to those re-
ported by Lehn et al. for the demethylated compound.[2]


Possibly, the lack of a clear isosbestic point at any stage
during the oxidation and subsequent reduction of 2Fc is due
to formation of the monocation.[37]


Figure 14. Oxidation of 2Fo at 1.4 V to 2Fc2+ (a) followed by reduction
of the oxidation product at 0 V to 2Fc (b).


Figure 15. Oxidation of 2Fc at 1.0 V to 2Fc2+ (a) followed by reduction
of the oxidation product at 0 V to 2Fc (b). Overlay of initial, oxidised
and final spectra and spectra observed during oxidation (c).
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Localisation of the HOMO: methoxyphenyl versus thienyl,
and the driving force for ring closure : The driving force for
ring opening/closing in the dithienylcyclopentene com-
pounds may be rationalised (at least to a first approxima-
tion) by consideration of the relative frontier orbital ener-
gies and the effect of varying the bridgehead (the cyclopen-
tene unit) and the C5 substituents.[38] The oxidation poten-
tial for the methoxyphenyl unit is typically about 1.2–1.5 V
versus SCE,[39] and hence for 2H the low redox potentials
(Table 1) of both the open and closed forms and the close
similarity in behaviour of 2H and 1H suggest that the redox
chemistry does not involve oxidation of the methoxyphenyl
unit. It is clear from both electrochemical and spectroelec-
trochemical studies that for 1H and 2H the redox properties
are dominated by the dithienylethene unit. In the case of
2H the effect of the methoxyphenyl unit is predominantly
that of an electrochemically innocent electron-donating
group. The differences observed in the electrochemical
properties of 1H and 2H (i.e. , the lower value of DE and
species 2Hx is not observed) can be rationalised on the
basis of increased stabilisation of the mono- and dications
by the methoxyphenyl group. Similarly, for 2Fc, the first oxi-
dation process is sufficiently cathodic relative to the expect-
ed methoxyphenyl oxidation that the oxidation process at
0.67 V can be assigned with confidence to the dithienyl-
ethene unit itself. In the case of 2Fo, however, assignment
of the first oxidation process is more difficult. The oxidation
potential of 1.2 V for 2Fo is shifted considerably less anodi-
cally from that observed for 2Ho (200 mV) than would be
expected by comparison with 1Ho/1Fo (420 mV).
The similar spectroelectrochemical behaviour of 1H and


2H in both open and closed forms and the marked dissimi-
larity in behaviour of 1F and 2F suggests that the electro-
chemical properties of hexahydrocyclopentene compound
2H are largely due to the dithienylethene unit, whereas in
the hexafluorocyclopentene-based 2F the electrochemical
properties involve extensive mixing between the dithienyle-
thene unit and the peripheral methoxyphenyl groups.


Comproportionation constant, DE and charge localisation in
the monocationic form 1Hc+ : The comproportionation con-
stant Kc


[20] is a measure of the stability of the monocation
1Hc+ with respect to disproportionation into neutral species
1Hc and dication 1Hc2+ [Eqs. (1)–(3), Swc=dithienylcyclo-
pentene].[20] The parameter of interest is the separation DE
between the two thienyl-based oxidation processes. This sep-
aration is related to the stability of the monocation.[20]


Swc þ Sw2þ
c Ð 2 Swþ


c ð1Þ


Kc ¼ ½Swþ
c �2=½Swc�½Sw2þ


c � ð2Þ


Kc ¼ expðDE=25:69Þ ð3Þ


The value of Kc and the separation between the first and
second redox process for the closed dithienylethene raises a
central issue: what is the nature of the redox chemistry of


the switches. In the open form, two thienyl units are present
and they are undoubtedly not coplanar to any significant
extent. In the absence of any effective orbital overlap medi-
ated by the alkene orbitals of the cyclopentene ring, each
thienyl ring can be treated as a separate electrochemical
entity. Hence, the oxidation and reduction of each ring may
potentially occur as two independent electron-transfer proc-
esses. For the closed switch a different situation arises due
to the change in the nature of the thienyl rings, the two
trans-butadiene components of the closed form and the co-
planarity of the three rings. In contrast to the open form,
the question arises whether the closed form can be treated
as a single redox entity or remains as two independent units.
To answer this question two issues must be considered. First-
ly, what is the extent of delocalisation of the HOMO and
LUMO in the closed form. Secondly, if the closed form is
composed of two “independent” redox-active units, to what
proportion do electrostatic interactions contribute to the
comproportionation constant Kc.
The electrostatic interaction between the redox units can


potentially be estimated by examination of the open forms
of the dithienylethene compounds. The absence of separa-
tion between the first and second redox processes in the
open form suggests that electrostatic contributions are mini-
mal. However, the absence of separation can be rationalised
also by considering the possibility that ring closure occurs
after the first oxidation process of 1Ho. If the first oxidation
step (1Ho to 1Ho+) leads instantaneously to the closed
monocation 1Hc+ , then the monocation will immediately be
oxidised to the dication 1Hc2+ (Figure 4). That this occurs is
supported, to some extent, by the observation of significant
amounts of the monocations 1Hc+ and 2Hc+ prior to obser-
vation of the dications 1Hc2+ and 2Hc2+ in spectroelectro-
chemical studies on the open forms (Figures 9 and 11). The
very small separation between the first and second oxidation
processes of 1Fc and 2Fc indicate that in the present sys-
tems the electrostatic contribution to Kc is at most very
small (<30 mV).
The decrease in Kc on going from 1Hc to 1Fc (and simi-


larly from 2Hc to 2Fc) and the reduction observed on intro-
duction of the electron-donating methoxyl substituent sup-
port the assignment of the oxidation of the closed form as
involving two weakly coupled redox active units (Type II in
the classification of Robin and Day[40]), each centered on a
thienyl ring (or more specifically on a thio-trans-butadiene
system, the localised model, see Figure 16). If this is indeed
the case then the decrease in Kc by the introduction of the
perfluorocyclopentene group (and also the electron-donat-
ing methoxyphenyl groups) suggests that the mechanism for
interaction between the thio-trans-butadiene units is a
HOMO-mediated superexchange process (see Scheme 3).


Electrochemical ring-opening versus ring-closing : The driv-
ing force for electrochemical ring opening and closing ob-
served in 1H, 1F, 2H and 2F can be rationalised on the
basis of the nature of the oxidation process. In the oxidised
forms either a cyclic thiophene-based monocation or an acy-
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clic trans-butadiene moiety can form. The driving force
behind the ring opening/closing reactions can be considered
in terms of the extent of delocalisation of the positive
charge in the oxidised forms. For 1Fc oxidation results in
ring-opening to 1Fo. The hexafluorocyclopentene ring
would be expected to be very poor in facilitating delocalisa-
tion of charge over both rings or facilitating rapid electron
transfer between the thiophene moieties, so that ring open-
ing with localisation of the charge on the thiophene rings re-
sults. For 1H the reverse situation is apparent. The hexahy-
drocyclopentene unit is better at facilitating communication


between the two thiophene units, and hence stabilisation of
the mono- and dications of the closed form would be ex-
pected. The observation of 1Hc+ , albeit at a low concentra-
tion, is significant and suggests ring closure occurs through
formation of 1Ho+ leading to 1Hc+ , which is oxidised to
1Hc2+ .


Conclusion


A key feature of both the dithienylhexafluoro- and dithi-
enylhexahydrocyclopentenes is their propensity to undergo
ring-closure and ring-opening photochemically. Electro-
chemically driven ring-opening and ring-closing has received
much less mechanistic attention. In contrast to the photo-
chemical (excited state) processes, the mechanism and fac-
tors that influence oxidative ring-opening/closing of the di-
thienylcyclopentene systems had not been investigated in
detail. In the present study, it has been established that the
efficiency of electrochemically driven processes and the di-
rection of the oxidatively driven switching is dependent on
the nature of the cyclopentene unit and the solvent em-
ployed. The driving force for ring closure appears to be the
stabilisation achieved by the mono- and/or dication of the
open form in converting to the ring-closed form. Spectroe-
lectrochemistry of 1Ho reveals that both the open and
closed switches form the same oxidation product, and this
indicates that ring closure on oxidation is quite fast (i.e.,


faster than the electrochemical
timescale). In the case of 2Fo,
the involvement of the methox-
yphenyl group in electrochemi-
cal ring closure is apparent
from cyclic voltammetry, but
from spectroelectrochemistry it
is clear that the process is not
direct and involves initial oxida-
tion of the methoxyphenyl
groups followed by an intramo-
lecular process. This opens the
exciting possibility of using in-
tramolecular electron transfer
to achieve switching in direc-
tions other than would be pre-
ferred by the central dithienyl-
ethene core (e.g., the different
directions of switching between
1F and 2F).
We have presented a detailed


examination of various aspects
of the electronic and redox
properties of dithienylethene-
based switches. The effect of
solvent, temperature and bridg-
ing cyclopentene unit on both
the electronic and redox prop-
erties was explored. Important-


Figure 16. Schematic diagram illustrating effect of cyclopentene unit and
C5 substitution on relative frontier orbital energies. The double arrows
indicate relative stabilisation/destabilisation of the molecular orbitals.


Scheme 3. General scheme for electrochemical processes observed in dithienylethene based systems (the struc-
ture shown for 1Hx is for illustrative purposes only).
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ly, from the results presented, it is clear that the mechanism
of electrochemical ring opening and ring closure is not
simple and involves the balancing of both the medium and
molecular structure. The information obtained here provides
a solid basis to understand the intrinsic properties of the di-
thienylethene cores. This insight is essential for enabling ra-
tional design of more complex electrochemically responsive
systems and predicting their behaviour in various environ-
ments (e.g., solvent, electrolyte, etc.). In a further report,
the effects of substitution of the phenyl moiety and the in-
troduction of asymmetry will be explored.


Experimental Section


For all spectroscopic measurements Uvasol-grade solvents (Merck) were
employed. All reagents employed in synthetic procedures were of re-
agent grade or better and used as received unless otherwise stated. Com-
pounds 1H, 2H, 1F and 2F[14] and ferrocenium hexafluorophosphate[19]


were prepared by previously reported procedures. UV/Vis absorption
spectra (accuracy �2 nm) were recorded on a Hewlett-Packard UV/Vis
8453 spectrometer. Electrochemical measurements were carried out on a
Model 630B Electrochemical Workstation (CHInstruments). Analyte
concentrations were typically 0.5–1 mm in anhydrous acetonitrile contain-
ing 0.1m TBAP or 0.1m NaBArF[41] (except where stated otherwise in the
text). Unless otherwise stated, a Teflon-shrouded glassy carbon working
electrode or 10 mm diameter platinum microelectrode (CHInstruments),
a Pt wire auxiliary electrode and SCE or nonaqueous Ag/Ag+ ion refer-
ence electrode were employed. Reference electrodes were calibrated
with 0.1 mm solutions of ferrocene (0.38 V versus SCE in 0.1m TBAP/
CH3CN). Solutions for reduction measurements were deoxygenated by
purging with dry N2 gas (presaturated with solvent) prior to the measure-
ment. Cyclic voltammograms were obtained at sweep rates of between
10 mVs�1 and 50 Vs�1; differential pulse voltammetry (DPV) experi-
ments were performed with a scan rate of 20 mVs�1, a pulse height of
75 mV and a duration of 40 ms. For reversible processes the half-wave po-
tential values are reported; identical values were obtained from DPV and
CV measurements. Redox potentials are �10 mV. Spectroelectrochemis-
try was carried out with a custom-made OTTLE setup comprising a plati-
num gauze mesh working electrode (52 mesh, 0.1 mm wire diameter, Al-
drich) a custom-made quartz cuvette with 2 mm path length (Chandos In-
tercontinental, UK) equipped with a solvent reservoir holding the refer-
ence electrode and a platinum gauze counterelectrode (separated from
the main solution by a ceramic frit) or in a SPECAC OTTLE cell
(0.5 mm path length). Measurements were made at 0 8C with a Quantum
Northwest Peltier-cooled cell holder, modified for the UV/Vis spectrome-
ter.
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Introduction


Recently, two-photon microscopy (TPM) has become a vital
tool for live-tissue imaging.[1] The advantages of TPM are
improved penetration depth, localized two-photon (TP) ex-
citation, reduced photodamage and photobleaching, small
absorption coefficient of light in tissue, and lower tissue
auto-fluorescence.[2] For maximum utilization of TPM, it is
crucial to develop efficient two-photon probes for specific
applications. A useful probe for such applications should
have i) a large TP cross-section (dTPA) in the NIR-IR region,
ii) appreciable solubility in water, iii) high photostability, and


iv) receptors for the biological substrates. Recent work has
shown that TP dyes with dTPA values exceeding 5000 GM
can be synthesized by optimizing the molecular structures.[3]


Also, water soluble TP dyes with significant dTPA have been
reported.[4] Furthermore, TP probes sensitive to the metal
ions and pH have been developed.[5,6] However, except for a
few studies on the photostability of the TP dyes in solution,
virtually nothing is known about it under imaging condi-
tions.[7]


The most actively investigated structural motifs for TP
materials are donor–bridge–donor (D–p–D) quadrupoles, in
which the donors are connected to the p center via C=C
bonds.[3,8] However, this bond readily undergoes trans to cis-
photoisomerization, which may hamper the efficiency and
the lifetime of the materials.[8b,9] This problem can be avoid-
ed if one incorporates the double bond within a ring. For
this purpose, we have synthesized a series of D–p–D deriva-
tives containing phenyl, naphthyl, and anthryl groups as the
p center and heterocyclic rings as the conjugation bridge
(Scheme 1). We have determined one- and two-photon spec-
troscopic properties, two-photon cross-sections, and photo-
stabilities of 1–4. We now report that these compounds
show large dTPA in solutions and enhanced photostability in
giant unilamellar vesicles (GUVs).


Results and Discussion


Synthesis : Synthesis of 1–4 is shown in Scheme 2. Reactions
of 5a and 5b with 4-(diethylamino)salicylaldehyde produced
1a and 1b in 42–48% yields. Compounds 3b and 4b were
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synthesized in 34–61% yields by the same procedure as de-
scribed for 1a.


To synthesize 2a and 2b, 6a and 6b were treated with 4-
(dihexylamino)-2-nitrobenzaldehyde to obtain 7a and 7b in
78–84% yields. The latter were then reacted with P(OEt)3


to produce 2a and 2b in 24–37% yields. The structures of
1–4 were unambiguously characterized by 1H NMR, IR
spectroscopy, and elemental analysis.


One-photon absorption and emission spectra : Figure 1
shows the absorption and emission spectra of 1–4. The spec-
tral properties of 1–4 are compared with the corresponding
open-chain analogues in Table 1. As expected, both l ð1Þ


max and
l fl


max increase gradually with a stronger acceptor, that is, 1a<
1b, 2a<2b. On the other hand, the values are almost the
same for 1b and 3b, despite extended conjugation. Further-
more, l ð1Þ


max and l fl
max of 1a, 1b, and 4b are significantly red-


shifted in comparison to the open-chain analogues. This
finding suggests that the intramolecular charge transfer
(ICT) is significantly enhanced by the increased planarity
and the presence of the additional heteroatom donors in the
heterocyclic rings. Except for 2b, all of the compounds show
modest to high quantum yields. Interestingly, the fluores-
cence lifetimes are longer for the heterocyclic compounds
than for the open-chain analogues, although they are almost
the same in toluene and in GUVs (Table 1).


Two-photon cross-sections : The
two-photon cross-sections
(dTPA) of 1–4 were measured by
using femtosecond laser pulses
as described.[3] The two-photon
excitation spectra for 1–4 are
depicted in Figure 2. Table 1
summarizes the relevant spec-
troscopic parameters. Most
compounds exhibit broad TP
absorption bands in the 740–
1000 nm spectral regions, which
is useful for application to
TPM. In addition, an additional
CN group in 1b and 2b results
in a two-fold increase in the
dmax values of 1a and 2a.
Except for 1b and 1b’, dmax


values are always larger for the
heterocyclic compounds than
for the open-chain analogues.
Also, there is a qualitatively
linear relationship between dmax


and l ð1Þ
max (Table 1). Furthermore,


the dmax value of 2b is larger
than 3b and 4b has the largest
value. The parallel increase in
the dmax with ICT and molecular
size is well documented in the
literature.[3,7] Finally, 1a shows
significant dmax=510 GM in


EtOH at 800 nm, which makes it an attractive two-photon
fluorophore for bio-imaging.


Photostability : The photostability was determined by using
TPM (l=800 nm, I = ~1.2 mWmm�2) on GUVs grown
from mixtures of 1,2-dipalmitoyl-sn-glycero-3-phosphocholin
(DPPC) phospholipid and 1–3. GUVs with mean diameters
of ~10 mm (1–3) and ~100 mm (1a’’, 2a) were obtained by
solvent evaporation and electroformation methods, respec-
tively.[10] We could not measure the photostability of 2b, 4b,
and 4b’ because TPEF of 2b was too weak to be detected
accurately and DPPC GUVs did not grow when stained
with 4b and 4b’.


As shown in Figure 3, the dyes stain the membranes and
appear to be parallel to the membrane lipids.[11] In addition,
l fl


max of 1a’’ and 2a in GUVs are nearly identical to those in
toluene, indicating that the dyes may be buried deeply
inside the membrane (Table 1). This outcome could result
because these compounds have (Hex)2N rather than Et2N as
the donor, providing better interactions with the hydropho-
bic tails. On the other hand, l fl


max of 1a in GUVs is between
those measured in toluene and EtOH. Also, l fl


max of 1a’, 1b,
1b’, and 3b are significantly more red-shifted in GUVs than
in toluene (Figure S1 in the Supporting Information). This
result indicates that these dyes are located more toward the


Scheme 1. Structures of D–p–D derivatives used in this study.


Scheme 2. a) 4-(Diethylamino)salicylaldehyde, Bu4NHSO4, K2CO3, DMF, 125 8C, 8 h; b) NaOtBu, THF, 4-(di-
hexylamino)-2-nitrobenzaldehyde, 0–25 8C, 12 h; c) P(OEt)3, 160 8C, 12 h.
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hydrophilic-hydrophobic interface than are 1a’’ and 2a in
the membranes.


The TPEF intensity from the dyes in the large GUVs de-
creased gradually with irradiation time under the TPM. As
expected, the photobleaching rate is first-order to the sub-
strate, with half-lives of 410 and 720 s for 1a’’ and 2a, re-
spectively (Figure 3).[12] This observation indicates that in-
corporating the C=C bond within a ring enhances the photo-
stability by a factor of two. The photostability of the small
GUVs was determined by the same method, except that the


laser beam was focused more
tightly (I = ~120 mWmm�2).
Table 1 shows that t1=2 of the
heterocyclic compounds and
open-chain analogues in the
small GUVs are in the range of
180–280 and 100–110 s, respec-
tively. Here again, a two-fold
enhancement is evident in the
former, even though t1=2 is signif-
icantly shorter. Note that t1=2 of
2a is three times shorter in
small GUVs than in larger
ones, although they are expect-
ed to be located in almost the
same region of the membranes.
Thus, the much smaller t1=2 in
small GUVs can be attributed
to the more tightly focused


laser beam, not to the change in the environment. It was
previously reported that the primary causes of photochemi-
cal instability of one- or two-photon dyes are the photooxi-
dation and photoisomerization of the C=C bond.[7,8b,9,12] Be-
cause the oxygen concentration in the GUVs should be
almost the same, the enhanced photostability of the hetero-
cyclic compounds observed in this study can be attributed to
the inhibition of the latter.


Finally, we propose that this approach is a useful method
for a qualitative photostability test. Growing the small


Figure 1. Molar absorptivity and normalized emission spectra of 1–4 in toluene.


Table 1. Photophysical Data for 1–4.[a]


Cpd lmax
[b] l fl


max
[c,d] F[e] t[f,g] l ð2Þ


max
[h] dmax


[i] t1=2
[j,k]


1a 464 498 (525) 0.95 1.63 (1.63) 780 700 280
1a[l] 459 541 0.61 2.42 800 510
1a’[m] 426 483 (500) 0.52 0.65 (0.72) 740 260 100
1a’’ (480) (0.72) (410)
1b 527 584 (604) 0.41 2.92 880 1510 200
1b’[n] 490 536 (583) 0.69 1.39 830 1750 110
2a 463 520 (518) 0.52 2.14 (1.90) 800 690 240 (720)
2b 538 624 0.07 2.19 900 1810
3b 532 579 (627) 0.42 2.44 900 1370 180
4b 509 581 0.38 2.52 880 2150
4b’[o] 488 535 0.64 2.39 840 1570


[a] Solvent was toluene except where otherwise noted. [b], [c] lmax of the one-photon absorption and emission
spectra in nm. [d], [g] The numbers in the parentheses are l fl


max and t of the small GUVs, respectively. [e] Fluo-
rescence quantum yield. [f] Fluorescence lifetime in nanoseconds. [h] lmax of the two-photon excitation spectra
in nm. [i] The peak two-photon absorptivity in 10�50 cm4s per photon (GM). [j] Two-photon excited fluores-
cence (TPEF) decay half-life (t1=2) of small GUVs. [k] The numbers in the parentheses are t1=2 of large GUVs.
[l] Solvent was EtOH. [m] Ref. [8b]. [n] Ref. [8a]. [o] Ref. [8e].
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GUVs is relatively easy and TPM experiments can be car-
ried out using the same set-up for the bio-imaging. In addi-
tion, GUVs are a good model for biological membranes.


Conclusion


In this paper, the photophysical properties and photostabili-
ty of a series of D–p–D derivatives containing heterocyclic
rings in the conjugation bridge have been investigated.
Overall, these compounds show larger values of lmax, l fl


max,
l ð2Þ


max, dmax and enhanced photostability in comparison to the
open-chain analogues. Furthermore, a convenient method
for the photostability test for TP materials is proposed. This
result underlines the usefulness of the heterocyclic ring as
the conjugation bridge for the efficient two-photon probes
for TPM applications.


Experimental Section


Synthesis : 2-Cyano-1,4-bis(p-diethylaminostyryl)benzene (1a’), 2-cyano-
1,4-bis(p-dihexylaminostyryl)benzene (1a’’), 2,5-dicyano-1,4-bis(p-diethyl-
aminostyryl)benzene (1b’), 9,10-bis(p-cyanophenyl)-2,6-bis(p-dihexylami-
nostyryl)benzene (4a’) were either available from previous study or syn-


thesized as reported.[5b,8a,8b, 8e] 1,4-Bis(bromomethyl)-2-cyanobenzene
(5a), 1,4-bis(bromomethyl)-2,5-dicyanobenzene (5b), 1,4-bis[(diethoxy-
phosphoryl)methyl]-2-cyanobenzene (6a), 1,4-bis[(diethoxyphosphoryl)-
methyl]-2,5-dicyanobenzene (6b), 1,5-dicyano-2,6-dimethylnaphthalene,
9,10-bis(p-cyanophenyl)-2,6-bis(bromomethyl)anthracene (9) were pre-
pared by the literature methods.[5b,8a,8b,8e, 13] Synthesis of other compounds
is described below.


Compound 1a : A mixture of 5a (0.47 g, 1.6 mmol), 4-(diethylamino)sali-
cylaldehyde (0.63 g, 3.3 mmol), K2CO3 (1.4 g, 9.8 mmol), and Bu4NHSO4


(0.17 g, 0.49 mmol) was stirred in DMF (30 mL) for 8 h at 125 8C. The
dark reaction mixture was diluted with water and extracted with ethyl
acetate. The organic solvent was evaporated and the product was purified
on a silica gel column by using hexane/ethyl acetate 3:1. The product was
recrystallized from ethyl acetate/methanol to obtain yellow solid (0.34 g,
42%). M.p. 143 8C; 1H NMR (300 MHz, CDCl3): d=8.08 (s, 1H), 8.02 (d,
J=9.0 Hz, 1H), 7.93 (d, J=9.0 Hz, 1H), 7.62 (s, 1H), 7.42 (d, J=9.0 Hz,
1H), 7.38 (d, J=9.0 Hz, 1H), 6.97 (s, 1H), 6.80 (s, 1H), 6.78 (s, 1H), 6.71
(d, J=9.0 Hz, 1H), 6.69 (d, J=9.0 Hz, 1H), 3.43 (q, J=7.0 Hz, 8H),
1.22 ppm (t, J=7.5 Hz, 12H); IR (KBr): ñ=2220 cm�1 (CN); elemental
analysis calcd (%) for C31H31N3O2: C 77.96, H 6.54, N 8.80; found: C
77.89, H 6.60, N 8.82.


Compound 1b : Synthesized by the same procedure as described for 1a
except that 5b was used. Recrystallization from ethyl acetate/petroleum
ether gave black-red solid (48%). M.p. >300 8C; 1H NMR (300 MHz,
CDCl3): d=8.29 (s, 2H), 7.69 (s, 2H), 7.43 (d, J=9.0 Hz, 2H), 6.76 (s,
2H), 6.71 (d, J=9.0 Hz, 2H), 3.43 (q, J=7.0 Hz, 8H), 1.23 ppm (t, J=
7.5 Hz, 12H); IR (KBr): ñ=2221 cm�1 (CN); elemental analysis calcd
(%) for C32H30N4O2: C 76.47, H 6.02, N 11.15; found: C 76.35, H 6.17, N
11.10.


2-Cyano-1,4-bis[(2’-nitro-4’-dihexylamino)styryl]benzene (7a): NaOtBu
(1.6 g, 16 mmol) was added to a solution containing 6a (3.0 g, 7.4 mmol)
in THF (80 mL) at 0 8C under N2. To this solution, 4-dihexylamino-2-ni-


Figure 2. Two-photon excitation spectra for 1–4 in toluene.


Figure 3. Top: TPEF image of the GUV labeled with 2a. The excitation
light (l=800 nm, I = ~1.2 mWmm�2) is polarized parallel to the hori-
zontal axis of the image. The scale bar equals 100 mm. Bottom: Decay
rates of the TPEF in GUVs labeled with 2a and 1a’’.
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trobenzaldehyde (5.0 g, 15 mmol) was added and the solution was stirred
for 12 h at RT. Water was added to stop the reaction and the product was
extracted with ethyl acetate and washed with brine. The organic layer
was dried with MgSO4 and the solvent was removed in vacuo to obtain
the product (4.8 g, 84%). M.p. 110 8C; 1H NMR (300 MHz, CDCl3): d=
7.77 (d, J=9.0 Hz, 1H), 7.69 (d, J=9.0 Hz, 1H), 7.68 (s, 1H), 7.64 (d, J=
9.0 Hz, 1H), 7.57 (d, J=9.0 Hz, 1H), 7.52 (d, J=18.0 Hz, 1H), 7.32 (d,
J=18.0 Hz, 1H), 7.27 (d, J=18.0 Hz, 1H), 7.11 (s, 1H), 7.10 (s, 1H), 6.85
(d, J=9.0 Hz, 1H), 6.84 (d, J=18.0 Hz, 1H), 6.81 (d, J=9.0 Hz, 1H),
3.31 (t, J=7.0 Hz, 8H), 1.60 (m, J=7.0 Hz, 8H), 1.35 (m, 24H), 0.91 ppm
(t, J=7.5 Hz, 12H); IR (KBr): ñ=2223 cm�1 (CN); elemental analysis
calcd (%) for C47H65N5: C 73.88, H 8.57, N 9.17; found: C 73.68, H 8.91,
N 9.20.


Compound 2a : A solution of 7a (0.70 g, 0.92 mmol) in P(OEt)3 (10 mL)
was heated under reflux overnight under N2. The solvent was removed in
vacuo and the product was purified on a silica gel column by using
hexane/ethyl acetate 8:1 to yield the title compound (0.24 g, 37%). M.p.
42 8C; 1H NMR (300 MHz, CDCl3): d=8.66 (s, 1H), 8.09 (s, 1H), 7.82 (s,
1H), 7.73 (s, 2H), 7.46 (d, J=9.0 Hz, 1H), 7.44 (d, J=9.0 Hz, 1H), 7.04
(s, 1H), 6.76 (s, 1H), 6.66 (m, 4H), 3.31 (t, J=7.0 Hz, 8H), 1.62 (m, J=
7.0 Hz, 8H), 1.33 (m, 24H), 0.90 ppm (t, J=7.5 Hz, 12H); IR (KBr): ñ=
2222 cm�1 (CN); elemental analysis calcd (%) for C47H65N5: C 80.64, H
9.36, N 10.00; found: C 80.38, H 9.41, N 10.02.


2,5-Dicyano-1,4-bis[(2’-nitro-4’-dihexylamino)styryl]benzene (7b): Syn-
thesized by the same procedure as described for 7a except that 6b was
used. The product was purified by recrystallization from MeOH to yield
the title compound (78%). M.p. 243 8C; 1H NMR (300 MHz, CDCl3): d=
8.01 (s, 2H), 7.69 (d, J=18.0 Hz, 2H), 7.67 (d, J=9.0 Hz, 2H), 7.19 (d,
J=18.0 Hz, 2H), 7.13 (s, 2H), 6.84 (d, J=9.0 Hz, 2H), 3.34 (t, J=7.5 Hz,
8H), 1.60 (m, 8H), 1.35 (m, 24H), 0.91 ppm (t, J=7.5 Hz, 12H); IR
(KBr): ñ=2223 cm�1 (CN); elemental analysis calcd (%) for C48H64N6: C
73.06, H 8.18, N 10.65; found: C 73.09, H 8.31, N 10.56.


Compound 2b : Synthesized by the same procedure as described for 2a
except that 7b was used to yield the title compound (24%). M.p. 208 8C;
1H NMR (300 MHz, CDCl3): d=8.57 (s, 2H), 7.95 (s, 2H), 7.45 (d, J=
9.0 Hz, 2H), 7.08 (s, 2H), 6.68 (d, J=9.0 Hz, 2H), 6.55 (s, 2H), 3.34 (t,
J=7.0 Hz, 8H), 1.60 (m, J=7.0 Hz, 8H), 1.35 (m, 24H), 0.91 ppm (t, J=
7.5 Hz, 12H); IR (KBr): ñ=2223 cm�1 (CN); elemental analysis calcd
(%) for C48H64N6: C 79.51, H 8.90, N 11.59; found: C 79.30, H 8.98, N
11.65.


2,6-Bis(bromomethyl)-1,5-dicyanonaphthalene (8): NBS (30 g, 0.17 mol)
and benzoyl peroxide (0.40 g, 1.7 mmol) were added to a solution con-
taining 1,5-dicyano-2,6-dimethylnaphthalene (10 g, 76 mmol) in benzene
(300 mL). The mixture was vigorously stirred under reflux for 2 h. After
usual work-up, the product was purified on a silica gel column by using
hexane/methylene chloride 1:1. The product was recrystallized from
chloroform to obtain white crystals (13 g, 61%). M.p. 257 8C; 1H NMR
(300 MHz, CDCl3): d=8.47 (d, J=9.0 Hz, 2H), 7.86 (d, J=9.0 Hz, 2H),
4.84 ppm (s, 4H); elemental analysis calcd (%) for C36H32N4O2: C 46.19,
H 2.22, N 7.70; found: C 46.22, H 2.21, N 7.73.


Compound 3b : Synthesized by the same procedure as described for 1a
except that 8 was used to yield the title compound (45%). M.p. >300 8C;
1H NMR (300 MHz, CDCl3): d=8.48 (d, J=9.0 Hz, 2H), 8.27 (d, J=
9.0 Hz, 2H), 7.82 (s, 2H), 7.48 (d, J=9.0 Hz, 2H), 6.81 (s, 2H), 6.75 (d,
J=9.0 Hz, 2H), 3.46 (q, J=7.0 Hz, 8H), 1.24 ppm (t, J=7.5 Hz, 12H);
IR (KBr): ñ=2223 cm�1 (CN); elemental analysis calcd (%) for
C36H32N4O2: C 78.24, H 5.84, N 10.14; found: C 78.31, H 5.79, N 10.20.


Compound 4b : Synthesized by the same procedure as described for 1a
except that 9 was used to yield the title compound (34%). M.p. >300 8C;
1H NMR (300 MHz, CDCl3): d=8.01 (d, J=9.0 Hz, 4H), 7.87 (s, 2H),
7.72 (d, J=9.0 Hz, 2H), 7.69 (d, J=9.0 Hz, 4H), 7.51 (d, J=9.0 Hz, 2H),
7.35 (d, J=9.0 Hz, 2H), 6.92 (s, 2H), 6.74 (s, 2H), 6.68 (d, J=9.0 Hz,
2H), 3.42 (q, J=7.0 Hz, 8H), 1.21 ppm (t, J=7.5 Hz, 12H); IR (KBr):
ñ=2220 cm�1 (CN); elemental analysis calcd (%) for C52H42N4O2: C
82.73, H 5.61, N 7.42; found: C 82.85, H 5.70, N 7.56.


Vesicle preparation : To prepare small GUVs, we followed the solvent
evaporation method developed by Moscho et al.[10a] To a 50 mL round-
bottomed flask containing CHCl3 (1 mL), 1,2-dipalmitoyl-sn-glycero-3-


phosphocholine (DPPC) phospholipid in CHCl3 (5 mgmL�1, 6.8M10�3
m,


30 mL) and 1–3 (1.0M10�3
m, 2.0 mL) were added (lipid/fluorophore


100:1). The Millipore water (5.0 mL) was then carefully added along the
flask walls. The chloroform was removed in a rotary evaporator (Buechi
R-114) under reduced pressure at 45 8C (Buechi waterbath B-480) for
2 min. The mean diameter of vesicles was ~10 mm (Figure S2a).


To grow large GUVs, the electroformation method was employed.[10b,c]


The chamber for the GUVs preparation consisted of two ITO-coated
glasses separated by a silicon spacer (thickness=0.5 mm). DPPC was dis-
solved in CHCl3 at a concentration of 0.3 mgmL�1. 3 mL of this solution
were deposited on one of the conductive coated glasses and dried using a
nitrogen stream. Previously heated (50 8C) Millipore water was added
and then an AC field of 10 Hz, 1 V was applied by using a function gen-
erator (Stanford Research System, DS345) at 50 8C (Aldrich Airbath
oven) for 3 h. After the vesicle was produced, a small amount (<2 mL) of
fluorophore in DMSO was added. The mean diameter of vesicles was
~100 mm. Large GUVs with a mean diameter of ~200 mm were used for
the photostability test (Figure S2b).


Spectroscopic measurements : Absorption spectra were recorded on a
Hewlett–Packard 8453 diode array spectrophotometer, and the fluores-
cence spectra were obtained with a Amico Bowman series 2 lumines-
cence spectrometer. The fluorescence quantum yield was determined by
using fluorescein and rhodamine B as the reference.[14] Fluorescence life-
times were measured using the time-correlated single photon counting
(TCSPC) method with a femto second laser system (Verdi/Mira 900, Co-
herent Radiation, Palo Alto, CA) as described.[15] Molar absorptivity and
emission spectra for 1–4 in toluene are depicted in Figure 1.


The fluorescence spectra and fluorescence lifetimes of the GUVs were
measured using the GUVs in the buffer solution (pH 7.0). The fluores-
cence spectra of the GUVs are shown in Figure S1.


Measurement of two-photon cross-sections : The experimental setup for
the two-photon fluorescence (TPF) measurement is described else-
where.[3] The two-photon cross-section d was calculated by using the two-
photon-induced fluorescence measurement technique with the following
Equation:


d ¼ SsFr�rcr
SrFs�scs


dr


in which the subscripts s and r refer to the sample and reference mole-
cules.[8a] The intensity of the signal collected by a CCD detector was de-
noted as S. F is the fluorescence quantum yield. f is the overall fluores-
cence collection efficiency of the experimental apparatus. The number
density of the molecules in solution was denoted as c. dr is the TPA
cross-section of the reference molecule. Samples were dissolved in tolu-
ene at concentrations of 5.0M10�6


m and the two-photon induced fluores-
cence intensity was measured at 740–1050 nm by using fluorescein (8.0M
10�6


m, pH 11) and rhodamine B (1M10�5
m in MeOH) as the reference;


the two-photon properties of the latter have been well characterized in
the literature.[16]


Photostability test : Photostability was determined with a DM IRE2 Mi-
croscope (Leica) excited by a mode-locked titanium/sapphire laser
(Verdi/Mira 900, coherent radiation, Palo Alto, CA). To determine the
rates of decrease of the two-photon excited fluorescence (TPEF) intensi-
ty of the dyes in GUVs, the digitized intensity (8 bit) from the GUV
images was recorded for 1 s with 1.5 s intervals for the duration of one
hour using xyt mode (l=800 nm, ~180 fs, I = 1–3 mWmm�2). The TPEF
of large and small GUVs were collected by using M10 objective lens
(NA=0.30 DRY) andM100 objective lens (NA = 1.30 OIL), respective-
ly. The laser power used for the small GUVs was estimated to be
~110 mWmm�2. In all cases, the TPEF intensity showed 1st order decay
with time. The plots of ln(I � I1)/(I0 � I1) versus irradiation time for the
small GUVs labeled with 1–3 are shown in Figure S3. The slopes of these
plots are the 1st order decay constants. Half-lives (t1=2) were calculated by
using the relationship, t1=2 =0.693/k.
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Oxidative Electrochemical Switching in Dithienylcyclopentenes, Part 2:
Effect of Substitution and Asymmetry on the Efficiency and Direction of
Molecular Switching and Redox Stability**


Wesley R. Browne, Jaap J. D. de Jong, Tibor Kudernac, Martin Walko, Linda N. Lucas,
Kingo Uchida, Jan H. van Esch, and Ben L. Feringa*[a]


Introduction


In recent years, photo- and electrochromic materials have
received considerable attention for potential application in
visual-display and molecular information-storage technolo-
gies.[1] Systems based on transition metals such as rutheniu-
m(ii)[2,3] and organic systems based on spiropyrans[4] and di-
arylethenes[5] have proven to be especially suitable for such
applications. The effectiveness of molecular-based materials
requires that their properties can be tuned readily to suit
particular functions, a requirement which has prompted
many studies on transition metal- and organic-based[2,6] sys-


tems. These studies have focussed on understanding the fac-
tors which control their photophysical and electrochemical
properties. Although the photochromic behaviour of materi-
als based on diarylethenes, fulgides[7] and spiropyrans has
been investigated extensively in recent years and has been
adapted to drive changes in bulk material properties,[8–13] a
detailed understanding of the electrochemical properties of
these systems is not yet available, and relatively few studies
have been reported in the literature.[14–16]


In Part 1, we examined the electrochemical and spectro-
electrochemical properties of two representative sets of di-
thienylethene switches (1Ho/1Fo and 2Ho/2Fo, Scheme 1)
and investigated the mechanism and solvent dependence of
the electrochemically driven ring-opening/closing process-
es.[17] It is clear from our earlier work that electrochemical
switching processes are complex and involve interconversion
between several cationic species,[16] so assignment of the
mechanism involved (e.g., ring-closure via mono- or dicat-
ionic species) requires the investigation of asymmetrically
substituted systems. Furthermore, although the influence of
peripheral substituents (i.e., at C5 of the thienyl ring) on
photochemical ring opening/closing has been examined in
detail, the influence of these substituents on the electro-
chemical properties of these compounds has not been estab-
lished to date. Here we extend our investigations to examine


Abstract: The electrochemical and
spectroelectrochemical properties of a
series of C5-substituted dithienylhexa-
hydro- and dithienylhexafluorocyclo-
pentenes are reported. The effect of
substitution at C5 of the thienyl moiety
on the redox properties is quite dra-
matic, in contrast to the effect on their
photochemical properties. The efficien-
cy of electrochemical switching is de-
pendent both on the central cyclopen-


tene unit and on the nature of the sub-
stituents, whereby electron-donating
moieties favour oxidative electrochemi-
cal ring-closure and vice versa. Asym-
metrically substituted dithienylcyclo-
pentenes were investigated to explore


the ring-closure process in more detail.
The results indicate that electrochemi-
cally induced ring-closure occurs via
the monocation of the open form. In
the presence of electroactive groups at
C5 of the thienyl ring (e.g., methoxy-
phenyl) initial oxidation of these
groups is followed by intermolecular
electron transfer, which drives ring-clo-
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the effect of substitution of the dithienylethene switches at
C5 of the thienyl rings (Scheme 1).[18] Of particular interest
is the ability to tune the redox properties of the dithienyl-
ethenes independently or at least semi-independently from
their electronic and photochemical properties. In addition,
asymmetrically substituted dithienylcyclopentenes (i.e. , 7H/
F and 13H/F) are investigated to explore the effect of redox
asymmetry on the electrochemical properties of these com-
pounds and to establish the role of peripheral redox groups
in the electrochemical processes observed.


Results and Discussion


Synthesis : The symmetric derivatives 1H–3H, 6H, 8H–
10H, 1F–3F and 8F (Scheme 1) were prepared according to


procedures reported previous-
ly.[18] Compounds 4H, 5H, 7H
and 11H–13H were prepared
from 8H (see Scheme 2), and
7F, 9F and 13F were prepared
from 8F. Compound 11H was
prepared by Suzuki coupling of
the bis(boronic ester) A, ob-
tained from 8H, with 2-bromo-
thiophene (Scheme 2). Similar-
ly, 5H was prepared, via A,
from 8H and 1-bromo-4-meth-
ylsulfanylbenzene, but the
same reaction failed with
either 4-bromobenzenethiol or
4-bromobenzenethioacetate,
possibly due to deactivation of
palladium catalyst by the free
thiol groups. To circumvent


this, 4H was prepared[19] by Suzuki coupling of A with 1-
bromo-4-tert-butylthiobenzene (B) to yield C (45%). Subse-
quent substitution of the tBu groups by acetyl groups pro-
vided 4H.[20] The dialdehyde 9F was obtained by lithia-
tion[18] of 8F, followed by quenching with DMF. Compound
12H was obtained by esterification of the corresponding
diacid in ethanol with a catalytic amount of 30% aqueous
HCl. The asymmetric derivatives 7H and 13H were pre-
pared in two steps starting from 8H. The first Suzuki cou-
pling with bromobenzene was performed under five times
more dilute conditions than employed for the symmetric de-
rivatives (to minimise disubstitution) to yield 13H. After pu-
rification of the monosubstituted product 13H, the second
Suzuki coupling was performed under standard conditions
to yield 7H (63%).[21] Similarly, 7F was prepared from 8F
by an analogous route, but lithiation was performed in di-


Scheme 1. Dithienylcyclopentene switches described in the text: suffix o denotes open form, c denotes closed
form; H and F denote hexahydrocyclopentene- and hexafluorocyclopentene-based compounds, respectively.


Scheme 2. Synthesis of asymmetric 5-aryl-hexahydrothienylcyclopentenes. a) nBuLi, THF (or Et2O for hexafluorocyclopentene-based compounds),
298 K; b) B(OBu)3, THF, 298 K; c) ArBr, [Pd(PPh3)4], 2m aqueous Na2CO3, ethylene glycol, THF, reflux. The hexafluorocyclopentene analogues were
prepared by similar routes.
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ethyl ether to minimise side reactions involving C�F bonds
of the hexafluorocyclopentene ring. All compounds were
prepared in up to 500 mg scale and were characterised by
1H and 13C NMR spectroscopy and HRMS (see Experimen-
tal Section for details).


Electronic properties : In an earlier contribution the elec-
tronic properties (in toluene) of several of the compounds
were reported.[18] Here a more detailed examination of the
electronic spectra in acetonitrile solution is presented. The
effect of incorporating a hexahydrocyclopentene group in-
stead of a hexafluorocyclopentene group on the absorption
spectra of the dithienylethenes (e.g., 1Ho : lmax=278 nm,
1Fo : lmax=285) is quite modest, especially considering the
very large difference in the redox properties (vide infra) of
the hexahydrocyclopentene- (1Ho–13Ho) and hexafluoro-
cyclopentene-based (1Fo–13Fo) compounds. In contrast, the
effect of substitution at C5 of the thiophene ring is much
more pronounced: lmax changes by up to 50 nm (ca.
5000 cm�1). The UV absorption spectra of 1Ho–6Ho are
shown in Figure 1a. The data suggest that in the open form
the major influence on the HOMO–LUMO energy gap is
provided by substitution at C5.


In the closed form (i.e., 1Hc–6Hc, Figure 1b) the effect
of substitution at C5 of the thienyl ring is similar to that ob-
served in the open state. The molar absorptivity shows a
marked increase accompanied by a bathochromic shift with
increasing electron-donating character of the substituent in
the para position of the phenyl ring (Table 1).[22] The
changes observed in the near-UV region of the spectrum
(250–400 nm) on substitution are considerable, and the
changes in the band at about 360 nm are similar to those of
the band at about 550 nm. The bands at higher energy show


a different dependence on substituents than the visible ab-
sorption bands. For the non-aryl-substituted compounds
(e.g., 8H–10H, 8F, 9F) only the chloro substituted com-


Figure 1. UV/Vis absorption spectra of a) 1Ho–6Ho and b) 1Hc–6Hc.


Table 1. Electronic and photochemical properties of open and closed forms in CH3CN.


Substituents PSS[a] Open form lmax(abs) [nm] Closed form lmax(abs) [nm]
(e [103 cm�1


m
�1])[b] (e [103 cm�1


m
�1])[b]


1H R1=R2=Ph 0.99 278 (18), 303 (S) 267 (15), 287 (S), 331 (I, 13), 349 (5.2), 360 (6.4) 527 (8.8)
1F R1=R2=Ph 0.92 285 (33) 307 (I, 22), 308 (22), 366 (8.8), 380 (9.1) 588 (12)
2H R1=R2=PhOMe 0.99 284 (28), 308 (S) 237 (14), 273 (S), 303 (24), 329 (12), 345 (9.5), 348 (S) 519 (13)
2F R1=R2=PhOMe 0.99 296 (38) 321 (I, 21), 344 (25), 376 (S) 593 (18)
3H R1=R2=PhCN 0.99 229 (31), 300 (35) 287 (36), 366 (I, 11), 387 (14) 575 (22)
3F R1=R2=PhCN 0.99 232 (17), 315 (9.0) 341 (I, 9.4), 374 (5.6), 395 (S) 586 (5.9)
4H R1=R2=PhSMe 0.96 295 (S), 320 (35) 344(I, 19), 364 (S) 540 (18)
5H R1=R2=PhSAc –[c] 295 (49), 322 (49) 345 (I), 364 (S) 541
6H R1=R2=PhBr 0.99 282 (47), 313 (S) 340 (I, 17), 355 (18), 366 (18) 532 (24)
7H R1=Ph, R2=PhOMe 0.99 280 (33), 312 (S) 217 (23), 299 (25), 329 (I, 13), 346 (13), 363 (S) 524 (18)
7F R1=Ph, R2=PhOMe 0.94 256 (S), 292 (36) 273 (15), 313 (21), 317 (I, 20), 338 (20), 362 (S), 379 (S) 591 (18)
8H R1=R2=Cl –[d] 236 (19) 444
8F R1=R2=Cl 0.45 242 (22), 305 (4.1) 264 (I, 3.9), 287 (I, 2.0), 305 (I, 2.0), 326 (2.7), 338 (S) 504 (2.1)
9H R1=R2=CHO 0.95 269 (25), 315 (8.2) 218 (I, 11), 236 (I, 12), 336 (I, 5.7), 372 (9.3) 577 (8.2)
9F R1=R2=CHO 0.95 263 (29), 294 (18) 239 (I, 11), 320 (I, 4.5), 344 (5.1), 395 (6.0) 614 (6.4)
10H R1=R2=Me –[d] 234 (22), 273 (S) –[e]


11H R1=R2= thienyl 0.98 281 (14), 295 (18) 229 (10), 311 (18), 347 (8.5), 356 (9.5), 369 (S) 519 (13)
11F[f] R1=R2= thienyl 312 605
12H R1=R2=CO2Et 0.78 258 (27), 297 (S) 316 (I, 21), 354 (21) 540 (21)
13H R1=Cl R2=Ph 0.75 256 (18), 273 (18), 310 (S) 246 (19), 280 (21), 317 (I, 12), 317 (S) 485 (9.8)
13F R1=Cl R2=Ph 0.99 255 (22), 285 (19) 240 (15), 298 (I, 17), 298 (17), 348 (7.8), 360 (S) 548 (9.6)


[a] PSS=maximum percentage of closed state formed by photolysis at l=313 nm in CH3CN. [b] I= isosbestic point, S= shoulder. [c] Very low solubility
in CH3CN precluded accurate measurement by 1H NMR spectroscopy. [d] PSS not determined due to overlap of the signals for the open and closed
forms in 1H NMR spectrum. [e] Not determined; no clear signal changes occur during irradiation at 313 nm. [f] From reference [16a].
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pounds (8H/F) display markedly different (hypsochromi-
cally shifted) spectroscopic properties compared to the aryl-
substituted compounds.


For all C5-substituted derivatives a bathochromic (red)
shift of 2200�250 cm�1 is observed on substitution of the
hexahydrocyclopentene unit by the hexafluorocyclopentene
unit (i.e., 1Hc!1Fc, 3Hc!3Fc, etc.). For the majority of
C5-substituted compounds the effect of substitution (i.e.,
the shift in the lowest absorption band compared with 1Hc
or 1Fc) is similar and indicates a reduction in the HOMO–
LUMO gap. The very modest bathochromic shift of cyano-
phenyl-substituted hexafluoro compound 3F compared with
3Hc suggests that the cyanophenyl group contributes to
either the HOMO or LUMO orbital (Table 1).


Photochemistry : Ring-opening (e.g., 1Hc!1Ho) and ring-
closing (e.g., 1Ho!1Hc) of all compounds in acetonitrile
(by irradiation at l>460 nm and at l=313 nm, respectively)
was monitored by UV/Vis spectroscopy. Photostationary
states (PSS; Table 1) were characterised by 1H NMR spec-
troscopy. On irradiation at l=313 nm, absorption bands in
the visible region appeared (300–700 nm), and on subse-
quent irradiation of the closed form (at l>460 nm) com-
plete recovery of the open form was observed. This process
could be repeated at least three times with minimal degra-
dation (<5%). However, dependence of the extent of deg-
radation on solvent was observed, whereby solvent purity
was an important factor. This suggests that the degradation
observed may not, for the most part, be inherent to the di-
thienylethene systems. With the exception of 5H, 8H/F,
12H and 13H, all compounds show PSS between 90 and
99% on 313 nm irradiation, despite the nonzero overlap in
the absorptions of the open and closed forms. The high PSS


states achieved indicate that, as in toluene,[18] in acetonitrile
the quantum yields for photochemical ring opening are con-
siderably lower than those of ring closure. For 8F, the very
low PSS is most likely due to the weak absorption of 8Fo
and the relatively strong absorption of 8Fc at the wave-
length employed for ring closing (l=313 nm).


Redox properties : In our previous contribution,[17] the elec-
trochemical and spectroelectrochemical properties of 1H/F
and 2H/F were explored. In particular, the dependence of
the direction of oxidative switching was examined and a de-
tailed picture of the various electrochemical processes was
developed (see Scheme 3 in reference [17]). Here these
studies are extended to examine the effect of substituents
on the electrochemical properties of the dithienylethene
core and to establish the general applicability of the model
developed in our earlier contribution.[17] In addition, asym-
metrically substituted dithienylethene switches were exam-
ined to answer two key questions: first, does ring closing/
opening occur via the mono (e.g., 1Ho+ , 1Fc+) or dication-
ic species (e.g., 1Ho2+ , 1Fc2+) and secondly, does oxidation
of peripheral groups (e.g., the methoxyphenyl groups of
2Fo) lead to immediate ring closure, or is a model involving
intramolecular electron transfer more appropriate to ration-
alise the observations.


Electrochemical data for the hexahydro and hexafluoro
compounds in both open and closed forms are presented in
Table 2.[23] All redox processes undergo an anodic shift
(210–790 mV) on substitution of the hexahydro- by the
hexafluorocyclopentene unit.[17] The anodic shift observed
for the open forms is similar to that observed for the first
oxidation process in the closed forms, with the exception of
2Ho/2Fo, 3Ho/3Fo and 7Ho/7Fo. The smaller anodic shift


Table 2. Redox properties of dithienylcyclopentenes (0.3–1.1 mm in 0.1m TBAP/CH3CN).


Open form [V vs SCE] Closed form E1/2 [V vs SCE] c/c+/c2+


Ep,a Ep,c (Ep,a where irr)[a] (Ep,c where irr)[a] DE [mV][b]


1H R1=R2=Ph 1.16 (irr) �2.53 (irr) 0.67, 0.43 �1.74, �2.03 240
1F R1=R2=Ph 1.59 (irr) �1.75 (irr) 0.85 (qr) �1.13 (qr)
2H R1=R2=PhOMe 0.99 (irr) 0.45, 0.32 �1.84 (irr), �2.16 (irr) 130
2F R1=R2=PhOMe 1.20 (irr) �1.70 (irr) 0.67 �1.16 (irr), �1.46 (irr)
3H R1=R2=PhCN 1.29 (irr) �2.06 (irr) 0.78, 0.53 �1.4 (irr) 250
3F R1=R2=PhCN 1.46 (irr) 1.05 (irr) �0.83 (irr)
4H R1=R2=PhSMe 0.89 (irr) 0.44, 0.30 140
5H R1=R2=PhSAc 0.97 (irr) 0.50, 0.35 �1.70 (irr) 150
6H R1=R2=PhBr 1.15 (irr) 0.69, 0.47 220
7H R1=Ph R2=PhOMe 1.68 (irr), 1.08 (irr) 0.56, 0.37 �1.81 (irr), �2.11 (irr) 190
7F R1=Ph R2=PhOMe 1.54 (irr), 1.34 (E1/2) �1.73 (irr) 0.80 (qr)
8H R1=R2=Cl 1.37 (irr) 0.815 (irr), 0.63 125
8F R1=R2=Cl 2.03 (irr) �1.70 (irr) 1.15 (irr) �1.10 (irr)
9H R1=R2=CHO 1.46 (irr) 1.13 (irr), 0.86 (qr) 240
9F R1=R2=CHO 2.25 (irr) �1.50 (irr) 1.35 (irr) �0.42 (irr)
10H R1=R2=Me 1.105 (irr) 0.47, 0.37 100
11H R1=R2= thienyl 1.06 (irr) 0.53, 0.40 �2.28 (qr) 130
11F[c] R1=R2= thienyl 1.41 (irr) 0.82
12H R1=R2=CO2Et 1.53 (irr), 1.43 (irr) 1.12 (irr), 0.81 �1.22, �1.36 280
13H R1=Cl, R2=Ph 1.57 (irr), 1.26 (irr) 0.67 (irr), 0.52 (qr) �1.67 (irr), �1.89 (irr)
13F R1=Cl, R2=Ph 1.87 (irr), 1.67 (irr) -1.62 (irr) 1.03 (irr), 0.92 (irr) �1.04 (irr), �1.45 (irr)


[a] irr= irreversible, qr=quasireversible.[23] [b] DE= separation between the first and second oxidation processes of the closed form. Where not otherwise
stated, DE<50 mV. [c] Values for 11F are from reference [16a].
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of these compounds is due to the non-innocent nature of the
substituted aryl groups of the hexafluoro compounds in the
open form (vide infra).[17] For the aryl-substituted com-
pounds (2H–6H) a correlation between the inductive effect
of the substituent (sI),


[24] the redox properties of the open
and closed forms (see Supporting Information, Figure S1
and Table 2) and the lack of any correlation with resonance
parameters suggest that delocalisation of the HOMO over
the aryl ring is not an important feature of these systems. In-
terestingly, the trend holds both for the neutral compounds
and for the monocations, and this suggests that even in the
oxidised state delocalisation of the SOMO over the phenyl
rings is not significant.[25]


Overall the anodic shift observed on substitution of the
hexahydro unit by the hexafluoro unit for the first oxidation
process is less than that observed for the first reduction pro-
cess (vide infra). This implies that a reduction in the
HOMO–LUMO gap occurs and is in agreement with the
bathochromic shift observed by UV/Vis spectroscopy. For
3Hc/3Fc the anodic shift is comparable for both the first re-
duction (530 mV) and first oxidation processes (520 mV),
which implies a modest (400 cm�1) red shift between 3Hc
and 3Fc. This is in agreement with the shift observed
(330 cm�1) in the UV/Vis spectra (vide supra).


Spectroelectrochemical correlation : Within the present data-
set, the potentials of the first oxidation (Ec/c+), the first re-
duction (Ec/c�) process and the lowest energy visible absorp-
tion band lmax(abs) for a sizeable group of ring-closed sub-
stituted dithienylhexahydro- and dithienylhexafluorocyclo-
pentenes are available (Tables 1 and 2). As has been ob-
served for a wide range of redox-active systems,[26] lmax(abs)
varies systematically (�1000 cm�1) with the HOMO–
LUMO energy gap determined electrochemically (Figure 2).
In addition, the empirical constant of 2300 cm�1 [Eq. (1)] is
close to that reported previously for inorganic systems.[27]


The difference between the HOMO–LUMO energy gap
measured electrochemically and that determined from elec-
tronic data is due to the fact that lmax of the absorption


band represents the absorption to the Franck–Condon state
from the lowest vibronic state. The relationship holds re-
gardless of the nature of the cyclopentene group (i.e., hexa-
hydro vs hexafluoro).


lmaxðabsÞ=cm�1 ¼ Ec=cþ=cm
�1�Ec=c�cm


�1 þ 2300 cm�1 ð1Þ


Substituent dependence of reversibility of redox processes,
solvent effects and the comproportionation constant Kc : The
effect of substituent on the reversibility of the redox proc-
esses is quite striking. In general the reversibility of the first
and second oxidation processes improves with increasing
electron-donor strength of the substituent. In agreement
with the solvent dependence of the redox properties ob-
served for 1Hc/1Ho,[17] the strong dependence of the stabili-
ty of the various oxidation states and of electrochemical ring
closure/opening on the thienyl C5 substituent is related to
the electronic stabilisation of the cationic species formed
(e.g., Hc+ , Hc2+ etc). Irreversibility was found to be due to
chemical instability (thermally related) rather than to intrin-
sic properties of the electrochemical process itself. The use
of strongly electron withdrawing groups resulted in almost
complete irreversibility in the oxidation of the closed form.
For the hexafluorocyclopentene-based compounds the irre-
versibility was more pronounced, and only the methoxy-
phenyl- (2F) and phenyl-substituted (1F) compounds show
significant reversibility.[17] The solvent dependence of the
redox properties of 1Ho and 1Hc were described earlier.[17]


The effect of donor substituents on the solvent depend-
ence of redox and electronic properties was explored for
5Ho/5Hc. Compound 5H was chosen due to its redox sta-
bility in the closed form and the relatively large effect of the
acetylthiophenyl substituent on the oxidation potentials of
both the open and closed forms. As for 1Hc, a correlation
was observed between DE of 5Hc and Guttmann solvent
donor numbers[28] (see Supporting Information, Figure S2
and Table S2); DE decreases with increasing solvent donor
strength.


Importantly, however, the magnitude of DE for 5Hc is
consistently lower than for 1Hc and the difference increases
with decreasing solvent donor strength, that is, 5Hc is less
sensitive to solvent than 1Hc. The reduction in DE with in-
creasing electron-donating power of the substituent can be
rationalised on the basis that the electron-donating proper-
ties of the thioacetate group serve to stabilise the positive
charge of the monocation and thereby reduce the potential
influence of solvent and electrolyte in stabilising the mono-
cation.


For 1Ho and 1Hc, temperature, solvent and electrolyte
dependence of the formation of 1Hx (see Scheme 3 in refer-
ence [17] for details) was apparent. The formation of 1Hx
from 1Hc2+ was found to be a thermally activated process
and was inhibited by increasing solvent donor strength. For
5Ho/5Hc, the formation of an equivalent species (5Hx) was
not as apparent as for 1Ho/1Hc. In acetonitrile, the forma-
tion of 5Hx was not observed at 298 K and, although the


Figure 2. Correlation of the electrochemical and spectroscopic properties
of (1–3, 5, 7, 11–13)Hc and (1–3, 8, 9, 11, 13)Fc (R2=0.85, intercept
2300 cm�1).
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formation of 5Hx was observed in solvents such as THF and
dichloromethane, the rate of formation was at least one
order of magnitude lower than for 1Hx.


The formation of species such as 1Hx and 5Hx appears to
be a common feature of dithienylethenes. Its formation
competes with that of the closed form (e.g., 1Hc2+ and
5Hc2+), and by choice of solvent, temperature and the
nature of the substituents, the formation of this species can
be controlled. The very low oxidation potential (e.g., 1Hx
ca. �0.1 V and 1Fx ca. 0.3 V) indicates that in this state the
HOMO of this species is destabilised compared with both
the closed and open forms. Hence, whilst in the dicationic
form, the high HOMO level leads to stability, it is clear that
on reduction it becomes very unstable and undergoes iso-
merisation to 1Hc.


The effect of substituents on the stabilisation of the first
oxidation process with respect to disproportionation [1/Kc,
Eqs. (2)–(4), Swc=dithienylcyclopentene] can be determined
by examining the separation DE (Table 2) between the first
and second oxidation processes of the closed form of the di-
thienylcyclopentenes. Overall, electron-donating groups
(2Hc, 4Hc, 5Hc and 11Hc) reduce the magnitude of DE in
comparison to that of 1Hc, while electron-withdrawing
groups increase the magnitude of DE (12Hc). For 3Hc and
5Hc only a modest effect was observed, presumably due to
the balance of electron-donating (resonance) and -withdraw-
ing (inductive) effects of the substituents. For 8Hc (Cl) and
10Hc (Me), the similarly low values of DE (ca. 100 mV) are
surprising considering the opposite electronic character of
these substituents. This can be rationalised, however, by
considering the origin of DE (and hence the comproportio-
nation constant Kc). There are two contributing factors to
the magnitude of DE : the extent to which the initial oxida-
tion step involves the entire dithienylethene system and
electrostatic interaction between the oxidised and unoxi-
dised trans-butadiene systems (see Scheme 3). From an elec-
trostatic viewpoint, increasing the electron-donating proper-
ty of the substituents will stabilise the positive charge
formed during the first oxidation process and thereby
reduce the barrier to the second oxidation process and
hence decrease DE. Similarly, electron-withdrawing substitu-
ents in the C5 position would stabilise the HOMO of the
thienyl groups and increase the HOMO-mediated interac-
tion between the two thienyl moieties.


Swc þ Sw2þ
c Ð 2 Swþ


c ð2Þ


Kc ¼ ½Swþ
c 
2=½Swc
½Sw2þ


c 
 ð3Þ


Kc ¼ expðDE=25:69Þ ð4Þ


Asymmetrically substituted dithienylethenes : To probe fur-
ther the effect of substituents on the electrochemistry of the
dithienylcyclopentenes, the asymmetrically substituted com-
pounds 7H/7F (R1=Ph, R2=PhOMe), 13H/13F (R1=Cl,
R2=Ph) and 12H (R1=Cl, R2=Ph) were investigated


(Scheme 1). For the asymmetric compounds two limiting sit-
uations can be envisaged: 1) if the oxidation steps involve
independent oxidation of each half of the bis-substituted di-
thienylcyclopentene and no communication between the
two halves occurs, then the properties of the compound will
be a superimposition of the properties of the parent mole-
cules (localised model); 2) if the redox processes involve the
entire dithienylethene system, the properties of the asym-
metric compounds will be an average of those of the two
symmetric parent compounds (delocalised model). It would
be expected that neither of these limiting cases would be ob-
served, but rather an intermediate situation is present. A
further complication are the ring opening/closing processes,
for which it is unclear whether the switching processes occur
via the mono- or dicationic species. This aspect is potentially
addressable by investigating the asymmetrically substituted
compounds. Overall, the central question is to what extent
delocalisation of charge occurs in the closed and open
forms.


Electrochemical properties of 7H/7F : For 7Ho the first oxi-
dation step at 1.08 V is a one-electron process (Figure 3),
while a second oxidation occurs at 1.68 V. The potential of
the first process is intermediate between those of the parent
symmetric compounds 1Ho and 2Ho (1.16 and 0.99 V). For
7Hc two reversible oxidation process are observed at 0.37
and 0.56 V and, as for 7Ho, the potential of each process
and the separation between the first and second oxidation
processes (DE=190) are intermediate between those of the
parent compounds 1Hc (DE=240) and 2Hc (DE=130).
Similarly, the reduction potentials for 7Hc are intermediate
between those of 1Hc and 2Hc. The intermediacy of the
electrochemical properties of 7H between those of 1H and
2H (�1.81 versus �1.74 and �1.84 V) suggests that the oxi-
dation process is delocalised (at least partially) over the


Scheme 3. Delocalisation/localisation of the SOMO in the closed state.
Depending on the nature of the substituent, the system will favour either
of the mesomeric states.
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entire molecule and not on individual thienyl units. If the
oxidation processes were localised then the first redox pro-
cess for both 7Ho and 7Hc would be expected to be close
to those observed for 2Ho and 2Hc, respectively.


As with 1Ho and 2Ho, electrochemically induced ring
closure is observed for 7H, which indicates that the proper-
ties of the asymmetric dithienylhexahydrocyclopentene 7H
are largely those observed for the parent compounds. The
one-electron nature of the first redox process observed for
7Ho suggests that after single-electron oxidation of the
open form ring closure occurs, that is, from 7Ho+ to 7Hc+ .
This is in agreement with the observation of significant
amounts of 1Hc+ and 2Hc+ in spectroelectrochemical in-
vestigations.[17] As for 2Ho, the first oxidation process of
7Ho is assigned to the dithienylcyclopentene unit on the
basis of comparison with 1Ho. The second oxidation process
at 1.68 V is assigned tentatively to oxidation of the methoxy-
phenyl unit.


In contrast to the hexahydro compounds 1H, 2H and 7H,
which undergo electrochemical ring closure, compounds 1F
and 2F exhibit very different electrochemical properties.[17]


Specifically, 1F undergoes electrochemical ring opening
(1Fc!1Fo), while 2F exhibits electrochemical ring closure


(2Fo!2Fc). The difference in the chemical reactivity of the
oxidation products of 1F and 2F can be ascribed to the in-
volvement of the methoxyphenyl unit in 2F. For 7F a more
complex electrochemical behaviour is observed than for 7H.


For 7F two closely separated oxidation processes are ob-
served at 1.34 and 1.54 V (Figure 4). The first process is
electrochemically reversible (at high scan rates, >5 Vs�1,
the subsequent chemical reaction is avoided, Figure 5)
whilst the second process at 1.54 V is fully irreversible.


For 7Fo at low scan rates (ca. 0.1 Vs�1), on the return
scan after the second oxidation process (1.54 V), a new elec-
trochemically reversible (Ep,a�Ep,c=60 mV) reduction is ob-
served at 0.31 V, and a very minor subsequent oxidation at
about 0.80 V, coincident with 7Fc (Figures 4 and 5). At
higher scan rates (ca. 10 Vs�1) formation of the closed form
7Fc becomes the dominant electrochemical process follow-
ing the second oxidation step of 7Fo.


The redox and photochemical processes for 7F are sum-
marised in Scheme 4. It is clear from the reversibility at
higher scan rates that the first oxidation process (7Fo!
7Fo+) is reversible. Based on the potential of the process
(compared with 2Fo), it is assigned to one-electron oxida-
tion of the methoxyphenyl group of 7Fo (7Fo-methoxy-
phenyl+ , Scheme 4). The second irreversible oxidation pro-


Figure 3. a) Cyclic voltammograms of 1 equiv ferrocene and 1 equiv 7Ho
with a 10 mm Pt microelectrode in 0.1m TBAP/CH3CN, 0.01 Vs�1 show-
ing Fc/Fc+ redox couple at 0.39 V and first oxidation process of 7Ho at
1.08 V (a), and at a 2 mm glassy carbon electrode at 0.1 Vs�1 in the pres-
ence (b: bottom) and absence (b: top) of 1 equivalent of ferrocene.


Figure 4. Cyclic voltammogram of 7Fo at 0.1 Vs�1 (a) and 10 Vs�1 (b),
�0.2 V to 1.5 V (solid) and �0.2 V to 1.8 V (dashed) in 0.1m TBAP/
CH3CN.
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cess at 1.54 V cannot be assigned to a second oxidation of
the phenylmethoxy group and is more likely to be an oxida-
tion process localised on the phenyl-substituted thienyl ring
(7Fo+-methoxyphenyl+ , Scheme 4). The oxidation of the
thienyl ring is then followed by formation of the closed
form, which, due to its lower redox potential (0.8 V), under-
goes intramolecular electron transfer from the methoxy-
phenyl group to form 7Fc2+ . At higher scan rates (>5 Vs�1)
7Fc2+ is reduced to 7Fc (via 7Fc+), but a competitive pro-
cess (i.e., formation of 7Fx) occurs at slower scan rates
(<5 Vs�1).


At cathodic potentials 7Fo undergoes two-electron fully
irreversible reduction at �1.73 V, again at a potential inter-
mediate beteween those of 1Fo and 2Fo. This suggests that
the reduction process involves the entire ring system. For
7Fc a single electrochemically reversible redox process is
observed at �0.80 V, which is very similar to that observed
for 1Fo but with improved chemical stability. As for the
hexahydrocylcopentene-based compound the improved sta-
bility of this process is attributed to the electron-donating
effect of the methoxyphenyl group, which stabilises the
mono- and dications (7Fc+ and 7Fc2+). The stabilisation is
less than that observed for 2Fc, but this is expected on the
basis that 2Fc has twice the electron donor stabilisation
compared with 7Fc.


For both 7Ho and 7Fo, the first oxidation processes can
be assigned to one-electron oxidation of the dithienylethene
group and methoxyphenyl group, respectively. The differ-
ence in the location of the first oxidation process is in agree-


Figure 5. Scan-rate dependence of the oxidation processes of 7Fo
(0.1 Vs�1 to 10 Vs�1) in 0.1m TBAP/CH3CN. a) Spectra offset for clarity,
I=0 is indicated for each trace by an asterisk. b) Overlay of 0.1, 05 and
5.0 Vs�1 traces.


Scheme 4. Redox and photochemical processes observed for 7F.
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ment with the assignments made for 2Ho and 2Fo.[17] In
contrast to 2Fo, in which ring closure occurred after the first
oxidation process, for 7Fo, the first oxidation (at 1.34 V)
was found to be reversible and localised on the methoxy-
phenyl moiety. The second oxidation process (1.54 V) then
takes place at the dithienylethene moiety and is responsible
for ring-closure. It is clear that for 7Fo the second oxidation
process is localised at the dithienylethene core; hence, in
agreement with 7Ho, one-electron oxidation of the dithienyl-
ethene appears to be sufficient to allow ring-closure to take
place. This has implications for 2Fo, in that it supports the
mechanism whereby double intramolecular electron transfer
to the dithienylethene core occurs, together with stabilisa-
tion of the dication (2Fc2+) by the electron-donating prop-
erties of the two methoxyphenyl groups.


Electrochemical properties of 13H/13F : For 13H and 13F
(R1=Cl, R2=Ph) the first oxidation processes are expected
to be located on the phenyl-substituted thienyl ring on the
basis of comparison of 1H/F and 8H/F (Table 2). For 13Ho
two oxidation processes are observed at 1.26 and 1.57 V.
The first oxidation process (13Ho!13Ho+) is close to that
of 1Ho, and the second process (13Ho+!13Ho2+) is con-
siderably more anodic (by 200 mV) than that of 8Ho, that
is, significant communication exists between the two thienyl
groups. This implies that the second oxidation step is made
more difficult by oxidation of the first thienyl ring. No ring
closure is observed even after the second oxidation step of
13Ho (i.e., above 1.6 V). For 13Hc, two oxidation processes
occur, the second of which is irreversible, at potentials inter-
mediate between those of the parent compounds.


For 13Fo two oxidation processes are observed at poten-
tials intermediate between those of the parent compounds
1Fo and 8Fo. The first process is assigned to oxidation of
the phenyl-substituted thienyl group, whilst the second pro-
cess is assigned to the chloro-substituted thienyl group. The
intermediacy of the potential of the oxidation processes of
13Fo between those of 1Fo and 8Fo indicates that some in-
teraction between the thienyl rings occurs. For 13Fc, two ox-
idation processes are observed (both fully irreversible), and
as for 13Fo the potentials of the first and second processes
lie between those of the parent compounds 1Fc and 8Fc.
For 13Fc, two reduction processes are observed at cathodic
potentials at �1.04 and �1.45 V. The observation of two
processes is unexpected considering that for 1Fc and 8Fc a
single reduction process at about �1.1 V is observed. This
suggests that for the reduced species significant interaction
between the thienyl groups is present.


Overall for 7H/F and 13H/F it is clear that in both open
and closed states the thienyl moieties are not independent
of each other and that some interaction (either inductive or
by delocalisation) is observed. The effect of asymmetry
itself is very much dependent on the substituents employed,
and although the redox properties of 7H and 7F are broadly
intermediate between those of the parent compounds 1H/
2H and 1F/2F, the introduction of peripheral redox-active
groups (e.g., the methoxyphenyl group) has the additional


effect of perturbing the electron density on the thienyl rings,
and hence affects the stabilisation of the cationic species,
and of introducing separate redox processes, which can
bypass the oxidative isomerisation processes of the thienyl
core. The introduction of asymmetry though non-redox-
active peripheral groups (i.e., the chloro group in 13H/F) re-
sults in only minor perturbation of the redox properties of
each thienyl unit. In terms of electrochemical switching the
direction of ring switching is very dependent on the substitu-
ents chosen. The first oxidation process of 13Ho is assigned
to the phenyl-substituted thienyl ring, but ring closure is not
observed (even if it occurs at all) due to the effect of the
chloro group, which renders the dication of the closed form
(13Hc2+) unstable.


Conclusion


Overall, the results obtained demonstrate that the nature of
the redox properties of the dithienylethenes can be tuned
towards electrochemical ring-closing or ring-opening by sta-
bilisation and destabilisation of the mono- and dication of
the closed state, respectively. Alternatively, redox-active
groups may be employed to change the direction of electro-
chemical switching. Nevertheless, to design molecules which
exhibit the desired direction of switching it is important to
recognise the mechanism by which these processes occur.
Although ring closure occurs immediately after oxidation of
the open form, the ring-closed product must subsequently
be reduced. The formation of species such as 1Hx and 5Hx
from 1Hc2+ and 5Hc2+ , respectively, by a thermally activat-
ed rearrangement must be inhibited either by environmental
control (e.g., solvent and temperature) or by the introduc-
tion of electron-donating groups. The latter approach must
be taken with caution given that electron-donating groups
frequently exhibit redox chemistry themselves (e.g., in 2F).


The driving force for ring opening and closing appears to
lie in the ability of the bridging cyclopentene moiety to
allow for stabilisation of the various cationic species. The
observation of a reversible methoxyphenyl oxidation process
for 7Fo and the characterisation of the first oxidation pro-
cess of 7Ho as being one-electron, taken together with the
observation of the monocation in significant quantities
during spectroelectrochemistry,[17] provide compelling evi-
dence that ring-closure occurs through the monocation (i.e.,
7Ho+ , in which the positive charge is localised on the thien-
yl ring system). The driving force for ring-closure is stabili-
sation of the monocation though (partial) delocalisation of
the charge on the second ring. Where the communication
between the rings is poor, as is the case in the hexafluoro
compounds, the stabilisation achieved does not compensate
for the loss of ring stabilisation (aromaticity), and hence
ring opening of the monocation/dication of the closed form
is favoured.


A key feature of both the dithienylhexafluoro- and dithie-
nylhexahydrocyclopentenes is their propensity to undergo
ring closing and opening photochemically and, more recent-
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ly, the possibility of using chemical and electrochemical oxi-
dation to achieve similar processes has been highlighted.[16]


However, the mechanism and factors which influence the
oxidative ring-opening/closing of the switches were unclear
and, in particular, an understanding of how substituents
drive the direction of switching was lacking, both in terms of
the effect of variation in the cyclopentene bridging unit and
in terms of the substituent at the C5 position of the thienyl
rings. In addition, the mechanism by which redox-active
groups attached to the thienyl rings influence the ring-
switching process directly had not been investigated. In our
previous[17] and present studies these issues were addressed
systematically by variation of the bridging cyclopentene
group, by variation of substituents at C5 of the thienyl rings
and by the introduction of asymmetry in the substitution
pattern (e.g., 7H). The data set now available provides a
considerable basis for the further development of this dis-
tinct class of photo/electrochromic compounds in functional
devices and systems.


Experimental Section


For all spectroscopic measurements Uvasol-grade solvents (Merck) were
employed. All reagents employed in synthetic procedures were of re-
agent grade or better, and used as received unless stated otherwise. The
symmetric compounds 1H–3H, 6H, 8H–10H, 1F–3F and 8F were pre-
pared by previously reported procedures.[18] The intermediate structures
in the syntheses are numbered A, B, C and D, with short characterisation
for clarity. 1H NMR spectra were recorded at 200, 300, 400 or 500 MHz;
13C NMR spectra at 50.3, 75.4 or 125.7 MHz; and 19F NMR spectra at
188.2 or 470.3 MHz. All spectra were recorded at ambient temperature,
with the residual proton signals of the solvent as an internal reference.
Chemical shifts are reported relative to TMS.


Mass spectrometry was performed with CI, DEI or EI ionisation proce-
dures. For several of the dithienylethenes, sublimation was difficult and
only DEI (desorption electron ionisation) provided mass spectra. Mass
spectra were recorded on a Jeol JMS-600 mass spectrometer in the scan
range of m/z 50–1000 with an acquisition time between 300 and 900 ms
and a potential between 30 and 70 V. Derivatives synthesized starting
from compound 8H are light-sensitive and were therefore handled exclu-
sively in the dark by using brown glassware. Column chromatography
(Aldrich silica gel grade 9385, 230–400 mesh) was performed under
yellow light. For UV/Vis analyses, each spectrum was recorded by sum-
mation of 20 scans. UV/Vis absorption spectra (accuracy �2 nm) were
recorded on a Hewlett-Packard UV/Vis 8453 spectrometer. Electrochem-
ical measurements were carried out as described previously.[17]


1,2-Bis[5’-di-n-butoxyboryl-2’-methylthien-3’-yl]cyclopentene (A): Com-
pound 8H (70 mg, 0.2 mmol) was dissolved in anhydrous THF (8 mL)
under a nitrogen atmosphere, and nBuLi (0.31 mL, 1.6m in hexane,
0.5 mmol) was added by syringe. This solution was stirred for 30 min at
room temperature, and B(nOBu)3 (0.18 mL, 0.6 mmol) was added. The
resulting solution was stirred for 1 h at room temperature and used di-
rectly in the Suzuki cross coupling-reactions without workup due to hy-
drolysis of the boronic ester A during isolation. Starting from 8F, the lith-
iation was carried out in diethyl ether, due to less substitution of the C�F
bonds.


1-Bromo-4-tert-butylsulfanylbenzene (B): A catalytic amount of AlCl3
was added to a solution of bromothiophenol (2.50 g, 13.3 mmol) and tert-
butyl chloride (3 g, 2 equiv) in acetonitrile (25 mL).[19] The solution was
heated at reflux for 72 h, cooled to room temperature, extracted with
water, dried over Na2SO4 and concentrated. Chromatography over silica
(hexane) produced the desired compound as an oil (2.80 g, 11.5 mmol,


86%). 1H NMR (300 MHz, CDCl3): d=1.25–1.28 (m, 9H), 7.34–7.47 ppm
(m, 4H); 13C NMR (75.4 MHz, CDCl3): d=30.9 (q), 46.1 (s), 123.4 (s),
131.6 (d), 131.8 (s), 138.9 ppm (d).


1,2-Bis[5’-(4’’-tert-butylsulfanylphenyl)-2’-methylthien-3’-yl]cyclopentene
(C): nBuLi (6.0 mL, 1.6m in hexane, 7.0 mmol) was added to a solution
of 8H (1.00 g, 3.05 mmol) in THF (40 mL) under an inert atmosphere.
After 1 h, B(OBu)3 (2.50 mL, 6.5 mmol) was added to produce bis(boron-
ic ester) intermediate A. A separate flask was charged with 4-bromo-tert-
butylsulfanylbenzene (1.00 mg, 6.2 mmol), [Pd(PPh3)4] (400 mg,
0.083 mmol), THF (25 mL), aqueous Na2CO3 (4 mL, 2m) and ethylene
glycol (5 drops). The mixture was heated to 80 8C and the preformed bor-
onic ester was added slowly by syringe. The reaction mixture was heated
at reflux for 3 h, after which it was diluted with diethyl ether (50 mL)
and washed with brine (50 mL). The brine solution was washed with ad-
ditional diethyl ether (50 mL), and the combined organic phases were
dried over Na2SO4 and concentrated. Chromatography over silica
(hexane/diethyl ether 100/1) produced C (800 mg, 1.35 mmol, 45%, 95%
pure). 1H NMR (300 MHz, CDCl3): d=1.26–1.29 (m, 18H), 2.00 (s, 6H),
2.06 (m, 2H), 2.82 (t, J=7.8 Hz, 4H), 7.03 (s, 2H), 7.24–7.49 ppm (m,
8H).


1,2-Bis[5’-(4’’acetylthio)-2’-methylthien-3’-yl]cyclopentene (4H): BBr3
(0.08 mL, 1.6 mmol) was added to a solution of C (500 mg, 0.80 mmol)
and AcCl (0.40 mL) in CH2Cl2 (10 mL) under an inert atmosphere.[20]


The reaction mixture was stirred overnight and then diluted with diethyl
ether (10 mL) and poured over ice (5 g). The phases were separated, the
aqueous layer was extracted with additional diethyl ether (20 mL) and
the combined organic phases were dried with Na2SO4 and concentrated.
Chromatography over silica (pentane/diethyl ether 500/1) produced 4H
(130 mg, 0.23 mmol, 29%). M.p. 61–64 8C; 1H NMR (300 MHz, CDCl3):
d=1.99 (s, 6H), 2.08 (m, 2H), 2.41 (s, 6H), 2.83 (t, J=7.8 Hz, 4H), 7.06
(s, 2H), 7.35 (d, J=8.1 Hz, 4H), 7.51 ppm (d, J=8.1 Hz, 4H); 13C NMR
(75.4 MHz, CDCl3): d=14.4 (q), 23.0 (t), 30.2 (q), 38.4 (t), 124.8 (d),
125.8 (d), 126.0 (s), 134.7 (s), 134.8 (d), 135.5 (s), 135.6 (s), 136.8 (s),
138.6 (s), 194.2 ppm (s); MS (EI): 560 [M+]; HRMS calcd for C31H28O2S4


560.097, found 560.097.


1,2-Bis[5’-(4’’-methylsulfanylphenyl)-2’-methylthien-3’-yl]cyclopentene
(5H): nBuLi (1.4 mL, 1.6m in hexane, 2.3 mmol) was added to a solution
of 8H (250 mg, 0.76 mmol) in THF (10 mL) under an inert atmosphere.
After 1 h, B(OBu)3 (0.60 mL, 2.3 mmol) was added to produce the bis-
(boronic ester) intermediate. A separate flask was charged with 2-bromo-
thioanisole (310 mg, 1.5 mmol), [Pd(PPh3)4] (96 mg, 0.083 mmol), THF
(5 mL), aqueous Na2CO3 (4 mL, 2m) and ethylene glycol (5 drops). The
mixture was heated to 80 8C and the preformed boronic ester was added
slowly by syringe. The reaction mixture was heated at reflux for 3 h and
then diluted with diethyl ether (50 mL) and washed with brine (50 mL).
The brine solution was washed with additional diethyl ether (50 mL) and
the combined organic phases were dried over Na2SO4 and concentrated.
Chromatography over silica (hexane/CH2Cl2 10/1) and stirring in hexane
(excess)/CH2Cl2 produced 5H (120 mg, 0.26 mmol, 35%). M.p. 162–
164 8C; 1H NMR (300 MHz, CDCl3): d=1.97 (s, 6H), 2.06 (m, 2H), 2.47
(s, 6H) 2.82 (t, J=7.2 Hz, 4H), 6.97 (s, 2H), 7.20 (d, J=8.4 Hz, 4H),
7.38 ppm (d, J=8.4 Hz, 4H); 13C NMR (75.4 MHz, CDCl3): d=14.4 (q),
16.0 (q), 23.0 (t), 38.4 (t), 123.7 (d), 125.6 (d), 127.0 (d), 131.5 (s), 134.2
(s), 134.6 (s), 136.6 (s), 137.0 (s), 139.1 ppm (s); MS (EI): 504 [M+];
HRMS calcd. for C29H28S4: 504.108, found: 504.108.


1-[5-(4-Methoxyphenyl)-2-methylthien-3-yl]-2-(2-methyl-5-phenylthien-3-
yl)cyclopentane (7H): tBuLi (0.40 mL, 1.5m in pentane, 0.593 mmol) was
added to a solution of 13H (200 mg, 0.539 mmol) in THF (7 mL) under
an inert atmosphere. After 1 h, B(OBu)3 (0.22 mL, 0.81 mmol) was
added and the mixture was stirred for 1 h to produce the bis(boronic
ester) intermediate. A separate flask was charged with 4-bromoanisole
(0.135 mL, 1.08 mmol), [Pd(PPh3)4] (19 mg, 0.016 mmol), THF (3 mL),
aqueous Na2CO3 (2m, 3 mL) and ethylene glycol (3 drops). The mixture
was heated to 80 8C and the performed boronic ester was added slowly.
The reaction mixture heated at reflux overnight, diluted with diethyl
ether (40 mL) and washed with water (40 mL). The aqueous layer was
washed with additional diethyl ether (40 mL) and the combined organic
phases were dried over Na2SO4 and concentrated. Chromatography on
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silica gel (hexane) afforded 7H as a sticky oil (150 mg, 63%). 1H NMR
(300 MHz, CDCl3): d=2.05 (s, 3H), 2.07 (s, 3H), 2.10–2.16 (m, 2H),
2.88–2.93 (m, 4H), 3.85 (s, 3H), 6.93 (d, J=8.8 Hz, 2H), 6.99 (s, 1H),
7.12 (s, 1H), 7.20–7.30 (m, 1H), 7.36–7.41 (m, 2H), 7.49 (d, J=8.4 Hz,
2H), 7.57 ppm (d, J=7.3 Hz, 2H); 13C NMR (75.4 MHz, CDCl3): d=11.9
(q), 12.0 (q), 20.6 (t), 36.0 (t), 52.9 (q), 111.8 (d), 120.5 (d), 121.6 (d),
122.9 (d), 124.1 (d), 124.5 (d), 125.0 (s), 126.3 (d), 132.0 (s), 132.1 (s),
132.1 (s), 132.3 (s), 134.1 (s), 134.3 (s), 137.1 (s), 156.4 ppm (s); MS (EI):
442 [M+]; HRMS calcd for C28H26OS2: 442.143, found: 442.141.


1,2-Bis[5’-(thien-2-yl)-2’-methylthien-3’-yl]cyclopentene (11H): 2-Bromo-
thiophene (0.04 mL, 0.4 mmol) was dissolved in THF (5 mL), and after
addition of [Pd(PPh3)4] (15 mg, 0.012 mmol), the solution was stirred for
15 min at room temperature Aqueous Na2CO3 (1 mL, 2m) and 6 drops of
ethylene glycol were added, and the resulting biphasic system was heated
in an oil bath at reflux. The solution of A was added dropwise by syringe,
after which the reaction mixture was heated at reflux for 2 h, and then al-
lowed to cool to room temperature Diethyl ether (50 mL) and H2O
(50 mL) were added, and the organic layer was collected and dried
(Na2SO4). After evaporation of the solvent the product was purified by
column chromatography (SiO2, hexane) to gave a purple solid (32 mg,
38%). M.p. 147 8C (decomp); 1H NMR (300 MHz, CDCl3): d=1.94 (s,
6H), 2.04 (m, 2H), 2.79 (t, J=12.5 Hz, 4H), 6.87 (s, 2H), 6.95 (t, J=
6.5 Hz, J=3.3 Hz, 2H), 7.03 (d, J=4.5 Hz, 2H), 7.13 ppm (d, J=8.5 Hz,
2H); 13C NMR (75.4 MHz, CDCl3): d=14.3 (q), 22.9 (t), 38.5 (t), 122.9
(d), 123.7 (d), 124.5 (d), 127.6 (d), 133.0 (s), 134.0 (s), 134.5 (s), 136.3 (s),
137.7 ppm (s); MS (EI): 424 [M+]; HRMS calcd for C23H20S4: 424.045,
found: 424.042.


1,2-Bis[5’-ethoxycarbonyl-2’-methylthien-3’-yl]cyclopentene (12H): Com-
pound D (75 mg) was dissolved in EtOH (50 mL) and a catalytic amount
of 30% aqueous HCl was added. After the mixture was stirred overnight,
the solvent was removed to yield 12H as a light brown solid in quantita-
tive yield. M.p. 121–122 8C; 1H NMR (300 MHz, CDCl3): d=1.32 (t, J=
6.9 Hz, 6H), 1.87 (s, 6H), 2.00–2.07 (m, 2H), 2.76 (t, J=7.5 Hz, 4H), 4.28
(q, J=6.9 Hz, 4H), 7.49 ppm (s, 2H); 13C NMR (75.4 MHz, CDCl3): d=
14.3 (q), 14.8 (q), 22.8 (t), 38.6 (t), 61.0 (t), 129.6 (s), 134.2 (s), 134.7 (d),
136.5 (s), 142.5 (s), 162.1 ppm (s); MS (EI): 404 [M+]; HRMS calcd for
C21H24O4S2: 404.112, found: 404.112.


1-(5-Chloro-2-methylthien-3-yl)-2-(2-methyl-5-phenylthien-3-yl)cyclopen-
tene (13H): nBuLi (4.70 mL, 1.6m in hexane, 7.51 mmol) was added to a
solution of 8H (2.25 g, 6.83 mmol) in THF (100 mL) under an inert at-
mosphere. After 1 h, B(OBu)3 (2.77 mL, 10.3 mmol) was added and the
mixture was stirred for a further hour to produce bis(boronic ester) inter-
mediate A. A separate flask was charged with bromobenzene (2.86 mL,
27.3 mmol), [Pd(PPh3)4] (0.237 g, 0.21 mmol), THF (23 mL), aqueous
Na2CO3 (2m, 18 mL) and ethylene glycol (20 drops). The mixture was
heated to 80 8C and the preformed boronic ester was added slowly. The
reaction mixture was heated at reflux overnight, cooled to room tempera-
ture, diluted with diethyl ether (200 mL) and washed with water
(200 mL). The aqueous layer was extracted with additional diethyl ether
(200 mL) and the combined organic phases were dried over Na2SO4 and
concentrated. Subsequent chromatography on silica gel (hexane) afford-
ed 13H as a sticky oil (1.95 g, 77%). 1H NMR (300 MHz, CDCl3): d=
1.94 (s, 3H), 2.05 (s, 3H), 2.08–2.16 (m, 2H), 2.78–2.89 (m, 4H), 6.68 (s,
1H), 7.05 (s, 1H), 7.30 (t, J=7.0 Hz, 1H), 7.37–7.42 (m, 2H), 7.55 ppm
(d, J=7.3 Hz, 2H); 13C NMR (75.4 MHz, CDCl3): d=14.1 (q), 14.3 (q),
22.9 (t), 38.4 (t), 38.5 (t), 123.8 (d), 125.0 (s), 125.3 (d), 126.8 (d), 127.0
(d), 128.8 (d), 133.2 (s), 133.7 (s), 134.4 (s), 135.1 (s), 135.3 (s), 136.3 (s),
139.8 ppm (s); MS (EI): 370 [M+]; HRMS calcd for C21H19S2Cl: 370.062,
found: 370.063.


1-[5-(4-Methoxyphenyl)-2-methylthien-3-yl]-2-(2-methyl-5-phenylthien-3-
yl)hexafluorocyclopentene (7F): Compound 13F (0.24 g, 0.5 mmol) was
dissolved in anhydrous diethyl ether (5 mL) under nitrogen and nBuLi
(0.32 mL, 1.6m in hexane, 0.5 mmol) was added slowly by syringe. This
solution was stirred at room temperature for 1 h and B(nOBu)3 (0.16 mL,
0.6 mmol) was added in one portion. After the mixture had been stirred
for 1 h at room temperature, THF (5 mL), aqueous Na2CO3 (1 mL, 2m),
4-bromoanisole (0.09 mL, 7 mmol) and [Pd(PPh3)4] (6 mg, 0.005 mmol)
were added, and the mixture heated at reflux for 16 h. The reaction mix-


ture was cooled to room temperature, H2O (5 mL) was added, the organ-
ic layer separated and the water layer extracted with ethyl acetate (2K
20 mL). The combined organic layers were dried over Na2SO4, and the
solvent evaporated. The product was purified by column chromatography
(SiO2, hexane/toluene 9/1) to give 7F as a white solid (123 mg, 45%).
M.p. 127–128 8C; 1H NMR (400 MHz, CDCl3): d=1.94 (s, 3H), 1.97 (s,
3H), 3.84 (s, 3H), 6.91 (d, J=8.8 Hz, 2H), 7.16 (s, 1H), 7.27–7.33 (m,
2H), 7.39 (t, J=7.3 Hz, 2H), 7.47 (d, J=8.8 Hz, 2H), 7.54 ppm (d, J=
7.3 Hz, 2H); 13C NMR (100.6 MHz, CDCl3): d=14.6 (q), 14.7 (q), 55.5
(q), 116.4 (t), 114.5 (d), 118–119 (m), 121.3 (d), 122.5 (d) 125,7 (d), 125.8
(s), 126.0 (s), 126.3 (s), 127.0 (d), 128.0 (d), 129.1 (d), 133.5 (s), 140.4 (s),
141.4 (s), 142.3 (s), 159.6 ppm (s); 19F NMR (188.2 MHz, CDCl3): d=


�111.09 (t, J=5.6 Hz, 4F), �132.88 ppm (m, 2F); MS (EI): 550 [M+];
HRMS calcd for C28H20F6OS2: 550.086, found 550.085.


1,2-Bis(5’-formyl-2’-methylthien-3’-yl)hexafluorocyclopentene (9F):
Under the same conditions as described for 11H, nBuLi (1.6m in hexane,
0.13 mL, 1.8 mmol) was added to a stirred solution of 8F (30 mg,
0.06 mmol) in anhydrous diethyl ether (5 mL) under nitrogen at room
temperature over 30 min, after which the mixture was quenched with an-
hydrous dimethylformamide (0.05 mL, 0.6 mmol). Trituration from
hexane/CH2Cl2 afforded the compound as a brown-orange solid (20 mg,
66%). M.p. 182 8C; 1H NMR (200 MHz, CDCl3): d=2.02 (s, 6H), 7.73 (s,
2H), 9.85 ppm (s, 2H); 13C NMR (50.3 MHz, CDCl3): d15.2 (q), 110.1 (t),
115.7 (t), 125.8 (d), 135.3 (s), 136.5 (t) 142.2 (s), 151.3 (s), 181.5 ppm (d);
19F NMR (188.2 MHz, CDCl3): d=�111.97 (t, J=4.9 Hz, 4F),
�133.55 ppm (quintet, J=4.9 Hz, 2F); MS (EI): 424 [M+]; HRMS calcd
for C17H10F6O2S2 424.003, found 424.004.


1-(5-Chloro-2-methylthien-3-yl)-2-(2-methyl-5-phenylthien-3-yl)hexa-
fluorocyclopentene (13F): Compound 8F (2.19 g, 5 mmol) was dissolved
in anhydrous diethyl ether (50 mL) under nitrogen and nBuLi (3.2 mL,
1.6m in hexane, 5 mmol) was added slowly by syringe. This solution was
stirred at room temperature for 1 h and B(nOBu)3 (1.63 mL, 6 mmol)
was added in one portion to yield A. After the mixture had been stirred
for 1 h at room temperature, THF (50 mL), aqueous Na2CO3 (10 mL,
2m), iodobenzene (0.78 mL, 7 mmol) and [Pd(PPh3)4] (58 mg, 0.05 mmol)
were added and the mixture was heated at reflux for 16 h. The reaction
mixture was cooled to room temperature, H2O (20 mL) added, the organ-
ic layer separated and the aqueous layer extracted with ethyl acetate (2K
50 mL). The organic layers were combined and dried over Na2SO4,
evaporated and the crude product purified by column chromatography
(SiO2, hexane) to give a yellowish oil which solidified on standing (1.32 g,
71%). M.p. 80–81 8C; 1H NMR (400 MHz, CDCl3): d=1.86 (s, 3H), 1.98
(s, 3H), 6.94 (s, 1H), 7.26 (s, 1H), 7.31 (t, J=7.3 Hz, 1H), 7.39 (t, J=
7.3 Hz, 2H), 7.55 ppm (d, J=7.3 Hz, 2H); 13C NMR (100.6 MHz,
CDCl3): d=14.5 (q), 14.7 (q), 111.1 (t), 113.8 (t), 116.1 (t), 122.3 (d),
124.5 (s), 125.7 (d), 125.8 (d), 127.9 (s), 128.1 (d), 129.2 (d), 133.3 (s),
140.6 (s), 141.4 (s), 142.6 ppm (s); 19F NMR (188.2 MHz, CDCl3): d=


�111.4 (t, J=5.1, 4F), �133.0 ppm (m, 2F); MS (EI): 478 [M+]; HRMS
calcd for C21H13F6S2Cl: 478.005, found: 478.001.
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Photoexcitation of Mg+
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Introduction


For the past three decades, considerable effort has been
spent investigating the gas-phase reactions of metal ions
with organic molecules.[1–5] Ion cyclotron resonance (ICR),
ion-beam techniques, and other mass spectrometric methods
have been used to study ion–molecule reactions. These stud-


ies have significantly advanced our knowledge of the reac-
tions between metal ions and organic molecules. Lately, we
have studied intracomplex reactions in metal+(organic mol-
ecule) complexes initiated by the electronic excitation of the
metal+ species.[6,7] Here the reaction is designed to start
from a well-defined configuration and is triggered by the ab-
sorption of a photon by the metal+ moiety. As such, the
metal+ moiety not only provides an effective chromophore
with an unpaired electron but also allows the photoreactions
to be traced through the positive charge, which can be de-
tected by mass spectrometry with nearly 100% efficiency.


In a set of recent experiments, we studied the photodisso-
ciation of Mg+(mono-, dimethylamine)[7a] [Mg+�NH2CH3


and Mg+�NH(CH3)2] and Mg+(di-, triethylamine) [Mg+�
NH(CH2CH3)2 and Mg+�N(CH2CH3)3].


[7b] It was found that
Ca�H bond activation is the main or exclusive reactive
channel in the photodissociation of Mg+�NH2CH3 and Mg+


�NH(CH3)2. In contrast, the photoreactions of Mg+(di-,
triethylamines) are dominated by C�N/C�C bond activa-
tion, which results in an intriguing C3H7C elimination chan-
nel. This was explained in terms of steric effects and the ac-


Abstract: We report herein a compre-
hensive study of photoinduced reac-
tions in complexes of Mg+ with pri-
mary (n-propyl- and isopropylamine)
and secondary amines (dipropyl- and
diisopropylamine) in the spectral range
of 230–440 nm. Similar to the methyl-
and ethylamine complexes studied pre-
viously, N�H bond activation of these
complexes is very unfavorable. Instead,
the Ca�C, C�N, and Ca�H bond-cleav-
age photoproducts are observed after
photoexcitation of the Mg+ complexes
(32P !32S). For Mg+(primary amine)
complexes, for example, Mg+�


NH2CH2CH2CH3, and Mg+�NH2CH-
(CH3)2, the photoproducts resulting
from Ca�C rupture prevail after Pz and
charge-transfer excitations, whereas the
Mg+ photofragment is predominant
upon Px,y excitation. However, with fur-
ther N-alkyl substitution, as in Mg+


(secondary amine) complexes, for ex-
ample, Mg+�NH(CH2CH2CH3)2 and


Mg+�NH[CH(CH3)2]2, a novel intra-
complex C�C coupling photoreaction
dominates on Px,y excitation of Mg+ ,
which is believed to arise from Mg+*
insertion into the C�N bond. With Pz


and charge-transfer excitation, the
Mg�R elimination photoproducts, aris-
ing from Ca�C bond cleavage, predom-
inate. The energetics and possible
mechanisms of the intracomplex photo-
reactions are analyzed in detail with
the help of extensive quantum mechan-
ics calculations.


Keywords: bond activation · laser
chemistry · mass spectrometry ·
metal complexes · photodissocia-
tion


[a] H. Liu, Y. Hu, Prof. S. Yang
Department of Chemistry
The Hong Kong University of Science and Technology
Clear Water Bay, Kowloon, Hong Kong (P. R. China)
Fax: (+852)2358-1594
E-mail : chsyang@ust.hk


[b] W. Guo, X. Lu, L. Zhao
College of Physical Science and Technology
Chinese University of Petroleum
Dongying, Shandong 257061 (P. R. China)
Fax: (+86)0546-839-2123
E-mail : wyguo@mail.hdpu.edu.cn


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Calculated struc-
tures and energies of some species and reactions.


H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2005, 11, 6392 – 64066392







cessibility of the C�H bonds of the methyl groups. More-
over, photoproducts were observed in the spectral regions
of both 3Px,y and 3Pz for Mg+�NH2CH3 and Mg+�NH-
(CH3)2, in contrast to the case of Mg+(di-, triethylamine),
from which C�H and C�N scission products are formed
only in the 3Px,y excitation region. Charge-transfer (CT)
photodissociation products were observed from Mg+


(ammonia) and Mg+(methylamine), but not from Mg+(di-
methylamine), Mg+(diethylamine), and Mg+(triethylamine).
It appears that crossing between the initially accessed 3P
surfaces and CT surfaces plays an important role, and there-
fore the relative energies of the states in the Franck–
Condon region dictate the likelihood of photoinduced CT
dissociation.


Although a lot has been learned from our previous photo-
dissociation studies of Mg+(amines), some questions remain
unanswered. Particularly puzzling is the propensity for C�N
and C�C bond activation by Mg+*. This is closely related to
the mechanism of the C3H7C elimination that occurs in the
photoinduced intracomplex C�C coupling reactions in Mg+


�NH(CH2CH3)2 and Mg+�N(CH2CH3)3.
[7b] Because the


photoinduced intracomplex C�C coupling reactions only
take place with secondary and tertiary amines in which the
alkyl groups have more than one carbon atom, it is logical
to extend the photodissociation study to complexes of sec-
ondary amines with longer alkyl chains. To gain an insight
into the reactions that follow C�N or C�C bond activation,
it would also be interesting to study primary amines with
longer alkyl chains, which may shed light on the initial step
of the C�C coupling reactions that occur in complexes of
secondary and tertiary amines. In this way, a coherent pic-
ture of the mechanisms of the photoinduced reactions that
occur in this type of complex is expected to emerge. It is
also important to identify which bonds in the alkylamines
can be activated after photoexcitation of the N-coordinating
metal ion, Mg+ . Towards this end, we have studied the pho-
todissociation of complexes formed between Mg+ and n-
propyl-, isopropylamine, dipropyl-, and diisopropylamine. It
turns out that these systems reveal more about the photore-
action mechanisms of metal+(amine) complexes; state-spe-
cific photoreactions have been observed. Extensive quantum
mechanics calculations have been performed to assist the in-
terpretation of the photoinduced reactions. In this paper we
report the bulk of these experimental and computational re-
sults, and, together with previous results,[7] we present an
overview of the current understanding of the mechanisms of
the photoreactions of Mg+(alkylamine) complexes.


Experimental and Computational Section


Photodissociation experiments : The experimental details for the experi-
ments carried out in this work are the same as those described previous-
ly,[8] and therefore only a very brief description is given here. Mg+ ions
were produced by focusing the second harmonic (532 nm) of a Nd:YAG
laser on a ~1 mm diameter spot on a rotating magnesium disk. A pulsed
valve was employed to generate propyl- and isopropylamine clusters by
supersonic expansion of the vapor of the organic molecules seeded in


helium. The laser-generated species, including Mg+ , traversed the super-
sonic jet stream perpendicularly, forming a series of Mg+�Sn species (S=
propyl- and isopropylamine). The nascent clusters then traveled 14 cm to
the extraction region of the reflectron time-of-flight spectrometer
(RTOFMS). For the photodissociation experiments, a desired peak was
selected with a mass gate, and irradiated with a photolysis dye laser
beam. The parent and nascent daughter cations were detected with a mi-
crochannel plate (MCP) detector. The photolysis laser fluence was kept
low (<1 mJcm�2) to avoid multiphoton processes. By monitoring the
photofragment ion intensities as the dye laser wavelength was scanned,
channel-resolved spectra of all the observed photofragment ions were ob-
tained. The action spectra were normalized by the parent-ion intensities
and the laser fluences.


Computational details : Quantum-mechanics calculations were performed
with the Gaussian 03 program.[9] The observed photoreactions, although
initiated by electronic excitation, were assumed to occur on the ground-
state surface after internal charge transfer. All species were calculated
using density functional theory with the B3LYP method[10] using the 6-
31+G** basis set. Each stationary point was characterized by vibrational
frequency analysis (minimum with zero; transition state with one imagi-
nary frequency). To confirm the transition-state structures for some key
reaction pathways, intrinsic reaction coordinate (IRC) calculations were
used to follow the reaction pathways. All the relative energies are report-
ed with zero-point energy (ZPE) corrections. The ZPE scaling factor was
selected as 0.989.[11] Note that problems in dealing with radical cations
often arise with the use of the DFT/B3LYP method.[12, 13] Higher-level cal-
culations such as CCSD(T) would be desirable to obtain more accurate
results, however, we did not resort to these more costly methods because
the level of our calculations is sufficient to understand the reaction path-
ways based on the experimentally observed products. As a test case, we
calculated the bond dissociation energies (BDEs) of Mg+(propylamine)
(50.3 kcalmol�1) and Mg+(isopropylamine) (50.5 kcalmol�1) at the MP2/
6-31G(d) level of theory. These BDEs are fairly consistent with the
values calculated at the B3LYP/6-31+G** level of theory (both are
~43.8 kcalmol�1).


The vertical excitation energies and corresponding oscillator strengths of
the Mg+(propylamine) complexes were calculated by the TD-B3LYP/6-
311++G** method using the B3LYP/6-31+G**-derived geometries.


Results and Discussion


Photodissociation action spectra : Figure 1 displays the pho-
todissociation action spectra of Mg+�NH2CH2CH2CH3, Mg+


�NH2CH(CH3)2, and Mg+�NH[CH(CH3)2]2 over the wave-
length range of 230–440 nm. The action spectra (Figure 1a–
c) are very similar to each other with two pronounced
bands: one is on the red side (centered at ~370 nm) and the
other is on the blue side (centered at ~260 nm) of the Mg+


32P !32S atomic transition. However, the high-energy peak
of Mg+�NH[CH(CH3)2]2 (Figure 1c) is somewhat more
blue-shifted than those of Mg+�NH2CH2CH2CH3 and Mg+


�NH2CH(CH3)2 (Figure 1a and b). This indicates that the
interaction of NH[CH(CH3)2]2 with the ps orbital of Mg+ is
stronger, which is expected because there are two isopropyl
groups connected to the nitrogen atom. Furthermore, the
red-shifted band of Mg+�N[CH(CH3)2]2 exhibits only a
broad feature (Figure 1c), whereas two peaks can be seen in
this region for Mg+�NH2CH2CH2CH3 and Mg+�NH2CH-
(CH3)2 (Figure 1a and 1b). Most likely, secondary amine
complexes have many more degrees of freedom and thus
the pp-derived states have broader action spectra, which
eventually overlap. In addition, the secondary amine com-
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plexes have more isomers and this further contributes to the
overlapping in the spectra of the pp-derived states.


To understand the action spectra, we performed a series
of quantum mechanics calculations. First, ground-state struc-
tures were optimized at the B3LYP/6-31+G** level of
theory. cis and trans structures, when existent, were calculat-
ed for comparison. Figure 2 shows the geometries obtained
along with the geometrical parameters of the parent com-
plexes Mg+�NH2CH2CH2CH3 (1), Mg+�NH2CH(CH3)2 (2),
Mg+�NH(CH2CH2CH3)2 (3), and Mg+�NH[CH(CH3)2]2
(4). Parameters for the optimized geometries of the free


molecules are also given in parentheses for comparison. For
the primary amines, it can be seen that the stabilities of the
cis (1a, 2a) and trans (1b, 2b) structures of 1 and 2 are
nearly the same, indicating the coexistence of the isomers in
the gas phase. However, for the secondary amines, the cis
structure (4a) of Mg+�NH[CH(CH3)2]2 is 6.82 kcalmol�1


more stable than the trans conformer (4b). Owing to its rel-
atively long alkyl chains, Mg+�NH(CH2CH2CH3)2 (3) is ex-
pected to have more stereoisomers than 1, 2, and 4. We
have calculated only one conformer of 3 (see Figure 2),
which actually has a cis-like form similar to that of 1a. The
BDEs of both the trans and cis forms of Mg+(n-propyl-
amine) and Mg+(isopropylamine) are very similar
(~44 kcalmol�1). N-Alkyl substitution increases the BDE


Figure 1. Action spectra of a) Mg+(n-propylamine), b) Mg+(isopropyl
amine), and c) Mg+(diisopropylamine). The solid line indicates the
atomic transition of Mg+ (2P !2S), while the dashed and dotted lines
show the absorption spectra (excitation energies and oscillator strengths)
calculated at the TD-B3LYP/6-311++G** level of theory. I= relative in-
tensity.


Figure 2. Possible ground-state structures of the complexes Mg+(n-pro-
pylamine) (1), Mg+(isopropylamine) (2), Mg+(dipropylamine) (3), and
Mg+(diisopropylamine) (4) optimized at the B3LYP/6-31+G** level of
theory.
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slightly, being 47.0 kcalmol�1 for Mg+�HN(CH2CH2CH3)2
and 47.3 kcalmol�1 for Mg+�HN[CH(CH3)2]2.


On the basis of our calculations, the complexes of 1–4 are
all characterized by the linkage of Mg+ to the nitrogen
atoms of the amine molecules. The overall symmetries of 2a
and 4a,b are nearly Cs with the symmetry plane defined by
the Mg�N�Ca and Mg�N�H planes for 2a and 4a,b, respec-
tively (see Figure 2). Other complexes (1a, 1b, 2b, and 3)
have no symmetry elements other than C1. Relative to the
structures of the free amines, the N�C bonds are lengthened
by ~3.0% by complex formation. In accord with the BDE
changes mentioned above, the Mg+�N bonds are shortened
further in going from the primary to secondary amine com-
plexes.


By using the optimized ground-state geometries described
above, the absorption spectra of Mg+(propyl-, isopropyl-,
and diisopropylamine) were calculated at the TD-B3LYP/6-
311++G** level of theory and are depicted in Figure 1 by
dashed lines for the trans complexes and dotted lines for the
cis complexes. The calculated absorption spectra of the trans
forms are not significantly different from those of the corre-
sponding cis forms (Figure 1). Perhaps the main exception is
the spectrum of Mg+(propylamine) in the red region (Fig-
ure 1a), which suggests that the linear alkyl chain in n-pro-
pylamine has different steric effects in the excited states. On
the red side of the Mg+ atomic transition, the two spectral
lines are calculated to correspond to the 3s!3px,y transition,
while the 3s!3pz and nN!3s (b-spin) excitations are locat-
ed on the blue side. In the two 32Px,y-type excited states of
Mg+(propyl-, isopropyl-, and diisopropylamine) (see the co-
ordinate designation in Figure 2), the two 3px,y orbitals of
Mg+ are perpendicular to the Mg+�N bond axis, hence the
energies are lowered as a result of reduced electron repul-
sion. While the 3py orbital of Mg+ is aligned perpendicularly
to the Mg�N�C plane, the 3px orbital lies in the plane and
therefore has a similar symmetry to that of the s*-antibond-
ing orbital of the C�N bond. The resultant interaction
endows the Mg+�N bond with some covalent character and
lowers the energy of the 3Px-type state, giving rise to a fur-
ther red shift relative to the 3Py-type state. The peak on the
blue side of the action spectrum is ascribed to the 2Pz-type
excited state and a charge-transfer state (2A in C1 or 2A’ in
Cs). In the 2Pz-type state, the occupied 3pz orbital is aligned
along the Mg+�N bond axis, hence raising its energy as a
result of the direct repulsion between the 3pz electron and
the nitrogen lone-pair electrons. As shown in Figure 1, with
the exception of trans-Mg+(diisopropylamine), CT states
(nN!3s) generally lie above the 2Pz-type states for most
Mg+(propylamine) complexes.


Experimental photodissociation mass spectra : Because
of their similarities for the four complexes in our study,
only selected photodissociation difference mass spectra
(Ilaser on�Ilaser off) of Mg+�NH2CH2CH2CH3 and Mg+�NH-
[CH(CH3)2]2 are shown in Figure 3 and Figure 4, respective-
ly. Note that the downward peaks indicate the disappear-
ance of parent complexes, and the upward peaks correspond


to the appearance of daughter ions. For the sake of compari-
son, the relative intensities of the photoproducts from the
four complexes at different wavelengths are collected in
Table 1. In general, the two primary complexes exhibit very
similar photodissociation features. At the long wavelength
(362 nm, Table 1), the dominant photofragment for both
complexes is Mg+ . However, the photoreaction products
CH2NH2


+ and CH3CH+NH2, which result from Ca�C bond
rupture, are dominant at the short wavelength (260 nm).
Some minor photoproducts are also observed at both long
and/or short wavelengths, including Mg+NH2 and Mg+NH3,
which are clearly generated by C�N bond activation.
(CH3)2CNH2


+ is also formed from Mg+�NH2CH(CH3)2
probably through Ca�H bond activation at long wave-
lengths.


For both secondary complexes, copious photofragments,
including Mg+ , are observed in the long wavelength region
(Figure 4 and Table 1), whereas only two photofragments
(Mg+ and [L1�C2H5]


+ or [L2�CH3]
+ , L1=dipropylamine;


L2=diisopropylamine) are detected at the short wavelength.
Four types of photoproducts can be recognized at the long


Figure 3. Photodissociation difference mass spectra of Mg+(n-propyl
amine) at a) 362 and b) 260 nm. The inset in a) is a close-up view in the
time frame of 34–40 ms.
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wavelength. The first are (Mg+ ,N)-containing photoprod-
ucts, for example, Mg+�NC2H6 and Mg+�NC3H8 for both
complexes and Mg+�NCH4 for the complex with linear
alkyl groups, which result from a dominant photoreaction


channel probably through C�N or Ca�C bond activation fol-
lowed by intracomplex reactions. Small iminium ions such
as CH2NH2


+ from Mg+(dipropylamine) and CH3CHNH2
+


and (CH3)2CNH2
+ from Mg+(diisopropylamine) constitute


the second type of photoproducts, which also come from
C�N or Ca�C bond activation and subsequent intracomplex
reactions. Among the third type of photoproducts are
[L�C2H5]


+ , Mg+�CH3, and [L�CH3]
+ , which are formed


by Ca�C bond activation. Finally, Ca�H bond activation
yields photoproducts such as [L�H]+ .


In the long wavelength range (>330 nm), the major pho-
tofragment, Mg+ , from both primary complexes has a
branching fraction of >80% and is roughly independent of
the wavelength. The branching fractions of the minor photo-
products also only change slightly in this region. The
branching fractions for the two primary amine complexes,
being nearly constant at long wavelengths, are only given in
the short wavelength region (Figure 5a and 5b), while those
of the Mg+(diisopropylamine) complex are presented over
the whole spectral region (Figure 5c). As one can see, the
branching fractions of Mg+ and the iminium photoproducts
[CH2NH2


+ from Mg+�NH2CH2CH2CH3 and CH3CHNH2
+


from Mg+�NH2CH(CH3)2] vary markedly with the wave-
length and seem to be anti-correlated. For Mg+NH2, the
branching fractions are nearly constant. The situation for
Mg+�NH[CH(CH3)2]2 is somewhat different (Figure 5c). In
the long wavelength region, Mg+ and [L2�H]+ exhibit note-
worthy complementary changes in the branching fraction
changes, whereas the branching fractions of the main photo-
product Mg+�NH2CHCH3 and other minor photoproducts
are relatively constant. There are only two photofragments
in the short wavelength range: Mg+ (major) declines with
decreasing wavelength accompanied by an increase in
[L2�CH3]


+ (minor). The approximately constant branching
fractions in the long wavelength region imply that these
photoproducts are generated in a common process, whereas
the varying branching fractions in the short wavelength
region indicate either competition between the two different
product channels or that different initial states accessed by
optical excitation. For the latter, Mg+ and [L�R]+ are pro-
duced by the excitation of the 2Pz-type and CT states, re-


Figure 4. Photodissociation difference mass spectra of Mg+(diisopropyl-
amine) at a) 362 and b) 251 nm.


Table 1. Relative intensities of the photofragments of Mg+(propyl-, dipropyl-, isopropyl-, and diisopropylamine) at selected wavelengths.


Amine l


[nm]
Relative intensity [%]


Mg+ 24Mg+�
NH2


26
Mg+�


NH3


Mg+�
CH3


CH2NH2
+ CH3CHNH2


+/
�(CH3)2CNH2


+


Mg+�
NH2CH4


Mg+�
NC2H6


[a]
Mg+�
NC3H8


[b]
L�R[c] L�H[c]


Mg+(propylamine) 362 91.1 4.2 0.8 – – – – – – 3.9 –
260 33.5 15.7 – – – – – – – 53.7 –


Mg+(isopropylamine) 362 84.5 8.6 1.7 – – – – – – 2.6 2.6
260 37.1 17.7 – – – – – – – 45.3 –


Mg+(dipropylamine) 370 36.4 – – – 5.1 – 30.0 7.6 5.6 9.4 5.8
245 75.8 – – – – – – – – 24.2 –


Mg+(diisopropylamine) 362 19.6 – – 3.6 – 5.6/6.3 – 39.7 9.8 4.8 10.5
251 68.5 – – – – – – – – 31.5 –


[a] Mg+�NH2CH2CH2 and Mg+�NH2CHCH3 for Mg+(dipropylamine) and Mg+(diisopropylamine), respectively. [b] Mg+�NHCH2CH2CH3 and Mg+�
NHCH(CH3)2 for Mg+(dipropylamine) and Mg+(diisopropylamine), respectively. [c] L=amine molecular ion.
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spectively [for CT excitation we refer to the sequence given
in Eq. (1)]. This is consistent with the calculated absorption
spectra shown in Figure 1.


Mgþ�Lþ hn ! Mg�Lþ ðCT stateÞ ! Mgþ Lþ


! MgþRþ ½L�R�þ
ð1Þ


Intracomplex reactions : The evaporative photofragment
Mg+ is almost always observed in the photodissociation of
Mg+(organic molecules). In the case of amine complexes,
excited-state reaction mechanisms can be ruled out owing to
insufficient photon energies as discussed previously.[6,7] In
the Px,y excitation region both the reactive and the nonreac-


tive photofragments have constant branching fractions and
an electronic–vibrational (E–V) quenching mechanism that
involves internal conversion from the excited state to the
ground state is believed to be operative here. Thus the pho-
toproducts resulting from C�C, C�N, and C�H bond activa-
tions most likely arise from nonadiabatic transitions from
the initial excited states through curve crossings (or conical
intersections) to the ground-state surfaces with vibrational
excitations at least in the Px,y excitation region. The photo-
chemistry in the Pz excitation region is notably different,
and may involve the dynamics of the 2Pz-type and CT states.
Below we will discuss the photoreactions of the primary and
secondary amine complexes and their possible mechanisms
in the Px,y excitation region.


Calculated geometries and energetics of photoproducts :
Table 2 summarizes the key results of our calculations on
the photofragments of iminium cations (P-1 to P-6) and
(Mg+ ,N)-containing photoproducts (P-7 to P-10) derived
from complexes 1–4. The photodissociation energies are
tabulated in Table 3. It is found that the C=N bond in the
iminium photoproducts is lengthened with methyl substitu-
tion at the a-carbon atom and is accompanied by a reduc-
tion in the ionization energy (IE) (see Table 2), for example,


CH2=NH2
+ (1.279 O and 147.4 kcalmol�1),[7a,14] CH3CH=


NH2
+ (P-2, 1.291 O and 133.1 kcalmol�1), and (CH3)2C=


NH2
+ (P-1a, 1.300 O and 123.6 kcalmol�1). However, N-


alkyl substitution results in only a slight decrease in the IE,
as seen in CH3CH2CH2NH=CH2


+ (P-3, 1.279 O and
132.6 kcalmol�1). In general, imines (see Table 2) have
lower IEs than MgH and MgR (the calculated IEs are
143.0–163.7 kcalmol�1, see Table S1) and this rationalizes
the observation of iminium cations and MgR(H) rather than
imines and MgR(H) cations.


Table 2. Summary of the calculations on some of the photoproducts.


Species Energy[a]


[hartree]
Bond
length
[O][b]


IE or BDE
[kcalmol�1][c]


(CH3)2C=NH2
+ (P-1a) �173.55997 1.300 123.6


CH3CH2CH=NH2
+ (P-1b) �173.54070 1.292 –


CH3CH=NH2
+ (P-2) �134.24882 1.291 133.1


CH3CH2CH2NH=CH2
+ (P-3) �212.81758 1.279 132.6


CH3CH2CH=NH(n-C3H7)
+(P-4) �291.42175 1.288 119.5


CH3CH=NHCH(CH3)2
+ (P-5) �252.13447 1.287 121.1


(CH3)2CHNH=C(CH3)2
+ (P-6) �291.43329 1.299 –


Mg+NHCH3 (P-7) �295.02214 1.931 46.6
cis-Mg+NHCH2CH3 (P-8a) �334.32321 1.911 49.1
trans-Mg+NHCH2CH3 (P-8b) �334.31700 1.933 –
Mg+NH2CHCH3 (P-8c) �334.31719 2.090 38.3
Mg+(-NH2CH2CH2-) (P-8d) �334.35292 2.118 71.5
cis-Mg+NHCH2CH2CH3 (P-9a) �373.61737 1.903 52.3
trans-Mg+NH(n-C3H7) (P-9b) �373.60761 1.943 –
cis-Mg+NHCH(CH3)2 (P-10a) �373.61914 1.916 51.9
trans-Mg+NHCH(CH3)2 (P-10b) �373.61202 1.940 –


[a] ZPEs have been taken into account with a scaling factor of 0.989.
[b] C=N and Mg+�N bond lengths for iminium cations and (Mg+ ,N)-con-
taining products, respectively. [c] The IEs are the ionization energies of
imines for iminium species, BDEs are the Mg+�N binding energies for
the (Mg+ ,N)-containing products.


Figure 5. Photofragment branching fractions from a) Mg+(n-propyl-
amine), b) Mg+(isopropylamine), and c) Mg+(diisopropylamine) as a
function of the photolysis laser wavelength.
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The BDEs, bond lengths (rMg�N), and energies of the
(Mg+ ,N)-containing photoproducts, P-7 to P-10, are listed in
Table 2. Four isomeric structures for P-8a–d and two for P-
9a,b and P-10a,b are considered. We find that for Mg+�
NHCnH2n+1 (n�2), the alkyl-cis-to-Mg+ structures (P-8a to
P-10a) are always 4–6 kcalmol�1 more stable than the trans
forms (P-8b to P-10b), indicating a bonding interaction be-
tween Mg+ and the alkyl group in the cis form. For P-8, P-
8d is the most stable, being even more stable than the cis
form (P-8a) by 18.6 kcalmol�1. The Mg+�N bond lengths of
P-8a to P-10a were calculated to be about 1.90–1.93 O,
which are a little longer than that of Mg+�NH2 (1.901 O),[7a]


but much shorter than those of
Mg+(amines) (~2.16–2.19 O).[7]


This shows that the Mg+�N
bond has a similarly strong co-
valent character to that of Mg+


�NH2. Correspondingly, the
calculated BDEs of these pho-
toproducts (Mg+ ,N-containing)
are as high as ~43.8–53.0 kcal
mol�1. Alkyl substitution at the
a-carbon atom (P-7, P-8a to P-
10a) also has an effect on the
Mg+�N bond lengths as well as
the BDEs of Mg+�NH2


(54.2 kcalmol�1).[7] For example,
the Mg+�N bond length in Mg+


�NHCH3 (P-7) is 1.931 O
(BDE=46.6 kcalmol�1)[7] and
decreases to 1.911 O (BDE=


49.1 kcalmol�1)[7] in Mg+�
NHCH2CH3 (P-8a) and
1.903 O (BDE=52.3 kcal
mol�1)[7] in Mg+�
NHCH2CH2CH3 (P-9a). Excep-
tions include Mg+�NHCH-
(CH3)2 (P-10a) (rMg�N=


1.916 O) and Mg+�NHCH3 (P-
7) in which the Mg+�N bond is
longer than that in P-8a and
Mg+�NH2 even though they
have one more CH3 substitution
at the a-carbon atom. This is
apparently due to stronger
inter-alkyl repulsion in P-10a
than in P-8a.


Ca�H(Cb) activation : Note
that MgH- and MgR-loss pho-
toproducts (denoted by [L�H]+


and [L�R]+ , respectively) are
observed in all of the Mg+


(amine) systems except for Mg+


�NH2CH2CH2CH3 (Figure 3
and Figure 4, Table 1). In the
Mg+(amine) systems that have
at least one b-carbon atom, the


photoreactions seem to proceed by Ca�Cb bond activation
to yield MgR (R=CH3 or CH2CH3) and the iminium cation
(products 1-4, 3-6, 2-4, and 4-7, see Table 3). For example, in
the first two reactions (1-4 and 3-6), MgCH2CH3 is eliminat-
ed following Ca�Cb bond activation, whereas in the last two
(2-4 and 4-7), the eliminated neutral entity is MgCH3. Al-
though a similar Ca�C bond activation reaction was previ-
ously observed in the photolysis of Mg+(triethylamine),[7b]


the mechanism was not clear at the time owing to a dearth
of data. This work has revealed more about the mechanism
as we have now observed a richer variety of photoproducts
that result from C�N, Ca�C, and Ca�H bond activation. In


Table 3. Calculated reaction energies for the photodissociation channels of Mg+�NH2CH2CH2CH3 (1a), Mg+


�NH2CH(CH3)2 (2b), Mg+�NH(CH2CH2CH3)2 (3), and Mg+�NH[CH(CH3)2]2 (4b).


Complexes Photoproducts Calculated reaction
energies,[a] DE [kcalmol�1]


(1-1) Mg+ +NH2CH2CH2CH3 44.5


(1-2) MgNH2
+ +CH3CH2CH2C 70.4


(1-3) Mg+NH3+CH3CH=CH2 23.0
(1-4) CH2NH2


+ +CH3CH2Mg 70.2


(2-1) Mg+ +NH2CH2CH2CH3 44.6


(2-2) MgNH2
+ + (CH3)2CHC 69.2


(2-3) Mg+NH3+CH3CH=CH2 16.5
(2-4) CH3CH=NH2


+ +CH3Mg 50.5
(2-5) (CH3)2C=NH2


+ +MgH 44.4


(3-1) Mg+ +NH(CH2CH2CH3)2 47.2


(3-2) CH2NH2
+ +CH3CH2CH2CH2CH2Mg 69.3


(3-2’) CH2NH2
+ +MgCH2CHCH3(C2H5) 68.6


(3-3) Mg+NH2CH2+CH3CH2CH2CH2CH2C 78.0
(3-3’) Mg+NH2CH2+(C2H5)CH3CHCH2C 77.1
(3-4) Mg+NH2CH2CH2+CH3CH2CH2CH2C 50.1
(3-4’) Mg+NH2CH2CH2+(CH3)2CHCH2C 49.2
(3-5) Mg+NHCH2CH2CH3+CH3CH2CH2C 72.1
(3-6) CH3CH2CH2NH+=CH2+CH3CH2Mg 57.0
(3-7) CH3CH2CH=NHCH2CH2CH3


+ +MgH 43.9


(4-1) Mg+ +NH[CH(CH3)2]2 47.2


(4-2) Mg+CH3+CH3CHNHCH(CH3)2 69.6
(4-3) CH3CH=NH2


+ +MgCHCH3(C2H5) 48.8
(4-4) (CH3)2C=NH2


+ + (CH3)2CHMg 34.4
(4-5) Mg+NH2CHCH3+C2H5CHCH3C 64.7
(4-6) Mg+NHCH(CH3)2+ (CH3)2CHC 55.6
(4-7) CH3CH=NHCH(CH3)2


+ +MgCH3 35.7
(4-8) (CH3)2C=NHCH(CH3)2


+ +MgH 32.3


[a] DE=E(AB)�E(A)�E(B) was calculated at the B3LYP/6-31+G** level of theory at 0 K; the ZPE correc-
tion factor is 0.989.
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retrospect, the photoproduct (C2H5)2N=CH2
+ formed from


the photolysis of Mg+(triethylamine) is actually a result of
Ca�C bond activation rather than a further decomposition
product of [N(C2H5)3]


+ in the Px,y excitation region. The
latter is now reassigned as a MgH elimination photoproduct,
which is in accord with the photoreactions identified in the
present work.


The products formed from loss of MgH are expected to
be generated from Ca�H bond activation because the reac-
tion is observed with Mg+(triethylamine), which has no
amino hydrogen,[7b] and with Mg+(methylamine, dimethyla-
mine) complexes, which contain only Ca�H bonds.[7a] Analo-
gous hydride abstraction (Ca�H bond activation) from pri-
mary, secondary, and tertiary amines by various transition-
metal ions such as Cu+ , Ag+ , Fe+ , Co+ , Ni+ , Ru+ , and Rh+


has been established previously.[15–24] In the work on the
photolysis of Mg+�NH2CH3 and Mg+�NH(CH3)2, C�N in-
sertion was observed only in the former, whereas Ca�H in-
sertion was found in both cases. As there are no C�C bonds
in these systems, one can conclude that Ca�H bond activa-
tion is favorable.[7a] On the other hand, from our work on
amine complexes with longer alkyl groups, Ca�C bond acti-
vation appears to compete strongly with Ca�H bond activa-
tion (see Figure 3, Figure 4, and Table 1).


To elucidate the Ca�H(Cb) bond activations, we traced
the potential energy surface along selected reaction path-
ways of the Mg+(isopropylamine) (2b, see Figure 2) system,
which has both H and CH3 on the same side of the N�C
bond as Mg+ for metal-assisted activation of the Ca�H(Cb)
bond. Figure 6 shows the calculated reaction pathways and
potential energy profiles. From Figure 6 we find that the
species generated from the Ca�H or Ca�C activation path-
way are analogous to those generated from the C�H bond
activation in Mg+(methylamine), [7a14] which include the hy-
drogen-migrated species HMg+


�R1 from C�H bond activation
(a2) or the analogous R-migrat-
ed species RMg+�R2 (a1),
charge-transfer species [MgH�
R1]+ (b2) or [MgR�R2]+ (b1),
and so on, suggesting that the
two activations have a similar
reaction mechanism.[25]


In the abstraction of CH3 or
H from C2 (i.e., Ca) of the
amines, the C2�N�Mg+�C1(H1)
quadrangular transition states
(T2b-a1 and T2b-a2) are
formed, which result from the
migration of C1H3 and H1 from
C2 in isopropylamine to Mg+ ,
respectively (see Figure 6). In
the transition-state structures,
the Mg+�C1(H1) bond length
(2.210(1.708) O) is very close to
that of free Mg+�CH3(H) and
the C2�C1(H1) distance is 2.406-


(2.318) O, indicating that the Mg+�C1(H1) bond is already
formed and the C2�C1(H1) bond ruptured. Energetically, the
two saddle points lie, respectively, about 50 and about
40 kcalmol�1 above the reactant complex 2b, and are the
highest energy barriers along the reaction channels. In the
structures of the methyl- and hydrogen-migrated minima (a1
and a2), the Mg+�C1 and Mg+�H1 distances are 2.070 and
1.667 O, respectively, and the positive charge is on the
MgCH3 (MgH) entity in much the same way as it is in the
photoinduced hydrogen migration in Mg+(methylamine).[14]


The N�Mg�C1(H1) group is nearly linear, which results
from sp hybridization centered on Mg+ . This conformation
favors the donation of the lone-pair electron on the nitrogen
atom to MgCH3(H) as well as reducing the repulsion be-
tween the two ligands which stabilizes the species. As a
result, the minima are only about 25–30 kcalmol�1 above
the reactant complex. Following the methyl or hydrogen mi-
gration, a charge-transfer minimum of MgCH3�HN+H=


CHCH3 (b1) or MgH�HN+H=C(CH3)2 (b2) may be
reached by the rotation of MgCH3 or MgH (Ta1-b1 and
Ta2-b2). In the CT minima, the N�C2 distances are 1.285–
1.293 O, consistent with the formation of iminium cations.
Note that the CT minima share a common linear Mg�
C1(H1)�H�N structure, which is reminiscent of a hydrogen
bond. In these species, the positive charge prefers to reside
on the L�R (or L�H) group as found previously in a simi-
lar intermediate conformation (CT species) generated from
the photodissociation of Mg+�NH2CH3 in which the posi-
tive charge is located preferentially on the CH2NH2


entity.[14] The CT between the iminium and MgH (or MgR)
entities seems to be the key step in the reaction,[14] which is
driven by the peculiar stability of the iminium cation that re-
sults from its lower IE than those of MgH and MgR as men-
tioned above. Finally, homolysis of the bond results in the


Figure 6. Schematic energy representation of Ca�Cb and Ca�H bond activations in trans-Mg+(isopropylamine)
(2b). Bond lengths are in angstroms and bond angles are in degrees.


Chem. Eur. J. 2005, 11, 6392 – 6406 H 2005 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 6399


FULL PAPERIntracomplex Reactions in Mg+(Primary, Secondary Alkylamine) Complexes



www.chemeurj.org





formation of MgCH3 (or MgH) and the iminium cation, as
observed. The appearance potentials (APs) of the Ca�Cb


and Ca�H activation products (2-4 and 2-5 in Table 3)
formed from 2b are calculated to be 50.5 and 44.4 kcal
mol�1, respectively, that is, less than the laser photon energy
used in our experiments (~3.1 eV or 71.5 kcalmol�1).


As shown in Table 3, although the APs of both products
generated by the loss of MgCH2CH3 and MgCH3 (3-6 and 4-
7) from secondary amine complexes are clearly lower than
those (1-4 and 2-4) derived from primary amine complexes,
the MgR-loss products from the secondary amine complexes
are not significantly enhanced (see Figure 3, Figure 4, and
Table 1). This may be due to the strong competition of C�N
activation in the secondary amine complexes as discussed
below. For the Ca�Cb bond activation product Mg+CH3


formed from Mg+�HN[CH(CH3)2]2, the estimated forma-
tion energy of Mg+CH3 is
69.6 kcalmol�1, which is less
than the one-photon energy of
the long wavelength range. The
sum of the energies of routes 4-
2 (Table 3) and the calculated
BDE of Mg+�CH3 (44.3 kcal
mol�1) is 113.9 kcalmol�1


(~251 nm) for the decomposi-
tion of Mg+CH3, which is ac-
cessible in the short wavelength
after taking account of thermal
energies in the amine com-
plexes. However, this ion is
found to disappear in the short
wavelength range perhaps as a
result of state-specific effects
resulting from a CT state.


C�N activation : To unveil the
mechanistic details of C�N
bond activation, we will first in-
vestigate the reaction paths that
produce Mg+NH3 from Mg+


(primary propylamine) and
then move on to the intracom-
plex reactions that occur in sec-
ondary amine complexes.


To study the formation of
Mg+NH2 and Mg+NH3 in Mg+


(primary amine) complexes by
C�N bond activation, 1a, 1b,
and 2b were used as model sys-
tems to survey the potential
energy surfaces (PESs) along
the reaction coordinates. The
calculated reaction pathways
and potential energy profiles
are depicted in Figure 7. C�N
insertion minima with a struc-
ture of R1R2HC�Mg+�NH2 (c1
to c3) are formed by passing


through C�Mg�N triangular transition states (T1a-c1, T1b-
c2, and T2b-c3). The stretched N�C1 bonds (see Figure 7)
may result from electron donation from the 3px orbital of
Mg+* to the sCN* orbital as well as from sCN to 3s of Mg+*,
which is likely to induce internal conversion from the excit-
ed PES to the ground-state PES.[26] These electron dona-
tions, although relatively weak for C�C or C�H bond acti-
vation for steric reasons, are expected to be strong for C�N
activation because the interacting orbitals are approximately
parallel to each other. In primary amine complexes, the 3pz


orbital of Mg+* may also be involved in such an interaction
with the help of the Mg�C�N scissor vibration, which is ex-
pected to be strongly excited owing to the unsymmetrical
structures of the complexes. The relative energies of the
saddle points are about 50–53 kcalmol�1, which make them
the highest crests along the reaction coordinates. With a de-


Figure 7. Schematic energy representation of C�N bond activation in a) cis-Mg+(propylamine) (1a), b) trans-
Mg+(propylamine) (1b) and c) trans-Mg+(isopropylamine) (2b). Bond lengths are in angstroms and bond
angles are in degrees.
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crease in energy of about 20 kcalmol�1, insertion minima c1
to c3 are produced. These minima have a linear N�Mg+�C1


structure, similar to the hydrogen-migrated species discussed
above and is a common feature of two radicals connected
through the sp-hybridized orbitals of Mg+ .


The Mg+-insertion minima can take two possible routes
along the reaction pathways. The first is the direct rupture
of the Mg+�C1 bond to give [Mg+NH2+R1R2HC1] (the
Mg+�N bond is too strong to be broken). The calculated
APs for the formation of Mg+NH2 from the complexes are
similar and are in the range of 69–71 kcalmol�1, which is in
effect less than the photon energy we used and thus explains
their formation in the experiments. The other pathway in-
volves a hydrogen shift to form Mg+NH3, which has been
identified in the photodissociation mass spectra of 1 and 2
(Figure 3 and Table 1). As Figure 7 shows, a hydrogen atom
from both the g- and b-carbon atoms can migrate to the ni-
trogen atom via five- (Mg�Ca�Cb�H�N as in Tc2-d2 and
Tc3-d3) and six-membered (Mg�Ca�Cb�gC�H�N as in Tc1-
d1) transition-state structures. Note that the C1�Mg�N
bonds in the transition-state structures are significantly bent
(~104–1138) from their linear precursors and this distortion
can be accomplished with the help of the Ca�Mg�N scissor
vibration, which is expected to be strongly excited after C�
N insertion. Moreover, the energies of the transition states
are relatively low (38–44 kcalmol�1 with respect to the cor-
responding reactants, see Figure 7). Passing through the
transition states, the reaction systems find themselves in the
deep valleys of H3N�Mg+�CH2=CHCH3 (d2 and d3) and
H3N�Mg+(�CH2CH2CH2�) (d1). In d2 and d3, the N�Mg�
C1 unit has an angle of 112.9 and 98.68, respectively. The
angles are close to 908, which is expected for complexes of
Mg+ with two closed-shell molecules,[27–29] but are in con-
trast to those in c1–c3, a1,a2, and b1,b2 with open-shell li-
gands. These precursors are analogous to the intermediate
(C2H4)Co+(NH3) detected in the reaction of Co+CO with
ethylamine, which may be formed by Co+CO (Co+ part) in-
sertion into the C�N bond of ethylamine.[15] Homolysis of
the Mg+�C bond yields Mg+NH3 and C3H6 (1-3, e, and 2-3,
see Figure 7), where C3H6 is cyclopropane for 1a and
CH3CH=CH2 for 1b and 2b. The formation energy of Mg+


NH3 from 1a, 1b, and 2b is calculated to be 23.0, 13.5, and
16.5 kcalmol�1, respectively. These rather low formation en-
ergies of Mg+NH3 from Mg+(propylamine) suggest that
after photoabsorption Mg+NH3 will have ample energy for
further decomposition. Indeed, the formation energies of
Mg+ +NH3 from 1a, 1b, and 2b are merely ~61.6, 52.1, and
55.1 kcalmol�1, respectively. Therefore it is not surprising to
see that the yield of Mg+NH3 from the magnesium com-
plexes (Figure 3 and Table 1) is very low at long wave-
lengths and even disappears at short wavelengths. In con-
trast, the formation energies of Mg+NH2 are much higher
(~69.2 kcalmol�1, see Table 3) and on top of this, the BDE
of Mg+�NH2 (51.0 kcalmol�1) is also higher than that of
Mg+�NH3 (38.5 kcalmol�1). This explains why the yield of
the former is higher than that of the latter in the intracom-
plex photoreactions (see Figure 3 and Table 1).


The small iminium photoproducts formed from Mg+(di-
propylamine) and Mg+(diisopropylamine) (e.g., Mg+


(NCH4), Mg+(NC2H6), CH2NH2
+ , and CH3CHNH2


+ ;
Figure 4 and Table 1) cannot be formed simply by direct C�
N or C�C bond activation without subsequent intracomplex
bonding rearrangements. Clearly, the reactions leading to
the formation of these products proceed in much the same
way as the photoreactions leading to the loss of C3H7C in
Mg+(di-, triethylamine).[7b] For illustration purposes, the
C3H7C-loss reaction in Mg+�NH(C2H5)2 is selected as a
benchmark in our investigation. We surveyed reaction path-
ways starting with C�C and C�N bond activations. From the
geometries of the species and the reaction energies given in
the Supporting Information (Figures S3 and S4), we find
that the pathway following the C�C bond activation and
leading to C3H7C loss is unreasonable both energetically and
kinetically.[30] Therefore, the C�C bond activation can be ex-
cluded as a tenable mechanism for C3H7C loss from the pho-
todissociation of Mg+�NH(C2H5)2. On the other hand, we
found that C�N bond activation offers a reasonable path for
this intriguing reaction. Through this reaction pathway, we
obtain the reaction potential energy profile that is displayed
in Figure 8. Although there are three isomers of Mg+(dieth-
ylamine) (5 in Figure 8; S-1 and S-1a in the Supporting In-
formation, Figure S5), the staggered form was found to be
the most stable structure at the B3LYP/6-31+G** level of
theory, lying 1.1 and 3.6 kcalmol�1 below S-1 (trans) and S-
1a (cis), respectively. We therefore used the staggered form
in our calculations.


As can be seen in Figure 8, the initial reactions for pro-
ducing the CH2CH2�Mg+�NH2(CH2CH3) minimum (g)
from complex 5 are analogous to those shown in Figure 7
(from 1b to d2 and 2b to d3). These include a low energy
pathway of C�N bond activation via a triangular transition
state (T5-f) followed by a b-hydrogen shift via a C3(or Ca)�
Mg�N�H4�C4(or Cb) five-membered-ring saddle point. The
ethylene�Mg+�ethylamine minimum (g) is quite stable
(8.2 kcalmol�1 above 5) owing to strong Mg+�C2H4 and
Mg+�NH2(C2H5) bonds. It is logical to reckon on a subse-
quent (b- or g-)hydrogen shift following Mg+ insertion into
the C�N bond in amines, which induces the C�Mg�N scis-
sor vibration. In primary amines, it is impossible to rear-
range the hydrogen-shifted alkylene�Mg+�NH3 into a fa-
vorable cyclic intermediate except by breaking the C�Mg+


bond, which leads to the formation of Mg+NH3. For secon-
dary or tertiary amines, however, the excited C�Mg�N scis-
sor vibration in g will make C4 in the ethylene moiety (acti-
vation position) abstract a methyl radical from the ethyl
group in ethylamine via a six-membered-ring transition state
(Tg-h). The transition state has the highest energy along the
reaction pathway, and is located 82.8 and 6.7 kcalmol�1, re-
spectively, above the reactant and product. The energy is
mostly less than the photon energy range we used except at
the longest wavelength (~440 nm or 65.0 kcalmol�1). Even
at the longest wavelength, the transition state may still be
obtained as a result of the internal excitations of the Mg+�
NH(C2H5)2 complex produced in our source. Following a de-
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crease in energy of 51.2 kcalmol�1 a precursor minimum
CH3CH2CH2�Mg+�NH2CH2 (h) is formed. Rupture of the
Mg+�C3 bond (BDE=44.5 kcalmol�1) yields the experi-
mentally observed photoproducts CH3CH2CH2 and Mg+�
NH2CH2. The appearance energy of the photoproduct is
76.1 kcalmol�1.


Although a full PES scan was not carried out for the Mg+


(dipropylamine) complexes because of their relatively large
size, C�N bond activation is expected to operate as well
from an energy viewpoint. In view of the structural similari-
ties of both the C�N insertion minima and the saddle points
of the primary and secondary amine complexes, we expect
that the energy differences between the saddle point and
minima will be similar (~20 kcalmol�1 in Figure 7). Thus in
the following, we will only discuss the insertion minima. The
likelihood of an insertion process [Mg+�(AB)!A�Mg+�B]
can be evaluated from the energy difference between the
sum of the strengths of the two bonds formed, Mg+�A and
Mg+�B, and those of the two ruptured bonds, Mg+�(AB)
and A�B. In going from the primary to secondary amine
complexes, the BDEs of Mg+�(amine) increase by about
0.15 eV (~3.5 kcalmol�1), while those of the C�N bonds de-
crease by about 5–15 kcalmol�1 (76.8/71.6 and 75.5/
60.3 kcalmol�1 for 1a/3 and 2b/4b, respectively). On the
other hand, the Mg+�NHCH2CH2CH3 and Mg+�NHCH-
(CH3)2 bonds (see Table 2) are about 2.3 kcalmol�1 weaker
than the Mg+�NH2 bond (54.2 kcalmol�1).[7a] Moreover, the
relevant C�N insertion minima have higher energies than
the primary amine complexes by about 32 kcalmol�1


(Figure 7). Thus we can estimate that the analogous C�N in-
sertion minima lie only about 28 and about 18 kcalmol�1


above the secondary amine complexes 3 and 4b, respective-
ly, meaning that C�N bond activation is more facile in the


secondary complexes. This
might be another reason for the
richer C�N activation photo-
products produced from the
secondary propylamine com-
plexes. In the Mg+(methyl-
amine) complexes, however, C�
N bond activation was observed
in the photodissociation of Mg+


�NH2CH3 but not in the photo-
dissociation of Mg+�NH-
(CH3)2.


[7a] This may be ex-
plained by the fact that the
Mg+�NHCH3 bond (D0=


46.6 kcalmol�1)[7b] is weaker
than that of Mg+�NH2 (D0=


54.2 kcalmol�1),[7a] while the
BDEs of the Mg+�NH2CH3


and Mg+�NH(CH3)2 bonds are
similar.[7a]


On the basis of the experi-
mental and computational re-
sults presented above, we pro-
pose reaction branching path-


ways following C�N bond activation in Mg+(dipropylamine)
and Mg+(diisopropylamine) (Scheme 1 and Scheme 2). For
the C�N insertion minima XHN···Mg+ ···X (X=


CH2CH2CH3 or CH(CH3)2), as a result of the strong cova-
lent character of the Mg+�N bond, the direct dissociation of
these intermediates leads to the formation of Mg+NHX.
When X=CH(CH3)2, a hydrogen shift from the a-carbon to
the nitrogen atom followed by CT with rotation of the
MgCH(CH3)2 entity, as mentioned above, may be responsi-
ble for the observation of (CH3)2C=NH2


+ in Figure 4a. A
similar cation CH3CH2CH=NH2


+ was not observed in Mg+


�HN(CH2CH2CH3)2. A plausible explanation for this is that
CH3CH2CH=NH2


+ (P-1b) is less stable than (CH3)2C=
NH2


+ (P-1a). The stable (CH3)2C=NH2
+ (P-1a) drives the


MgCH(CH3)2 entity in the insertion minimum to rotate fol-
lowing the hydrogen shift and to participate in the CT pro-
cess as discussed above. The energies required for the for-
mation of Mg+�NHCH2CH2CH3, Mg+�NHCH(CH3)2, and
(CH3)2C=NH2


+ were computed to be 72.1, 55.6, and
34.4 kcalmol�1, respectively (see products 3-5, 4–6, and 4-4
in Table 3), which are all accessible with one-photon excita-
tion in the long-wavelength range (~440 nm, ~65.0 kcal -
mol�1). When possible internal excitations are considered,


Note that in the photodissociation of Mg+(amine) com-
plexes, only the bonds immediately connected to the a-
carbon atoms, for example, Ca�C, Ca�H, and C�N, can be
activated by Mg+*. This is in contrast to the gas-phase reac-
tions of transition-metal ions with amines, in which activa-
tions of Cb�Cg, Cg�Cd, etc., were also observed besides Ca�
Cb bond activation.[16] Clearly, the coordination of the nitro-
gen atom of the amine to Mg+ plays a very important role
here, which is manifested in terms of orbital-alignment and
regiospecific effects.


Figure 8. Schematic energy representation of C�N bond activation in Mg+(diethylamine). Bond lengths are in
angstroms and bond angles are in degrees.
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State-specific effects : In the photodissociation of Mg+(sec-
ondary propylamine) complexes, small iminium cations (3-2,
3-2’, 4-3 and 4-4, see Table 3) and (Mg+ ,N)-based fragments,
including Mg+NH2CnH2n (n=1 and 2) and Mg+HNCnH2n+1


(n=0 and 3), are generated from C�N bond activation.
From an energy point of view, the formation energy of Mg+


+HNCnH2n+1 or Mg+ +NH2CnH2n from the corresponding
complex is the sum of the energies required for the genera-
tion of the (Mg+ ,N)-based fragments and their subsequent
dissociation. According to our calculations (Table 2 and
Table 3), at least ~114.1 kcalmol�1 (~250 nm) is needed for


the formation of Mg+ +


NH2CH2,
[7b] Mg+ +NH2CH2CH2,


and Mg+ +NHCH2CH2CH3


from 3. This value (114.1 kcal
mol�1) is near the wavelength
limit (240 nm) used in our ex-
periments. Moreover, the forma-
tion energies of Mg+ +


NH2CHCH3 and Mg+ +NHCH-
(CH3)2 from the reactant com-
plexes were evaluated to be
102.8 (~278 nm) and 107.5 kcal
mol�1 (~266 nm) from 4b, re-
spectively. It thus appears to us
that the newly formed Mg+


NH2CnH2n (n=1 and 2) and
Mg+HNC3H7 might decompose
at the short wavelength. Howev-
er, this is not supported by the
following observations. First,
Mg+NH2 is clearly observed in
the short-wavelength range for


Mg+(H2NCH2CH2CH3) and Mg+[H2NCH(CH3)2] (see
Figure 3 and Table 1) although a similar amount of energy
(~119.9 kcalmol�1) is needed for the formation of CNH2


from the two complexes. Second, no (Mg+ ,N)-based frag-
ments were observed at an energy lower than the Pz excita-
tion of Mg+�HN(CH2CH2CH3)2 and Mg+[H2NCH(CH3)2]
(e.g., 280 nm, 	101.9 kcalmol�1). Third, the C�N bond acti-
vation products like CH2=NH2


+ and CH3CH=NH2
+ from


Mg+�HN(CH2CH2CH3)2 and Mg+�HN[CH(CH3)2]2 also
disappear in the short-wavelength range though they are un-
likely to dissociate. As a result, the sudden disappearance of


Scheme 1. C�N activation branching pathways of Mg+(dipropylamine).


Scheme 2. C�N activation branching pathways of Mg+(diisopropylamine).
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Mg+�NH2CnH2n (n=1 and 2) and Mg+�HNC3H7 in the
short-wavelength range is not due to their consecutive de-
composition but more probably as a result of state-specific
effects.


These state-specific effects can be understood in terms of
the orbital alignments in the secondary amine complexes.
As Figure 2 shows, the pz orbital of Mg+ in complexes 3 and
4 is roughly perpendicular to those of the C�N bonds.
Therefore, no C�N bond activation photoproducts are likely
to be formed from the Pz excitation because Mg+ simply
cannot insert into the C�N bond, whereas the px,y orbitals of
Mg+ can interact with the s* orbital of the C�N bond and
the 3s orbital with the s orbital because they are roughly
parallel to each other. This is in marked contrast to the case
of the Mg+(primary amine) complexes, in which the unsym-
metrical structures of the parent complexes (Figure 2) lead
to the state nonspecificity of the C�N bond activation as dis-
cussed above.


Note that the (Mg+ ,N)-based fragments derived from sec-
ondary amine complexes cannot decompose further to Mg+


in the 32Px,y excitation region owing to a lack of energy,
whereas for the primary amine complexes, the photoproduct
Mg+NH3 has ample energy to dissociate, as mentioned
above. This may be the reason why relatively rich and abun-
dant C�N activation products are formed from the secon-
dary amine complexes in the 32Px,y excitation region (see
Figure 4a and Table 1), whereas Mg+ is predominant over
the C�N activation products for the primary amine com-
plexes (see Figure 3a and Table 1).


Inter-alkyl C�C coupling reactions : The intracomplex C�C
coupling reactions in the secondary amine complexes are
rather intriguing and merit special discussion. In general, C�
C coupling reactions assisted by catalysts have a special po-
sition in organic chemistry. A classic example is the well-
known Ziegler–Natta type C�C bond formation involving
C=C insertion into metal�ligand bonds, which is directly rel-
evant to the catalysis of alkene polymerization.[31–35] On the
surface, the C�C coupling reactions we observed can origi-
nate from both C�N and C�C bond activation because both
these bonds are cleaved anyway during the reactions. It
turns out that Mg+ insertion into the C�N bond is the key
step, as discussed above, based on the calculation of the
C3H7-loss channel in the photodissociation of Mg+(diethyl-
amine).


We identified a hydrogen-shift process following Mg+ in-
sertion into the C�N bond of amines with long N-alkyl
group(s) (two carbon atoms or above owing to the need to
form a ring transition state with at least five members). For
primary amine complexes, the hydrogen shift leads to the
generation of Mg+NH3, as observed in the photodissociation
mass spectra of Mg+(propylamine) and Mg+(isopropyla-
mine) (Figure 3 and Table 1). It is shown in Figure 7 that
this reaction path is both energetically and kinetically favor-
able following Mg+ insertion into the C�N bond. The inser-
tion minima (relative to the parent complexes) derived from
secondary amine complexes are about 4–14 kcalmol�1 lower


in energy than those derived from primary amine com-
plexes, and both Mg+�NH2CH2CH2CH3 (1a) and Mg+�
NH2CH(CH3)2 (2b) bonds are about 6 kcalmol�1 stronger
than the Mg+�NH3 bond. Thus the hydrogen-shift minima
from Mg+(dipropylamine) complexes are estimated to lie 20
and 11 kcalmol�1 above the parent complexes 3 and 4b, re-
spectively, considering that the hydrogen-shifted minima (d1
and d3) lie about 22 and 3 kcalmol�1 above the Mg+(pri-
mary propylamine) complexes 1a and 2b (see Figure 7).
Therefore, hydrogen shifts are also energetically possible in
the secondary amine complexes following Mg+ insertion
into the C�N bond.


For secondary (or tertiary) amine complexes, however,
there is a possibility that C�C coupling will occur following
the hydrogen-shift process leading to the formation of three
photoproducts from Mg+(dipropylamine) (CH2=


+NH2, Mg+


�NH2CH2, and Mg+�NH2CH2CH2) and two from Mg+(di-
isopropylamine) (CH3CH=+NH2 and Mg+�NH2CHCH3)
(Figure 4a and Table 1). Note that these photoproducts
cannot be formed simply by direct C�N or C�C bond acti-
vation without subsequent rearrangements. It is gratifying to
find that these reactions share the same mechanism as the
C3H7C-loss reactions in Mg+(di-, triethylamine) (Figure 8).
As Scheme 1 shows, analogous to the case of Mg+(propyl-
amine), both b- and g-hydrogen shifts are possible following
C�N bond activation in Mg+(dipropylamine). Mg+�
NH2CH2 (loss of C5H11C), CH2=NH2


+ (loss of MgC5H11), and
Mg+�NH2CH2CH2 (loss of C4H9C) are expected to form
after the subsequent ethyl and methyl migrations, respec-
tively. For Mg+(diisopropylamine), as shown in Scheme 2,
C�N activation is followed by a b-hydrogen shift and methyl
migration, which are responsible for the production of Mg+


�NH2CHCH3 (loss of C4H9C) and CH3CH=NH2
+ (loss of


MgC4H9). The APs for these intracomplex C�C coupling
photoproducts are all less than the laser photon energy used
in our experiments (see Table 3).


A legitimate question is whether C4H9C and C5H11C are
really the ultimate products formed in the process illustrated
in Scheme 1. The answer is a positive one. In fact, according
to the calculations, all of the products except Mg+�
NH2CH2CH2 from Mg+(dipropylamine) are energetically
inaccessible by one-photon excitation according to the APs
of 3-3, 3-3’, and 4-5 (see Table 3) and the dissociation energy
of the C�C bond in the alkyl radical (~25 kcalmol�1).[7b] For
Mg+�NH2CH2CH2, a sequential loss mechanism is also pos-
sible because the energy threshold for sequential alkyl+
alkene loss is estimated to be 75 kcalmol�1 on the basis of
the APs of 3-4 and 3-4’ (50.0 and 49.1 kcalmol�1) and the
dissociation energy of C4H9C to C3H6 and CH3C
(~25 kcalmol�1), which is accessible by one-photon excita-
tion. However, we believe that the C�C coupling reaction is
the most likely process for the following reasons. First, all of
the analogous reactions have been shown to occur by C�C
coupling, as discussed above. Secondly, the sequential loss
process instead of the C�C coupling reaction seems to be in-
explicable. For example, although the rupture of the propyl-
ene-(or -cyclopropane-)Mg+(n-propylamine) bond (minima
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similar to g in Figure 8, or d1 and d2 in Figure 7) to lose
C3H6 as a result of C�N bond activation is reasonable, sub-
sequent Mg+�NH2CH2CH2�CH3 bond cleavage for the
second step is more difficult to understand because the rup-
tured bond is far away from the bond activation center.


Conclusions


This work on Mg+(n-propyl, isopropylamines) has advanced
our studies on photoinduced reactions in Mg+(alkylamines).
By combining the extensive experimental and computational
efforts, the mechanisms of the photoreactions of these com-
plexes have started to unfold. The photoreactions appear to
start with the activation of mainly the Ca�C and C�N bonds
by Mg+ , and less so, the Ca�H bond, following the electron-
ic excitation of Mg+ (32P !32S) through photoabsorption.
We can now conclude by summarizing a number of the main
points below.
1) In the long-wavelength range, only the bonds immediate-


ly connected to the a-carbon atoms in Mg+(amine) com-
plexes, for example, Ca�C, Ca�H, and C�N, can be acti-
vated by Mg+*. C�N bond activation is more facile than
Ca�C bond activation in the photodissociation of secon-
dary propylamine complexes and the evaporative forma-
tion of Mg+ is a comparable reaction channel. For the
primary amine complexes, however, the Ca�C bond-
cleavage photoproducts are similar to those formed by
C�N bond cleavage, and both are overwhelmed by the
photofragment Mg+ . Ca�H bond-activation photoprod-
ucts are observed in all of the amine complexes we have
studied except in Mg+(propylamine) but in general they
are considered as minor products.


2) In the short-wavelength range, products generated from
Ca�C rupture are always observed in the photodissocia-
tion of the Mg+(propylamine) complexes. For Mg+(pri-
mary amines), the iminium photoproducts resulting from
Ca�C cleavage prevail upon excitation of the Pz and CT
states of Mg+ , whereas in Mg+(secondary amines), Ca�
C cleavage is a minor process compared with the evapo-
ration channel. C�N activation products, although much
less abundant, are also observed in primary amine com-
plexes in this spectral region.


3) The photodissociation of Mg+(primary amine) com-
plexes with long N-alkyl chains has revealed a subse-
quent step following the insertion of Mg+ into the C�N
bond in amines, that is, a (b- or g-)hydrogen shift leading
to the formation of a quite stable NH3�Mg+�alkene in-
termediate. Mg+�NH3 is produced by homolysis of the
Mg+�alkene bond. This is a reaction channel with very
low reaction energies.


4) Further N-alkyl substitution in alkylamines gives rise to
a novel intracomplex C�C coupling photoreaction. For
example, photodissociation of Mg+(secondary amines)
follows an intracomplex C�C coupling photoreaction
pathway after C�N bond activation and the subsequent
(b-, or g-)hydrogen shift. This reaction pathway domi-


nates the Ca�C and Ca�H activation channels upon Px,y


excitation of Mg+ .
5) Both Ca�C and Ca�H bond activations share a common


reaction mechanism—a three-step process involving
H(R) migration, CT, and decomposition. The driving
force for this process is dictated by the special stability
of the iminium cations, which arise from the low IEs of
their precursors relative to those of their partners, metal
hydrides (MgH) and metal-alkyls (MgR).
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