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Introduction


The current interest in Group 7 elements as radiopharmaceut-
icals, whether for diagnostic (99mTc) or, more recently, thera-
peutic (186Re, 188Re) purposes, is well known.[1, 2] The available
forms of these radionuclides, obtained with a generator,[3] are
essentially limited to their highest accessible oxidation states
(�7) such as TcO4


ÿ and ReO4
ÿ. For speed of synthesis and ease


of handling in aqueous media, (N2,S2)- and (N3,S)-type chelate
complexes, with an intermediate degree of oxidation (e.g.,
�5), are frequently preferred.[4] This strategy is not without its
disadvantages, which may include insufficient robustness of the
chelate, a multiple-step synthesis for the chelator, stereochem-
ical problems, or bulkiness of the complex with concomitant
loss of recognition of the vector for the biological target.


Lowering the degree of oxidation of the metal still further
has been shown by Davison[5] to be a useful strategy in the
synthesis of robust organometallic complexes such as
[99mTc(CNR)6]� (1). In particular, cardiolite, a lipophilic


cation, shows a regional selectively at the level of the cardiac
muscle and has opened the way for an organometallic
approach in this area, based on a low oxidation state of the
metal and strong metal ± carbon bonds.[6]


In terms of using these chemically inert complexes for in
vivo applications, the usefulness of Group 7 low valence (�1,
0) complexes is thus established. These oxidation states are
well adapted to organometallic chemistry and its bonding
modes, to the extent that ligands with acceptor properties
stabilize an electron-rich metal center. Given these parame-
ters, an interesting organometallic target is [(C5H4R)M(CO)3]
(M�Re, Tc), since its robust and nonbulky nature as
compared with (N2,S2) chelates[7, 8] would in principle allow
it to bind to various biomolecules that could be used as
biological vectors. An example of the potential benefit of the
organometallic approach over the chelate route can be seen in
the case of recognition of the estrogen receptor, the key
protein in cancers of the breast.


Molecules 2 and 3, derivatives of tamoxifen, the drug of
reference in breast cancer therapy, have been prepared. While
2 shows a recognition level (relative binding affinity (RBA))
that is too weak relative to the estrogen receptor to be of use
[RBA< 0.009 % (too low to be measured)],[9] product 3 binds
to the same receptor with an RBA of 9.75 % (4-OH-
tamoxifen, RBA� 38.5 %).[10] Moreover, on MCF7-type cell
lines, compound 3 shows an antiproliferative activity com-
parable to that of tamoxifen.


To increase the potential value of this molecule 3 as well as
others of the same type, the imperative now is to achieve a
rapid insertion of appropriate radionuclides (99mTc� 6 h,
188Re� 16.8 h), which have short half-lives. This is not a trivial
problem from a synthetic point of view, and presents an
interesting challenge especially because of the quasi-necessity
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of working in saline solution. For this or other reasons, the
problem of attaching [CpRe(CO)3] and [CpTc(CO)3] onto
biomolecules has recently produced an abundance of differing
synthetic approaches. We present a selection of these below.


Rhenium Sources


[Re2(CO)10] and [BrRe(CO)5]: [Re2(CO)10] is the main
organometallic precursor of [CpRe(CO)3] and its substituted
derivatives in organic media. It is commonly prepared from
perrhenate by heating under a high pressure of CO gas (100 ±
300 atm) at high temperature (200 8C) for two days.[11±13]


However, these conditions are not suitable for the synthesis
of organometallic radiopharmaceuticals, which require low
temperature and pressure for safety reasons and the possible
sensitivity of biomolecules, and also demand short reaction
times with high yields. To satisfy these requirements, it was
necessary to develop a new reaction. Ammonium perrhenate,
which is available in both cold and radioactive forms, was
reduced by diisobutylaluminum hydride (DIBAL-H) in the
presence of gaseous carbon monoxide in toluene at 70 ± 80 8C
to give [Re2(CO)10] in 62 % yield (Scheme 1).[14]


Scheme 1. a) CO (1 atm), toluene, 70ÿ 80 8C; b) Br2.


[Re2(CO)10] can either be used directly in the cyclopenta-
dienyl ligand-transfer reaction to give cyclopentadienyltricar-
bonylrhenium derivatives, or it may be converted into
[BrRe(CO)5], which is a more reactive and more commonly
used compound, before carrying out the complexation
reaction.


[(CO)3ReX3]2ÿ and [(CO)3TcX3]2ÿ : Alberto et al. have pub-
lished a promising low-pressure approach to the synthesis of
organometallic radiopharmaceuticals.[15±17]


The reagent [(CO)3MCl3]-
[NEt4]2 is prepared from
perrhenate or pertechnetate in
75 ± 87 % yields, under very
mild conditions, by using BH3


under one atmosphere of CO
only (Scheme 2). The advant-
age of this reagent is that it is


possible to prepare it in its radioactive form by using
188ReO4


ÿ. The halide ligands are easily substituted in these
species, leading to a wide range of organometallic compounds.
Alberto has shown that [(CO)3TcCl3][NEt4]2 can react with
CpTl to give [CpTc(CO)3]. Dissolving [(CO)3ReCl3][NEt4]2 in
acetonitrile quantitatively produces [(CO)3Re(CH3CN)3]� , a
convenient precursor for substituted [(C5H4R)Re(CO)3] (see
section on ªThe three-component synthesisº).


Scheme 2. a) BH3/[NBu4]Cl/CO; b) [NEt4]Cl, 6 h, 110 8C; c) AgPF6/CpTl,
THF, 60 8C.


The same author has recently prepared the aquaions
[(H2O)3M(CO)3]� (M� 99mTc, 188Re) that are currently the
most promising compounds for the labeling of a variety of
biomolecules.[18±20] But so far, this approach has not been
applied to the synthesis of cyclopentadienylmetalcarbonyl
compounds.


Labeling of Steroids and Specific Estrogen Receptor
Modulator (SERM)


The fulvene route : The best known organometallic route to
[CpRe(CO)3]-substituted compounds 5 is the reaction of the
cyclopentadienide salt, obtained from substituted cyclopenta-
diene 4, with [BrRe(CO)5][21] or by direct reaction of
[Re2(CO)10] with dicyclopentadiene at high temperature
(Scheme 3).[22]


However, the poor stability of the substituted cyclopenta-
diene compounds as well as the difficulty of their character-
ization (cyclopentadienes exist as a mixture of isomers as
shown in Scheme 3) led us to explore a closely related strategy
involving fulvenes 6 as starting materials (Scheme 4).[23] These
entities are easier to synthesize and to handle than the
corresponding cyclopentadienes. Thus, in the presence of a
nucleophile (Scheme 4, path a), compound 6 could give 7 by a
one-pot procedure involving an addition/transmetallation
process. On the other hand, the action of a base, followed
by addition of [BrRe(CO)5] generates 8 via the formation of
an intermediate salt (Scheme 4, path b).


These strategies have been successfully applied to the
synthesis of substituted organometallic steroids (Scheme 5).


We have thus provided a new and efficient route to
[CpRe(CO)3]-substituted steroids, with introduction of the


Scheme 3. a) base; b) [BrRe(CO)5]; c) [Re2(CO)10].
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Scheme 5. Structures of substituted organometallic steroids synthesized
according to Scheme 4.


metal as the last step of the procedure, permitting synthesis of
a large variety of products.


The three-component synthesis : Katzenellenbogen recently
took advantage of Alberto�s reagent for the one-pot synthesis
of the estradiol analogue 11 (Scheme 6).[24]


The process is based on the use of a boronic acid derivative
of estradiol 9 and diazocyclopentadiene 10 as precursor of the
[CpRe(CO)3] unit. This synthetic route appears as an ideal
approach, since it involves a one-pot reaction and the reagent
[(CO)3Re(CH3CN)3]� can be obtained in its radioactive form
starting from [(CO)3ReCl3][NEt4]2. In contrast, the marked
instability of the reagent C5H4N2 does not allow for easy
handling, especially when working at low concentrations, as
required for radioactive compounds.


Cyclopentadienyl transfer reaction : The transfer of an organic
ligand from one transition metal unit to another is an


attractive reaction when the
complex cannot be prepared
by conventional methods. Sev-
eral examples have been dis-
cussed in the literature.[25, 26]


This strategy was applied by
Wenzel[27] in the one-pot syn-
thesis of the first technetium
complex of 17a-ethynylestra-
diol (13) from the correspond-
ing ferrocenyl complex 12
(Scheme 7).


This is an elegant synthetic
method for the preparation of the technetium hormone
complex, although some disadvantages remain. The major
drawbacks are the high temperature of the reaction and the
fact that the analogous tricarbonyl complex of manganese is


produced at the same time as that of Tc. This contamination
limits the usefulness of the procedure described above, since
separation of the two complexes is not always straightforward.
In addition, while this transfer reaction works with pertechne-
tate, the cyclopentadienyltricarbonylrhenium compounds can
be prepared only in cases in which the ferrocene bears an
electron-withdrawing substituent.[28]


In order to find a suitable starting material for this
cyclopentadienyl transfer reaction, we performed a thermal
reaction of [Re2(CO)10] with several cyclopentadienyl
complexes of transition metals. We found that [Cp2TiCl2]


gave the best yield of [CpRe-
(CO)3] (82 % yield).[29] This
reaction also works with a
more sophisticated molecule
such as 14, but in moderate
yields (Scheme 8). Thus, heat-
ing 14 with [Re2(CO)10] in
mesitylene solution at reflux
gives 15 and [CpRe(CO)3] in
37 % and 36 % yields, re-


spectively. The use of this method may be limited by the


Scheme 8. a) [Re2(CO)10], mesitylene, D, 3 h.


Scheme 4. a) Nucleophile; b) [BrRe(CO)5]; c) base; d) [BrRe(CO)5].


Scheme 6. a) Et3N, D, 45 min, CH3CN/acetone 1:1.


Scheme 7. a) TcO4
ÿ, [Mn(CO)5Br], THF, 1 h, 150 8C.
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high temperature conditions and by the access to titanium
complexes.


The decomplexation/recomplexation route : We next exam-
ined a new synthetic approach to the target molecules, taking
into account their intended application as radiopharmaceut-
icals. The principle of this reaction, allowing access to
substituted cyclopentadienes and hence to the desired orga-
nometallic complexes, is outlined in the general Scheme 9.


This reaction involves the photochemical decomplexation
of easily handled complexed substrates in protic solvents.
Thus, it is possible to keep the unstable cyclopentadiene
intermediate in its stable complexed form and to generate it at
the time of the reaction with a rhenium agent. Tricarbonyl-


manganese derivatives have proved suitable for this purpose.
Thus, the photolysis of cymantrene compound 16, which was
readily accessible from a McMurry cross-coupling reaction, in
diethyl ether/methanol (2:1), gives the substituted cyclo-
pentadiene 17 in very good (81 %) yield (Scheme 10).[30]


Once pure, compound 17 proved relatively stable against
polymerisation and can be kept several days under refriger-
ation. Addition of nBuLi into the solution of 17 produces
organolithium 18, which reacts with [BrRe(CO)5] to form the
complex 19 in 45 % yield (Scheme 11).


Scheme 11. a) nBuLi, THF, ÿ70 8C; b) BrRe(CO)5.


This synthetic strategy has several advantages. First, it is
possible to prepare the organic ligand beforehand and keep it


in the form of a manganese complex until needed, at which
time the cyclopentadienyl ring is liberated by photolysis, to
react with the Re reagent. This means that the rhenium is
introduced only at the last stage of the reaction.


Labeling of Peptides and Proteins


Radio-imaging with labeled antibodies, antibody fragments,
or peptides is one important application of the radionuclide


99mTc in nuclear medicine, more
particularly in clinical oncolo-
gy.[31±33] Concomitantly, adjuvant
radio-immunotherapy with the
b emitters 186Re and 188Re could
benefit from the development
of 99mTc labeling kits, because
both elements have very similar
coordination chemistries.


Methods of radio-labeling of peptides/proteins with tech-
netium and rhenium have been categorized into three main
groups: 1) direct labeling, in which coordination of the metal
is ensured by particular proteins side chain functions (like the
sulfhydryl group of cysteines); 2) indirect or post labeling, in


which an appropriate chelate is
first conjugated to the biolog-
ical vehicle then coordinated
with the metal at the appropri-
ate oxidation state; and 3) la-
beling with a preformed com-
plex.[34] Labeling of peptides/
proteins with [CpM(CO)3] units
(M�Tc, Re) belongs to the last
group.


The general pathway is de-
picted in Scheme 12. The key in-


termediate is the neutral complex [(h5-CpCOOH)M(CO)3]
(20 : M�Re, Tc). To generate it from MO4


ÿ, two strategies
have been used. Strategy I is based on the conversion of per-
technetate/perrhenate to [Re2-
(CO)10]/[Tc2(CO)10] by reduction in the presence of DIBAL-
H, followed by complexation of C5H5COOH, resulting in the
formation of complex 20 with a global yield of 60 % from
perrhenate.[35] Strategy II, developed by Katzellenenbogen
and co-workers, involves the double ligand transfer (DLT)
reaction with [Cr(CO)6] as carbonyl ligand donor and CrCl3 as
reducing agent, to yield the methyl ester 21 in 89 % yield. This
ester was then quantitatively saponified to 20 in a mixture of
2m NaOH and dioxane.[36] Conjugation of 20 to protein amino
groups was achieved by activation of the carboxylic acid
function into an N-hydroxysuccinimide (NHS) ester following
the classical NHS � DCC (N,N'-dicyclohexyl carbodiimide)
procedure[37] or by reaction with O-(N-succinimidyl)-
N,N,N',N'-tetramethylammonium tetrafluoroborate (TSTU)
in the presence of a base, then reaction in an aqueous basic
buffer (pH 8). Conjugation yields were found to be dependent
on the initial proportions of 20 and the protein, with high
yields reached at low 20 :protein molar ratios. A slightly
different route was selected for peptide labeling in which 20
was activated to give a more reactive 1-hydroxybenzotriazole


Scheme 9. a) Protic solvent, hn/O2, RT; b) base; c) [BrRe(CO)5] or [Re2(CO)10].


Scheme 10. a) TiCl4, Zn, THF; b) hn, Et2O/MeOH.
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(HOBT) or 1-hydroxy-7-azabenzotriazole (HOAT) ester in
CH2Cl2, yielding labeled peptides with yields around 70 %.


The in vitro immunological activity of one monoclonal
antibody (mAb) labeled with 15 [CpRe(CO)3] units was
measured by an indirect radio-assay, and it was found that
this mAB retained 64 % of its binding activity relative to the
unlabeled mAb.[37]


The biological behavior of the peptide octreotide, a
somatostatin analogue, labeled at its N terminus by a
[Cp99mTc(CO)3] unit, has also been examined.[38] An in vitro
binding experiment showed that [CpTc(CO)3]-labeled octreo-
tide displayed high affinity for a preparation of somatostatin
receptors, together with a low level of nonspecific binding
(5 %). Following administration of the labeled peptide, fast
and specific accumulation of radioisotope was observed in
adrenals and pancreas, which was almost totally blocked by
co-administration of octreotide. However high radioactivity
levels were also measured in the liver, kidneys, and intestine;
this could be problematic when imaging tumors in the
abdominal region. This behavior may result from the in-
creased lipophilicity of the labeled peptide. In fact, this
phenomenon of increased lipophilicity could be detrimental
to biological target selectivity and must be taken into account
in the conception of a new radiopharmaceutical.


Conclusion


The variety of the recent examples mentioned above shows
that synthesis of biologically interesting compounds contain-
ing the cyclopentadienyltricarbonylrhenium and -technetium
groups is a very active and current area of endeavour.


This increase in interest is due chiefly to the advantages
offered by this group in the development of new stable and
nonbulky radiopharmaceuticals (e.g, compounds 22 and 23).


Since the first labeling of a
steroid hormone with cyclopen-
tadienyltricarbonylrhenium,[39]


as part of the study of the
estrogen receptor, this organo-
metallic group has not ceased to
evoke interest in finding new
synthetic approaches.[40] It is
currently the object of active
study in the area of neurolog-
ical bioligands by association
with molecules such as p-halo-
phenyltropane (22) or benzaze-
pine (23).[41, 42] Although there
are now several viable ap-
proaches to the preparation of
target molecules containing


cold rhenium, the synthesis of radioactive rhenium complexes,
as well as complexes of technetium, requires the refinement of
new strategies to overcome the difficulties inherent in the use
of short-lived radioactive isotopes, that is, the small amounts
of material available and the form of the available source. At
the present time, radioactive rhenium is only available as the
perrhenate, dissolved in saline solution.[3] Thanks to the
relative ease with which pertechnetate can be reduced,
substantial progress has already been made in the synthesis
of radiopharmaceuticals based on cyclopentadienyltricar-
bonyltechnetium (99mTc) compounds,[43] although the ideal
method has yet to be discovered. Since the chemistry of
rhenium is similar to that of technetium, it is reasonable to
hope that the methods developed for Tc will be adaptable to
Re in the future. As 188Re is produced in perrhenate form in
aqueous solution, the major research challenge is to synthe-
size organometallic radiopharmaceuticals directly in water. It
has already proved possible to synthesize the aqua ion
[Re(H2O)3(CO)3]� , an interesting potential precursor, in the
radioactive 188Re form in water.[17, 18] One of the roadblocks to
synthesis of cyclopentadienyltricarbonylrhenium compounds
is the source of the cyclopentadienyl ligand. Cyclopentadiene,
itself relatively unreactive, must be activated before it will
react with the metal reagent. Alkaline salts of cyclopenta-
diene are often used for this purpose, but they have the
disadvantage of being water sensitive. Another, less water-
sensitive reagent is required for this purpose. Compounds of
the (h5-C5H4R)SnMe3 type are currently under study by Top
and Alberto.[44] Early results have shown that CpSnMe3 reacts
with [Et4N]2[ReBr3(CO)3] in acetonitrile to give [CpRe(CO)3]
in 88 % yield (Scheme 13).


Scheme 13. a) [Et4N]2[ReBr3(CO)3], CH3CN, D, 1 h.


This is a promising new approach to Re(CO)3 cyclopenta-
dienyls; however, it remains necessary to overcome the hurdle
of water sensitivity in organometallic tin compounds. It is


Scheme 12. Strategy I: a) CO (1 atm), DIBAL-H, toluene, 70 ± 80 8C; b) C5H5CO2H, mesitylene, 163 8C.
Strategy II: c) [(h5C5H4CO2Me)Fe], [Cr(CO)6], CrCl3, MeOH, 180 8C; d) 2m NaOH/dioxane 1:1; e) NHS/DCC
in THF or TSTU, triethylamine (TEA) in DMF; f) Buffered aqueous solution; g) HOBT or HOAT, DCC in
CH2Cl2, then peptide in DMF.
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clear that, despite the recent proliferation of activity,[45] this
field of research is still in need of a practical synthetic route to
radiopharmaceuticals of [CpM(CO)3] (M�Re, Tc) that
would be rapid, water-based, and high in yield.
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Pre-reactive Complexes in Mixtures of Water Vapour with Halogens:
Characterisation of H2O ´´´ ClF and H2O ´´´ F2 by a Combination of Rotational
Spectroscopy and Ab initio Calculations


Stephen A. Cooke,[a] Gina Cotti,[a] Christopher M. Evans,[a] John H. Holloway,[b]


Zbigniew Kisiel,[c] Anthony C. Legon,*[a] and Jennifer M. A. Thumwood[a]


Abstract: Complexes H2O ´´´ ClF and
H2O ´´´ F2 were detected by means of
their ground-state rotational spectra in
mixtures of water vapour with chlorine
monofluoride and difluorine, respective-
ly. A fast-mixing nozzle was used in
conjunction with a pulsed-jet, Fourier-
transform microwave spectrometer to
preclude the vigorous chemical reaction
that these dihalogen species undergo
with water. The ground-state spectra of
seven isotopomers (H2


16O ´´´ 35ClF,
H2


16O ´´´ 37ClF, H2
18O ´´ ´ 35ClF, D2


16O ´´´
35ClF, D2


16O ´´ ´ 37ClF, HDO ´´´ 35ClF and
HDO ´´´ 37ClF) of the ClF complex and
five isotopomers (H2O ´´´ F2, H2


18O ´´´
F2, D2O ´´´ F2, D2


18O ´´´ F2 and HDO ´´´
F2) of the F2 complex were analysed to
yield rotational constants, quartic cen-
trifugal distortion constants and nuclear
hyperfine coupling constants. These


spectroscopic constants were interpret-
ed with the aid of simple models of the
complexes to give effective geometries
and intermolecular stretching force con-
stants. Isotopic substitution showed that
in each complex the H2O molecule acts
as the electron donor and either ClF or
F2 acts as the electron acceptor, with
nuclei in the order H2O ´´´ ClF or H2O ´´´
F2. For H2O ´´´ ClF, the angle f between
the bisector of the HOH angle and the
O ´´´ Cl internuclear line has the value
58.9(16)8, while the distance r(O ´´´ Cl)�
2.6081(23) �. The corresponding quan-
tities for H2O ´´´ F2 are f� 48.5(21)8 and
r(O ´´´ Fi)� 2.7480(27) �, where Fi indi-


cates the inner F atom. The potential
energy V(f) as a function of the angle f
was obtained from ab initio calculations
at the aug-cc-pVDZ/MP2 level of theory
for each complex by carrying out geom-
etry optimisations at fixed values of f in
the range �808. The global minimum
corresponded to a complex of Cs sym-
metry with a pyramidal configuration at
O in each. The function V(f) was of the
double-minimum type in each case with
equilibrium values fe�� 55.88 and
�40.58 for H2O ´´´ ClF and H2O ´´´ F2,
respectively. The barrier at the planar
C2v conformation was V0� 174 cmÿ1 for
H2O ´´´ ClF and 7 cmÿ1 for H2O ´´´ F2.
For the latter complex, the zero-point
energy level lies above the top of the
barrier.Keywords: fluorine ´ halogen bonds


´ intermediates ´ rotational spectros-
copy ´ water chemistry


Introduction


We report here a detailed characterisation of the weakly
bound complexes H2O ´´´ F2 and H2O ´´´ ClF, as achieved by a
combination of rotational spectroscopy and ab initio calcu-


lations. Spectra were observed by means of a pulsed-nozzle,
Fourier-transform microwave spectrometer[1, 2] equipped with
a fast-mixing nozzle.[3] The latter device avoids premature
mixing of H2O and the dihalogen molecule XY�F2 or ClF,
ensures that the two components interact with each other in
the absence of surfaces (thereby excluding the possibility of
heterogeneous reaction), and ensures that the complexes of
H2O ´´´ XY achieve collisionless expansion rapidly enough to
preclude any homogenous reaction, either bimolecular or
unimolecular.


There are two reasons for our interest in H2O ´´´ F2 and
H2O ´´´ ClF. The first is because of the vigorous and compli-
cated reactions that the simplest homo- and heteronuclear
dihalogen molecules F2 and ClF each undergoes in contact
with water. In the case of F2, it was demonstrated that H2O2,
O2, HF and F2O are among the products,[4, 5] while for ClF,
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depending on the conditions, either HF, Cl2 and O2 or HF,
ClO2, Cl2 and O2 or HF and Cl2O are formed.[6] Given the
evident complexity of the reactions, which have been sum-
marized elsewhere,[7, 8] and their vigorous nature, it is a
significant challenge to chemists to isolate and characterise
molecular complexes H2O ´´´ F2 or H2O ´´´ ClF in water/
halogen mixtures before reaction can occur. Therefore,
preliminary reports[7, 8] of the rotational spectra of these
species emphasised their experimental identification and
concentrated on establishing the order of the nuclei. In each
case, H2O acts as the Lewis base (electron donor), while F2 or
ClF acts as the Lewis acid (electron acceptor). Such species
have been referred to as pre-reactive because the possibility
of their existence is terminated by the chemical reactions
alluded to.


The second reason for interest in H2O ´´´ F2 and H2O ´´´ ClF
lies in their role as simple members of the series B ´´´ F2 and
B ´´´ ClF, respectively, where B is one of several Lewis bases.
Recently, the series B ´´´ F2, B ´´´ ClF, B ´´ ´ Cl2, B ´´´ BrCl,
B ´´ ´ Br2 and B ´´´ ICl have been investigated systematical-
ly[9, 10] by rotational spectroscopy to obtain various properties
of the complexes and examine how they change as B is varied.
As a result, remarkable parallelisms have been identified
between the properties of B ´´ ´ XY (where XY is a homo- or
heteronuclear dihalogen) and those of the corresponding
hydrogen-bonded complexes B ´´´ HX. In particular, it was
shown that for a given Lewis base B the angular geometries of
B ´´ ´ XY and B ´´´ HX are isomorphous. These parallelisms led
one of us to postulate[9, 11] the existence of a halogen bond,
B ´´ ´ d�XÿYdÿ or B ´´´ d�X dÿ


dÿXd�, that is the analogue of the
more familiar hydrogen bond B ´´´ d�HÿXdÿ. Indeed, some
rules for predicting angular geometries, originally enunciated
for hydrogen-bonded complexes,[12, 13] were extended to
include halogen-bonded complexes. One part of these rules
requires that in the equilibrium conformation of the complex
the d�HÿXdÿ or d�XÿYdÿ molecule lies, electrophilic end first,
along the axis of a nonbonding electron pair carried by the
electron donor atom Z of B. Hence, H2O ´´´ ClF and H2O ´´´ F2


are predicted to possess equilibrium geometries of Cs


symmetry in which the ClF or F2 molecules make an angle
of f� 508 with the C2 axis of H2O. We shall use a combination
of ab initio calculations with our experimental observations to
establish the angular geometries of H2O ´´´ F2 and H2O ´´´ ClF.
We shall show that the potential energy function V(f) is a
double-minimum function of the angle f in both cases.
Moreover, we shall see that the minima are located at about
�508, as required by the rules, even though in the case of
H2O ´´´ F2 the potential energy barrier to the planar, C2v


conformation is very small. The parallelism in the angular
geometries of B ´´´ XY and B ´´´ HX is shown thereby to
extend to B�H2O and is reflected in similarities in the
function V(f) for H2O ´´´ ClF and H2O ´´´ HCl.


Results


Spectral analyses : The observed ground-state rotational
spectra of both H2O ´´´ F2 and H2O ´´´ ClF were of the type
expected for a nearly prolate, asymmetric rotor with a large


value of the rotational constant A0 . In each case, only R
branch transitions (J�1)Kÿ1K '


1
 JKÿ1K''


1
allowed by the a com-


ponent of the electric dipole moment were observed and, of
these, only those involving Kÿ1� 0 and 1 could be detected.
The absence of transitions having Kÿ1� 2 is consistent with a
large value of A0 , since levels with Kÿ1=0 are higher in energy
than the Kÿ1� 0 state for a given J by �h(A ± B) K2ÿ1 for a
nearly prolate rotor. The geometries determined for H2O ´´´ F2


and H2O ´´´ ClF predict A0 values of about 200 ± 300 GHz and,
therefore, Kÿ1� 2 levels at a wavenumber of about 30 ±
40 cmÿ1. Such states are unlikely to be populated at the end
of the supersonic expansion process for reasons discussed in
the next section.


Each rotational transition of the various isotopomers of
H2O ´´´ ClF exhibited a hyperfine structure spread over a few
tens of MHz that was attributed to nuclear quadrupole
coupling of the Cl nuclear spin vector ICl to the rotational
angular momentum vector J. Observed frequencies of the
hyperfine components in the J� 2 1 and 3 2 sets of
transitions for the isotopomers H2O ´´´ 35ClF, H2O ´´´ 37ClF and
H2


18O ´´´ 35ClF are shown in Table 1, while those for the
deuterated isotopomers D2O ´´´ 35ClF, D2O ´´´ 37ClF, HDO ´´´
35ClF and HDO ´´´ 37ClF are given in Table 2. The small
amount of H2


18O sample available, coupled with the need to
flow this component continuously through the fast-mixing
nozzle, meant that only the J� 2 1 transitions could be
measured for H2


18O ´´´ 35ClF. No effects of D-nuclear quadru-
pole coupling could be satisfactorily resolved for the deuter-
ated isotopomers and for those based on HDO ´´´ ClF
transitions involving Kÿ1� 1 were too weak to observe under
the prevailing expansion conditions. Reasons for the weak-
ness of Kÿ1� 1 transitions of HDO species will be discussed in
the next section.


The observed hyperfine frequencies of the various iso-
topomers of H2O ´´´ ClF were fitted in an iterative least-
squares analysis in which the matrix of the Hamiltonian given
in Equation (1) was constructed in the coupled symmetric
rotor basis J� I�F and the separate F blocks were diagon-
alized.


H�HRÿ 1�6Q(Cl):rE(Cl) � IM(Cl)J (1)


In Equation (1), HR is the Hamiltonian operator associated
with the semi-rigid asymmetric rotor, for which the Watson A-
reduction in the Ir representation[14] was chosen. Only the
rotational constants B0 and C0 and the quartic centrifugal
distortion constants DJ and DJK were determinable, because of
the proximity of H2O ´´´ ClF to the prolate symmetric-top
limit and the limited range of transitions available. Conse-
quently, DK, dK and dJ were preset to zero, while A0 was fixed
at the value predicted by the final geometry of H2O ´´´ ClF, as
determined in the next Section. The second term in Equa-
tion (1) describes the Cl nuclear quadrupole coupling in the
usual way, where Q(Cl) is the Cl nuclear electric quadrupole
moment tensor andrE(Cl) is the electric field gradient tensor
at the Cl nucleus. The final term of Equation (1) takes account
of the energy of the magnetic interaction of the Cl nuclear
spin angular momentum ICl with J, where M(Cl) is the
chlorine spin-rotation coupling tensor.
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Values of the spectroscopic constants determined for each
of the isotopomers H2O ´´´ 35ClF, H2O ´´´ 37ClF, H2


18O ´´´ 35ClF,
D2O ´´´ 35ClF, D2O ´´´ 37ClF, HDO ´´´ 35ClF and HDO ´´´ 37ClF
from the final cycles of the least-squares fits conducted using
the program devised by Pickett[15] are included in Table 3. For
all but the HDO-based isotopomers, the diagonal components
caa(Cl) and {cbb(Cl)ÿ ccc(Cl)} of the Cl nuclear quadrupole
coupling tensor cab�ÿ {eQ(Cl)/h}Vab, where Vab�ÿq2V/qaqb


and a, b� a, b or c, were both determinable. In view of the
small value of {cbb(Cl)ÿ ccc(Cl)} and the expected nearly
negligible contribution of spin-rotation coupling to observed
hyperfine frequencies, the components Mbb(Cl) and Mcc(Cl) of
the spin-rotation coupling tensor M(Cl) were constrained to
be equal. We note that Maa(Cl) is barely determinable. The
availability of only a single set of J� 1 J transitions for
H2


18O ´´´ 35ClF required the reasonable assumption that DJ is
unchanged from H2O ´´´ 35ClF to allow B0 , C0 and DJK to be
determined separately. For isotopomers involving HDO, the
absence of Kÿ1� 1 transitions meant that only (B0�C0)/2, DJ


and caa(Cl) were determinable. Also included in Table 3 is the
standard deviation s of the fit for each isotopomer. This
quantity is of the same order of magnitude as the estimated
accuracy of frequency measurement in each case and indicates
a satisfactory choice of Hamiltonian.


Transitions of H2O ´´´ F2 showed evidence of a complicated
and only partially resolved hyperfine structure that could be
accounted for by assigning its origin to the magnetic coupling
of the spin vectors IF of the two F atoms to the framework
angular momentum J (i.e. to spin-spin and spin-rotation
coupling of the F nuclei). This hyperfine structure for the
parent isotopomer was just well enough resolved to encourage
an attempt to analyse it. Frequencies of the hyperfine
components for the J� 2 1 and J� 3 2 sets of R-branch
transitions are given in Table 4. The Hamiltonian employed in
their least-squares analysis to generate spectroscopic con-
stants was given by Equation (2), where D(Fi,Fo) is the Fi,Fo


H�HRÿ IFiD(Fi,Fo)IFo�IFiM(Fi)J�IFoM(Fo)J (2)


Table 1. Observed and calculated rotational transition frequencies of H2O ´´´ 35ClF, H2O ´´´ 37ClF and H2
18O ´´´ 35ClF.


J'Kÿ1K1
 J''Kÿ1K1


F '  F '' H2O ´´´ 35ClF H2O ´´´ 37ClF H2
18O ´´´ 35ClF


nobs Dn[a] nobs Dn[a] nobs Dn[a]


[MHz] [kHz] [MHz] [kHz] [MHz] [kHz]


202 101 7/2 5/2 11 647.4423 1.4 11 642.0526 ÿ 5.1 10967.9361 6.5
5/2 3/2 11 647.4172 ÿ 6.0 11 642.0526 7.3 10967.9064 ÿ 5.5
3/2 1/2 11 607.5959 ÿ 4.1 ± ± ± ±
5/2 5/2 11 610.6951 0.5 11 613.0922 3.6 ± ±
3/2 3/2 11 673.7521 ÿ 1.8 11 662.7797 ÿ 2.7 10994.2467 ÿ 3.3
1/2 1/2 11 644.2614 ÿ 1.5 11 639.5516 ÿ 1.0 10964.7564 2.3


211 110 7/2 5/2 11 672.5204 4.9 11 665.8987 2.4 10990.8736 0.9
5/2 3/2 11 635.8294 ÿ 2.0 11 636.9571 ÿ 8.3 10954.2028 7.1
3/2 1/2 11 682.2052 ÿ 1.8 ± ± 11000.5580 ÿ 6.7
5/2 5/2 11 654.3365 ÿ 3.0 11 651.5552 ÿ 8.3 ± ±
3/2 3/2 11 648.8657 2.4 11 647.2333 1.7 10967.2272 ÿ 8.6
1/2 1/2 11 700.4745 ÿ 1.6 11 687.9042 ÿ 1.4 11018.8522 7.3


212 111 7/2 5/2 11 635.9662 2.7 11 629.3861 ÿ 0.8 10958.6393 ÿ 4.0
5/2 3/2 11 599.2814 1.9 11 600.4599 3.9 10921.9639 ÿ 2.4
3/2 1/2 11 645.3390 4.0 11 636.7393 ÿ 8.1 10968.0337 2.2
5/2 5/2 11 617.4911 ÿ 1.7 11 614.8178 3.1 ± ±
3/2 3/2 11 612.5310 9.5 11 610.8987 5.8 10935.2100 4.2
1/2 1/2 11 663.8951 ÿ 3.8 11 651.3849 9.2 ± ±


303 202 9/2 7/2 17 467.8690 ÿ 4.0 17 460.4278 ÿ 2.4 ± ±
7/2 5/2 17 467.8690 5.7 17 460.4278 5.0 ± ±
5/2 3/2 17 458.7266 1.1 17 453.2245 ÿ 0.8 ± ±
3/2 1/2 ± ± 17 453.2487 ÿ 3.4 ± ±
7/2 7/2 17 431.1211 4.1 ± ± ± ±
5/2 5/2 17 485.0552 ÿ 1.0 17 473.9647 2.4 ± ±
3/2 3/2 17 495.4363 2.6 17 482.1623 ÿ 0.1 ± ±


312 211 9/2 7/2 17 499.0087 1.9 17 491.0860 2.0 ± ±
7/2 5/2 17 489.7860 1.1 17 483.8214 3.1 ± ±
5/2 3/2 17 489.5532 ÿ 4.0 17 483.6406 2.6 ± ±
3/2 1/2 17 498.7050 ÿ 3.0 17 490.8531 ÿ 2.0 ± ±
7/2 7/2 17 471.6077 ÿ 1.2 17 469.4855 0.0 ± ±
5/2 5/2 17 502.5949 5.8 17 493.9116 7.5 ± ±
3/2 3/2 17 516.9775 0.3 17 505.2400 ÿ 3.9 ± ±


313 212 9/2 7/2 17 444.1532 ÿ 1.8 17 436.2985 ÿ 2.0 ± ±
7/2 5/2 17 434.9328 ÿ 0.3 17 429.0359 1.1 ± ±
5/2 3/2 17 434.6314 ±1.3 17 428.7956 0.3 ± ±
3/2 1/2 17 443.7803 ÿ 3.1 17 436.0108 ÿ 1.6 ± ±
7/2 7/2 17 416.4577 ÿ 4.7 17 414.4609 ÿ 1.7 ± ±
5/2 5/2 17 447.8761 1.4 17 439.2285 ÿ 3.7 ÿ ±
3/2 3/2 17 462.3487 1.5 17 450.6396 ÿ 1.0 ± ±


[a] Dn� nobsÿ ncalcd.
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Table 2. Observed and calculated rotational transition frequencies of HDO ���35ClF, HDO ���37ClF, D2O ���35ClF and D2O ���37ClF.


J'Kÿ1K1
 J''Kÿ1K1


F '  F '' HDO ´´´ 35ClF HDO ´´´ 37ClF D2O ´´´ 35ClF D2O ´´´ 37ClF


nobs Dn[a] nobs Dn[a] nobs Dn[a] nobs Dn[a]


[MHz] [kHz] [MHz] [kHz] [MHz] [kHz] [MHz] [kHz]


202 101 7/2 5/2 11 155.4673 0.7 11 148.4243 4.0 10 731.5402 2.8 10722.9235 ÿ 5.0
5/2 3/2 ± ± ± ± ± ± ± ±
3/2 1/2 11 115.6477 ÿ 2.2 11 117.0222 ÿ 6.5 10 691.7323 2.1 10691.5464 3.0
5/2 5/2 11 118.7424 1.5 11 119.4759 2.4 10 694.8229 3.6 ± ±
3/2 3/2 11 181.7692 ÿ 0.1 11 169.1373 0.5 10 757.8374 ÿ 3.6 10743.6596 9.0
1/2 1/2 11 152.2888 ÿ 1.2 11 145.9191 ÿ 0.4 10 728.3602 ÿ 2.1 10720.4324 ÿ 0.1
1/2 3/2 11 218.4106 1.2 ± ± ± ± ± ±


211 110 7/2 5/2 ± ± ± ± 10 765.8989 ÿ 3.1 10756.0139 0.0
5/2 3/2 ± ± ± ± 10 729.2542 2.7 10727.1144 0.6
3/2 1/2 ± ± ± ± 10 775.5796 ÿ 1.2 10763.6301 ÿ 0.4
5/2 5/2 ± ± ± ± 10 747.7271 0.1 10741.6826 ÿ 3.0
3/2 3/2 ± ± ± ± 10 742.2904 2.2 10737.3905 4.3
1/2 1/2 ± ± ± ± 10 793.8605 2.2 ± ±


212 111 7/2 5/2 ± ± ± ± 10 709.1744 7.6 10699.4087 2.5
5/2 3/2 ± ± ± ± 10 672.5118 ÿ 4.5 10670.5019 ÿ 4.2
3/2 1/2 ± ± ± ± 10 718.5591 ÿ 3.2 10706.7887 ÿ 3.1
5/2 5/2 ± ± ± ± 10 690.7254 ÿ 5.5 10684.8615 ÿ 3.6
3/2 3/2 ± ± ± ± 10 685.7374 ÿ 2.1 ÿ ±
1/2 1/2 ± ± ± ± 10 737.1027 1.9 ± ±


303 202 9/2 7/2 16 729.9186 ÿ 2.9 16 719.9875 0.7 16 094.0332 ÿ 3.6 16081.7586 3.7
7/2 5/2 ± ± ± ± ± ± ± ±
5/2 3/2 16720.7836 6.3 16712.7842 ÿ 2.9 16084.8968 3.5 16074.5494 ÿ 8.1
3/2 1/2 ± ± ± ± 16 084.9469 3.6 ± ±
7/2 7/2 16 693.1856 ÿ 0.3 16 691.0374 4.2 16 057.3108 1.6 16052.8150 5.3
5/2 5/2 16 747.0960 ÿ 2.2 16 733.5157 0.2 16 111.2102 ÿ 5.0 16095.2848 ÿ 5.6
3/2 3/2 16 757.4641 ÿ 0.8 16 741.7047 ÿ 2.2 16 121.5734 2.0 ± ±


312 211 9/2 7/2 ± ± ± ± 16 139.1172 3.3 16126.2909 3.2
7/2 5/2 ± ± ± ± 16 129.8916 ÿ 5.3 16119.0250 ÿ 4.2
5/2 3/2 ± ± ± ± 16 129.6602 ÿ 6.3 ± ±
3/2 1/2 ± ± ± ± 16 138.8079 ÿ 1.1 ± ±
7/2 7/2 ± ± ± ± 16 111.7211 ÿ 0.8 ± ±
5/2 5/2 ± ± ± ± 16 142.7055 2.3 ± ±
3/2 3/2 ± ± ± ± 16 157.0927 6.1 ± ±


313 212 9/2 7/2 ± ± ± ± 16 053.9913 1.3 16041.3617 2.7
7/2 5/2 ± ± ± ± 16 044.7708 ÿ 2.2 16034.1035 3.0
5/2 3/2 ± ± ± ± 16 044.4802 2.2 ± ±
3/2 1/2 ± ± ± ± 16 053.6219 1.4 ± ±
7/2 7/2 ± ± ± ± 16 026.3340 ±3.0 ± ±
5/2 5/2 ± ± ± ± 16 057.7052 4.1 ± ±
3/2 3/2 ± ± ± ± ± ± ± ±


[a] Dn� nobsÿ ncalcd.


Table 3. Ground-state spectroscopic constants determined for seven isotopomers of the H2O ´´´ ClF complex.


Spectroscopic constant Isotopomer


H2O ´´´ 35ClF H2O ´´´ 37ClF H2
18O ´´´ 35ClF D2O ´´´ 35ClF D2O ´´´ 37ClF HDO ´´´ 35ClF[a] HDO ´´´ 37ClF[a]


A0 [MHz][b] 308267 30 8227 307344 159373 159339 212038 211990
B0 [MHz] 2920.2516(3) 2919.0626(3) 2749.2929(5) 2696.3186(3) 2694.3030(4) 2788.1128(5) 2786.5199(5)
C0 [MHz] 2901.9630(3) 2900.7976(3) 2733.1662(4) 2667.9398(3) 2665.9901(4) ± ±
DJ [kHz] 4.915(14) 4.969(15) (4.915)[c] 4.492(15) 4.581(20) 4.743(26) 4.767(28)
DJK [kHz] ÿ 251.88(14) ÿ 255.05(15) ÿ 259.3(3) ÿ 51.59(14) ÿ 54.72(22) ± ±
caa(Cl) [MHz] ÿ 146.985(3) ÿ 115.857(3) ÿ 146.981(5) ÿ 146.884(3) ÿ 115.774(4) ÿ 146.907(3) ÿ 115.782(4)
[cbb(Cl)ÿ ccc(Cl)] [MHz] ÿ 1.178(5) ÿ 0.957(6) ÿ 1.119(9) ÿ 1.044(6) ÿ 0.851(8) ± ±
Maa(Cl) [kHz] ÿ 2.6(10) ÿ 6.1(11) ÿ 2.6 ÿ 0.3(10) ÿ 2.2(12) ± ±
Mbb(Cl)�Mcc(Cl) [kHz] 4.06(22) 3.91(23) 3.1(4) 3.52(22) 1.6(3) 4.0(3) 3.0(7)
N[d] 38 36 14 36 30 11 10
s [kHz][e] 3.2 3.9 5.2 3.5 4.2 2.4 3.1


[a] Only (B�C)/2, caa(Cl), Mbb(Cl) and DJ available for HDO species since only Kÿ1� 0 transitions were observed. [b] Value fixed at that calculated from
experimental geometry given in Table 8 (see text). [c] Assumed. [d] Number of transitions included in the fit. [e] Standard deviation of fit.
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spin ± spin coupling tensor and M(Fi) and M(Fo) are the spin ±
rotation coupling tensors associated with the inner (i) and
outer (o) fluorine nuclei, respectively. These tensors have
more components than could be satisfactorily determined
with the frequencies of the partially resolved hyperfine
components available in Table 4. In view of the fact that


H2O ´´´ F2 is very weakly bound
(see below), it is reasonable to
assume that, to a sufficient
approximation, Maa(Fi)�
Maa(Fo) for a� a, b and c. The
effect of the F2 angular oscilla-
tion on the values of Mbb(Fx)
and Mcc(Fx) (x� i or o) will be
well described by the usual
projection formula as given in
Equation (3), where B�C is
the complex rotational con-
stant,


Mbb(Fx)� 1�4{(B�C)/BF2
}M0(F)


< 1� cos2g> (3)


BF2
is that of the free F2 mole-


cule[16] and M0(F) is the spin ±
rotation coupling constant of
the free F2 molecule,[17] (both
given in Table 5). g is the
instantaneous angle between
the FÿF internuclear axis and
the a axis of the complex.
Fortunately, values of Mbb(Fx)
and Mcc(Fx) predicted by
Equation (3) are not a sensi-
tive function of gav�
cosÿ1hcos2gi1/2 for a reason-
able choice of range for this
quantity. For example, gav�
20(5)8 leads to ÿ16.6(5) kHz
for Mbb(Fx) and Mcc(Fx). Since
gav is almost certain to lie in
this range for the weakly bound
H2O ´´´ F2, we shall assume
Mbb(Fx)�Mcc(Fx)�
ÿ16.6(5) kHz.


Of the components of the
spin ± spin coupling tensor
D(Fi,Fo), only Daa(Fi,Fo) is like-
ly to be determinable from the
hyperfine structure in the ob-
served transitions of the nearly
prolate asymmetric rotor
H2


16O ´´´ F2. Accordingly, this
hyperfine structure was fitted
under the assumptions de-
scribed to give B0 , C0 , DJ, DJK


and Daa(Fi, Fo), the values of
which from the final cycle of the
analysis are shown in Table 6.
Pickett�s program[15] was em-


ployed and the coupled basis IFi� IFo� I, I � J�F was
chosen. The value of Daa(Fi, Fo) is related to that D0(F2) of the
free F2 molecule[17] (given in Table 5) by the familiar expres-
sion given in Equation (4).


Daa(Fi, Fo)� 1�2D0(F2)h3cos2gÿ 1i (4)


Table 4. Observed and calculated rotational transition frequencies of H2O ´´´ F2.


J'Kÿ1K1
 J''Kÿ1K1


I' F '  I'' F '' H2O ´´ ´ F2


nobs Dn[a]


[MHz] [kHz]


202 101 1 3 1 2 11892.1319 8.3
1 1 1 0 ± ±
1 2 1 2 ± ±
1 1 1 1 ± ±
1 1 1 2 11 892.0497 ÿ 3.0
0 2 0 1 11 892.1040 ÿ 1.5


211 110 1 3 1 2 11 907.0657 2.2
1 2 1 1 11 906.9730 1.0
1 1 1 0 11 906.9797 ÿ 0.5
1 2 1 2 ± ±
1 1 1 1 11 906.9830 ÿ 8.6
0 2 0 1 11 907.0237 ÿ 1.2


212 111 1 3 1 2 ± ±
1 2 1 1 11 847.3747 5.4
1 1 1 0 11 847.3747 ÿ 2.8
1 2 1 2 ± ±
1 1 1 1 ± ±
0 2 0 1 11 847.4242 2.0


303 202 1 4 1 3 17 836.9568 10.4
1 2 1 1 17 836.8970 ÿ 11.0
1 3 1 3 ± ±
1 2 1 2 ± ±
0 3 0 2 17 836.9279 ÿ 1.0


312 211 1 4 1 3 ± ±
1 3 1 2 17 859.3010 6.3
1 2 1 1 17 859.2798 4.7
1 3 1 3 17 859.2798 ÿ 7.7
1 2 1 2 ± ±
0 3 0 2 17 859.3010 ÿ 6.9


313 212 1 4 1 3 ± ±
1 3 1 2 ± ±
1 2 1 1 17 769.8696 ÿ 1.5
1 3 1 3 ± ±
1 2 1 2 ± ±
0 3 0 2 17 769.9076 3.7


[a] Dn� nobsÿ ncalcd .


Table 5. Properties of the free molecules F2, ClF and H2O used in the characterisation of H2O ´´´ F2 and
H2O ´´´ ClF.


Molecule B0 [MHz] C0 [MHz] c0(Cl)[MHz] D0(F2)[kHz] M0(F)[kHz] r0 geometry


H2
16O[a] 435357.7 276138.7 ± ± ± r(OÿH)


H2
18O[a] 435331.6 276950.5 ± ± ± � 0.9650 �b


HDO[a] 272912.6 192055.3 ± ± ± aHOH� 104.8?
D2O[a] 218038.2 145258.0 ± ± ±
D2


18O[c] 218045.2 144201.7
35ClF 15418.251[d] 15418.251 ÿ 145.8718[e] ± ± 1.63176 �[f]


37ClF 15125.652[d] 15125.652 ÿ 114.9613[e] ± ± 1.63173 �[f]


F2 26481(1)[g] 26481(1) ± ÿ 81.7(10)[h] 157.3(8)[h] 1.41744(6) �[g]


[a] Ref. [21]. [b] The r0 geometry of H2O is the mean of the three determined for the H2
16O isotopomer in ref. [21]


by using the three possible combinations (Ia, Ib), (Ib, Ic) and (Ia, Ic) of the principal moments of inertia. The ranges
are � 0.007 � and 1.78 in r(O ± H) and aHOH, respectively. [c] Ref. [38]. [d] Ref. [22]. [e] Ref. [39].
[f] Calculated from B0 by using r0� {h/8p2mB0}1/2. [g] Ref. [16]. [h] Ref. [17].
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If gav� 20(5)8, as assumed earlier, Equation (4) predicts
Daa(Fi, Fo)�ÿ67(6) kHz, in excellent agreement with that,
ÿ68(4) kHz, observed.


For the remaining isotopomers of H2O ´´´ F2, the hyperfine
structure was insufficiently resolved and no attempt at
analysis was made. Instead, the unperturbed centre frequency
of each transition, as given in Table 7, was estimated from the
centre of gravity of the partially resolved structure. The error
of frequency measurement was then estimated to be 5 kHz.
The spectroscopic constants B0, C0 , DJ and DJK determined by
analysis of the J� 2 1 and J� 3 2 transitions for each of
the isotopomers H2


18O ´´ ´ F2, D2O ´´´ F2 and D2
18O ´´ ´ F2 are


included in Table 6. For HDO ´´´ F2, no Kÿ1� 1 transitions
were observed and hence only (B0�C0)/2 and DJ could be
obtained.


An interesting point to note when comparing the spectro-
scopic constants of H2O ´´´ ClF and H2O ´´´ F2 given in Tables 3
and 6, respectively, is that DJK is negative for H2O ´´´ ClF, while
it has the more usual positive sign for H2O ´´´ F2. This fact has
significant implications for the potential energy V(f) as a
function of the out-of-plane angle f (see Figure 1) for H2O ´´´
ClF and will be considered below.


Geometry of H2O ´´´ ClF and H2O ´´´ F2 : The changes in the
observed ground-state rotational constants B0 and C0 of H2O ´´´
35ClF that accompany isotopic substitution to give H2O ´´´ 37ClF,
D2O ´´´ 35ClF and H2


18O ´´´ 35ClF establish that the order of the
nuclei is as written, with O adjacent to Cl. Likewise, isotopic
substitution in H2O ´´´ F2 indicates that the weak interaction is
between O and F. The fact that for HDO ´´´ 35ClF the rota-


tional constant 1�2(B0�C0)�
2788.1128 MHz is close to the
mean of the corresponding
quantities 2911.0895 MHz and
2682.1292 MHz for H2O ´´´
35ClF and D2O ´´´ 35ClF provides
strong evidence that the two H
atoms in H2O ´´´ ClF are equiv-
alent. The same relationship
also holds for the values of
1�2(B0�C0) among H2O ´´´
F2, D2O ´´´ F2 and HDO ´´´ F2


(Table 6).
The observations alluded to


in the preceding paragraph are
consistent with geometries for
H2O ´´´ ClF and H2O ´´´ F2 of the


general type shown in Figure 1. It remains to establish the
details, and in particular whether the out-of-plane angle f is
zero at equilibrium (i.e. whether the equilibrium geometry is
C2v, planar) or whether f=0 (i.e. whether the equilibrium
geometry is of Cs symmetry, with a pyramidal configuration at
O). In fact, nuclear spin statistical weight effects observed in
the ground-state rotational spectra of both H2O ´´´ ClF and
H2O ´´´ F2 show that, even if the equilibrium geometries are of
Cs symmetry, the vibrational wavefunctions can be classified
through the C2v point group. This means that the potential
energy barrier at the planar conformation (f� 08) is low
enough that tunnelling occurs at a significant frequency


Table 6. Ground-state spectroscopic constants determined for five isotopomers of the H2O ´´´ F2 complex.


Spectroscopic constant Isotopomer


H2
16O ´´´ F2 H2


18O ´´´ F2 D2O ´´´ F2 D2
18O ´´´ F2 HDO ´´´ F2


[a]


A0 [MHz][b] 332119 331155 170448 169639 228013
B0 [MHz] 2988.0910(4) 2816.183(2) 2751.650(2) 2616.905(2) 2844.479[c]


C0 [MHz] 2958.2896(4) 2789.767(2) 2707.633(2) 2577.213(2) ±
DJ [kHz] 20.49(2) 18.17(11) 16.8(3) 14.81(8) 18.7
DJK [MHz] ÿ 3.7205(2) 3.269(1) 3.771(3) 3.4221(8) ±
Maa(Fx) [kHz][d] ÿ 91.6(6) ± ± ± ±
Mbb(Fx) [kHz][d] 16.6 ± ± ± ±
Daa(Fi,Fo) [kHz] ÿ 68(4) ± ± ± ±
N[e] 22 6 6 6 2
s [kHz][f] 5.1 6.1 6.8 4.7 ±


[a] Only two Kÿ1� 0 transitions were measured for this isotopomer. Hence only (B�C)/2 and DJ could be
determined. No estimate of errors is available. [b] Fixed at value calculated from the experimental geometry
given in Table 8. [c] (B0�C0)/2. [d] Values of Mbb(Fi)�Mbb(Fo)�Mcc(Fi)�Mcc(Fo)� 16.6 kHz fixed in the fit. See
text for justification. [e] Number of transitions in fit. [f] Standard deviation of the fit.


Table 7. Observed and calculated rotational transition frequencies for four isotopomers of H2
18O ´´´ F2.


J'Kÿ1K1
 J''Kÿ1K1


H2
18O ´´´ F2 D2O ´´´ F2 D2


18O ´´´ F2 HDO ´´´ F2


nobs Dn[a] nobs Dn[a] nobs Dn[a] nobs Dn[a]


[MHz] [kHz] [MHz] [kHz] [MHz] [kHz] [MHz] [kHz]


212 111 11171.8239 ÿ 3.5 10858.9340 ÿ 5.7 10334.3787 ÿ 3.9 ± ±
202 101 11211.3233 5.8 10918.0310 0.1 10387.7404 ÿ 0.1 11377.3150 0.0
211 110 11224.6564 ÿ 2.3 10946.9799 5.7 10413.7713 4.0 ± ±
313 212 16756.6523 2.3 16287.4172 3.8 15500.6736 2.6 ± ±
303 202 16815.8790 ÿ 3.9 16376.0375 0.0 15580.6653 0.1 17064.8449 0.0
312 211 16835.8986 1.6 16419.4613 ÿ 3.8 15619.7455 ÿ 2.6 ± ±


[a] Dn� nobsÿ ncalcd .


Figure 1. The geometries of a) H2O ´´´ ClF and b) H2O ´´´ F2 determined
experimentally in the zero-point state. The drawings are to scale. In a), f�
58.9(16)8 and r(O ´´´ Cl)� 2.6081(23) � and in b) f� 48.5(21)8 and r(O ´´´
Fi)� 2.7480(27) � (i� inner). Both complexes have an equilibrium geom-
etry of Cs symmetry with a pair of equivalent conformers having a
pyramidal configuration at O and separated by a low potential energy
barrier at the C2v planar form.
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between the two equivalent Cs conformers and the v� 0 and
v� 1 states are nondegenerate. The complex is then some-
times referred to as effectively planar.[7]


Whether H2O ´´´ ClF and H2O ´´´ F2 are planar or effectively
planar complexes, the operation Ca


2 exchanges a pair of
equivalent protons. If I1 and I2 are the proton nuclear spin
vectors, detailed arguments reveal that in the vibrational
ground state only the singlet spin state I1� I2� 0 can occur in
combination with Kÿ1� 0 rotational states. Conversely, only
triplet spin states jI1� I2 j� 1 appear with Kÿ1� 1 rotational
states. Accordingly, a nuclear spin statistical weight ratio of
3:1 for Kÿ1� 1 relative to Kÿ1� 0 states is required if H2O ´´´
ClF and H2O ´´´ F2 are planar or effectively planar.


Since collisional transfer between triplet and singlet states
of H2O is forbidden during the supersonic expansion,[18] the
Kÿ1� 1 states of the complexes will tend to retain their room-
temperature populations. Evidently, within a given (J� 1) J
group of transitions, those involving Kÿ1� 1 should, in the
absence of significant rotational cooling, be more intense than
the Kÿ1� 0 transition by a factor of approximately 3. In fact,
Kÿ1� 1 transitions are observed to be stronger than the Kÿ1�
0 transition in isotopomers of H2O ´´´ ClF and H2O ´´´ F2 that
contain the H2O subunit, but a quantitative measurement of
the effect is difficult because the rotational temperature is
unknown. Moreover, for species based on D2O, the order of
the relative intensities is reversed, a result consistent with the
1:2 nuclear spin statistical weight ratio required by exchange
of a pair of I� 1 bosons. We note that collisional transfer
between Kÿ1� 2 and Kÿ1� 0 states (both of which occur in
combination with singlet nuclear spin functions) is allowed
and therefore rotational cooling of Kÿ1� 2 states is efficient.
Hence, Kÿ1� 2 transitions are not observed. Likewise, in
species containing HDO the two hydrogen nuclei are no
longer equivalent and there is no collisional propensity rule
forbidding Kÿ1� 1 to Kÿ1� 0 transfer. Therefore, Kÿ1� 1
levels are efficiently cooled, in agreement with our failure to
observe Kÿ1� 1 transitions in HDO containing isotopomers.
In the limit of a high potential energy barrier at f� 0, the
vibrational levels v� 0 and v� 1 become degenerate and
nuclear spin statistical weight alternations disappear. Thus,
the observation of such alternations rules out a high potential
energy barrier.


Ab initio calculations indicate that the changes in the
geometries of the monomers H2O, ClF and F2 on formation of
H2O ´´´ ClF and H2O ´´´ F2 are small, especially in the case of
H2O ´´´ F2. It has been shown elsewhere[19] that, for complexes
such as these, it is better to obtain the parameters f and
r(O ´´´ Cl) or r(O ´´´ Fi) (Figure 1) that define the geometry by
fitting Ib� Ic rather than the independent values Ib and Ic


because of the more serious effects of zero-point vibrations in
the latter case. Indeed, it was shown that the form of the
contribution of the two water H atoms to Ib� Ic requires that
this quantity leads to an effective value feff� cosÿ1hcos2fi1/2.
Therefore, a least-squares fit to Ib� Ic of the seven isotopom-
ers H2O ´´´ 35ClF, H2O ´´´ 37ClF, H2


18O ´´´ 35ClF, D2O ´´´ 35ClF,
D2O ´´´ 37ClF, HDO ´´´ 35ClF and HDO ´´´ 37ClF was carried out
with the program STRFIT[20] to give the results r(O ´´´ Cl)�
2.6081(23) � and feff� 58.9(16)8. The r0 geometries of H2O[21]


and ClF[22] given in Table 5 were assumed unchanged, and the


O ´´´ ClÿF nuclei were assumed collinear, as indicated by the
ab initio calculations. When the fit was repeated but with
r0(ClF) assumed to have increased by the amount 0.0166 �
found in the ab initio calculations (see next Section), the
results were r(O ´´´ Cl)� 2.5943(20) � and feff� 58.4(14)8.
Evidently, feff is largely insensitive to assumptions about
r(ClF), while r(O ´´´ Cl) is shortened pro rata. The changes in
the H2O geometry indicated by the ab initio calculations have
a negligible effect by comparison, as do the changes in the
H2O r0 geometry on deuteration. Interestingly, fitting Ib and Ic


separately for the first five isotopomers (separate values are
not available for HDO ´´´ 35ClF and HDO ´´´ 37ClF) gives
r(O ´´´ Cl)� 2.6067(29) � and feff� 58.2(20)8 when unper-
turbed monomer geometries are used.


The results obtained for H2O ´´´ F2 by fitting Ib� Ic for the
five isotopomers H2O ´´´ F2, H2


18O ´´´ F2, D2O ´´´ F2, D2
18O ´´´ F2


and HDO ´´´ F2 under the assumption of unchanged monomer
geometries[16, 21] (see Table 5) are r(O ´´´ Fi)� 2.7480(27) �
and feff� 48.5(21)8. If the lengthening of the F2 internuclear
distance of 0.0065 � predicted by ab initio calculations (see
next Section) is assumed, the results are r(O ´´´ Fi)�
2.7426(27) � and feff� 48.4(20)8. Fitting Ib and Ic for
H2O ´´´ F2, H2


18O ´´´ F2, D2O ´´´ F2 and D2
18O ´´ ´ F2 by assuming


unchanged monomers gives results that are somewhat less
precise but identical within the experimental error, namely
r(O ´´´ Fi)� 2.742(9) � and feff� 43.8(71)8.


The results from this section show that when feff is
determined from ground-state moments of inertia, both
H2O ´´´ ClF and H2O ´´´ F2 are found to have a pyramidal
configuration at O on average but it must be borne in mind
that feff is related to the zero-point average of cos2f and
would be non-zero even if these complexes were planar C2v at
equilibrium (fe� 0 but feff> 0). It remains to determine
whether the equilibrium geometries of H2O ´´´ ClF and
H2O ´´´ F2 are planar C2v (fe� 0) or pyramidal Cs (fe> 0)
(see next Section).


Ab initio calculations for H2O ´´´ ClF and H2O ´´´ F2 : To
determine whether H2O ´´´ ClF and H2O ´´´ F2 have equilibri-
um geometries that are planar C2v (fe� 0) or pyramidal Cs


(fe> 0), we carried out ab initio calculations. The GAMESS
package[23] was used for these calculations and the aug-cc-
pVDZ basis set[24, 25] was chosen because it was developed
specifically to deal with weakly bound complexes. Electron
correlation was taken into account by using second-order
Mùller ± Plesset perturbation theory.[26] Energies were cor-
rected for basis set superposition error (BSSE) by the Boys ±
Bernardi counterpoise correction method.[27] The results of
complete geometry optimisations are given in Table 8 for the
monomers H2O, ClF and F2 and both complexes H2O ´´´ ClF
and H2O ´´´ F2. Also included in Table 8 are the experimental
equilibrium geometries of F2,[16] ClF[28] and H2O[29] and the
effective values r(O ´´´ Cl), r(O ´´´ Fi) and feff of the complexes
determined by fitting ground-state values of Ib� Ic. The
agreement between theory and experiment is good, but we are
comparing equilibrium geometries from ab initio calculations
with experimental zero-point effective parameters. The agree-
ment with earlier ab initio calculations by Dahl and Rùeg-
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gen[30] is satisfactory, although they find H2O ´´´ F2 to have a
planar geometry of C2v symmetry.


A better comparison with experiment is possible if we
consider the shape of the potential energy curve obtained
when V(f) is plotted as a function of the out-of-plane angle f
defined in Figure 1. The fact that the full optimisations leads
to pyramidal geometries of Cs symmetry for both H2O ´´´ ClF
and H2O ´´´ F2 implies that V(f) is a double-minimum
function. The crucial questions are then: How high is the poten-
tial energy barrier V0 at the planar C2v geometry, where is the
zero-point energy level located with respect to the barrier, and
can an appropriate feff be estimated using this function?


The potential energy functions V(f) for H2O ´´´ ClF and
H2O ´´´ F2 shown in Figure 2 were generated ab initio as
follows. Energies were determined as described above for the
full optimisation, except that now the optimisation was
carried out at each of a series of fixed values of f in the
range 08 to 808. Corrections for BSSE were again applied. To
determine the positions of the energy levels of a one-
dimensional oscillator associated with each function, we fitted
each numerical potential energy curve with the familiar
quartic-quadratic potential given in Equation (5) which has
been successful in describing the out-of-plane bending
vibrations of cyclic molecules[31] and also intermolecular
bending vibrations of the hydrogen-bonded complex H2O ´´´
HF.[32]


V(f)�af4� bf2 (5)


In fact, the V(f) values obtained from the ab initio
calculations could be quite accurately reproduced by Equa-


Figure 2. The potential energy V(f) (expressed as a wavenumber) as a
function of the angle f (see Figure 1 for definition) for a) H2O ´´´ ClF and
b) H2O ´´´ F2. The curves are of the form V(f)�af4� bf2 and were
obtained by least-squares fits to numerically generated points {V(f),f)}
obtained by ab initio calculations at the aug-cc-pVDZ/MP2 level of theory.
See text for discussion.


tion (5). Least-squares fits to the ab initio V(f) values for
H2O ´´´ ClF yielded the results a� 173.2(15) cmÿ1 and b�
ÿ347.6(26) cmÿ1, while for H2O ´´´ F2 the corresponding values
were a� 25.2(6) cmÿ1 and b�ÿ26.7(9) cmÿ1. It is then con-
venient to express V(f) in terms of the reduced dimensionless
coordinate z according to Equation (6) because the energy
levels of a one-dimensional anharmonic oscillator governed
by this function are readily calculated.[31, 33]


V(z)� a(z4�bz2) (6)


The relationships[32] between a, b, a and b are given by
Equations (7) and (8), where m is the reduced mass for the
vibration, rH is the OÿH distance in H2O and q is the HOH
angle.


a� {(rHcos1�2q)4(2m/�h 2)2}ÿ1/3a1/3 (7)


b� {(rHcos1�2q)2(2m/�h 2)}ÿ1aÿ2b (8)


The expression for m appropriate to a complex such as
H2O ´´´ HF, H2O ´´´ ClF or H2O ´´´ F2 is given in ref. [32]. By
using Equations (7) and (8) we obtain a� 51.3 cmÿ1 and b�
ÿ3.69 for H2O ´´´ ClF and a� 27.1 cmÿ1 and b�ÿ1.02 for


Table 8. Comparison of geometries of F2, ClF, H2O, H2O ´´´ ClF and
H2O ´´´ F2 calculated at the aug-cc-pVDZ/MP2 level with those established
experimentally.


Molecule aug-cc-pVDZ/MP2 geometry Experimental geometry


F2 re(FÿF)� 1.4253 � 1.4131(8)[a]


ClF re(ClÿF)� 1.6760 � 1.628341(4)[b]


H2O re(OÿH)� 0.9659 � 0.957848(16)[c]


aeHOH� 103.678 104.5424(46)
H2O ´´´ ClF re(OÿH)� 0.9673 � ±


aeHOH� 104.338 ±
re(ClÿF)� 1.6926 � ±
re(OÿCl)� 2.5291 � 2.608(2) �[d]


re(O ´´´ F)� 4.2217 � 4.240(2) �
f� 55.88[e] 58.9(16)8
q� 0.28 [f] 0.0 (assumed)


H2O ´´´ F2 re(OÿH)� 0.9660 � ±
aeHOH� 103.808 ±
re(FÿF)� 1.4318 � ±
re(O ´´´ Fi)� 2.6002 � 2.748(3) �[d]


re(O ´´´ Fo)� 4.0318 � 4.166(3) �
f� 40.58 [e] 48.5(20)8
q� 1.18 [f] 0.0 (assumed)


[a] Ref. [16]. [b] Ref. [28]. [c] Ref. [29]. [d] r0 values calculated by assuming
r0 geometries of monomers unchanged (Table 5) and fitting observed
moments of inertia Ib� Ic (see text). [e] f is the angle between the C2 axis of
H2O and the O ´´´ Fi internuclear axis (i� inner, o� outer), as defined in
Figure 1. [f] q is the deviation of the O ´´´ ClÿF or O ´´´ FiÿFo nuclei from
collinearity, in the direction of the water H atoms (see Figure 1).
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H2O ´´´ F2. The energy levels v� 0,1,2 and 3 obtained for the
one-dimensional quartic-quadratic oscillator using these
functions are drawn in Figure 2. The values of fe are 57.48
and 41.78 for these functions for H2O ´´´ ClF and H2O ´´´ F2,
respectively.


Two conclusions are immediately evident from Figure 2.
Firstly, for H2O ´´´ ClF both energy levels v� 0 and v� 1 lie
below the top of the potential energy barrier, which has a
height V0� 174 cmÿ1 above the minima. In fact, the v� 1 ± 0
separation is 31 cmÿ1. This is small enough that a significant
Coriolis interaction between Kÿ1� 1 levels of v� 0 and Kÿ1�
0 levels of v� 1 is possible, given a sufficiently large Coriolis
coupling constant and the fact that Kÿ1� 1 levels of a given J
lie at a wavenumber cÿ1(AÿB)� 10 cmÿ1 above the corre-
sponding Kÿ1� 0 level. This probably accounts for the sign of
the observed value of the centrifugal distortion constant DJK


(see Table 4), negative values of which constant have also
been observed in association with Coriolis interactions in
H2O ´´´ HF.[34] We note that cÿ1(AÿB) decreases to about
5 cmÿ1 in D2O ´´´ ClF. Interestingly, DJK, although still neg-
ative, is much reduced in magnitude in the D2O species,
indicating a reduced Coriolis interaction. Insufficient data
precludes a more detailed analysis of this interesting effect,
however.


The second conclusion from the functions V(f) shown in
Figure 2 is that for H2O ´´´ F2 even the energy level v� 0 lies
17 cmÿ1 above the top of the potential energy barrier (V0�
7 cmÿ1). Thus, while H2O ´´´ ClF can be reasonably described
as pyramidal at O in the zero-point state, it is better to
describe H2O ´´´ F2 as planar. Nevertheless, both H2O ´´´ ClF
and H2O ´´´ F2 have pyramidal equilibrium geometries and the
equilibrium angles fe� 57.48 and 41.78, respectively, are
consistent with the simple nonbonding electron-pair model
for their angular geometries described in the Introduction.


Finally, it is of interest to obtain an estimate of f in the zero-
point state from the ab initio potential energy functions.
While hfiv,v is necessarily zero, the quantity hcosfiv,v is
nonzero for a double-minimum potential energy function.
Expansion of hcosfiv,v in a Taylor series leads to Equa-
tion (9).[19]


hcosfiv,v� 1ÿ 1�2hf2iv,v� 1�24hf4iv,vÿ ´ ´ ´ (9)


The relations f� 0.7377z and f� 1.018z for H2O ´´´ ClF
and H2O ´´´ F2, respectively, are implied by the a and a values
given earlier. Values of hz2i0,0 and hz4i0,0 have been tabulated
as a function of the potential constant b and are available.[35]


Hence hf2i0,0 and hf4i0,0 can be calculated and used in


Equation (9) to give the operationally defined angles f0�
cosÿ1hcosfi0,0� 45.48 and 37.98 for H2O ´´´ ClF and H2O ´´´
F2, respectively. Given that feff obtained by fitting zero-point
Ib� Ic values are approximately related to instantaneous
values by feff� cosÿ1hcos2fi1/2, we expect reasonable, but not
exact, agreement with f0 values. In fact, f0 is somewhat
smaller than feff in both cases. Indeed, here fe is closer to feff


than f0.


Strength of the intermolecular binding in H2O ´´´ ClF and
H2O ´´´ F2 : The equilibrium dissociation energies De obtained
from the ab initio calculations discussed in the previous
Section are 21.2 kJ molÿ1 and 5.3 kJ molÿ1 for H2O ´´´ ClF and
H2O ´´´ F2, respectively. According to this criterion H2O ´´´
ClF is four times more strongly bound than H2O ´´´ F2. Such
a result is not unexpected given that the dispersion interaction
between H2O and ClF is likely to be greater than that between
H2O and F2. Moreover, ClF has an electric dipole moment
while F2 is nonpolar and has only a small electric quadrupole
moment,[36] so the electrostatic component of the interaction
will also be greater in H2O ´´´ ClF.


De measures the energy required to produce an infinite
displacement from equilibrium along the dissociation coor-
dinate, r. If ks is the intermolecular stretching force constant,
1�2ksdr2 is the energy required to produce a small displacement
dr and hence 1�2ks is a measure of the energy required to
produce a unit infinitesimal displacement along r. Millen has
shown that for a planar asymmetric rotor complex B ´´´ XY of
C2v symmetry, ks is related to the centrifugal distortion
constant DJ by Equation (10)[37] , where B and C are rotational
constants of the complex, b� (B/BB)� (B/BXY) and c has
the corresponding definition in terms of the rotational
constants C.


ks� (8p2m/DJ){B3(1ÿb)�C3(1ÿ c)ÿ 1�4(BÿC)2(B�C)(2ÿ bÿ c)} (10)


This expression holds in the approximation of rigid subunits
and neglect of cubic and higher potential constants. Equa-
tion (10) is chosen as appropriate from ref. [37] because the
vibrational wavefunctions of the effectively planar complexes
H2O ´´´ ClF and H2O ´´´ F2 can be classified according to the
C2v point group.


Values of ks for the various isotopomers of H2O ´´´ ClF and
H2O ´´´ F2 estimated from the DJ values of Tables 3 and 6,
respectively, are shown in Table 9. The ground-state rota-
tional constants of the monomers H2O,[21, 38] ClF[22] and F2


[16]


were used and are collected in Table 5 for convenience. We
note from Table 9 that the ks values for the five isotopomers


Table 9. A comparison of intermolecular stretching force constants ks
[a] for several isotopomers of H2O ´´ ´ ClF and H2O ´´´ F2.


Isotopomer H2O ´´´ 35ClF H2O ´´´ 37ClF D2O ´´´ 35ClF D2O ´´ ´ 37ClF HDO ´´´ 35ClF HDO ´´´ 37ClF


ks [Nmÿ1] 14.26(4) 14.16(4) 13.34(4) 13.12(6) 13.59(7) 13.57(8)


Isotopomer H2O ´´´ F2 H2
18O ´´´ F2 D2O ´´ ´ F2 D2


18O ´´´ F2 HDO ´´´ F2


ks [Nmÿ1] 3.66(1) 3.69(2) 3.74(2) 3.84(2) 3.60[b]


[a] The quoted errors are those propagated from DJ by using Equation (10), and do not reflect systematic errors in the model. [b] Only two transitions having
Kÿ1� 0 were fitted for this isotopomer and therefore no experimental error in DJ or ks can be given.
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of H2O ´´´ F2 are almost identical within experimental error.
On the other hand, there is a systematic decrease in ks for
H2O ´´´ ClF with progressive substitution of H by D. This is
undoubtedly the result of the sensitivity of DJ of H2O ´´´ ClF to
anharmonic coupling. We also note from Table 9 that ks for
H2O ´´´ 35ClF is close to four times that of H2O ´´´ F2 and that
the behaviour of ks as a criterion of binding strength parallels
that of De.


Dynamics of the CIF subunits in H2O ´´´ ClF : The Cl-nuclear
quadrupole coupling constant caa(Cl) of H2O ´´´ 35ClF may be
used to give information about the ClF subunit dynamics. On
forming the complex, the coupling constant c0(Cl) of free
ClF[39] becomes modified because the electric field gradient
(efg) at Cl changes as a result of the response of the ClF
charge distribution to the electric field and its gradients due to
the H2O subunit. The ab initio calculations discussed above
allow the change in efg at Cl of ClF to be estimated. The
fractional change f in the efg at Cl along the ClF axis z on
complex formation is estimated to be f� 0.0121. If we assume
that the zero-point coupling constant c0(Cl) changes by the
same fraction, the modified coupling constant along the ClF
axis, z, in the complex is c0'(Cl)� (1� f)c0(Cl)�ÿ147.64 MHz.
In a reasonable approximation, the observed value caa(Cl) of
the Cl-nuclear quadrupole coupling constant in the zero-point
state of the complex is then given by Equation (11), where g is
the instantaneous angle between the a and z axes.


caa(Cl)� 1�2c0'(Cl)h3cos2gÿ 1i (11)


By using Equation (11), we estimate that gav�
cosÿ1hcos2gi1/2� 3.18. This indicates that the angular motion
of ClF in H2O ´´´ ClF is small compared with that of H2O. The
value of [Vbb(Cl)ÿVcc(Cl)]/Vaa (Cl) is calculated to be 0.0067,
which is in good agreement with the observed ratio [cbb(Cl)ÿ
ccc(Cl)]/caa(Cl)� 0.0080. The corresponding results for the
optimised planar C2v geometry are gav� 4.38 and [Vbb(Cl)ÿ
Vcc(Cl)]/Vaa(Cl)� 0.0100.


Discussion


The complexes H2O ´´´ ClF and H2O ´´´ F2 have been isolated
and characterised by using a fast-mixing nozzle in combina-
tion with a pulsed-jet, Fourier-transform microwave spec-
trometer. Both complexes have geometry of Cs symmetry at
equilibrium, with a pyramidal arrangement at the oxygen
atom. Ab initio calculations at the aug-cc-pVDZ/MP2 level of
theory give reasonable agreement with the experimentally
determined distances r(O ´´´ Fi) and r(O ´´´ Cl) in H2O ´´´ F2


and H2O ´´´ ClF, respectively, given that the experimental
values are of the ground-state effective type.


For H2O ´´´ ClF, the variation of the potential energy V(f)
with the angle f obtained from the ab initio calculations
shows that the barrier to the planar C2v geometry (f� 0)
separating the two equivalent Cs conformers is 174 cmÿ1. The
zero-point vibrational energy level v� 0 lies well below the
top of the barrier and there is reasonable agreement between
the effective value f0 of the angle and that estimated from the


potential energy function. For H2O ´´´ F2, the ab initio
potential energy function V(f) has only a very small potential
energy hump (7 cmÿ1) at f� 0 and the zero-point energy level
lies above the top of the barrier. Hence, while both complexes
H2O ´´´ ClF and H2O ´´´ F2 are effectively planar in the zero-
point state (in the sense described above), both have an
equilibrium geometry that can be understood if the electro-
philic end of d�ClÿFdÿ or d�F dÿ


dÿFd� seeks out the axis of one
of the nonbonding electron pairs on O. An angle fe� 548
would be expected on that basis. The results from the ab initio
calculations are 55.88 and 40.58, respectively. The smaller
value of fe for H2O ´´´ F2 is readily understood on the basis of
the weakness of the H2O/F2 interaction. For a very weak
complex, the barrier at the planar geometry becomes small
and the two minima in the function V(f) tend to merge with
each other, so that fe decreases in magnitude. The effect was
demonstrated earlier[13] from electrostatic modelling of the
potential energy V(f) as a function of intermolecular distance
in H2S ´´ ´ HF.


The conclusion from the work reported here is that the
properties determined for H2O ´´´ ClF and H2O ´´´ F2 are
consistent with the recent proposal[9] that there exists a
halogen bond B ´´´ XY that is analogous to the more familiar
hydrogen bond B ´´´ HX. This can be clearly illustrated by
considering the potential energy function V(f) of H2O ´´´ HCl,
as determined by the methods described here,[19] and shown in
Figure 3. Its shape, the positions of the minima and the height


Figure 3. The potential energy V(f) as a function of the angle f for H2O ´´´
HCl. This curve[19] was obtained by the method summarised in the caption
to Figure 2 and in the text.


of the barrier at the planar geometry are all similar to those of
the function V(f) for H2O ´´´ ClF shown in Figure 2. All three
complexes H2O ´´´ HCl, H2O ´´´ F2, H2O ´´´ ClF obey the rules
set out in references [9, 13] but only when equilibrium
geometries are used.


Experimental Section


The rotational spectra of H2O ´´´ ClF and H2O ´´´ F2 were observed and
measured by using a pulsed-jet, Fourier-transform microwave spectrometer
of the Balle-Flygare type[1, 2] but modified to include a fast-mixing nozzle[3]


to generate the complexes. A mixture composed of approximately 1 ± 2%
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of either ClF (prepared by the method of Schack and Wilson)[40] or F2


(99.8 % pure; Distillers M.G.) in argon and held at a stagnation pressure of
3 bar was pulsed, via a Series 9 solenoid valve (Parker ± Hannifin Corp.),
down the outer of the two concentric, nearly coterminal tubes that
constitute the mixing nozzle. Where this gas pulse emerged from the nozzle
into the evacuated Fabry ± PeÂrot cavity of the spectrometer, it encountered
water vapour that issued continuously from the inner glass tube of the
mixing nozzle. The water-vapour flow rate was the maximum possible from
above a sample of the liquid at room temperature. Complexes of either
H2O ´´´ ClF or H2O ´´´ F2 generated at the interface between the two gas
flows as they emerged into the vacuum chamber were rotationally
polarized by 1.1 ms pulses of microwave radiation and the subsequent
free-induction decay at rotational transition frequencies was collected and
processed in the usual way. For H2O ´´´ ClF individual nuclear quadrupole
hyperfine components had a half-width at half height of approximately 15 ±
20 kHz and were measured with an estimated accuracy of 2 kHz. The
partially resolved hyperfine structure arising from spin-spin and spin-
rotation coupling of the various I� 1/2 nuclei in H2O ´´´ F2 restricted the
accuracy of frequency measurement to 5 kHz.


Isotopomers involving D2O were generated by flowing the vapour from
above a sample of deuterium oxide (Apollo Scientific Ltd) into the mixing
nozzle. For HDO isotopomers, an equimolar mixture of D2O and H2O was
employed. Samples of H2


18O and D2
18O allowed measurements on the


isotopomers H2
18O ´´´ ClF, H2


18O ´´ ´ F2 and D2
18O ´´´ F2 to be made.
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Interaction between Dioxoruthenium(vi) Porphyrins and Hydroxylamines:
Coordination of N-Substituted Hydroxylamine to Ruthenium and X-ray
Crystal Structures of Ruthenium Complexes with a Unidentate
Nitrosoarene Ligand


Jiang-Lin Liang,[a] Jie-Sheng Huang,[a] Zhong-Yuan Zhou,[b]
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Abstract: The interactions between di-
oxoruthenium(vi) porphyrins 1 with N-
phenylhydroxylamine or unsubstituted
hydroxylamine are described. Reaction
of complexes 1 with excess PhNHOH
leads to isolation of bis(nitrosoben-
zene)ruthenium(ii) porphyrins 3 and
mono(nitrosobenzene)ruthenium(ii) por-
phyrins 4. Both the types of ruthenium
complexes are characterized by
1H NMR, IR, and UV/Vis spectroscopy,
and mass spectrometry. The X-ray struc-
ture determinations on [RuII(TPP)(Ph-
NO)2] (3 a), [RuII(2,6-Cl-TPP)(PhNO)2]
(3 e), and [RuII(4-MeO-TPP)(PhNO)-


(PhNH2)] (4 d) (TPP� tetraarylpor-
phyrin) disclose a unidentate nitrosoar-
ene coordination in all these complexes,
with RuÿN(PhNO) bond lengths of
2.003(3) (3 a, average), 1.991(3) (3 e,
average), and 2.042(2) � (4 d). In the
case of 4 d, the RuÿN(PhNH2) bond
length is found to be 2.075(3) �. Mech-
anistic investigations reveal the forma-
tion of intermediates [RuII(Por)(Ph-


NO)(PhNHOH)] (5 ; Por� porphyrin),
a ruthenium complex with N-substituted
hydroxylamine ligand, in the ª1 �
PhNHOHº system. The RuÿNH-
(OH)Ph moiety in 5 undergoes no rapid
exchange with free PhNHOH in solu-
tion at room temperature, as revealed by
1H NMR spectroscopy. Unlike the inter-
action between complexes 1 and
PhNHOH, reaction of such complexes
with NH2OH affords nitrosylrutheni-
um(ii) porphyrins [RuII(Por)(NO)(OH)]
(6).


Keywords: hydroxylamines ´ mac-
rocyclic ligands ´ nitrosoarenes ´
ruthenium ´ structure elucidation


Introduction


Dioxoruthenium(vi) porphyrins, [RuVIO2(Por)] (1; Por� por-
phyrin),[1, 2] exhibit a number of cytochrome P-450 type
reactivities such as alkene epoxidation,[3±6] alkane hydroxyla-
tion,[7±9] and amine oxidation[10] (reactions (1) ± (3) in
Scheme 1), and serve as unique precursors to bis-
(amine)-,[11, 12] bis(imine)-,[13] bis(amido)-,[12, 14] bis(methylene-
amido)-,[13] and bis(hydrazido)ruthenium porphyrins[15] (reac-
tions (4) ± (8) in Scheme 1). Our interest in the interaction
between complexes 1 and hydroxylamines stems from the
discovery that oxidative degradation of N-alkylhydroxyl-
amines in the presence of cytochrome P-450 leads to
formation of stable nitrosoalkane complexes of the en-


zyme,[16, 17] a reactivity well mimicked by the ª[FeIII(Por)Cl]
� RNHOH (R�Me, iPr, PhCH2CH2)º model systems
developed by Mansuy and co-workers.[18, 19] Inasmuch as
cytochrome P-450 also binds nitrosoarenes[20] and the oxida-
tion processes catalyzed by this type of enzyme are widely
believed to involve oxoiron porphyrin intermediates,[21] it
would be of importance to examine the interaction between
metalloporphyrin and N-arylhydroxylamine and, especially,
to explore the reactivity of an oxometalloporphyrin toward
various hydroxylamines. We notice that previous reports on
the interaction between synthetic metalloporphyrins and
hydroxylamines are extremely rare. Besides those on the
foregoing ª[FeIII(Por)Cl]�RNHOH (R�Me, iPr,
PhCH2CH2)º systems, the only others are by Ryan and co-
workers[22, 23] mainly on the reaction of [MIII(Por)Cl] (M�Fe,
Mn) with NH2OH to form nitrosyl metalloporphyrins. Con-
spicuously, no oxometalloporphyrins have been found to react
with hydroxylamines to form nitroso or nitrosyl complexes.


On the other hand, the binding of nitrosoarene to synthetic
metalloporphyrins has been demonstrated by James and co-
workers[24] in the case of ruthenium octaethylporphyrin
(OEP) and by Richter-Addo and co-workers[25] in the cases
of iron,[26] manganese,[27] and osmium[28] meso-tetraarylpor-
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phyrins.[29] The metalloporphyr-
in nitrosoarene complexes,
[MII(Por)(ArNO)2] and [MII-
(Por)(ArNO)(L)], in the
above-mentioned studies are
exclusively prepared by direct
reaction with nitrosoarenes and
are not structurally character-
ized in the case of ruthenium.
Of all the structurally charac-
terized metalloporphyrin ni-
trosoarene complexes,[25±28] only
[OsII(TTP)(CO)(PhNO)] (2)[28]


belongs to mono(nitrosoarene)
complex, which bears a trans,
strongly p-acidic carbonyl
group. Since nitrosoarene
groups are also strongly p-acid-
ic ligands owing to their low-
lying p* orbitals readily avail-
able for back-bonding,[19, 24, 28] a
property that may result in
considerable trans influence
for both complexes [MII(Por)-
(ArNO)2] and 2,[30] it would be
interesting to examine the
structure of a [MII(Por)(Ar-
NO)(L)] complex with L being
a simple Lewis base, such as an


amine; this will allow us to uncover the structural features of
an M-ArNO moiety in metalloporphyrins uncomplicated by
significant trans influence.


We report here the first investigation on the interaction
between synthetic metalloporphyrin and N-arylhydroxyl-
amine. The reaction of the dioxoruthenium(vi) complexes 1
with N-phenylhydroxylamine (PhNHOH) afforded stable
nitrosoarene complexes [RuII(Por)(PhNO)2] (3) and [RuII-
(Por)(PhNO)(NH2Ph)] (4). Both the bis- and mono(nitroso-
benzene) complexes have been characterized by X-ray
crystallography, representing the first structurally character-
ized ruthenium complexes with a unidentate nitrosoarene
ligand. Mechanistic studies on the ª1 � PhNHOHº system
reveal the formation of intermediates [RuII(Por)(PhNO)-
(PhNHOH)] (5), which to our knowledge constitute the only
ruthenium complexes binding an N-substituted hydroxylamine.
The reaction between complexes 1 and NH2OH to afford
nitrosylruthenium porphyrins [RuII(Por)(NO)(OH)] (6) is
also described.


Results and Discussion


Reactions of dioxoruthenium(vi) porphyrins with N-aryl-
hydroxylamine


Isolation of complexes 3 and 4 : Mansuy and co-workers
observed that reaction of [FeIII(Por)Cl] with excess N-
alkylhydroxylamines forms iron-porphyrin mono(nitrosoal-
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Scheme 1. Known reactivities of dioxoruthenium(vi) porphyrins (1) towards various organic compounds.
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kane) complexes [FeII(Por)(RNO)(L)] (R� iPr, Me,
PhCH2CH2) after addition of L (L� pyridine (Py), iPrNH2,
N-methylimidazole (N-MeIm), MeOH, PPhMe2).[18, 19] If no L
was added, only complex [Fe(TPP)(iPrNO)(iPrNHOH)] (7)
(TPP� tetraarylporphyrin) was isolated.[19] Notably, none of
these reactions were found to give bis(nitrosoalkane) com-
plexes. In contrast, treatment of dioxoruthenium(vi) porphyr-
ins 1 a ± c, 1 e, and 1 f (Scheme 2) with an excess of the


Ru
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Scheme 2. Isolation of complexes 3 and 4 from the interaction between
complexes 1 and PhNHOH.


N-arylhydroxylamine PhNHOH in chloroform all led to the
isolation of bis(nitrosoarene) complexes 3 after column
chromatography on silica gel (reaction (9) in Scheme 2).
The same procedure only gave the mono(nitrosoarene)
complex 4 d, which unexpectedly binds aniline (PhNH2)[31]


rather than PhNHOH as an axial ligand, when complex 1 d
was employed (reaction (10) in Scheme 2). To our surprise,
the bis(nitrosoarene) analogue of 4 d, that is, [Ru(4-MeO-
TPP)(PhNO)2] (3 d), could not be isolated according to this
procedure despite several trials. We speculated that 3 d must
be formed during the reaction, which can further react with
the remaining PhNHOH to form 4 d. Indeed, 1H NMR
measurements on an in situ reaction between 1 d and two
equivalents of PhNHOH in CDCl3 reveal the formation of 3 d
as the predominant porphyrin species (see Experimental
Section). If a larger amount of PhNHOH (6 equiv) was used
for the reaction, complex 4 d became the major porphyrin
species, accompanied by the formation of free PhNO, PhNH2,
and azoxybenzene (PhN(O)�NPh) (see Experimental Sec-
tion); the starting PhNHOH was completely consumed. This
indicates that complex 1 d can catalyze the conversion of
PhNHOH into PhNO, PhNH2, and PhN(O)�NPh, which is in
contrast to the stoichiometric reaction of [FeIII(Por)Cl] with
RNHOH that consumes a maximum of 1.5 equivalents of
RNHOH.[19]


The formation of both 3 d and 4 d in the in situ reaction of
PhNHOH with 1 d suggests that similar phenomenon may
also occur for the reaction of the same N-arylhydroxylamine


with other dioxo complexes 1. An in situ reaction between 1 b
and PhNHOH (6 equiv) does form a mixture of 4 b and 3 b in
�2:1 molar ratio, as examined by 1H NMR spectroscopy.
However, attempts to isolate 4 b from the reaction mixture by
column chromatography on silica gel were unsuccessful, the
work-up of which gave complex 3 b as the only isolable
product in 82 % yield. Since the isolated yield of 3 b is
markedly higher than that expected from the in situ reaction
(�33 %), it must be the case that 4 b is unstable toward the
column chromatography and was partially changed into 3 b on
the column of silica gel. This should also be true for the
reaction of PhNHOH with complexes 1 a, 1 c, 1 e, and 1 f.
Therefore, to isolate the 4 d analogues of other porphyrins,
conditions that do not require column chromatography for
product purification must be found. We eventually succeeded
in isolating complex 4 b in 64 % yield by addition of ethanol to
the reaction mixture, which caused 4 b to precipitate from the
solution without being contaminated by 3 b. In view of the
instability of 4 b (and also its counterparts with other
porphyrin ligands except 4-MeO-TPP) toward the column
chromatography, it is puzzling why 4 d exhibits a remarkable
stability during such a purification process.


A comparison of reactions (9) and (10) (Scheme 2) with
reaction (6) (Scheme 1) reveals a dramatic difference be-
tween the interactions of 1 with N-arylhydroxylamine and
arylamine. While bis(arylamido)ruthenium(iv) porphyrins can
readily be prepared according to reaction (6),[12, 14] no bis(N-
arylhydroxylamido)ruthenium(iv) porphyrins were isolated
from the ª1 � PhNHOHº system. Furthermore, we have
demonstrated the feasibility of isolating a bis(arylamine)ru-
thenium(ii) porphyrin from reaction (4) (Scheme 1);[12] how-
ever, none of bis(N-phenylhydroxylamine)ruthenium(ii) por-
phyrins were observed even in the in situ reactions between
complexes 1 and excess PhNHOH.


Spectral features of complexes 3 and 4 : Complexes 3 and 4 all
exhibit diamagnetic 1H NMR spectra. The spectral data are
summarized in Table 1. Figure 1 shows the spectra of 3 b and
4 b as an example. In both spectra shown in Figure 1, only a
sharp Hb signal appears, with the shapes and chemical shifts of
all signals virtually unaffected by addition of PhNO (3 b) or
PhNH2 (4 b). This indicates that there is no detectable
dissociation of the complexes in solution under the 1H NMR
conditions ([complex] �10ÿ2m), as in the case of the OEP
complex [Ru(OEP)(PhNO)2] (8).[24] As expected for the
symmetrical axial coordination of 3 b, only one set of Ho, Hm,
Ho(ax), Hm(ax), and Hp(ax) signals appears in Figure 1a. In
contrast, two sets of Ho(ax), Hm(ax), and Hp(ax) signals with
equal intensity are clearly observed in Figure 1b, and the Ho


and Hm signals both appear as a multiplet rather than a
doublet, consistent with the unsymmetrical axial coordination
of 4 b. The NH2 signal of the coordinated PhNH2 in 4 b, which
disappears upon addition of D2O, is located at the highest field
(d�ÿ2.80). In view of the increase of Hb chemical shift with
the increase in the oxidation state of the metal in diamagnetic
metalloporphyrins[12, 13] and, hence, with the decrease of the
electron density of the porphyrin macrocycle, the observed
smaller Hb chemical shift of 4 b (d� 8.42) than that of 3 b (d�
8.55) is not unexpected considering the strong p-acid charac-
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ter of PhNO and the simple Lewis base character of PhNH2.
Examination of Table 1 reveals that the chemical shifts of Hb


protons or the protons in the axial ligands for complexes 3 or 4
with porphyrin macrocycles a ± d (see Scheme 2) are very
similar, indicating that the influence of the para-substituents


Me, Cl, MeO (on the meso-
phenyl groups of the porphyrin
ring) on these proton resonan-
ces is negligible. However, such
chemical shifts for the com-
plexes with porphyrin macro-
cycles e and f (especially the
former) are appreciably differ-
ent. In all cases, the signals of
axial PhNO ligand appear at
considerably lower fields in
3 a ± f than in their OEP coun-
terpart 8, in agreement with the
smaller porphyrin-ring-current
effect expected for meso-tet-
raarylporphyrins than for OEP.
A comparison of the Hb chem-
ical shifts of 3 and 4 with those
of respective carbonyl, bis-
(amine)-, and bis(imine) ana-
logues does reveal that the
PhNO ligand has a strong p


acidity. For example, the Hb


chemical shifts observed for
3 b and 4 b are substantially
larger than that of
[RuII(TTP)(L)2] (L�NHEt2:
d� 8.08, L�N(Et)�CHMe:
d� 8.09)[13] although smaller
than that of [RuII(TTP)(CO)-
(MeOH)][4] (d� 8.69).


The IR spectra of 3 and 4
show ªoxidation-state markerº


bands[12, 13] ranging from 1006 ± 1013 cmÿ1, with their depend-
ence on the substituents on the meso-phenyl rings of the
porphyrin macrocycles similar to the case of Hb chemical
shifts described above. A comparison of the ªoxidation-state
markerº bands of 3 and 4 with those of respective carbonyl,


Table 1. 1H NMR spectral data (d, CDCl3) of complexes 3 ± 5.[a]


Hb Ho, Ho' Hm, Hm' p-X[b] Axial ligand
(s, 8H) (8H) (8 H) Hp(ax), Hp(ax)' Hm(ax), Hm(ax)' Ho(ax), Ho(ax)' Others[c]


(t, 1H), (t, 1H) (t, 2 H), (t, 2 H) (d, 2H), (d, 2H)


3a 8.54 8.12 (m) 7.73 (m)[d] 6.48 6.00 2.42
3b 8.55 8.01 (d) 7.52 (d) 2.69 6.45 5.97 2.39
3c 8.53 8.04 (d) 7.71 (d) 6.48 5.98 2.36
3d 8.57 8.03 (d) 7.25 (d) 4.09 6.45 5.97 2.39
3e 8.37 7.72 (m)[d] 6.35 5.92 2.92
3 f 8.55 6.46 5.97 2.52
4a[e] 8.42 8.06 (m) 7.73 (m)[d] 6.43, 6.31 6.02, 5.98 2.67, 2.54 ÿ 2.68
4b 8.42 7.91 (m) 7.49 (m) 2.68 6.35, 6.27 5.98, 5.91 2.62, 2.52 ÿ 2.80
4d 8.44 7.95 (m) 7.21 (m) 4.07 6.36, 6.28 5.98, 5.91 2.61, 2.52 ÿ 2.78
4 f 8.42 6.34, 6.20 5.95, 5.91 2.72, 2.63 ÿ 3.05
5a[e] 8.49 8.06 (m) 7.74 (m)[d] 6.47, 6.44 6.13, 5.97 2.92, 2.42 0.40, ÿ1.09
5b 8.49 7.93 (m) 7.51 (m) 2.68 6.41, 6.35 6.07, 5.89 2.86, 2.41 0.34, ÿ1.05
5d 8.50 7.96 (m) 7.28 (m) 4.09 6.42, 6.36 6.07, 5.89 2.86, 2.39 0.28, ÿ1.06
5 f 8.49 6.34, 6.34 6.06, 5.89 2.97, 2.50 0.08, ÿ1.31


[a] For complexes 3, Ho, Hp, Hp(ax), Hm(ax), and Ho(ax) are identical to Ho', Hp', Hp(ax)', Hm(ax)', and Ho(ax)', respectively. [b] 3a, 3 e, 4a, 5a : X�H; 3b, 4b,
5b : X�Me (s, 12H); 3 d, 4d, 5 d : X�OMe (s, 12H). [c] NH2 (s, 2H) for 4 a, 4b, 4 d, 4 f ; NH (s, 1H) and OH (s, 1H) for 5a, 5b, 5 d, 5 f. All these signals
disappeared after addition of D2O. [d] Hm, Hm', Hp (12 H). [e] In CD2Cl2.


Figure 1. 1H NMR spectra of a) complex 3 b and b) complex 4 b in CDCl3.
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bis(amine)-, and bis(imine) analogues discloses a trend
basically parallel to that observed in terms of the Hb chemical
shifts of these ruthenium porphyrins. For example, the
ªoxidation-state markerº band is found to be 1011 cmÿ1 for
3 b, 1008 cmÿ1 for 4 b, 1008 cmÿ1 for [RuII(TTP)(CO)-
(MeOH)], and �999 cmÿ1 for [RuII(TTP)(L)2] (L�NHEt2


or N(Et)�CHMe).[13] James and co-workers reported that a
strong band at 1339 cmÿ1 in the IR spectrum of 8 is assignable
to the n(NO) of the coordinated PhNO.[24] In our case, the
intense bands of the meso-tetraarylporphyrin ligands in the
region of interest preclude the identification of such n(NO)
bands for either 3 or 4.


The UV/Vis spectra of bis(nitrosobenzene) complexes 3 a ±
c feature bands at �410 (Soret) and �515 nm (b), neither of
which is appreciably changed upon addition of free PhNO. In
comparison, the mono(nitrosobenzene) complexes 4 b and 4 d
have considerably red-shifted b bands (�535 nm), although
their Soret bands are similar to those of 3 b and 3 d. Again,
such bands of 4 b and 4 d are virtually unaffected upon
addition of free PhNH2. Note that the UV/Vis spectra of 3 e (b


band: 530 nm) and 3 f (b band: 533 nm) are significantly
different from those of 3 a ± c, but rather similar to those of 4 b
and 4 d, possibly suggesting a considerable dissociation of 3 e
and 3 f in the dilute solutions ([complex]�� 10ÿ5m). We did
observe that the b bands of 3 e and 3 f in the presence of free
PhNO (�520 nm) became closer to those of 3 a ± c.


In the mass spectra of either 3 or 4, the most intense peaks
usually correspond to the fragments [Ru(Por)(PhNO)]� , like
the cases of previously reported metalloporphyrin nitroso-
alkane[19] or nitrosoarene complexes.[24, 28] In some cases (such
as 3 b, 3 f, 4 b, and 4 d) the peaks assignable to the parent ions
are observed, but their intensities are rather weak.


X-ray crystal structure determinations of complexes 3a, 3e ´
CH2Cl2 ´ CHCl3, and 4d ´ 2 CHCl3 : It has been well document-
ed that nitrosoarene or -alkane ligands exhibit a variety of
coordination modes, the most common of which is the
unidentate N-coordination M ± N(O)X (X�R or Ar).[32] To
unambiguously ascertain the coordination modes of the
nitrosobenzene ligand in the bis- and mono(nitrosoarene)
complexes 3 and 4, we determined the structures of both types
of ruthenium porphyrin complexes by X-ray crystallography
using single crystals of 3 a, 3 e ´ CH2Cl2 ´ CHCl3, and 4 d ´
2 CHCl3. The corresponding crystal and structure refinement
data are given in Table 2. Figures 2 ± 4 depict the ORTEP
drawings of these complexes together with the atomic
numbering schemes (hydrogen atoms and solvent molecules,
if any, are omitted for clarity). Selected bond lengths and
angles are listed in Table 3. Evidently, all the three complexes
isolated from the ª1 � PhNHOHº system bear a unidentate,
N-coordinating, nitrosobenzene ligand.[33] Prior to this work,
quite a few ruthenium complexes with nitrosoalkane or -arene
ligands were reported,[24, 34±43] but in none of the structurally
characterized ones does a nitrosoarene ligand adopt the
unidentate coordination.[44]


The structures of 3 a, 3 e, and 4 d all contain a distorted
octahedral RuN6 coordination core, whose axial N-Ru-N
angle and average RuÿN(Por) bond length lie in the range of
171.6(1) ± 178.9(1)8 and 2.048(2) ± 2.051(3) �, respectively
(Table 3). The porphyrin ring in each of these complexes is
virtually planar, with its 24 omponent atoms showing a mean
deviation of 0.0382 (3 a)/0.0306 (3 e)/0.0356 � (4 d) from the
least-squares plane. The orientations of the axial ligands with
respect to the porphyrin ring planes are depicted in Figure 5.
For all the three complexes, the axial Ru-N(O)-C moiety


Table 2. Crystal data and structure refinement for complexes 3a, 3 e, and 4 d.


3a 3e ´ CH2Cl2 ´ CHCl3 4d ´ 2 CHCl3


formula C56H38N6O2Ru C56H30Cl8N6O2Ru ´ CH2Cl2 ´ CHCl3 C60H48N6O5Ru ´ 2 CHCl3


MR 928.03 1407.82 1272.85
l [�] 0.71073 0.71073 0.71073
T [K] 301 294 294
crystal system triclinic monoclinic triclinic
space group P1Å Cc P1
a [�] 11.314(3) 12.098(2) 11.418(1)
b [�] 11.513(4) 42.254(5) 11.419(1)
c [�] 18.301(4) 12.309(2) 11.496(1)
a [8] 82.32(2) 90 94.021(2)
b [8] 77.94(2) 115.076(2) 100.172(2)
g [8] 73.05(2) 90 97.613(2)
V [�3] 2223(1) 5699(1) 1455.5(2)
Z 2 4 1
1calcd [Mg mÿ3] 1.386 1.641 1.452
m (MoKa) [mmÿ1] 0.404 0.94 0.600
F(000) 952 2816 650
index ranges ÿ 12� h� 13 ÿ 14� h� 15 ÿ 11�h� 14


0� k� 13 ÿ 48� k� 54 ÿ 14�k� 14
ÿ 21� l� 21 ÿ 16� l� 10 ÿ 14� l� 14


reflections collected 8263 19044 9751
independent reflections 7838 9467 7869
parameters 586 755 740
goodness-of-fit 1.64 0.888 1.131
final R indices [I> 2s(I)] R[a]� 0.035, wR[a]� 0.044 R1� 0.0573, wR2� 0.1372 R1� 0.064, wR2� 0.169
largest difference peak/hole [e �ÿ3] 1.04/ÿ 0.56 0.921/ÿ 0.905 0.929/ÿ 0.711


[a] I> 3 s(I).
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Figure 2. ORTEP drawing and the atomic numbering scheme for complex
3a with thermal ellipsoids on the 40% probability level.


Figure 3. ORTEP drawing and the atomic numbering scheme for complex
3e with thermal ellipsoids on the 50% probability level.


exhibits an excellent planarity (the sum of the component
bond angles ranges from 358.5-3608), consistent with the sp2


nature of the nitrosobenzene N atom.
In the case of the bis(nitrosoarene) complexes, the average


RuÿN(PhNO) bond lengths (3 a : 2.003(3), 3 e : 1.991(3) �) are
appreciably larger than the RuÿN(EtNO) bond length of
1.918(2) � in the organometallic nitrosoalkane complex [(h5-
C5Me5)Ru(EtNO)(Ph)(PPhMe2)],[38] but smaller than the
corresponding bond lengths of 2.093(4) ± 2.115(7) � in ruthe-
nium complexes with h2-nitrosoarene ligands.[40, 42, 43] The two
axial PhNO ligands in either 3 a or 3 e adopt a staggered
conformation, as can be seen from Figure 5. Such a con-
formation is considered beneficial to the axial M!N(O)Ar


Figure 4. ORTEP drawing and the atomic numbering scheme for complex
4d with thermal ellipsoids on the 50% probability level.


back-bonding in [M(Por)(ArNO)2], such as the osmium
analogues of 3.[28] The dihedral angles between the two
Ru-N(O)-C least-squares planes are determined to be 84.4
(3 a) and 70.48 (3 e).


Compared with the structures of 3 a and 3 e, the mono-
(nitrosoarene) complex 4 d has a substantially larger C-N-O
angle, but smaller Ru-N-C and Ru-N-O angles for the
RuÿN(O)Ph moiety (Table 3); this indicates that the PhNO
ligand in 4 d is more ªopenº and may have a greater
delocalization over the N�O and the attached phenyl


Table 3. Selected bond lengths [�] and angles [8] for complexes 3a,
3e, and 4d.


3a 3e 4 d


Ru1ÿN1 2.055(3) 2.051(2) 2.013(2)
Ru1ÿN2 2.052(3) 2.061(2) 2.014(2)
Ru1ÿN3 2.047(3) 2.043(2) 2.077(2)
Ru1ÿN4 2.050(3) 2.038(2) 2.087(2)
Ru1ÿN5 2.052(3) 1.967(2) 2.075(3)
Ru1ÿN6 1.954(3) 2.014(3) 2.042(2)
N5ÿO1 1.241(3) 1.235(3)
N6ÿO2[a] 1.235(3) 1.236(4) 1.159(3)
N1-Ru1-N2 89.6(1) 89.58(9) 88.10(8)
N2-Ru1-N3 90.2(1) 89.96(9) 90.55(8)
N3-Ru1-N4 90.2(1) 90.27(9) 90.88(8)
N4-Ru1-N1 89.9(1) 90.18(9) 90.43(8)
N5-Ru1-N6 171.6(1) 177.39(9) 178.9(1)
Ru1-N5-C51[b] 127.7(2) 125.2(2) 122.3(2)
Ru1-N5-O1 117.6(2) 122.0(2)
Ru1-N6-C45[c] 124.0(2) 127.1(2) 118.9(2)
Ru1-N6-O2[a] 123.7(2) 121.6(2) 118.6(2)
O1-N5-C51[b] 113.2(3) 112.8(3)
O2[a]-N6-C45[c] 112.3(3) 111.2(3) 122.5(2)


[a] O5 for 4d. [b] C45 for 3e ; C49 for 4d. [c] C51 for 3 e ; C55 for 4d.
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Figure 5. Orientations of the axial ligands with respect to the porphyrin
ring for a) complex 3 a, b) complex 3 e, and c) complex 4 d.


groups.[45] The larger difference between the RuÿN1 (or
RuÿN2) and RuÿN3 (or RuÿN4) bond lengths in 4 d than in
3 a and 3 e shows that the ruthenium atom in 4 d is more
greatly displaced from the center of the equatorial RuN4 plane.


Strikingly, although the RuÿN(O)Ph bonding in 4 d may
benefit from a push-pull effect in view of the p-acid character
of PhNO and the Lewis base character of PhNH2, this
mono(nitrosoarene) complex has a rather long RuÿN(PhNO)
bond (2.042(2) �), which is even longer than the correspond-
ing bonds in the bis(nitrosoarene) complexes 3 a and 3 e, and a
short NÿO bond (1.159(3) �), which is even shorter than that
reported for free PhNO (1.17 ± 1.24 �);[46] this is very different
from the observations on a mono(nitrosoalkane) analogue of
4 d, that is, [FeII(TPP)(iPrNO)(iPrNH2)] (9),[19] which features
a fairly short FeÿN(iPrNO) bond (1.86 �) with the NÿO bond
appreciably longer than that assumed for a free nitrosoalkane.
Apparently, despite the strong p-acid character of the PhNO
ligand, there is no considerable trans influence in the
bis(nitrosoarene) complexes 3, in contrast to the case of the
osmium complex 2, which bears mixed axial ligands CO/
PhNO.[28, 30] Another notable feature in the structure of 4 d is
the rather short RuÿN(PhNH2) bond of 2.075(3) �, which is
�0.12 � shorter than the RuÿN(L) bond in [RuII(TPP)-
(CO)(L)] (L�Py or 1-MeIm).[47] This is surprising in view of
the weaker Lewis basicity of aniline than pyridine and
imidazole. Since no other ruthenium porphyrins with an axial
arylamine ligand have been structurally characterized, it


remains unclear whether the trans RuÿN(O)Ph group is
responsible for the short RuÿN(PhNH2) bond in 4 d.


Table 4 shows a comparison of the MÿN(O)X moieties
among the three structurally characterized metalloporphyrin
mono(nitrosoalkane or -arene) complexes 2, 4 d, and 9. In
spite of the above-mentioned unusual structural features of
4 d, the trend of the MÿN(XNO) bond length: 9< 4 d< 2 is
consistent with the Lewis basicity iPrNH2>PhNH2 and the
strong p-acid character of CO;[48] the larger C-N-O angles of
the nitrosoarene complexes 2 and 4 d than that of the
nitrosoalkane complex 9 are in agreement with the structure
features of nitrosoarene and nitrosoalkane.[45] Of particular
interest is the large difference (�0.21 �) between the
MÿN(XNO) and MÿC(CO) bond lengths in 4 d and
[RuII(TPP)(CO)(L)] (L�Py or 1-MeIm)[47] compared with
the corresponding difference (�0.07 �) in 9 and [FeII(TPP)-
(CO)(L)] (L�Py or 1-MeIm).[47] This probably suggests
either a considerably weaker MÿN(O)Ar bonding than
MÿN(O)R[49] or a remarkable sensitivity of the MÿN(O)Ar
bonding to the basicity of the trans ligand L in [MII(Por)-
(XNO)(L)] complexes.


Mechanistic aspects : Despite the importance of the interaction
between metalloporphyrin and N-substituted hydroxyla-
mines, the mechanism of such interaction has not been
investigated in a considerable detail. To account for the
observed stoichiometry for the two-electron oxidation of
RNHOH to RNO under anaerobic conditions in the ª[FeIII-
(Por)Cl] � RNHOHº system, Mansuy and co-workers
proposed that both the reactants serve as a one-electron
oxidant.[19] However, in the ª1 � PhNHOHº system, the
formation of ruthenium(ii) complexes 3 and 4 indicates a four-
electron oxidant nature of the ruthenium(vi) complexes 1.
This feature, together with the catalytic formation of
PhN(O)�NPh and PhNH2, signifies the operation of a more
complicated mechanism in the interaction between 1 and
PhNHOH.


Inasmuch as complexes 1 are prone to undergo oxygen
atom transfer reactions,[3±9] a mechanism as shown in


Scheme 3 reaction (11) seems
probable; this is analogous to
that reported for the oxidation
of ArNHOH with methylrheni-
um trioxide.[50] However, reac-
tion (11) alone requires only
two equivalents of PhNHOH
to reach completion and can
account for neither the forma-
tion of complexes 4 nor the
catalytic production of PhNH2


in the system. Recognizing that
complexes 3 formed from reac-
tion (11) are reactive to hydrox-
ylamine (vide supra), it is likely
that these complexes can cata-
lyze the disproportionation of
PhNHOH to form PhNO and
PhNH2.[51] To provide support
for this, we examined the reac-


Table 4. Comparison of the structural features of MÿN(O)R or MÿN(O)Ar moieties in metalloporphyrins with
mononitrosoalkane or -arene axial ligands.


Fe


N
O


NH2


II


2.10(2) Å
Ru


N
O


NH2


II


2.075(3) Å


Os


N
O


CO


II


1.93(2) Å


9[a] 4 d 2[b]


MÿN 1.86(1) 2.042(2) 2.18(2)
NÿO 1.26(2) 1.159(3) 1.26(2)
NÿC 1.55(2) 1.434(3) 1.39(3)
M-N-O 124(1) 118.6(2) 113(2)
M-N-C 119(1) 118.9(2) 122(1)
C-N-O 117(1) 122.5(2) 120(2)


[a] Ref. [19]. [b] Ref. [28].
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Scheme 3. Proposed mechanism for the interaction between complexes 1
and N-phenylhydroxylamine.


tivity of the isolated 3 toward PhNHOH. When 3 a was treated
with four equivalents of PhNHOH in CD2Cl2, a new complex
was formed almost quantitatively within ten minutes, whose
1H NMR spectrum (Figure 6 a and Table 1) is entirely
consistent with the formulation [RuII(TPP)(PhNO)(PhN-
HOH)] (5 a).[52] Integration of the signals in Figure 6 a gives
an expected 5 a :PhNHOH(free):PhNO(free) molar ratio of
�1:3:1, indicating the occurrence of reaction (12) in
Scheme 3. After the reaction mixture was kept for two hours,
5 a almost completely disappeared (Figure 6 b), with concom-
itant formation of 3 a and 4 a in �1:8 molar ratio (reac-
tion (13) in Scheme 3).[53] At this stage, no PhNHOH was
detected, and the organic products observed are
PhN(O)�NPh, PhNO, and PhNH2 (molar ratio: �1:1.5:1).
Similar phenomena were also observed for 3 b and 3 f. To
further examine the catalytic behavior of 3 toward the
PhNHOH disproportionation, we treated the hydroxylamine
with 2 mol % of 3 f under an inert atmosphere; this resulted in
a �50 % substrate conversion within three days. The organic
products formed in this case are PhN(O)�NPh and PhNH2;
no PhNO was observed (see Experimental Section).


In view of the weaker basicity of PhNHOH than PhNH2,[52]


the facile formation of 5 from 3 suggests that 3 would also
react with PhNH2 to form 4. Indeed, treatment of 3 b or 3 f
with six equivalents of PhNH2 in CDCl3 gave rise to 4 b or 4 f
as the only detectable porphyrin species (reaction (14) in


Scheme 3). Worthy of note is that reaction (14) is reversible.
When the isolated 4 d was treated with four equivalents of
PhNO in CDCl3, about half of the amount of the complex was
converted into 3 d. This indicates the presence of an equili-
brium among 3, 4, PhNO, and PhNH2. Interestingly, although
PhNH2 is more strongly basic than PhNHOH, the bound
PhNH2 ligand in 4 d can readily be replaced by PhNHOH
(reaction (15) in Scheme 3), as revealed by the reaction of 4 d
with four equivalents of PhNHOH, which afforded 5 d as the
predominant porphyrin species within ten minutes.


Evidently, when the system contains an excess of
PhNHOH, reaction (12) will lead to partial liberation of the
bound PhNO in 3, whereas reaction (15) will result in
liberation of PhNH2 in 4. The facile reaction of free PhNO
with PhNHOH to form PhN(O)�NPh, reaction (16),[54] prob-
ably accounts for both the formation of the azoxybenzene in
the system and the absence of PhNO in the presence of a large
excess of PhNHOH (as in the aforementioned catalytic
disproportionation of the hydroxylamine in the presence of
2 mol % 3 f). Another feature of the ª1 � PhNHOHº system
lies in the unobserved condensation of PhNO and PhNH2 to
form azobenzene (PhN�NPh). Such a condensation was
found to occur rapidly and accompany the rapid formation
of PhN(O)�NPh by reaction (16) in the photochemical
disproportionation of PhNHOH.[55]


The observation of complexes 5 not only discloses the
feasible ligation of N-arylhydroxylamine by a metallopor-
phyrin, but also provides an unprecedented coordination of
N-substituted hydroxylamine to ruthenium. Previously, a
handful of metal hydroxylamine complexes were observed
or isolated,[19, 22, 23, 56±58] of which only one, [RuII(CO)2-
(PPh3)2(NH2OH)Cl]� ,[57] contains a ruthenium center; how-
ever, this is an organometallic compound coordinating the
unsubstituted NH2OH. Although complexes 5 were clearly
observed only in the presence of free PhNHOH and were not
isolated in pure forms, their RuÿNH(OH)Ph moieties are
surprisingly robust, even more robust than the FeÿNH-
(OH)iPr moiety in the iron porphyrin 7, which bears a more
strongly basic N-alkylhydroxylamine.[19] For example, no
rapid exchange between the coordinated PhNHOH in 5 and
the free PhNHOH in solution was observed at room temper-
ature (see Figure 6 a), in contrast to the case of complex 7
whose iPrNHOH axial ligand rapidly exchanges with free
iPrNHOH even at ÿ63 8C.[19] Since N-substituted hydroxyl-
amines are known to coordinate with cytochrome P-455,[59]


the formation of complexes 7 and 5 (the only observed N-
alkyl- and N-arylhydroxylamine complexes of synthetic
metalloporphyrins, respectively) should be of significance.


Reaction of dioxoruthenium(vi) porphyrins with NH2OH :
Unlike the reactions of complexes 1 with PhNHOH that form
nitrosobenzene complexes, treatment of the dioxo complexes
(1 a or 1 f) with NH2OH (generated in situ from NH2OH ´ HCl
� Et3N) afforded nitrosylruthenium(ii) porphyrins 6 a or 6 f in
moderate yields (reaction (17) in Scheme 4). The binding of
nitrosyl group to ruthenium porphyrins has been a subject of
extensive investigations in recent years,[60, 61] which led to
isolation of a good number of nitrosylruthenium(ii) porphyr-
ins including 6 a (all from a direct reaction with nitric oxide).
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Scheme 4. Reaction of complexes 1 with NH2OH to form nitrosylruthe-
nium(ii) porphyrins.


However, reaction (17) uniquely generates a nitrosylruthe-
nium(ii) porphyrin from oxidation of NH2OH, a reactivity
similar to the formation of the nitrosyl complex of myoglobin
from NH2OH in the presence of hydrogen peroxide.[62] It
should be noted that while some nonporphyrin oxometal
complexes were reported to react with NH2OH to form metal
nitrosyl complexes,[63, 64] complexes 1 are the only isolated
oxometalloporphyrins that exhibit a similar reactivity.


Complex 6 f gives an intense n(NO) band at �1830 cmÿ1 in
its IR spectrum, like the previously reported complex 6 a.[61]


The ªoxidation-state markerº band of 6 f is located at
1020 cmÿ1, a frequency markedly higher than that of the
nitrosoarene analogue 3 f (1013 cmÿ1). This is in accord with


the stronger p-acid character of
the nitrosyl ligand. In the mass
spectrum of 6 f, the peaks as-
signable to the parent ion [M]�


and the fragments [MÿOH]�


and [MÿOHÿNO]� are all
observed.


Conclusion


Interactions between dioxoru-
thenium(vi) porphyrins [RuVI-
O2(Por)] (1) and excess N-
phenylhydroxylamine result in
formation of nitrosobenzene
complexes [RuII(Por)(PhNO)2]
(3), [RuII(Por)(PhNO)(Ph-
NH2)] (4), and [RuII(Por)(Ph-
NO)(PhNHOH)] (5) accompa-
nied by catalytic disproportion-
ation of the N-arylhydroxyl-
amine into azoxybenzene and
aniline. Complexes 3 and 4 have
been isolated in pure forms;
their structures both feature
unidentate nitrosoarene coordi-
nation, in contrast to the h2-
nitrosoarene coordination of all
the structurally characterized
ruthenium nitrosoarene com-
plexes reported in the litera-
ture. The long RuÿN(PhNO)
bond and unusually short NÿO
bond in 4 (Por� 4-MeO-TPP)
is striking in view of the possi-


ble presence of a push-pull effect beneficial to the Ru!
N(O)Ph back-bonding in the complex due to the strong p-
acid character of PhNO and the Lewis base character of
aniline. The direct observation of 5 (by 1H NMR spectros-
copy), whose ligated PhNHOH group undergoes no rapid
exchange with free PhNHOH in the solution at room
temperature, creates a precedent for coordination of N-
substituted hydroxylamines to ruthenium. In contrast to the
reaction of 1 with N-phenylhydroxylamine, the reaction
between 1 and the unsubstituted hydroxylamine gives rise to
[RuII(Por)(NO)(OH)] (6), providing a novel access to nitro-
sylruthenium(ii) porphyrins.


Experimental Section


General : All the reactions were performed at room temperature. Hydrox-
ylamine hydrochloride (99 %, Aldrich), triethylamine (99 %, Acros),
aniline (99 %, Aldrich), nitrosobenzene (97 %, Aldrich), and all the
solvents (AR grade) were used as received. N-Phenylhydroxylamine[65]


and complexes 1 a ± f[1, 2, 4, 6] were prepared according to the literature
methods. 1H NMR spectra were recorded on a Bruker DPX 300 spectrom-
eter (300 MHz) with CDCl3 or CD2Cl2 as the solvent (containing
tetramethylsilane (TMS) unless otherwise stated). The chemical shifts (d)
are reported relative to TMS. IR spectra were measured on a Bio-Rad FT-
IR spectrometer (KBr pellet). UV/Vis spectra were recorded on a


Figure 6. 1H NMR spectra of a mixture of complex 3 a and PhNHOH (4 equiv) in CD2Cl2 after a) 10 min and
b) 2 h. The peaks at d� 0.40 and ÿ1.09 in a) and the broad peak at d� 1.8 in b) all disappeared when D2O was
added to the mixture. Note that no TMS was added to the deuterated solvent.







Ruthenium Complexes with Nitrosoarene Ligands 2306 ± 2317


Chem. Eur. J. 2001, 7, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0711-2315 $ 17.50+.50/0 2315


Hewlett ± Packard 8452A diode-array spectrometer. Mass spectra were
measured on a Finnigan LCQ quadruple ion-trap (electrospray) or
Finnigan MAT 95 (FAB, matrix: 3-nitrobenzyl alcohol) mass spectrometer.
Elemental analyses were performed by the Institute of Chemistry, the
Chinese Academy of Sciences.


Isolation of bis(nitrosobenzene)ruthenium(ii) porphyrins 3 : A mixture of
complex 1 (0.05 mmol) and N-phenylhydroxylamine (33 mg, 0.3 mmol) in
chloroform (15 mL) was stirred for 2 h. After removal of the solvent, the
residue was purified by chromatography on a column of silica gel with
dichloromethane/hexane (2:1 v/v) as the eluent, affording the desired
products in 40 ± 93% yields.


(meso-Tetraphenylporphyrinato)bis(nitrosobenzene)ruthenium(ii) (3a):
Yield: 83%; UV/Vis (6.65� 10ÿ6m, CH2Cl2): lmax (log e)� 410 (5.26), 514
(4.03), 602 nm (3.74, sh); IR: nÄ � 1010 cmÿ1 (ªoxidation-state markerº
band); ESMS: m/z : 821 [MÿPhNO]� , 714 [Mÿ 2 PhNO]� ; elemental
analysis calcd (%) for C56H38N6O2Ru (928.01): C 72.48, H 4.13, N 9.06;
found C 72.53, H 4.13, N 9.08.


(meso-Tetrakis(p-tolyl)porphyrinato)bis(nitrosobenzene)ruthenium(ii)
(3b): Yield: 82%; UV/Vis (9.10� 10ÿ6m, CH2Cl2): lmax (log e)� 413 (5.21),
516 (4.04), 592 nm (3.76, sh); IR: nÄ � 1011 cmÿ1 (ªoxidation-state markerº
band); ESMS: m/z : 983 [MÿH]� , 878 [MÿPhNO�H]� , 770 [Mÿ
2PhNO]� ; elemental analysis calcd (%) for C60H46N6O2Ru (984.12): C
73.23, H 4.71, N 8.54; found C 72.93, H 4.89, N 9.01.


(meso-Tetrakis(p-chlorophenyl)porphyrinato)bis(nitrosobenzene)ruthe-
nium(ii) (3 c): Yield: 84%; UV/Vis (7.51� 10ÿ6m, CH2Cl2): lmax (log e)� 412
(5.22), 515 (4.05), 597 nm (3.72, sh); IR: nÄ � 1010 cmÿ1 (ªoxidation-state
markerº band); ESMS: m/z : 990 [MÿPh�H]� , 959 [MÿPhNO]� , 852
[Mÿ 2PhNO]� ; elemental analysis calcd (%) for C56H34Cl4N6O2Ru
(1065.79): C 63.11, H 3.22, N 7.88; found C 63.54, H 3.47, N 8.16.


(meso-Tetrakis(2,6-dichlorophenyl)porphyrinato)bis(nitrosobenzene)ru-
thenium(ii) (3 e): Yield: 40 %; UV/Vis (4.32� 10ÿ6m, CH2Cl2): lmax (log
e)� 410 (5.30), 530 (4.05), 580 nm (3.75, sh); IR: nÄ � 1008 cmÿ1 (ªoxidation-
state markerº band); ESMS: m/z : 1097 [MÿPhNO]� , 989 [Mÿ 2PhNO]� .


(meso-Tetrakis(pentafluorophenyl)porphyrinato)bis(nitrosobenzene)ru-
thenium(ii) (3 f): Yield: 93%; UV/Vis (1.40� 10ÿ5m, CH2Cl2): lmax (log e)�
407 (5.15), 533 (4.24), 573 nm (4.07, sh); IR: nÄ � 1013 cmÿ1 (ªoxidation-state
markerº band); ESMS: m/z : 1288 [M]� , 1181 [MÿPhNO]� , 1074 [Mÿ
2PhNO]� ; elemental analysis calcd (%) for C56H18F20N6O2Ru ´ 0.5C6H14


(1330.91): C 53.24, H 1.89, N 6.34; found C 53.00, H 1.59, N 6.72.


Isolation of mono(nitrosobenzene)ruthenium(ii) porphyrin 4 d : This pro-
cedure was identical to that for the isolation of complexes 3, except that
dichloromethane/methanol (96:4 v/v) was used as the eluent (in this case no
ruthenium porphyrin could be eluted by dichloromethane/hexane mix-
ture).


(meso-Tetrakis(p-methoxyphenyl)porphyrinato)(nitrosobenzene)(aniline)-
ruthenium(ii) (4d): Yield: 78%; UV/Vis (3.43� 10ÿ6m, CH2Cl2): lmax (log
e)� 414 (5.36), 535 (3.99), 612 nm (3.61, sh); IR: nÄ � 3340 (NH), 3284 (NH),
1006 cmÿ1 (ªoxidation-state markerº band); ESMS: m/z : 1034 [M]� , 941
[MÿPhNH2]� , 834 [MÿPhNOÿPhNH2]� ; elemental analysis calcd (%)
for C60H48N6O5Ru ´ 4/3 CH2Cl2 (1147.37): C 64.20, H 4.45, N 7.32; found C
64.69, H 4.40, N 7.41.


Isolation of mono(nitrosobenzene)ruthenium(ii) porphyrin 4b : A solution
of complex 1b (0.06 mmol) and PhNHOH (0.6 mmol) in chloroform
(10 mL) was stirred at room temperature for 24 h. The resulting dark red
solution was concentrated to �2 mL followed by addition of ethanol
(10 mL). After the mixture was kept open to the atmosphere overnight, the
purple solid precipitated was collected by filtration, washed with ethanol
and dried.


(meso-Tetrakis(p-tolyl)porphyrinato)(nitrosobenzene)(aniline)ruthenium(ii)
(4b): Yield: 64%; UV/Vis (5.8� 10ÿ6m, CH2Cl2): lmax (log e)� 413
(5.29), 533 (4.32), 602 nm (3.68, sh); IR: nÄ � 3345 (NH), 3278 (NH),
1008 cmÿ1 (ªoxidation-state markerº band); ESMS: m/z : 970 [M]� , 877
[MÿPhNH2]� , 770 [MÿPhNOÿPhNH2]� .


Isolation of nitrosylruthenium(ii) porphyrins 6 : Complex 1a or 1 f
(0.05 mmol) was added to a solution of NH2OH ´ HCl (21 mg, 0.3 mmol)
in chloroform (15 mL) containing triethylamine (0.43 mL, 3 mmol). The
mixture was stirred for 2 h at room temperature and then evaporated to


dryness. Column chromatography of the residual solid on silica gel by using
dichloromethane/methanol (98:2 v/v) as the eluent afforded the desired
product in moderate yield.


(meso-Tetraphenylporphyrinato)(hydroxy)(nitrosyl)ruthenium(ii) (6a):
Yield: 65 %; the spectral data of this complex are identical to those
reported in ref. [61].


(meso-Tetrakis(pentafluorophenyl)porphyrinato)(hydroxy)(nitrosyl)ru-
thenium(ii) (6 f): Yield: 35%; 1H NMR (300 MHz, CDCl3): d� 9.01 (s, 8H;
Hb); UV/Vis (1.02� 10ÿ5m, CH2Cl2): lmax (log e)� 405 (5.21), 551 nm
(4.26); IR: nÄ � 1832 (NO), 1020 cmÿ1 (ªoxidation-state markerº band);
FAB MS: m/z : 1121 [M]� , 1104 [MÿOH]� , 1074 [MÿOHÿNO]� .


In situ reaction of complexes 1 with PhNHOH : A mixture of 1d (4.3 mg,
5� 10ÿ3 mmol) and PhNHOH was dissolved in CDCl3 (0.5 mL). The
resultant solution was stirred for 2 h and then examined by 1H NMR
spectroscopy. The products formed in the system depended on the
equivalents of starting PhNHOH: 1) two equivalents: 3d and 4 d in
�4:1 molar ratio, and 2) six equivalents: 4 d and 3 d in �2:1 molar ratio,
accompanied by the formation of free PhNO, PhNH2, and PhN(O)�NPh.
In both cases, the starting PhNHOH was completely consumed. The
reaction of 1b with six equivalents of PhNHOH was also examined, which
is similar to the case of 1 d under similar conditions.


In situ reaction of complexes 3 with PhNHOH : PhNHOH (4 equiv) was
added to a solution of 3a (5� 10ÿ3 mmol) in CDCl3 (0.5 mL). The mixture
was shaken for 5 min and examined by 1H NMR spectroscopy, which
revealed that 3a was almost quantitatively converted into 5 a within 10 min,
with concomitant formation of free PhNO. After the mixture was kept for
2 h, 5 a was almost completely changed into a mixture of 3a and 4a in
�1:8 molar ratio accompanied by formation of free PhNH2 and
PhN(O)�NPh (PhNHOH was not detected). Similar phenomenon was
also observed for 3 b and 3 f. In a typical catalytic experiment, complex 3 f
was treated with 50 equivalents of PhNHOH under argon for 3 days,
resulting in a�50% conversion of the hydroxylamine to PhN(O)�NPh and
PhNH2 and a complete conversion of 3 f into a mixture of 4 f and 5 f with
4 f :5 f :(PhN(O)�NPh):PhNH2 molar ratio of �1:2:28:22.


In situ reaction of complexes 3 with PhNH2 : PhNH2 (6 equiv) was added to
a solution of 3 b or 3 f (5� 10ÿ3 mmol) in CDCl3 (0.5 mL). The mixture was
shaken for 5 min and examined by 1H NMR spectroscopy, which revealed
the formation of 4b or 4 f as the only detectable porphyrin species, with
concomitant formation of free PhNO.


In situ reaction of complex 4d with PhNO or PhNHOH : PhNO or
PhNHOH (4 equiv) was added to a solution of 4d (5.2 mg, 5� 10ÿ3 mmol)
in CDCl3 (0.5 mL). The mixture was shaken for 5 min and examined by
1H NMR spectroscopy. For the reaction with PhNO, a mixture of 3 d and 4d
in �1:1 molar ratio was observed, whereas for that with PhNHOH, 5d was
found to be the predominant porphyrin species (only traces of 4 d was
detected).


X-ray crystal structure determinations of 3a, 3e, and 4 d : Single crystals of
complex 3 a were obtained by slow evaporation of a solution of the complex
in dichloromethane, whereas those of 3 e and 4 d were obtained in the forms
3e ´ CH2Cl2 ´ CHCl3 and 4d ´ 2CHCl3 by slow diffusion of hexane into
solutions of 3 e and 4d in chloroform/dichloromethane mixtures. In the case
of 3 a, the data were collected at 301 K on a Rigaku AFC7R diffractometer
by using a crystal of dimensions 0.30� 0.15� 0.10 mm. The structure was
refined by full-matrix least-squares on F with the software package
TeXsan[66] on a Silicon Graphics Indy computer. For the latter two
complexes, data collection was made at 294 K on a Bruker SMART CCD
diffractometer by employing a crystal of the dimensions 0.20� 0.16� 0.14
(3e ´ CH2Cl2 ´ CHCl3) and 0.20� 0.16� 0.14 mm (4 d ´ 2CHCl3). The struc-
tures were refined by full-matrix least-squares on F 2 with the SHELXL-97
program. In all the three cases a graphite monochromatized MoKa radiation
(l� 0.71073 �) was used.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-150796 (3a),
CCDC-150797 (3e), and CCDC-150798 (4d). Copies of the data can be
obtained free of charge on application to CCDC, 12 Union Road,
Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033; e-mail : deposit@
ccdc.cam.ac.uk).
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Preparation of Resin-Bound N-(a-Methoxyalkyl)amides: An Advantageous
Use of Solid-Phase Chemistry for the Handling of Unstable Precursors of the
Versatile N-Acyliminium Ions


CeÂcile Vanier, Alain Wagner,* and Charles Mioskowski*[a]


Abstract: The development of a new and efficient synthesis of resin-bound N-(a-
methoxyalkyl)amides is described. The condensation of aldehydes on a supported
amide in the presence of trimethyl orthoformate afforded, in acidic media, the resin-
bound N-acyliminium ion precursors. Repeating the reaction a second time led to a
great improvement in yields, demonstrating one advantage of the solid-phase
chemistry for the handling of sensitive intermediates difficult to isolate.


Keywords: acyliminium ions ´
amides ´ solid-phase synthesis


Introduction


N-Acyliminium ions are versatile intermediates for carbon ±
carbon bond-forming reactions, such as Mannich-type con-
densations. They also undergo reactions with many nucleo-
philes, for example, alkyl zinc reagents (path A, Scheme 1),
activated methylene derivatives (path B, Scheme 1) or aro-
matic and heteroaromatic compounds (path C, Scheme 1).
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Scheme 1. N-Acyliminium-ion chemistry allows access to important struc-
tural diversity through reactions with nucleophiles, dienes or dienophiles.


They have been reported to be valuable partners in cyclo-
addition reactions: as dienophiles (path D, Scheme 1) or as
electron-poor 4p components in [4�2] cycloadditions with
alkenes (path E, Scheme 1) or alkynes (path F, Scheme 1).[1]


Such versatility is very attractive for solid-phase chemistry,
since it would enable the generation of structural diversity
from a common precursor. However, the synthesis of these
intermediates on a solid support is not an easy task.


N-Acyliminium ions are highly reactive and unstable
species that have to be generated in situ. The most straight-
forward preparation is the direct condensation of an amide
and an aldehyde in strongly acidic media. Although often
applied for Mannich- or Friedel ± Crafts-type reactions, these
conditions are not compatible with many sensitive substrates
nor applicable to all the above types of chemistry. Thus,
alternative methods that allow access to N-acyliminium ions
under milder conditions have been investigated. Most meth-
ods involve precursors of the N-(a-heteroatom-alkyl)amide
type. The N-acyliminium ions are subsequently generated
through acid-assisted ionization (Scheme 2).
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O X


R1 N R2
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Scheme 2. Acid-catalyzed generation of N-acyliminium ions from various
precursors.


In practice, the syntheses of the various types of precursors
are often problematic, and none of the reported methods can
be applied to a wide variety of substrates. Hence, if the X
group has no or little influence on the activation step, it
appears to be crucial for the preparation of the precursor.[2]
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For instance, the preparation of N-(a-hydroxyalkyl)amides
(X�OH) or N,N'-alkylidenebisamides (X�NHCOR1) re-
quires strongly acidic reaction conditions (such as concen-
trated sulfuric acid or hot polyphosphoric acid), which are so
severe that they limit its scope. Moreover, they seem to be
restricted to the cases where R2 is an electron withdrawing
group.


When X is a halide, the compounds are so unstable that
they are very difficult to generate and isolate.[2] In contrast, N-
(a-alkoxyalkyl)amides (X�OR) are usually stable molecules
that can be activated under mild acidic conditions. However,
their synthesis remains problematic, since the condensation of
amides with aldehydes or acetals is an equilibrium process
that usually disfavors the alkoxy adduct. Thus, this prepara-
tion is limited to reactive aldehydes like formaldehyde,
chloral, or glyoxylic acid and its esters. Other aldehydes
generally require electrochemical preparation: anodic oxida-
tion of N-alkylated amides in alcohols.[3] Alternative indirect
routes, such as ionization rearrangement of N-trifluorome-
thanesulfonylamides,[4] or acylation of imidate nitrogen,[5] are
reported, but are not of synthetic use,[6] especially for solid-
phase synthesis.


N-(1-Benzotriazolylalkyl)amides (X� benzotriazole) have
been widely investigated by Katritzky et al.[7] Condensation of
an aldehyde, an amide, and benzotriazole in toluene with
azeotropic removal of water gives, after crystallization, the
desired product in high yield and good purity. This preparative
method affords versatile precursors of N-acyliminium ions,
but has some drawbacks such as long reaction time, limited
choice of aldehydes (mainly aromatics), and low solubility of
the triazole adducts in usual organic solvents.


The few papers dealing with the preparation of N-acylimi-
nium ions and their precursors on solid supports highlight the
synthetic potential of these versatile species for the gener-
ation of structural diversity, but also the difficulty in handling
such reactive species. Hiemstra et al. reported the reaction of
N-acyliminium ions, generated from an alkoxy precursor, with
allyltrimethylsilyl derivatives, leading to valuable pyrrolidine
derivatives.[8] The same author described the synthesis of a
library of homoallylic amines in a one pot process involving a
transient resin-bound N-acyliminium.[9] In the same way both
Ganesan[10] and PaÂtek,[11] described the synthesis of complex
structures through intramolecular nucleophilic addition of a
pyrrole moiety on a transient N-acyliminium ion. To enlarge
the scope of N-acyliminium chemistry on solid supports we
undertook an investigation to set up a versatile and mild
preparation of stable resin-bound N-acyliminium ion precur-
sors.


Results and Discussion


We first embarked upon the transposition of Katritzky�s
procedure to solid phase chemistry. A supported aromatic
amide was allowed to react in toluene with benzaldehyde and
benzotriazole. The slurry was heated under reflux in a reactor
equipped with a Dean ± Stark apparatus for up to 72 hours. No
or very little formation of the desired compound was observed
by FT-IR analysis. The usually employed azeotropic removal


of water was quite inconvenient to adapt to the solid phase
synthesis situation: it is hardly possible to obtain a regular
boiling and the amount of removed water is too large to be
efficiently trapped. Alternative attempts to synthesize these
resin-bound derivatives in the presence of water scavengers
such as trimethyl orthoformate or trimethylchlorosilane
(TMSCl) also remained unsuccessful.


Therefore, we turned our attention to the preparation of N-
(a-alkoxyalkyl)amides, which seemed to be the most ade-
quate precursors. None of the reported solution phase
preparations were efficient enough nor compatible with
solid-phase synthesis. We thus opted to investigate the
development of an original protocol involving the condensa-
tion of an amide resin R1 with an excess of aldehyde in the
presence of trimethyl orthoformate. Resin R1, with a theo-
retical loading of 1.245 mmol gÿ1, was prepared in one step
from Merrifield resin (1.5 mmol gÿ1) by reaction with seven
equivalents of 4-hydroxybenzamide, pretreated with sodium
hydride, in anhydrous DMF. The synthesis of the N-(a-
alkoxyalkyl)amide was optimized on a model system in which
3-nitrobenzaldehyde was selected as standard aldehyde, since
it allows easy FT-IR monitoring of the reaction (Scheme 3).


O


NH2


O


H
N


O O
NO2HC(OMe)3, THF


O


R1 R2b


Acid catalyst


 3-nitrobenzaldehyde


Scheme 3. Model system used to optimize the experimental conditions for
the synthesis of the supported N-(a-methoxyalkyl)amide.


Several parameters such as the amount and nature of acid,
and the stoichiometry of all reagents were varied. According
to observations under homogeneous conditions, the first step
of the reaction involves the in situ quantitative transformation
of the aldehyde into its corresponding dimethyl acetal. It is
only in a second step that the resin-bound amide reacts with
the acetal. Consistently, reaction carried out using the acetal
as substrate gave comparable results. The reaction was first
run with one and five equivalents of acid calculated from the
theoretical resin R1 loading, along with five equivalents of
aldehyde and ten equivalents of orthoformate. In all cases the
best results were obtained by using five equivalents of acid.


The aldehyde/orthoformate ratio appeared to have an
important influence on the outcome of the reaction. When
large excess of trimethyl orthoformate (10 equivalents/alde-
hyde) was used only poor yields were obtained (24 % at most),
while better ones were reached (up to 85 %) when introducing
only two equivalents of aldehyde.


Some acid catalysts were screened in the above established
experimental conditions, that is, five equivalents of acid, five
of aldehyde, and ten of trimethyl orthoformate. The most
significant results are summarized in Table 1.


Poor results were obtained with 4-methyl benzenesulfonic
acid (TsOH), camphorsulfonic acid (CSA), TMSCl, and
acetic acid. No or very weak nitro bands at 1531 and
1349 cmÿ1 could be detected by single beam FT-IR analysis
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of the resins. In contrast, with trifluoro acetic anhydride
(TFAA), trifluoromethanesulfonic acid (TfOH), and tri-
fluoroacetic acid (TFA), IR analysis showed intense nitro
bands. Moreover an additional C-O-C band at 1097 cmÿ1


could also be detected. In addition, 13C NMR analysis of the
resin R2 b[12] showed characteristic signals of NH-CH-O at
d� 80.7 and O-CH3 at d� 55.9. These resins were subjected to
cleavage under aqueous acidic conditions in a 1:1 ethanol/
10 % HCl mixture. After filtration, the recovered aldehyde
was mass-balanced and analyzed by NMR spectroscopy.
Isolated yields were 61 %, 76 %, and 85 %, respectively.
Furthermore, elemental analysis of resin obtained upon
coupling with 4-bromobenzaldehyde gave a total bromine
content of 5.4 w/w % corresponding to a loading of
0.68 meq gÿ1 consistent with the amount of aldehyde recov-
ered after cleavage (Table 2, entry 4).


In summary, the optimized experimental conditions were
shown to be a resin/TFA/aldehyde/trimethyl orthoformate
ratio of 1/5/5/10 in THF at a concentration of about 0.5m in
aldehyde at 30 8C for 12 hours.


For comparison, similar experiments were carried out in
solution by using 4-tert-butylbenzamide with three equiva-
lents of p-tolualdehyde and 3 equivalents of trimethyl ortho-
formate in the presence of one of the above-mentioned acid
catalyst in DMF, methanol, or dichloromethane (Scheme 4).
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Scheme 4. Synthesis of N-(a-methoxyalkyl)amide in solution.


In all experiments, in addition to the remaining aldehyde
and amide, the reaction gave a mixture of the N-(a-
methoxyalkyl)amide 1 and the N,N'-alkylidenebisamide 2 in
various ratios depending on the catalyst used. It is to be noted
that, with the presence of the unreacted amide, the methoxy
derivative 1 tends to transform to the corresponding bis-
amide 2 upon silica-gel purification, resulting in a decrease of


yield. Attempts to purify crude products on alumina or
triethylamine pretreated silica gel did not give any improve-
ment. The best results were obtained when the catalyst used
was either the Amberlyst� 15-ion exchange resin: 35 % of N-
(a-methoxyalkyl)amide 1 (48 % in NMR crude) and 55 % of
N,N'-alkylidenebisamide 2 (42 % in NMR crude), or TMSCl
(41 % of 1 and 35 % of 2). Surprisingly TFA, the most efficient
catalyst for solid phase chemistry, only led to the formation of
the aldehyde�s dimethyl acetal.


Several conclusions could then be drawn. The reactivity
proved to be very different between solution- and solid-phase
chemistry. On the one hand, the synthesis of N-(a-methoxy-
alkyl)amides in solution only afforded moderate yields. The
products were always obtained along with the N,N'-alkylide-
nebisamides, requiring a tedious purification. On the other
hand, the preparation of supported N-(a-methoxyalkyl)-
amides not only benefits from the usual advantages of solid-
phase synthesis (easy to carry out and to purify), but also gave
higher yields. This is an interesting example in which the solid
support shows a clear superiority for the synthesis and
handling of sensitive intermediates that are difficult to isolate.


Table 1. Acidic conditions tested for the synthesis of the resin-bound N-(a-
methoxy-3-nitrophenylmethyl)amide model.


Entry Acid catalyst Yield [%][a]


1 p-toluenesulfonic acid < 10[b]


2 camphorsulfonic acid < 10[b]


3 TMSCl, 5% MeOH < 10[b]


4 AcOH < 10[b]


5 TFAA 61
6 triflic acid 76
7 TFA 85


[a] N-(a-Methoxyalkyl)amide resins were hydrolyzed in ethanol/HCl 10%
at 100 8C for 24 hours. The cleaved aldehyde was weighed to determine the
efficiency of formation of resin R2 (based on a theoretical loading of
1.07 mmol gÿ1). [b] No or weak nitro signals were detected by IR analysis.


Table 2. Preparation of various resin-bound N-(a-methoxyalkyl)amides.


HC(OMe)3


THF, 30°C, 12h


TFA


RH


O


O


NH2


O


O H
N


O


R


OR1 R2


Entry R Yield [%]


1
85


2
78


3
45[a]


4
78[a]


5
80


6
88


7
75


8
85


9
60


10 65[a]


11 58[a]


[a] Yields obtained after double coupling.







N-Acyliminium Ions 2318 ± 2323


Chem. Eur. J. 2001, 7, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0711-2321 $ 17.50+.50/0 2321


After setting up the optimized reaction conditions, we
investigated the solid-phase synthesis of several supported N-
(a-methoxyalkyl)amides. The products and their yields are
given in Table 2.


The reaction ws carried out with several aromatic aldehydes
and very good results were observed with most of them. Some
have electron withdrawing groups -NO2 (85 % yield, entry 1),
-CN (78 % yield, entry 2), and others, electron donating
groups -OMe (80 % yield, entry 5), -NMe2 (88 % yield,
entry 6). It is noteworthy that heteroaromatic derivatives
gave very good yields (75 %, entry 7 and 85 %, entry 8). The
ethylglyoxalate gave 60 % yield (entry 9), which is very
interesting, since it would afford, after further reaction of
the corresponding N-acyliminium ion, a resin-bound func-
tionality that can easily be derivatized. For aldehydes with
poor coupling efficiency, repeating the sequence resulted in a
dramatic increase in yields. 4-CF3- and 4-Br-benzaldehydes
which gave 25 % and 44 % yield, respectively, after single
coupling afforded 45 % (entry 3) and 78 % yield (entry 4)
after double coupling. Similarly, for conjugated and alkyl
aldehydes (entries 10 and 11) the yield increased from 38 %
and 31 % to 65 % and 58 %, respectively.


Interestingly, even for aldehydes affording the lower yields,
cleavage of the methoxy adducts from the resin using the
above-described reaction conditions for resin R2, always gave
extremely clean products. This result shows that no major side
reaction occurred. The resulting amide resin can be recycled
and gave comparable results. Cleaved products are commer-
cial aldehydes. The NMR spectra of the released species and
the commercially-produced compounds were identical.


To ascertain that the supported methoxy adduct is an
efficient precursor of N-acyliminium ion, we carried out some
proof reactions.


Following the procedure described by Hiemstra et al.[8, 9] for
analogous transformations, precursor resins were treated by
boron trifluoride diethyl etherate to generate the transient N-
acyliminium ions, which were then trapped by nucleophilic
addition of allyltrimethylsilane (Scheme 5).


H
N


O


R


O


O
H
N


O


R


HO
H
N


O


R


O a


b


R3R2


R2a, R = Ph
R2b, R = 3-NO2-Ph


3a, R = Ph
3b, R = 3-NO2-Ph


Scheme 5. Reaction sequence carried out to ascertain that supported
methoxy adduct is an efficient precursor of N-acyliminium ion;
a) BF3 ´ Et2O (3 equiv), allyltrimethylsilane (10 equiv), CH2Cl2, 0 8C to
room temperature, 17 hours. b) TFA/CH2Cl2, 6:4; 50 8C, 14 hours.


After reaction, IR analysis of resin R3 a showed the
characteristic alkene signal at 1638 cmÿ1 and a shift of the
NH and C�O signals from 3400 and 3333 cmÿ1 to 3478 and


3389 cmÿ1, and from 1668 to 1656 cmÿ1, respectively. Resin
R3 a was subjected to cleavage in a TFA/CH2Cl2 6/4 mixture at
50 8C for 14 hours. After filtration, the mother liquors were
concentrated under vacuum, and the crude product was
filtered through a cartridge of silica to afford the expected
amide 3 a in 72 % yield.


The same procedure was applied to resin R2 b, which bears
an electron-withdrawing group on the phenyl ring. Despite
the presence of the nitro group, the transcient N-acyliminium
ion was efficiently generated upon treatment with BF3 ´ Et2O,
and trapped with allyltrimethylsilane to lead to compound 3 b
in 77 % yield.


Furthermore, another proof-of-principal reaction was car-
ried out. Precursor resin R2 b was successfully engaged in a
different alkylation reaction, through diethyl zinc addition, in
the presence of boron trifluoride diethyl etherate, to obtain
resin R4 (Scheme 6). This resin was cleaved by using the


O
H
N


O


R


O


O
H
N


O


R


HO
H
N


O


R


a


b


R4R2b


R2b,  R = 3-NO2-Ph


4, R = 3-NO2-Ph


Scheme 6. Reaction sequence for the alkylation of the resin-bound
methoxy adduct; a) BF3 ´ Et2O (3 equiv), Et2Zn (5 equiv), CH2Cl2, 0 8C to
room temperature, 17 hours. b) TFA/CH2Cl2, 6:4; 50 8C, 14 hours.


conditions described for resins R3 a and R3 b. The crude
product was evaporated, purified by filtration on a cartridge
of silica, and the cleaved a-alkylated amide 4 was recovered in
56 % yield.


It thus appears that the supported N,O-acetals prepared
through this new set of conditions, are effective precursors for
the generation of resin-bound N-acyliminium ions.


Conclusion


An original and straightforward preparation of resin-bound
N-(a-methoxyalkyl)amides is reported. The synthesis and
handling of such unstable structures proved to be much more
convenient to carry out on solid support than in homogeneous
phase, since solubility problems and chromatographic purifi-
cations were avoided. Moreover for poorly reactive alde-
hydes, yields could be increased by carrying out a double
coupling sequence.


The potency of these supported precursors was demon-
strated by generating the transient iminium ion and trapping it
by nucleophilic addition of allyltrimethylsilane and Et2Zn.
This opens the way to further studies to exploit solid-phase
chemistry of N-acyliminium ions.
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Experimental Section


General methods : All chemicals were purchased from commercial
suppliers. The Merrifield resin was purchased from Novabiochem. Filtra-
tion devices equipped with 5 mm pore size polytetrafluoroethylene
membrane were purchased from Whatman. Solvents for reactions were
distilled prior to use. Analytical grade solvents were used for resin washing.
Single-beam IR analysis was carried out by using a Perkin ± Elmer 2000 FT
spectrometer coupled to an Autoimage microscope. NMR analysis were
performed on Bruker 200 MHz or 300 MHz-Advance DPX spectrometer.


General procedures for the preparation of compounds 1 and 2


Method A : Under argon the p-tolualdehyde (2.00 mL, 16.9 mmol) and the
trimethyl orthoformate (1.95 mL, 16.9 mmol) were added to a suspension
of 4-tert-butylbenzamide (1.00 g, 5.6 mmol) in dry CH2Cl2 (20 mL). TMSCl
(0.68 mL, 5.6 mmol) was added dropwise, and the mixture stirred at room
temperature for 6 hours. The reaction mixture was evaporated under
reduced pressure and the residue purified by flash column chromatography
on silica gel with EtOAc/hexane 2:8 (v/v) as eluent.


Method B : Under argon the p-tolualdehyde (2.00 mL, 16.92 mmol) and the
trimethyl orthoformate (1.95 mL, 16.9 mmol) were added to a suspension
of 4-tert-butylbenzamide (1.00 g, 5.6 mmol) in dry DMF (10 mL). Amber-
lyst� 15-ion exchange resin was added, and the mixture stirred at room
temperature for 8 hours. The reaction mixture was filtered and evaporated
under reduced pressure. The residue was purified by flash column
chromatography on silica gel with EtOAc/hexane 2:8 (v/v) as eluent.


4-tert-Butyl-N-(a-methoxy-p-tolylmethyl)benzamide (1): 1H NMR
(200 MHz, CDCl3, TMS): d� 1.34 (s, 9H), 2.37 (s, 3H), 3.57 (s, 3 H), 6.34
(d, 3J(H,H)� 9.4 Hz, 1 H), 6.55 (d, 3J(H,H)� 9.4 Hz, 1 H; N-H), 7.2 (d,
3J(H,H)� 8.1 Hz, 2 H), 7.39 (d, 3J(H,H)� 8.1 Hz, 2 H), 7.46 (d, 3J(H,H)�
8.67 Hz, 2H), 7.75 (d, 3J(H,H)� 8.67 Hz, 2 H); 13C NMR (75 MHz, CDCl3,
TMS): d� 21.2, 31.1, 35.0, 56.1, 81.7, 125.6, 125.8, 127.0, 129.3, 130.9, 136.6,
138.3, 155.6, 167.2; IR: nÄ � 3313, 2963, 1645, 1612, 1530, 1497, 1363, 1344,
1270, 1088, 851, 816 cmÿ1.


4-Methylbenzylidenebis(4-tert-butylbenzamide) (2): 1H NMR (200 MHz,
CDCl3, TMS): d� 1.33 (s, 18 H), 2.33 (s, 3H), 6.81 (t, 3J(H,H)� 7.5 Hz, 1H;
HÿC(Nÿ)2), 7.15 (d, 3J(H,H)� 7.9 Hz, 2H), 7.39 (d, 3J(H,H)� 7.9 Hz, 2H),
7.45 (d, 3J(H,H)� 8.67 Hz, 2H), 7.8 (d, 3J(H,H)� 8.67 Hz, 2 H), 7.88 (d,
3J(H,H)� 7.5 Hz, 2H; NÿH); 13C NMR (75 MHz, CDCl3, TMS): d� 21.1,
31.2, 35.0, 60.1, 81.7, 125.6, 125.8, 127.1, 129.4, 130.8, 134.9, 135.8, 135.9,
137.7, 155.6, 167.5; IR nÄ � 3301, 2963, 1649, 1611, 1544, 1487, 1330, 1269,
1141, 1061, 850, 775 cmÿ1.


4-Hydroxy-N-(1-phenylbut-3-enyl)benzamide (3a): Resin R3 a (200 mg,
0.31 mmol) was allowed to swell in a mixture of CH2Cl2/TFA 6:4 (3 mL).
The suspension was heated at 50 8C for 14 hours. The resin was then rinsed
alternately with CH2Cl2 (5 mL) and MeOH (5 mL). After concentration
under vacuum, the crude product was filtered through a cartridge of silica
to afford the expected amide 3a in 72% yield (59 mg). 1H NMR (200 MHz,
CDCl3/CD3OD, TMS): d� 2.68 (t, 3J(H,H)� 6.8 Hz, 2 H), 5.20 (m, 3H),
5.76 (m, 1 H), 6.45 (d, 3J(H,H)� 7.8 Hz, 1 H; NH), 6.81 (d, 3J(H,H)�
8.8 Hz, 2 H), 7.33 (m, 5H), 7.61 (d, 3J(H,H)� 8.8 Hz, 2H); 13C NMR
(75 MHz, CDCl3, TMS): d� 40.3, 52.8, 115.0, 117.9, 125.1, 126.2, 127.1,
128.3, 128.7, 134.0, 141.6, 160.1, 167.3.


4-Hydroxy-N-[1-(3-nitrophenyl)-but-3-enyl]benzamide (3 b): Resin R3b
(200 mg, 0.30 mmol) was allowed to swell in a mixture CH2Cl2/TFA 6:4
(3 mL). The suspension was heated at 50 8C for 14 hours. The resin was then
rinsed alternately with CH2Cl2 (5 mL) and MeOH (5 mL). After concen-
tration under vacuum, the crude product was filtered through a cartridge of
silica to afford the expected amide 3b in 77 % yield (67 mg). 1H NMR
(200 MHz, CDCl3, TMS): d� 2.69 (m, 2 H), 5.26 (m, 3H), 5.75 (m, 1H),
6.45 (d, 3J(H,H)� 7.8 Hz, 1H; NH), 6.86 (d, 3J(H,H)� 8.4 Hz, 2H), 7.52 (t,
3J(H,H)� 8.1 Hz, 1 H). 7.68 (d, 3J(H,H)� 8.7 Hz, 3H), 8.13 (d, 3J(H,H)�
8.1 Hz, 1H), 8.20 (s, 1 H); 13C NMR (75 MHz, CDCl3/CD3OD, TMS): d�
44.8, 57.1, 119.5, 122.4, 129.6, 130.6, 131.5, 132.8, 133.0, 133.3, 138.5, 146.2,
164.6, 171.7.


4-Hydroxy-N-[1-(3-nitrophenyl)propyl]benzamide 4 : Resin R2 b (250 mg,
0.26 mmol, 1 equiv) was allowed to swell in dry CH2Cl2 (2 mL). The
suspension was chilled to 0 8C, before adding diethylzinc (1.33 mL,
1.24 mmol, 5 equiv) and BF3 ´ Et2O (102 mL, 0,78 mmol, 3 equiv). The
resulting slurry was swirled for 1 hour at 0 8C followed by 12 hours at room


temperature. The resin was filtered and washed with CH2Cl2 (5 mL),
CH2Cl2/Et3N (5 mL), and five times alternately with CH2Cl2 (5 mL) and
MeOH (5 mL). Resin R4 (200 mg, 0,31 mmol) was allowed to swell in a
mixture CH2Cl2/TFA 6:4 (3 mL). The suspension was heated at 50 8C for
14 hours. The resin was then rinsed alternately with CH2Cl2 (5 mL) and
MeOH (5 mL). After concentration under vacuum, the crude product was
filtered through a cartridge of silica to afford the expected amide in 56%
yield (52 mg). 1H NMR (200 MHz, CDCl3/CD3OD, TMS): d� 1.25 (t,
3J(H,H)� 7.1 Hz, 3H), 2.04 (m, 2 H), 5.46 (m, 1 H), 6.87 (m, 3H), 7.48 (t,
3J(H,H)� 8.1 Hz, 1H), 7,72 (m, 3H), 8.11 (d, 3J(H,H)� 8.1 Hz, 1H), 8.23
(s, 1 H); 13C NMR (75 MHz, CDCl3, TMS): d� 10.5, 28.9, 55.2, 114.9, 115.4,
125.2, 126.3, 126.9, 128.2, 128.7, 130.3, 142.2, 160.0, 167.5.


Synthesis of carboxamide resin R1: In a 250 mL dried flask, 4-hydroxy-
benzamide (10.3 g, 75 mmol) was dissolved into dry DMF (200 mL) under
argon atmosphere. NaH (60 % in mineral oil, 3.0 g, 75 mmol) was added
portionwise over a 30 min period. The reaction mixture was allowed to
react at room temperature for 2 hours and Merrifield resin (10.0 g,
15 mmol) was added. The resulting slurry was swirled for 14 hours at room
temperature. The resin was filtered and washed with DMF (100 mL),
CH2Cl2 (50 mL), 10% HCl (50 mL), and five times alternately with CH2Cl2


(25 mL) and MeOH (25 mL). The resin was dried under vacuum. IR: nÄ �
3463, 3354, 3199, 3060, 3026, 2926, 2850, 1669, 1605, 1513, 1452, 1380, 1252,
1178, 1029, 845, 761, 700 cmÿ1.


Preparation of resin R2Ðtypical procedure : Resin R1 (5.0 g, 6.2 mmol)
was allowed to swell in dry THF (50 mL). Trimethyl orthoformate (6.8 mL,
62 mmol) and aldehyde (31 mmol) were added to the resin followed by
TFA (2.4 mL, 31 mmol). The resulting slurry was swirled for 12 hours at
30 8C. The resin was filtered and washed with THF (20 mL), CH2Cl2


(20 mL), NEt3 (20 mL), and five times alternately with CH2Cl2 (15 mL)
and MeOH (15 mL). The resin was dried under vacuum.


N-(a-Methoxyphenylmethyl)benzamide resin (R2 a): IR nÄ � 3400, 3333,
3060, 3027, 2923, 2851, 1668, 1605, 1493, 1453, 1250, 1177, 1088, 1029, 845,
763, 699 cmÿ1.


N-[a-Methoxy-(3-nitrophenyl)methyl]benzamide resin (R2 b): 13C NMR
(75 MHz, C6D6/dioxane 1:3): d� 55.9, 69.7, 80.7, 114.5, 121.2, 132.2, 142.0,
145.2, 48.1, 161.8, 167.4; IR: nÄ � 3410, 3315, 3060, 3027, 2926, 2851, 1663,
1606, 1531, 1494, 1349, 1251, 1177, 1097 (C-O-C), 1029, 845, 764, 704 cmÿ1.


N-[a-Methoxy-(4-cyanophenyl)methyl]benzamide resin : Table 2, entry 2;
IR: nÄ � 3410, 3349, 3060, 3027, 2923, 2851, 2230, 1670, 1606, 1494, 1453,
1249, 1177, 1090, 1029, 845, 763, 700 cmÿ1.


N-[a-Methoxy-(4-trifluoromethylphenyl)methyl]benzamide resin : Table 2,
entry 3; IR: nÄ � 3410, 3332, 3060, 3027, 2923, 2851, 1668, 1605, 1493, 1453,
1373, 1310, 1250, 1177, 1088, 1029, 845, 762, 699 cmÿ1.


N-[a-Methoxy-(4-bromophenyl)methyl]benzamide resin : Table 2, entry 4;
IR: nÄ � 3410, 3332, 3060, 3027, 2923, 2851, 1668, 1605, 1493, 1452, 1374,
1250, 1175, 1089, 1030, 762, 701 cmÿ1.


N-[a-Methoxy-(4-hydroxy-3-methoxyphenyl)methyl]benzamide resin : Ta-
ble 2, entry 5; IR: nÄ � 3510, 3350, 3060, 3027, 2926, 2851, 1668, 1605, 1493,
1453, 1375, 1266, 1246, 1177, 1088, 1030, 845, 762, 700 cmÿ1.


N-[a-Methoxy-(4-dimethylaminophenyl)methyl]benzamide resin : Table 2,
entry 6; IR: nÄ � 3410, 3060, 3027, 2924, 2851, 1671, 1605, 1493, 1453, 1372,
1250, 1176, 1029, 844, 761, 700 cmÿ1.


N-[a-Methoxy-(pyridin-3-yl)methyl]benzamide resin : Table 2, entry 7; IR:
nÄ � 3332, 3060, 3027, 2926, 2851, 1668, 1605, 1579, 1494, 1453, 1375, 1251,
1177, 1090, 1029, 845, 762, 700 cmÿ1.


N-[a-Methoxy (1H-indol-2-yl)methyl]benzamide resin : Table 2, entry 8;
IR: nÄ � 3410, 3332, 3060, 3027, 2923, 2851, 1668, 1605, 1493, 1453, 1373,
1250, 1177, 1088, 1029, 845, 762, 699 cmÿ1.


Methoxy(benzoylamino)acetic acid ethyl ester resin : Table 2, entry 9; IR:
nÄ � 3410, 3357, 3060, 3027, 2925, 2851, 1746, 1668, 1605, 1493, 1453, 1375,
1251, 1177, 1097, 1029, 845, 762, 699 cmÿ1.


N-[a-Methoxy-(3-phenylallyl)]benzamide resin : Table 2, entry 10; IR: nÄ �
3410, 3332, 3060, 3027, 2924, 2851, 1670, 1605, 1493, 1453, 1372, 1250, 1176,
1029, 844, 762, 700 cmÿ1.


N-[a-Methoxy-(3-phenylpropyl)]benzamide resin : Table 2, entry 11; IR:
nÄ � 3332, 3060, 3027, 2923, 2851, 1668, 1605, 1493, 1453, 1375, 1251, 1177,
1088, 1029, 844, 761, 699 cmÿ1.
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Hydrolysis of resin R2Ðtypical procedure : Resin R2 (200 mg) was allowed
to swell in ethanol (2 mL). Hydrochloric acid (10 %, 2 mL) was added, and
the slurry heated at 100 8C for 24 hours. The resin was filtered and washed
five times alternately with CH2Cl2 (5 mL) and MeOH (5 mL). The crude
products were evaporated and analyzed by NMR spectroscopy. Collected
data are identical to spectra of commercial compounds.


Synthesis of N-(1-phenylbut-3-enyl)benzamide resin (R3 a): Resin R1
(200 mg, 0.18 mmol, 1 equiv) was allowed to swell in dry CH2Cl2 (2 mL).
The suspension was chilled to 0 8C, before adding allytrimethylsilane
(290 mL, 1.80 mmol, 10 equiv) and BF3 ´ Et2O (70 mL, 0.54 mmol, 3 equiv).
The resulting slurry was swirled for 1 hour at 0 8C followed by 12 hours at
room temperature. The resin was filtered and washed with CH2Cl2 (5 mL),
CH2Cl2/Et3N (5 mL) and five times alternately with CH2Cl2 (5 mL) and
MeOH (5 mL). The resin was dried under vacuum. IR: nÄ � 3389, 3478,
3059, 3026, 2929, 2850, 1656, 1638, 1605, 1453, 1251, 1174, 1129, 1030, 847,
701 cmÿ1.
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Synthesis of 5-Azacastanospermine, a Conformationally Restricted
Azafagomine Analogue


KaÊre Sùndergaard, Xifu Liang, and Mikael Bols*[a]


Abstract: The 5-aza-6-deoxy analogue
of castanospermine (�)-5 a and its 1-epi-
mer (�)-5 b was synthesized. The syn-
thesis started from the known com-
pound 5-benzyloxy-7-hydroxyhepta-1,3-
diene, which was protected and subject-
ed to Diels ± Alder reaction with 4-phen-
yl-1,2,4-triazoline-3,5-dione to give two
epimeric adducts. One of these was
transformed through epoxidation, ace-


tolysis, a series of side-chain transforma-
tions that converted it into a terminally
protected aldehyde, deprotection, and
hydrogenolysis/reductive amination into
5 a. By a similar set of reactions the


other adduct epimer was converted into
5 b. The castanospermine analogue 5 a
was a weaker inhibitor of almond b-
glucosidase and rice a-glucosidase than
castanospermine (2) or 1-azafagomine
(4), but was considerably more potent
than its epimer 5 b. This suggests that
these enzymes have a strong preference
for binding substrates or azasugars with
the 6-OH in an axial conformation.


Keywords: azasugars ´ enzymes ´
glycosidases ´ indolizidine ´ inhib-
itors


Introduction


Glycosidases and related enzymes are crucial in many bio-
logical processes. Potent and selective inhibitors of these
enzymes are important, because they can be used to interfere
with such processes.[1] Azasugar inhibitors, in particular, are
subject to intense current interest.[2] The classical type of
azasugar, the natural product 1-deoxynojirimycin (1),[3] is a
glucose analogue in which the ring oxygen is replaced by a
nitrogen atom. Another natural product, castanospermine
(2),[3a] is an analogue of 1 in which the incorporation of a
second ring has forced the 6-hydroxyl group to be locked in an
axial conformation. That 6-hydroxyl group has been found to
be important for binding. The 6-deoxy analogues of 1[3b] and
2[3c] are much weaker inhibitors of a- and b-glucosidase than 1
and 2 themselves, and the 6-deoxy-6-fluoro analogue is also a
poor inhibitor; this suggests that the 6-OH acts as a hydrogen
bond donor.[3d±e] Castanospermine (2) appears almost as a
result of rational drug design; 2 is a more potent inhibitor than
1 of almond b-glucosidase but is inactive against yeast a-
glucosidase, which 1 inhibits.[3a] This may presumably be
caused by differences between the various glycosidases as to
which 6-OH conformer of the substrate they bind (Scheme 1).
It may be envisaged that different glycosidases may accept the
substrate in either conformer A, B, or C. While 1 should in


Scheme 1. Structure of glycosidase inhibitors 1 ± 3 and 5, the three
conformers A ± C, and the targets 5 a and 5 b.


principle be able to inhibit a glycosidase regardless of which
conformer it binds, 2 would be expected only to bind to
enzymes that prefer conformer B but perhaps more tightly.
The limited structural information available from X-ray
crystallography of enzyme inhibitor complexes have so far
only shown binding in mode B.[2]


Recently it was found that a subtle change in the classical
structure of an azasugar, by moving the nitrogen atom to the
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anomeric position, led to a new group of very potent
glycosidase inhibitors.[4] Members of this group are isofago-
mine (3),[4a] its stereoisomers,[4b±d] and 1-azafagomine (4,
Scheme 1).[4e, f]


Since 3 and 4 have a very different inhibitory profile than 1
(which includes inhibition of transferases[4i] and phosphor-
ylases[4e]), the effect of locking the conformation of the 6-OH
was not obvious. Presumably a castanospermine analogue of 3
or 4 would only bind to glycosidases prefering the substrate in
a certain conformation. The purpose of the present work was
to address this problem by synthesizing castanospermine
analogues having nitrogen in the anomeric position. It was
decided that the azafagomine analogue 5 a would have the
greatest geometrical resemblance to 2 because it retains a
nitrogen atom at the bridgehead. It was also of interest to
study the epimer 5 b as this compound should bind to enzymes
that prefer substrate conformer A. The epimer of 2 has been
synthesized several times,[5] but no enzyme inhibition data has
been reported.


In the present paper we report the synthesis of 5 a and 5 b
and report that 5 a is by far the better inhibitor of the two
epimers towards a series of enzymes inhibited by 4.


Results and Discussion


Castanospermine (2) has been synthesized numerous
times,[5a±c, e, 6] but most of those approaches were not appli-
cable to the synthesis of 5 a. The synthesis that could most
readily be adapted to the synthesis of hydrazine 5 a was that of
Ganem et al.,[6i] in which a protected derivative of 1 was
converted to a 6-aldehyde followed by chain extension in the
6-position and cyclization through nucleophilic substitution
on a terminal mesylate. A similar procedure starting from a
derivative of 4 is conceivable. However, it was judged more
efficient to build the 1-azafagomine ring with the desired side-
chain in an intermolecular Diels ± Alder reaction.


The synthesis started from the racemic triol 6, which was
converted through a known series of reactions into the diene
10 (Scheme 2). The sequence consisted of diprotection with


Scheme 2. Synthesis of 10 to give principally the Z diene.


PhCHO/TsOH to furnish benzylidene derivative 7,[7] subjec-
tion to Swern oxidation to give aldehyde 8,[8] reaction with
Ph3P�CH2CH�CH2/BuLi to yield diene 9, and finally opening
of the benzylidene with DIBAL to give 10.[9] This compound


was mainly the Z isomer (E/Z 1:1.75). The E/Z ratio was
determined from the integrals of H-4 in 1H NMR. For the E
isomer H-4 caused a dd at d� 5.58, while the Z isomer H-4
gave a t at d� 5.36.


As the free terminal hydroxyl group was found to cause
problems both in the Diels ± Alder reaction and in later stages
of the synthesis, it was protected as an acetate by treatment of
10 with Ac2O, Et3N, and DMAP to give 11 (Scheme 3). This


Scheme 3. Diels ± Alder reaction to form the 1-azafagomine ring with the
desired side-chain.


was treated with 4-phenyl-1,2,4-triazoline-3,5-dione[10] in
EtOAc at 75 8C to give two diastereomeric Diels ± Alder
adducts, 12 a and 12 b, in 35 % and 46 % yield, respectively.
The relatively slow rate of reaction of 11 may be due to the
large content of Z diene, as E dienes add to this dienophile
with ease.[10b]


The fact that two stereoisomers are formed suggests that
the chiral center (C-3) in the diene had limited effect on the
face of addition of the dienophile. This contrasts with a study
in which Diels ± Alder reactions were performed with a rather
similar E diene.[10b] However, it was possible to obtain
stereochemically pure E diene by photoisomerization[9] of
the E/Z mixture in the presence of iodine, and with that diene
the Diels ± Alder reaction indeed had a high selectivity
towards 12 b, which accords with the above-mentioned
study.[10b] Thus it appears that the trans diene gives only one
product in the Diels ± Alder reaction, while the cis diene gives
a mixture. Unfortunately, 12 b is the isomer that leads to the
epi-castanospermine analogue 5 b.


The adduct 12 a was subjected to epoxidation with CF3Me-
CO/oxone in aqueous MeCN,[11] which gave the anti epoxide
13 a stereochemically pure in 90 % yield (Scheme 4). The
stereoselectivity in this case is much higher than that of
epoxidation of the corresponding 2-hydroxymethyl analogue,
in which case a 25 % syn epoxide is obtained.[4e] The higher
selectivity is probably caused by more steric hindrance on the
syn face being caused by the more bulky 2-substituent; X-ray
structures of similar compounds show that the 2-substituent is
almost axial[4e] and therefore close to the syn face of the
alkene.


Aqueous hydrolysis using dilute HClO4 did not give the
desired trans diol owing to hydrolysis of the acetate and
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Scheme 4. Synthesis of castanospermine analogue 5a.


intramolecular attack of the thus formed terminal alcohol on
the epoxide to form a pyran. Therefore the epoxide was
subjected to acetolysis conditions as this kept the acetate
protecting group in place during the transformation. Treat-
ment of 13 a with BF3 ´ Et2O and Ac2O in AcOH gave the
desired trans triacetate 14 a in 75 % yield as the only stereo-
isomer.


At this stage of the synthesis many attempts were made to
obtain 5 a by cyclization of a deprotected derivative of 14 a
(such as 19 a or 20 a in Scheme 7 below) with a Mitsunobu-
type dehydration process using CBr4/PPh3 and similar re-
agents, which has been so successfully applied in several
indolizidine syntheses.[9, 12] However, none of these attempts
led to cyclized products, but rather to oxidation/decomposi-
tion of the hydrazine. It was evident that the unprotected
hydrazine was too sensitive for many cyclization procedures,
and that a reductive amination reaction was necessary to close
the pyrrolidine ring. This would require that an aldehyde or
ester fuctionality was installed in the side-chain, but these
functionalities were found to be reduced by the NH2NH2 at
100 8C, the temperature necessary to remove the phenylurazol
protection group. Consequently such an aldehyde would have
to be masked in a way that it would be released during the
hydrogenolysis reaction. This could be conveniently done as a
benzyl glycoside.


Deacetylation with NaOMe/MeOH followed by TEMPO-
catalysed oxidation with NaOCl as oxidant gave the d-lactone
15 a in 90 % yield. DIBAL reduction of the lactone gave a
hemiacetal, which was isolated as the diacetate 16 a in 70 %
yield after acetylation with Ac2O/NEt3/DMAP. This was
converted to a benzyl acetal by a glycosidation-type protocol:
The hemiacetal acetate was treated with BnOH and


BF3 ´ Et2O to give an anomeric mixture of benzyl acetals
17 a. Finally deacetylation with NaOMe/MeOH and hydrazin-
olysis in neat NH2NH2/H2O at 100 8C led to the hydrazine 18 a
in 96 % yield, which upon hydrogenolysis with Pd/C catalyst at
1 atm in MeOH gave the target 5 a in quantitative yield
(Scheme 4).


Similarly the other diastereomeric product from the Diels ±
Alder reaction 12 b was subjected to an identical sequence of
reactions (Scheme 5). Its behavior and the yields were
virtually identical to those of its isomer. It is notable that
the stereoselectivity of the epoxidation was equally high for
12 b.


Scheme 5. Synthesis of the epimer 5b.


The configurational assignment of the two series of com-
pounds was carried by analysis of the spectrum of 18 a
(Scheme 6). The 6-proton is axial, which can be seen from the


Scheme 6. Conformations of hydrazine 18a.


large values of J67ax (11.2 Hz) and J56 (9.1 Hz). Similarly, in the
spectrum of the a-anomer of 18 b it can be seen that the
couplings to H-6 are all small, being 2.9, 2.9 and 2.4 Hz. This
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clearly shows that H-6 in that case is equatorial. Furthermore
the spectrum of 5 a closely resembles that of 2 : H-7 of 5 a is a
ddd at d� 4.45 with J� 0.9, 3.3, and 7.1 Hz, while H-1 of 2, the
equivalent of H-7 in 5 a, is a ddd at d� 4.24 with J� 1.7, 2.9,
6.9 Hz.


The two monocyclic analogues of 5 a and 5 b were also made
(Scheme 7, 20 a and 20 b). Each of the triacetates 14 a and 14 b
was subjected to deacetylation with NaOMe/MeOH, hydra-


Scheme 7. Synthesis of open-chain analogues of compound 5, 20a and 20b.


zinolysis (NH2NH2/H2O, 100 8C) and hydrogenolysis (H2, Pd/
C, 1 atm) in the presence of HCl to give 20 a and 20 b,
respectively, in essentially quantitative yield. A small J33'�
3.2 Hz in 20 b revealed that this compound was in conforma-
tion B and/or C with regard to the side-chain. The side-chain
conformation of 20 a could not be elucidated. For comparison,
compound 4 has J33'� 3 Hz and J33'� 6 Hz, a fact that reveals
that conformation B is present to a significant extent. So it is
possible that the extention of the side-chain of 4 to form 20
has not changed the conformation much.


The new compounds (�)-5 a, (�)-5 b, (�)-20 a, and (�)-20 b
were tested for inhibition of a-glucosidase from yeast and rice,
isomaltase from yeast, and b-glucosidase from sweet almonds
(Table 1). These enzymes was chosen because either 2 or 4 has
been found to inhibit them strongly. Where inhibition was
found it was competitive. The data were compared with data
for 1, 2, and 4 taken from the literature or by test (Table 1). It
should be noted that since the enantiomer of 4 has been found
to be an extremely poor inhibitor,[4f] it is unlikely that the
enantiomers resembling l-glucose of the racemates 5 and 20
play any role in significant inhibition of these enzymes.


It is remarkable that for all the enzymes investigated 5 a is a
weaker inhibitor than 4 ; only the inhibition of rice a-
glucosidase is essentially identical for the two substances
(when taking into account that 5 a is racemic). It is also
remarkable that, even then, 5 a is a much more potent
inhibitor than 5 b of all enzymes except yeast a-glucosidase.


The weak inhibition of yeast a-glucosidase by 5 a can,
however, readily be explained, because 2 is a much weaker
inhibitor of that enzyme than 1. This suggests that 2 (or 5 a)
cannot fit properly into the active site, presumably because of
steric hindrance from the ethylene bridge or unfavorable
nonpolar interactions. This is supported by the facts that there
is no difference in the Ki value of epimers 5 a and 5 b, and that
the unconstrained analogues 20 a and 20 b are slightly more


potent. Since none of these compounds can fit into the active
site and bind in a mode similar to the substrate, there is no
particular reason why one of the epimers of 5 should be more
potent than the other, and the more flexible analogues 20 may
be expected to be better at adopting an alternative mode of
binding.


The same arguments imply that 5 a binds to the active site of
rice a-glucosidase, isomaltase, and b-glucosidase in a mode
similar to the substrate, because binding is so much stronger
than that of 5 b. It also shows that those three enzymes prefer
the substrate in conformer B (Scheme 1).


The virtually identical inhibition of rice a-glucosidase by 4
and 5 a is understandable when they are compared with 1 and
2, which also have identical, albeit much greater, inhibi-
tion effects on the enzyme. It must be concluded that
locking the conformation of the 6-OH group into the
preferred conformation simply does not increase binding
much.


The most puzzling results are the inhibition data for b-
glucosidase. Though 5 a clearly binds to the active site aligned
in a similar way as the other inhibitors, it is fifteen times
weaker than 4. Yet 2 is thirty times more potent than 1, a fact
that suggests that locking the 6-OH into conformation B can
increase binding to b-glucosidase considerably. Perhaps these
inconsistencies are unrelated to the conformation of the
6-OH, but rather are caused by subtle differences in basicity
of the nitrogen atoms.


In summary it must be concluded that the gain in binding
that may be obtained by restricting the conformation of the
6-OH in an azasugar inhibitor appears to be limited and easily
overpowered by other effects. While 5 a was found to be an


Table 1. Inhibition of various enzymes by synthesized compounds. Inhib-
ition was competitive; values shown are Ki in mm. Unless noted otherwise
the temperature was 25 8C and the pH 6.8.


a-Gluco-
sidase
(yeast)


a-Gluco-
sidase
(rice)


Isomaltase
(yeast)


b-Gluco-
sidase
(almond)


1 X�CH2, R�OH 25[a] 0.01[b] 11[a] 47[a]


4 X�NH, R�H 2.0[c] 6 0.27[c] 0.33[c]


2 X�CH2, R�OH > 1500[a] 0.015[b] ± 1.5[d]


5a X�NH, R�H 600 15 79 10


5b 570 > 1000 550 690


20a 275 250 > 1000 660


20b 380 150 > 1000 820


[a] Ref. [2c]. [b] pH not given, Ref. [2c]. [c] Ref. [13]. [d] pH 5.0, Ref. [2c].
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equal or weaker inhibitor than 4, 2 is similarly in many cases
equal or weaker than 1. It is likely, however, that more
selective inhibitors will be obtained by such geometrical
restriction.


Experimental Section


General : All reactions were carried out under an inert atmosphere in
preheated glass equipment. Solvents were distilled under anhydrous
conditions. Thus THF was distilled from sodium/benzophenone and used
directly. All reagents were used as purchased without further purification.
Columns were packed with silica gel 60 (230 ± 400 mesh) as the stationary
phase. TLC plates (Merck, 60, F254) were visualized by spraying with cerium
sulfate (1 %) and molybdic acid (1.5 %) in 10% H2SO4 and heating till
colored spots appeared. All enzymes and substrates for the enzyme assays
were purchased from Sigma.


(2SR,1'SR)- and (2SR,1'RS)-(3-Acetoxy-1-benzyloxypropyl)-8-phenyl-
1,6,8-triazabicyclo[4.3.0]non-3-ene-7,9-dione (12 a and 12b): Triethylamine
(17 g, 169 mmol, 12.5 equiv) and 4-dimethylaminopyridine (86 mg,
0.71 mmol, 0.05 equiv) were added to a solution of dienol 10 (2.956 g,
13.5 mmol) in CHCl3 (50 mL) under stirring at room temperature. Acetic
anhydride (8.64 g, 85 mmol, 6 equiv) was added dropwise and the reaction
mixture was stirred for 5 minutes. The reaction was monitored by TLC with
EtOAc/pentane (1:6) as eluent; Rf (11) 0.76. After concentration, CHCl3


(100 mL) was added and the organic phase was washed with a 10%
NaHCO3 solution (30 mL), and subsequently dried (MgSO4) and concen-
trated to give the crude acetate 11 (3.692 g) in a 1.75:1 ratio in favor of the Z
isomer as a yellow oil, which was used without further purification.
1H NMR (CDCl3): d� 7.36 ± 7.20 (m, 5 H, Ar), 6.64 ± 6.14 (m, 2 H), 5.68 ±
5.08 (m, 3 H, ratio: 1.75:1), 4.62 ± 3.84 (m, 5 H), 1.98 (s, 3H, -OCOCH3),
2.09 ± 1.69 (m, 2 H, -CH2CH2OCOCH3); HRMS (ES): 283.1317, calcd for
C16H20O3�Na: 283.1317.


A solution of 271 mg of the crude E/Z diene 11 (�1 mmol) in EtOAc
(1 mL) was added to a solution of 4-phenyl-1,2,4-triazoline-3,5-dione[10]


(317 mg, 1.81 mmol, 1.7 equiv) in EtOAc (3 mL) at 0 8C under stirring and
thereafter the reaction mixture was refluxed for 25 minutes. Concentration
and column chromatography (EtOAc/pentane 40:60) gave 12 a (Rf� 0.26,
152 mg, 35 %) and 12 b (Rf� 0.14, 200 mg, 46%). Diastereomer 12a :
13C NMR (CDCl3): d� 170.3 (-OCOCH3), 151.5, 150.4 (C-7, C-9), 137.0,
130.4, 128.6, 127.9, 127.5, 127.4 (Ar), 124.9, 121.2 (C-3, C-4), 73.8, 72.4 (C-2',
PhCH2O-), 60.2 (-CH2OCOCH3), 53.9 (C-2), 42.6 (C-5), 29.0 (-CH2CH2O-
COCH3), 20.3 (-OCOCH3); 1H NMR (CDCl3): d� 7.48 ± 7.16 (m, 10H, Ar),
6.02 (br s, 2 H, H-3, H-4), 4.70 (m, 1 H, H-2), 4.65/4.54 (d, 2 H, PhCH2O-, J�
11.4 Hz), 4.25 (ddd, 1H, H-2', J� 3.3 Hz, 9.2 Hz), 4.17 ± 3.88 (m, 4H,
H-5eq, H-5ax, CH2OCOCH3), 1.90 (s, 3H, -OCOCH3), 1.62 (m, 2H,
CH2CH2OCOCH3); HRMS(ES): m/z : 458.1695, calcd for C24H25O5N3�Na:
458.1692 . Diastereomer 12b : 13C NMR (CDCl3): d� 170.3 (-OCOCH3),
151.4, 149.8 (C-7, C-9), 136.9, 130.6, 128.5, 127.9, 127.5, 127.4, 127.1, 125.0
(Ar), 122.0, 120.2 (C-3, C-4), 75.1, 72.9 (C-2', PhCH2O-), 60.2 (-CH2OC-
OCH3), 55.4 (C-2), 42.7 (C-5), 30.4 (-CH2CH2OCOCH3), 20.3 (-OCOCH3);
1H NMR (CDCl3): d� 7.48 ± 7.12 (m, 10H, Ar), 6.04 (ddd, 1 H, H-4, J
1.5 Hz, 10.6 Hz), 5.95 (ddd, 1H, H-3; J� 1.8 Hz, 4.0 Hz, 10.6 Hz), 4.62
(dddd, 1H, H-2, J� 1.7 Hz, 3.0 Hz), 4.51/4.43 (d, 2H, PhCH2O-, Jgem


11.4 Hz), 3.96 ± 4.28 (m, 5H, H-2', H-5eq, H-5ax, CH2OCOCH3), 1.94 (s,
3H, -OCOCH3), 1.86 (m, 2H, CH2CH2OCOCH3); HRMS(ES): m/z :
458.1693, calcd for C24H25O5N3�Na: 458.1692.


(2RS,3RS,4SR,1'SR)-3,4-Epoxy-(1-acetoxy-3-benzyloxypropyl)-8-phenyl-
1,6,8-triazabicyclo[4.3.0]nonane-7,9-dione (13 a): Alkene 12 a (386 mg,
0.89 mmol) was dissolved in CH3CN (10 mL) and water (8 mL) in a flask
fitted with a dry ice/acetone condenser. The solution was cooled to 0 8C,
and NaHCO3 (620 mg) and 1,1,1-trifluoroacetone (1 mL) was added,
followed by oxone (3 g) in small portions over a period of 5 min under
stirring. The cooling was discontinued and the reaction mixture was stirred
for 105 min; subsequently another charge of NaHCO3 (310 mg), 1,1,1-
trifluoroacetone (0.5 mL), and oxone (1.5 g) was added. After 55 min the
reaction was worked up by the addition of water (50 mL), extracted with
CHCl3 (3� 50 mL), dried (MgSO4), and concentrated to give 13a (362 mg,
90%) as a yellow oil. 13C NMR (CDCl3): d� 137.2, 131.3, 129.3, 128.8,
128.5, 125.7 (Ar), 74.3 (C2'), 73.2 (-OCH2Ph), 60.9 (-CH2OCOCH3), 53.9


(C2), 49.6, 48.4 (C3, C4), 40.9 (C5), 30.2 (-CH2CH2OCOCH3), 21.1
(-OCOCH3); 1H NMR (CDCl3): d� 7.44 ± 7.24 (m, 10 H, Ar), 4.64 (m,
1H, H2), 4.61 (d, 1H, -OCH2Ph, Jgem� 11.4 Hz), 4.58 (d, 1 H, -OCH2Ph),
4.33 (dd, 1 H, H5eq, J5eq,5ax� 14.0 Hz, J5eq,4� 2.3 Hz), 4.20 (m, 1 H, H2'), 4.06
(m, 2H, -CH2CH2OCOCH3), 3.72 (dd, 1 H, H5ax, J5ax,4� 1 Hz), 3.46 (m,
1H, H-3), 3.40 (m, 1H, H4), 1.90 (s, 3H, -OCOCH3), 1.85 (m, 2H,
-CH2CH2OCOCH3); HRMS(ES): m/z : 474.1638, calcd for C24H25O6N3-
�Na: 474.1641.


(2RS,3RS,4SR,1'RS)-3,4-Epoxy-(1-acetoxy-3-benzyloxypropyl)-8-phenyl-
1,6,8-triazabicyclo[4.3.0]nonane-7,9-dione (13 b): Epoxide 13b was pre-
pared in the same way from 12b in a yield of 89% as a yellow oil. 13C NMR
(CDCl3): d� 170.3 (-OCOCH3), 150.1 (C-7, C-9), 136.6, 130.5, 128.5, 128.0,
127.7, 127.5, 124.8 (Ar), 75.5 (C-2'), 73.4 (PhCH2O-), 60.0 (-CH2OCOCH3),
54.7 (C-2), 48.2, 47.5 (C-3, C-4), 40.1 (C-5), 30.4 (-CH2CH2OCOCH3), 20.4
(-OCOCH3); 1H NMR (CDCl3): d� 7.44 ± 7.18 (m, 10 H, Ar), 4.53 (m, 1H,
H-2), 4.61 (d, 1 H, PhCH2O-, J� 11.4 Hz), 4.46 (d, 1H, PhCH2O-), 4.30 (m,
1H, H2'), 4.06 ± 4.28 (m, 3H, H-5eq, -CH2OCOCH3), 3.62 (m, 1 H, H-5ax,
J5ax,5eq� 13.9 Hz), 3.51 (m, 1H, H-3, J3,4� 2.9 Hz), 3.42 (m, 1 H, H-4), 2.02
(m, 2 H, -CH2CH2OCOCH3), 2.00 (s, 3 H, OCOCH3); HRMS(ES): m/z :
474.1646, calcd for C24H25O6N3�Na: 474.1641.


(2RS,3RS,4RS,1'SR)-3,4-Diacetoxy-2-(1-acetoxy-3-benzyloxypropyl)-8-
phenyl-1,6,8-triazabicyclo[4.3.0]nonane-7,9-dione (14 a): Epoxide 13a
(37 mg, 0.082 mmol) was dissolved in acetic acid (1 mL) and acetic
anhydride (0.2 mL) under nitrogen. Freshly distilled boron trifluoride
etherate (3 mL, 0.024 mmol, 0.29 equiv) was added carefully under stirring
at room temperature, and the reaction mixture was stirred for 2 h. The
reaction was quenched by the addition of a saturated NaHCO3 solution
(2 mL) followed by extraction (EtOAc, 3� 5 mL). The combined organic
phases were washed consecutively with a saturated NaHCO3 solution and
brine. After drying (Na2SO4), concentration, and column chromatography
(EtOAc/pentane (40:60), Rf 0.43), triacetate 14 a (34 mg, 75%) was
obtained as a yellow oil. 13C NMR (CDCl3): d� 170.9, 169.4, 168.9
(-OCOCH3), 155.0, 152.4 (C-7, C-9), 137.2, 131.1, 129.5, 129.1, 128.7, 128.3,
128.1, 128.0, 125.7 (Ar), 73.1, 72.8 (-OCH2Ph, C2'), 66.5, 65.8 (C3, C4), 60.5,
59.7 (-CH2 OCOCH3, C2), 46.3 (C5), 31.1 (-CH2CH2OCOCH3), 21.1
(-OCOCH3); 1H NMR (CDCl3): d� 7.46 ± 7.04 (m, 10 H, Ar), 5.04 (m, 2H,
H-3, H-4), 4.53 (d, 1H, -OCH2Ph, Jgem� 11.2 Hz), 4.44 (d, 1H, -OCH2Ph),
4.34 (m, 1 H, H-2, J� 9,8 Hz), 4.25 ± 4.12 (m, 3H, -CH2OCOCH3, H-2'),
4.07 (dd, 1H, H-5eq, J5eq,5ax� 13.3 Hz, J5eq,4� 1.4 Hz), 3.50 (dd, 1H, H-5ax,
J5ax,4� 2.8 Hz), 2.09 (s, 3H, -OCOCH3), 2.08 (s, 3 H, -OCOCH3), 1.94 (s,
3H, -OCOCH3), 2.10 ± 1.90 (m, 2H, -CH2CH2OCOCH3); HRMS(ES):
576.1956, calcd for C28H31O9N3�Na: 576.1958.


(2RS,3RS,4RS,1'RS)-3,4-Diacetoxy-2-(1-acetoxy-3-benzyloxypropyl)-8-
phenyl-1,6,8-triazabicyclo[4.3.0]nonane-7,9-dione (14 b): Compound 14b
was prepared in a similar way from epoxide 13b (Rf 0.45 in EtOAc/pentane
1:1) as a yellow oil in a yield of 75 %. 13C NMR (CDCl3): d� 170.2, 168.4
(-OCOCH3), 154.2, 150.2 (C7, C9), 136.6, 130.2, 128.7, 128.0, 127.9, 127.4,
127.0, 124.9 (Ar), 73.2, 70.6 (PhCH2O-, C-2'), 65.3, 64.5 (C-3, C-4), 59.9, 57.2
(C-2, -CH2OCOCH3), 45.6 (C-5), 29.3 (-CH2CH2OCOCH3), 20.3
(-OCOCH3); 1H NMR (CDCl3): d� 7.40 ± 7.05 (m, 10 H, Ar), 5.43 (m,
1H, H-3), 4.98 (m, 1 H, H4, J� 2.4 Hz), 4.54 (d, 1 H, PhCH2O-, Jgem�
12.1 Hz), 4.42 (d, 1 H, PhCH2O-), 4.33 (dd, 1H, H2, J� 1.2 Hz, J� 9.7 Hz),
4.26 ± 4.05 (m, 3 H, -CH2OCOCH3, H-2'), 3.96 (dd, 1 H, H-5eq, J5eq,4�
2.2 Hz, J5eq,5ax� 13.3 Hz), 3.44 (dd, 1H, H-5ax, J5ax,4� 2.4 Hz), 2.00 (s, 3H,
-OCOCH3), 1.91 (s, 3H, -OCOCH3), 1.85 (s, 3H, -OCOCH3), 2.00 ± 1.70 (m,
2H, -CH2CH2OCOCH3); HRMS(ES): 576.1955, calcd for C28H31O9N3-
�Na: 576.1958.


Lactone 15a : Triacetate 14a (380 mg, 6.86� 10ÿ4 mol) was dissolved in
MeOH (10 mL) and a small piece of sodium was added. After 55 min of
stirring at room temperature the solvent was evaporated in vacuo. The
resultant syrup was dissolved in CHCl3 (15 mL) and water (3 mL) followed
by adjustment to pH 9 by addition of NaHCO3. Potassium bromide (8 mg,
6.86� 10ÿ5 mol, 0.10 equiv) and TEMPO (5 mg, 3.43� 10ÿ5 mol,
0.05 equiv) were added, followed by careful addition of aqueous NaOCl
buffered with NaHCO3. The reaction was monitored by TLC (Rf (triol)
0.09, Rf (15 a) 0.66 in EtOAc). The organic layer was separated, and the
water phase was extracted with chloroform. The combined organic phases
were washed with brine, dried over MgSO4, and concentrated to give 15a
(260 mg, 90% in 2 steps) as a white powder. M.p.: decomp; 1H NMR
(CDCl3): d� 7.60 ± 7.05 (m, 10H, Ar), 5.20 (m, 1 H, H-6), 4.65 (d, 1H,
-OCH2Ph, Jgem� 13.0 Hz), 4.55 (d, 1H, -OCH2Ph), 4.35 (dd, 1 H, H-2eq,
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J2eq,3� 4.7 Hz, J2eq,2ax� 12.5 Hz), 4.05 ± 3.7 (m, 2H, H-3, H-4), 3.60 (dd, 1H,
H-5, J5,6� 3.9 Hz, J5,4� 10.4 Hz), 3.15 ± 2.90 (m, 2H, H-2ax, H-7eq), 2.75
(dd, 1 H, H-7ax, J7ax,6� 5.7 Hz, J7ax,7eq� 15.6 Hz); 13C NMR ([D6]DMSO):
d� 170.1 (C-8), 152.0, 150.6 (C�O�s), 138.1, 131.2, 129.0, 128.3, 128.1, 127.7,
127.5, 126.4 (Ar), 77.6 (C-4), 71.6, 70.2, 66.1 (C-3, C-5, -OCH2Ph), 62.1 (C-
6), 46.2 (C-2), 34.1 (C-7); HRMS(ES): m/z : 446.1348, calcd for C22H21O6N3-
�Na: 446.1328.


Lactone 15b: Performed as for preparation of 15a except that triacetate
14b was used as starting material. Rf 0.69 in EtOAc. Mp: decomp; 1H NMR
(CDCl3): d� 7.20 ± 7.50 (m, 10H, Ar), 5.20 (m, 1 H, H-6), 4.70 (s, 1H,
-OCH2Ph), 4.68 (s, 1H, -OCH2Ph), 4.35 (dd, 1H, H-2eq, J2eq,3� 4.9 Hz,
J2eq,2ax� 12.4 Hz), 4.05 (m, 2H, H-3, H-4), 3.50 (dd, 1H, H-5, J5,6� 4.9 Hz,
J5,4� 9.9 Hz), 3.05 (dd, 1 H, H-2ax, J2ax,3� 10.1 Hz), 2.90 (dd, 1 H, H-7eq,
J7eq,6� 1.9 Hz, J7eq,7ax� 18.5 Hz), 2.60 (dd, 1 H, H-7ax, J7az,6� 3.7 Hz);
13C NMR ([D6]DMSO): d� 167.7 (C-8), 152.2, 150.6 (C�O�s), 138.3,
131.3, 129.0, 128.3, 127.6, 126.5 (Ar), 76.6 (C-4), 70.8, 69.0, 66.8 (C-3, C-5,
-OCH2Ph), 57.5 (C-6), 46.2 (C-2), 35.1 (C-7); HRMS(ES): m/z 446.1328,
calcd for C22H21O6N3�Na: 446.1328.


Diacetate 16 a: Lactone 15 a (31 mg, 7.32� 10ÿ5 mol) was dissolved in dry
THF (3 mL) and cooled to ÿ78 8C under nitrogen. DIBALH (0.25 mL,
1.5m solution in toluene, 3.75� 10ÿ4 mol, 4.8 equiv) was added carefully,
and the reaction mixture was stirred for 4 h. The cooling was removed and
the reaction was quenched immediately by the addition of water (5 mL)
followed by extraction with EtOAc. The combined organic phase was
washed consecutively with 2m HCl and brine, dried over MgSO4, and
concentrated in vacuo. The crude product was dissolved in CHCl3 (4 mL)
and NEt3 (118 mL, 8.46� 10ÿ4 mol, 12 equiv), DMAP (1 mg, 8.19�
10ÿ6 mol, 0.11 equiv) and acetic anhydride (40 mL, 4.23� 10ÿ4 mol, 6 equiv)
was added. The reaction mixture was stirred at room temperature for
20 min followed by the addition of saturated NaHCO3 (aq). The water
phase was extracted (CHCl3), washed (brine), dried (MgSO4), and
concentrated, followed by flash chromatography to give 16a (Rf 0.23 in
EtOAc/pentane 40:60) as a mixture (1:1) of anomers (26 mg, 70% in 2
steps). 1H NMR (CDCl3): d� 7.10 ± 7.50 (m, 20 H, Ar), 6.19 (dd, 1H, H-8a,
J8a,7eq� 1.2 Hz, J8a,7ax� 3.7 Hz), 5.75 (dd, 1H, H-8b, J8b,7eq� 2.4 Hz, J8b,7ax�
9.2 Hz), 5.10 (m, 2H), 4.70 (t, 2H, J� 10.2 Hz), 4.53 (dt, 1 H, J� 5.4 Hz, J�
10.2 Hz), 4.45 (dd, 2 H, J� 4.1 Hz, J� 10.2 Hz), 4.31 (dt, 2H, J� 5.6 Hz,
J� 11.8 Hz), 3.87 (t, 1 H, J� 9.6 Hz), 3.42 ± 3.60 (m, 3 H), 3.02 (t, 1H, J�
10.8 Hz), 2.98 (t, 1H, J� 10.8 Hz), 2.39 ± 2.48 (m, 2H), 3.46 ± 3.60 (m, 4H),
2.08 (s, 3H, -OCOCH3), 2.04 (s, 3 H, -OCOCH3), 2.03 (s, 3 H, -OCOCH3),
2.01 (s, 3 H, -OCOCH3), 1.80 ± 1.93 (m, 2H); 13C NMR (CDCl3): 168.7 (2C,
-OCOCH3), 168.0 (2C, -OCOCH3), 152.6, 152.3, 149.1, 148.8 (C�O�s),
136.8, 136.7, 129.9, 128.2, 127.5 (2C), 127.3 (2C), 126.9, 124.9 (2C, Ar), 90.9,
90.2 (C-8), 73.1, 70.6, 70.2, 69.8, 67.8, 67.6 (2C, C-3, C-4, C-6, -OCH2Ph),
61.1, 60.8 (C-5), 46.4, 45.8 (C-2), 32.7 (2C, C-7), 20.0, 19.8 (-OCOCH3);
HRMS(ES): m/z : 532.1656, calcd for C26H27O8N3�Na: 532.1696.


Diacetate 16b. Performed as for preparation of 16 a except that lactone 15b
was used as starting material. The yield was 70% of b-anomer exclusively.
1H NMR (CDCl3): d� 7.20 ± 7.60 (m, 10 H, Ar), 6.05 (dd, 1H, H-8, J8,7eq�
2.3 Hz, J8,7ax� 9.8 Hz), 5.16 (m, 1H, H-6), 5.07 (dt, 1 H, H-3, J3,2eq� 5.5 Hz,
J3,2ax , J3,4� 9.8 Hz), 4.77 (d, 1 H, -OCH2Ph, Jgem� 11.3 Hz), 4.65 (d, 1H,
-OCH2Ph), 4.43 (dd, 1 H, H-2eq, J2eq,2ax� 11.8 Hz), 4.30 (t, 1 H, H-4, J4,5�
9.8 Hz), 3.48 (dd, 1 H, H-5, J5,6� 2.7 Hz), 3.06 (dd, 1 H, H-2ax), 2.22 (ddd,
1H, H-7eq, J7eq,6� 3.7 Hz, J7eq,7ax� 14.1 Hz), 2.10 (s, 6 H, -OCOCH3), 1.74
(ddd, 1 H, H-7ax, J7ax,6� 2.3 Hz); 13C NMR (CDCl3): d� 169.9, 168.8
(-OCOCH3), 152.3, 150.8 (C�O�s), 138.0, 130.8, 129.3, 128.5, 128.4, 127.8,
125.7 (Ar), 91.0 (C-8), 72.1, 71.8, 70.8, 68 (C-3, C-4, C-6, -OCH2Ph), 60.2
(C-5), 43.8 (C-2), 33.1 (C-7), 21.1, 20.8 (-OCOCH3); HRMS(ES): m/z :
532.1692, calcd for C26H27O8N3�Na: 532.1696.


Glycoside 17 a : Diacetate 16a (44 mg, 8.63� 10ÿ5 mol) was dissolved in
CHCl3 (2 mL) and BnOH (53 mL, 5.18� 10ÿ4 mol, 6 equiv) was added
under nitrogen at room temperature. BF3/Et2O (90 mL, 7.17� 10ÿ4 mol,
8.3 equiv) was carefully added. After 1 h the reaction mixture was worked
up by the addition of CHCl3 (3 mL) and subsequently washed with
saturated solution of NaHCO3. The water phase was extracted with CHCl3


(3� 10 mL). The combined organic phases were washed with brine, dried
(MgSO4) and concentrated followed by column chromatography in EtOAc/
pentane (20:80) to give 17a exclusively as the a-anomer (37 mg, 77 %, Rf


0.15). 1H NMR (CDCl3): d� 7.00 ± 7.60 (m, 15H, Ar), 5.18 (dt, 1 H, H-3,
J3,2eq� 5.9 Hz, J3,4 , J3,2ax� 9.9 Hz), 5.00 (dd, 1H, H-8, J8,7ax� 3.5 Hz, J8,7eq�
1.0 Hz), 4.25 ± 4.80 (m, 6 H, -OCH2Ph, H-6, H-2eq, J2eq,2ax� 10.8 Hz), 3.90


(t, 1 H, H-4, J4,5� 9.9 Hz), 3.44 (t, 1H, H-5), 3.02 (t, 1H, H-2ax), 2.47 (ddd,
1H, H-7eq, J7eq,7ax� 13.8 Hz), 2.10 (s, 3 H, -OCOCH3), 1.71 (ddd, 1H,
H-7ax); 13C NMR (CDCl3): 169.9 (-OCOCH3), 154.0, 149.9 (C�O�s), 138.4,
137.0, 131.4, 129.4, 128.8, 128.7, 128.5, 128.3, 127.9, 126.2 (Ar), 96.4 (C-8),
70.9, 69.8, 69.6, 69.2 (2C, -OCH2Ph, C-3, C-4, C-6), 62.7 (C-5), 47.8 (C-2),
35.0 (C-7), 21.1 (-OCOCH3); HRMS(ES): m/z : 580.2057, calcd for
C31H31O7N3�Na: 580.2060.


Glycoside 17b : Performed as for preparation of 17 a except that diacetate
16b was used as starting material. Two anomers were isolated in 42 % and
37% yield for b- and a-anomer, respectively. b-Anomer : 1H NMR
(CDCl3): d� 7.20 ± 7.50 (m, 15H, Ar), 5.15 (dt, 1 H, H-3, J3,2eq� 5.5 Hz,
J3,4 , J3.2ax� 9.8 Hz), 5.10 (m, 1 H, H-6), 5.02 (dd, 1 H, H-8, J8,7eq� 2.1 Hz,
J8,7ax� 9.7 Hz), 4.86 (d, 1 H, H-OCH2Ph, Jgem� 11.8 Hz), 4.77 (d, 1H,
H-OCH2Ph, Jgem� 11.3 Hz), 4.65 (d, 1H, H-OCH2Ph), 4.59 (d, 1H,
H-OCH2Ph), 4.46 (dd, 1H, H-2eq, J2eq,2ax� 11.8 Hz), 4.19 (t, 1H, H-4,
J4,5� 9.8 Hz), 3.49 (dd, 1 H, H-5, J5,6� 2.9 Hz), 3.04 (dd, 1 H, H-2ax), 2.23
(ddd, 1H, H-7eq, J7eq,6� 3.6 Hz, J7eq,7ax� 14.2 Hz), 2.13 (s, 3 H, -OCOCH3),
1.71 (ddd, 1 H, H-7ax, J7ax,6� 2.4 Hz); 13C NMR (CDCl3): d� 169.9
(-OCOCH3), 152.4, 151.1 (C�O�s), 138.5, 137.3, 131.0, 129.4, 128.7, 128.6,
128.3, 128.2, 128.0, 127.9, 125.9 (Ar), 97.7 (C-8), 72.1, 71.4, 71.2, 70.9, 68.7
(C-3, C-4, C-6, -OCH2Ph), 60.8 (C-5), 44.1 (C-2), 34.5 (C-7), 21.0
(-OCOCH3); HRMS(ES): m/z : 580.2098, calcd for C31H31O7N3�Na:
580.2060. a-Anomer : 1H NMR (CDCl3): d� 7.60 ± 7.10 (m, 15 H, Ar), 5.14
(ddd, 1H, H-3, J3,2eq� 5.5 Hz, J3,4� 9.8 Hz, J3,2ax� 11.7 Hz), 5.05 (m, 2H,
H-6, H-8), 4.83 (d, 1H, -OCH2Ph, Jgem� 11.5 Hz), 4.73 (d, 1 H, -OCH2Ph,
Jgem� 11.1 Hz), 4.64 (t, 1H, H-4, J4,5� 9.8 Hz), 4.62 (d, 1H, -OCH2Ph), 4.45
(d, 1H, -OCH2Ph), 4.43 (dd, 1H, H-2eq, J2eq,2ax� 11.5 Hz), 3.60 (dd, 1H,
H-5, J5,6� 2.9 Hz), 3.14 (dd, 1H, H-2ax), 2.40 (dd, 1 H, H-7eq, J7eq,6�
1.8 Hz, J7eq,7ax� 15.4 Hz), 2.13 (s, 3H, -OCOCH3), 1.86 (ddd, 1 H, H-7ax,
J7ax,6� 3.3 Hz, J7ax,8� 4.6 Hz); 13C NMR (CDCl3): d� 169.8 (-OCOCH3),
151.9, 151.1 (C�O�s), 138.4, 137.5, 130.9, 129.2, 128.4, 128.1, 128.0, 127.7,
127.4, 125.7 (Ar), 95.6 (C-8), 71.0, 69.2, 69.0, 68.4, 64.7 (C-3, C-4, C-6,
-OCH2Ph), 60.4 (C-5), 44.0 (C-2), 30.8 (C-7), 20.9 (-OCOCH3);
HRMS(ES): m/z : 580.2061, calcd for C31H31O7N3�Na: 580.2060.


Hydrazine 18a : Glycoside 17 a (14 mg, 2.54� 10ÿ5 mol) was dissolved in
MeOH (4 mL) and a small piece of sodium was added. After 20 min of
stirring the solvent was evaporated. Hydrazine hydrate (5 mL) was added,
and subsequently the reaction mixture was heated to 100 8C for 16 h. Excess
hydrazine hydrate was evaporated and the remaining syrup was exposed to
column chromatography in MeOH/EtOAc (1:5) to give 18 a (9 mg, 96 %, Rf


0.13). 1H NMR (CD3OD): d� 7.20 ± 7.40 (m, 10H, Ar), 5.05 (d, 1 H, H-8,
J8,7ax� 2.4 Hz), 4.76 (d, 1 H, -OCH2Ph, Jgem� 12.2 Hz), 4.58 (d, 1H,
-OCH2Ph, Jgem� 10.9 Hz), 4.45 (2d, 2H, -OCH2Ph), 3.78 (ddd, 1H, H-6,
J6,7eq� 5.0 Hz, J6,5� 9.1 Hz, J6,7ax� 11.2 Hz), 3.60 (ddd, 1H, H-3, J3,2eq�
5.1 Hz, J3,4� 9.1 Hz, J3,2ax� 10.4 Hz), 3.52 (t, 1 H, H-4, J4,5� 9.1 Hz), 3.14
(dd, 1 H, H-2eq, J2eq,2ax� 13.2 Hz), 2.66 (dd, 1H, H-2ax), 2.58 (t, 1 H, H-5),
2.34 (ddd, 1 H, H-7eq, J7eq,8� 0.9 Hz, J7eq,7ax� 13.0 Hz), 1.64 (ddd, 1H,
H-7ax); 13C NMR (CD3OD): d� 139.7, 139.2, 129.4, 129.3, 129.1, 128.9,
128.7, 128.6 (Ar), 97.8 (C-8), 75.0, 74.0 (-OCH2Ph), 71.9, 70.6, 69.5 (C-3, C-4,
C-6), 65.8 (C-5), 53.3 (C-2), 36.3 (C-7); HRMS(ES): m/z : 393.1788, calcd
for C21H26O4N2�Na: 393.1790.


Hydrazine 18b : Performed as for preparation of 18a except that diacetate
17b was used as starting material. Yield: 80 % as a colorless oil. b-Anomer :
Rf 0.24 in MeOH/EtOAc 1:4; 1H NMR (CDCl3): d� 7.40 ± 7.20 (m, 10H,
Ar), 4.93 (d, 1H, -OCH2Ph, Jgem� 11.9 Hz), 4.89 (dd, 1 H, H-8, J8,7eq 1.9 Hz,
J8,7ax� 9.8 Hz), 4.65 (d, 1 H, -OCH2Ph), 4.60 (d, 1 H, -OCH2Ph, Jgem�
11.6 Hz), 4.44 (d, 1 H, -OCH2Ph), 3.93 (q, 1H, H-6, J6,5 , J6,7eq, J6,7ax�
2.6 Hz), 3.70 (ddd, 1H, H-3, J3,2eq� 5.1 Hz, J3,4� 9.2 Hz, J3,2ax� 10.2 Hz),
3.52 (t, 1 H, H-4, J4,5� 9.2 Hz), 3.11 (dd, 1 H, H-2eq, J2eq,2ax� 13.1 Hz), 2.58
(dd, 1 H, H-5), 2.53 (dd, 1H, H-2ax), 2.25 (ddd, 1 H, H-7eq, J7eq,7ax�
14.0 Hz), 1.58 (ddd, 1 H, H-7ax); 13C NMR (CDCl3): d� 139.6, 139.2,
129.4, 129.3, 129.1, 129.0, 128.8 (Ar), 98.5 (C-8), 77.2, 74.8, 72.3, 71.4, 70.6
(C-3, C-4, C-6, -OCH2Ph), 61.7 (C-5), 54.6 (C-2), 36.0 (C7); HRMS(ES):
m/z : 393.1793, calcd for C21H26O4N2�Na: 393.1790. a-Anomer : Rf 0.19 in
MeOH/EtOAc 1:4; 1H NMR (CD3OD): d� 7.40 ± 7.10 (m, 10H, Ar), 5.05
(dd, 1 H, H-8, J8,7eq� 1.0 Hz, J8,7ax� 4.0 Hz), 4.90 (d, 1H, -OCH2Ph, Jgem�
11.6 Hz) 4.74 (d, 1 H, -OCH2Ph, Jgem� 10.8 Hz), 4.43 (d, 1 H, -OCH2Ph),
4.29 (d, 1 H, -OCH2Ph), 3.97 (t, 1 H, H-4, J4,3 , J4,5� 9.3 Hz), 3.88 (m, 1H,
H-6), 3.68 (ddd, 1H, H-3, J3,2eq� 4.9 Hz, J3,2ax� 10.8 Hz), 3.12 (dd, 1H,
H-2eq, J2eq,2ax� 12.7 Hz), 2.70 (dd, 1H, H-5, J5,6� 2.9 Hz), 2.58 (dd, 1H,
H-2ax), 2.40 (ddd, 1 H, H-7eq, J7eq,6� 2.4 Hz, J7eq,7ax� 15.0 Hz), 1.82 (ddd,
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1H, H-7ax, J7ax,6� 2.9 Hz); 13C NMR (CD3OD): d� 138.0 (2C), 129.2 (2C),
129.1, 129.1, 128.4, 128.3 (Ar), 97.0 (C-8), 70.3, 69.6, 69.5, 68.6, 68.2 (C-3,
C-4, C-6, -OCH2Ph), 61.1 (C-5), 54.9 (C-2), 32.5 (C-7); HRMS(ES): m/z :
393.1786, calcd for C21H26O4N2�Na: 393.1790.


(4RS,5RS,6RS,7SR)-1,2-Diaza-4,5,7-trihydroxy-[4.3.0]-bicyclononane
(5a): To a solution of 18a (14 mg, 3.78� 10ÿ5 mol) in MeOH (3 mL) was
added Pd/C (20 mg, 10 %) and 3 drops of concentrated HCl. Hydro-
genationen at 1 atm was performed for 4 h followed by filtration of the
catalyst through a pad of Celite. Evaporation of the solvent gave 5a (8 mg,
quant.) as the hydrochloride. Rf 0.31 in EtOH/NH4OH (25 %) 9:1; 1H NMR
(CDCl3): d� 4.45 (ddd, 1H, H-7, J7,8b� 0.9 Hz, J6,7� 3.3 Hz, J7,8a� 7.1 Hz),
3.75 (m, 2H, H-4, H-5), 3.51 (dt, 1 H, H-9b, J9b,8a� 3.4 Hz, J9a,9b, J9b,8b�
9.4 Hz), 3.49 (dd, 1 H, H-3eq, J3eq,4� 3.8 Hz, J3ax,3eq� 13.2 Hz), 2.95 (m, 1H,
H-3ax), 2.87 (dt, 1H, H-9ax, J9ax,8ax� 8.3 Hz), 2.79 (dd, 1 H, H-6, J5,6�
8.9 Hz), 2.44 (dddd, 1 H, H-8b, J� 3.0 Hz, J8eq,8ax� 11.3 Hz), 1.84 (dquint,
1H, H-8a); 13C NMR (CDCl3): d� 70.3, 68.5, 68.3, 66.4 (C-4, C-5, C-6, C-7),
50.7, 48.4 (C-3, C-9), 30.7 (C-8); HRMS(ES): m/z : 175.1076, calcd for
C7H14O3N2�H: 175.1083.


(4RS,5RS,6RS,7RS)-1,2-Diaza-4,5,7-trihydroxy-[4.3.0]-bicyclononane
(5b): Prepared as for 5 a except that hydrazine 18b was used as starting
material. 1H NMR (D2O): d� 4.44 (ddd, 1 H, H-7, J7,8b� 3.2 Hz, J6,7�
4.9 Hz, J7,8a� 8.1 Hz), 3.77 (ddd, 1 H, H-4, J4,3eq� 5.5 Hz, J4,5� 8.4 Hz,
J4,3ax� 9.2 Hz), 3.58 (t, 1H, H-5, J5,6� 9.2 Hz), 3.45 (dd, 1H, H-3eq, J3eq,3ax�
13.0 Hz), 3.24 ± 3.45 (m, 2 H, H-9b, H-9a), 3.04 (dd, 1H, H-3ax), 3.00 (dd,
1H, H-6), 2.45 (ddd, 1H, H-8b, J8eq,8ax� 17.0 Hz, J� 8.2 Hz, J� 14.6 Hz),
1.86 (ddt, 1 H, H-8a, J� 3.2 Hz, J� 7.3 Hz); 13C NMR (D2O): d� 70.9, 70.2,
69.7, 67.4 (C-4, C-5, C-6, C-7), 49.5 (C-3), 45.9 (C-9), 29.7 (C-8);
HRMS(ES): m/z : 175.1085, calcd for C7H14O3N2�H� : 175.1083.


(3RS,4RS,5RS,1'SR)-4,5-Dihydroxy-3-(1-acetoxy-3-benzyloxypropyl)-
hexahydropyridazine (19 a): Triacetate 14 a (221 mg, 3.99� 10ÿ4 mol) was
suspended in MeOH (5 mL). A small lump of sodium was added at room
temperature and the mixture was stirred for 5 min. The reaction was
monitored by TLC (Rf (triol) 0.09 in EtOAc). The reaction mixture was
concentrated and hydrazine hydrate (10 mL) was added, and then the
mixture was heated to 100 8C for 20 h. The reaction was monitored by TLC
(Rf (19 a) 0.52 in MeOH/CHCl3 1:1). Concentration gave a syrup which was
dissolved in water and put on an ion-exchange column (Amberlyst 15, H�),
washed with water, and eluted with 2.5% NH4OH. Concentration gave
hydrazine 19a (120 mg, 100 %) as a brown oil. 13C NMR (D2O): d� 137.2,
128.4, 128.3, 128.1 (Ar), 73.4, 72.7, 71.9, 71.2 (C-4, C-5, OCH2Ph, C-3'), 63.5
(-CH2CH2OH), 57.7 (C-3), 51.8 (C-6), 33.6 (-CH2CH2OH); 1H NMR
(D2O): d� 7.40 (m, 5H, Ar), 4.65 (d, 1H, -OCH2Ph, Jgem� 10.6 Hz), 4.58 (d,
1H, -OCH2Ph), 4.10 (t, 1 H, H-3', J3',-CH2CH2OH� 6.8 Hz), 3.35 ± 3.75 (m, 4H,
H-4, H-5, -CH2CH2OH), 3.15 (dd, 1H, H-6eq, J6eq,5� 4.4 Hz, J6eq,6ax�
12.6 Hz), 2.60 (dd, 1H, H-3, J3,3'� 1.4 Hz, J3,4 9,6 Hz), 2.49 (dd, 1H,
H-6ax, J6ax,6eq� 12.4 Hz), 1.85 (m, 2 H, -CH2CH2OH). HRMS(ES): m/z :
305.1468, calcd for C14H22O4N2�Na: 305.1477.


(3RS,4RS,5RS,1'RS)-4,5-Dihydroxy-3-(1-acetoxy-3-benzyloxypropyl)-
hexahydropyridazine (19 b): Prepared as for 19 a except that triacetate 14b
was used as starting material. 1H NMR (D2O): d� 7.00 ± 7.30 (m, 5H, Ar),
4.41 (d, 1H, -OCH2Ph, Jgem� 11.4 Hz), 4.27 (d, 1H, -OCH2Ph), 3.74 (ddd,
1H, H-3', J(3',-CH2CH2OH)� 10.3 Hz, J3',3� 2.9 Hz), 3.20 ± 3.50 (m, 3H,
-CH2OH, H-5), 3.06 (dd, 1H, H-4, J4,5� 9.9 Hz), 2.90 (dd, 1H, H-6eq,
J6eq,5� 5.1 Hz, J6eq,6ax� 12.8 Hz), 2.75 (dd, 1 H, H-3, J3,4� 10.3 Hz, 2.28 (dd,
1H, H-6ax, J6ax,5� 10.6 Hz), 1.65 ± 1.25 (m, 2 H, -CH2CH2OH); 13C NMR
(D2O): d� 136.1, 127.6, 127.5, 127.2 (Ar), 72.9, 70.8 (2C), 70.4 (C-4, C-5,
OCH2Ph, C-3'), 61.6 (-CH2CH2OH), 57.1 (C-3), 49.9 (C-6), 30.0
(-CH2CH2OH); HRMS (ES): m/z : 305.1478, calcd for C14H22O4N2�Na:
305.1477.


(3RS,4RS,5RS,1'SR)-4,5-Dihydroxy-3-(1,3-dihydroxypropyl)-hexahydro-
pyridazine (20 a): Benzylhydrazine 19 a (42 mg, 0.149 mmol) was dissolved
in MeOH (10 mL); Pd on carbon (30 mg, 10 %) and 4 drops of concen-
trated HCl were added. Hydrogenation under 1 atm was carried out for
25 min followed by filtration through a pad of Celite and concentration to
give pure 20 a (Rf 0.29 in MeOH/EtOAc (1:1), 40 mg, quant.). 13C NMR
(D2O): d� 69.2, 67.6, 63.2, 62.3 (C-4, C-5, C-3', -CH2CH2OH), 57.9 (C-3),
48.4 (C-6), 35.2 (-CH2CH2OH); 1H NMR (D2O): d� 4.23 (m, 1H, H-3', J�
5 Hz, J� 6 Hz), 3.49 ± 3.86 (m, 5H, H4, H5, H6eq, -OCH2CH2OH), 2.90
(m, 2H, H-3, H6ax), 1.60 ± 1.90 (m, 2H, -CH2CH2OH); HRMS(ES): m/z :
193.1171, calcd for C7H16O4N2�H: 193.1188.


(3RS,4RS,5RS,1'RS)-4,5-Dihydroxy-3-(1,3-dihydroxypropyl)-hexahydro-
pyridazine (20 b): Prepared as for 20a except that triacetate 19 b was used
as starting material. Yield: 99%. Rf 0.25 in MeOH/EtOAc 1:1; 1H NMR
(D2O): d� 4.15 (ddd, 1 H, H-3', J3',3� 3.2 Hz, J3',-CH2CH2OH� 10.0 Hz), 3.40 ±
3.90 (m, 5 H, H-4, H-5, H6eq, -CH2CH2OH), 3.12 (dd, 1 H, H-3, J3,4�
10.2 Hz), 2.95 (dd, 1H, H-6ax, J6ax,5� 11.0 Hz, J6ax,6eq� 12.6 Hz), 1.55 ±
1.95 (m, 2H, -CH2CH2OH); 13C NMR (D2O): d� 69.4, 68.0, 65.6, 63.0
(C-4, C-5, C-3', -CH2CH2OH), 58.0 (C3), 48.1 (C6), 32.8 (-CH2CH2OH);
HRMS(ES): m/z : 193.1173, calcd for C7H16O4N2�H: 193.1188.


Measurements of glycosidase inhibition : Each glycosidase assay was
performed by preparing 2 mL samples in cuvettes consisting of 1 mL
sodium phosphate buffer (0.1m) of pH 6.8, 0.2 to 0.8 mL of a 1.0 or 10 mm
solution of either 4-nitrophenyl a-d-glucopyranoside or 4-nitrophenyl b-d-
glucopyranoside, 0.1 mL of a solution of either the potential inhibitor or
water, and distilled water to a total volume of 1.9 mL. Eight of the samples
contained the potential inhibitor at fixed concentration, but with varying
nitrophenyl glycoside concentration. Another eight samples contained no
inhibitor, but also varying nitrophenyl glycoside concentration. Finally the
reaction was started by adding 0.1 mL of a diluted solution of either a-
glucosidase from bakers yeast (EC 3.2.1.20, Sigma G-5003), a-glucosidase
from rice, isomaltase from yeast, or b-glucosidase from almonds (EC
3.2.1.21, Sigma G-0395), and the formation of 4-nitrophenol was followed
for 2 min (20 min for rice a-glucosidase) at 25 8C by measuring absorbance
at 400 nm. Initial velocities were calculated from the slopes for each of the
eight reactions and used to construct two Hanes plots, one with and without
inhibitor. From the two Michaelis ± Menten constants (Km) thus obtained,
the inhibition constant (Ki) was calculated.
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An Efficient Method for the Preparation of 1'a-Branched-Chain Sugar
Pyrimidine Ribonucleosides from Uridine: The First Conversion of
a Natural Nucleoside into 1'-Substituted Ribonucleosides**


Tetsuya Kodama, Satoshi Shuto,* Makoto Nomura, and Akira Matsuda*[a]


Abstract: The 1'a-phenylselenouridine
derivative 13 was successfully synthe-
sized by enolization of the 3',5'-O-
TIPDS-2'-ketouridine 8, and was sub-
jected to a radical reaction with a vinyl-
silyl tetherÐan efficient procedure for
preparing 1'a-branched-chain sugar pyr-
imidine nucleosides. Successive treat-
ment of 8 with LiHMDS and PhSeCl in
THF at < ÿ 70 8C gave the desired 1'-
phenylseleno products in 85 % yield as
an anomeric mixture of the 1'a-product
11 and the 1'b-product 12 (11/12�
2.5:1). Highly stereoselective reduction
at the 2'-carbonyl of the 1'a-product 11


occurred from the b-face by using
NaBH4/CeCl3 in MeOH, and subse-
quent introduction of a dimethylvinyl-
silyl tether at the 2'-hydroxyl gave the
radical reaction substrate 14. The photo-
chemical radical atom-transfer reaction
of 14 by using a high-pressure mercury
lamp proceeded effectively in benzene
to give the exo-cyclized PhSe-transfer-
red product 18, in which (PhSe)2 proved


to be essential as an additive for radical
atom-transfer cyclization reactions. Sub-
sequent phenylseleno-group elimination
of 18 gave the sugar-protected 1'a-vinyl-
uridine. With this procedure, 1'a-vinyl-
uridine (22) and -cytidine (25), designed
to be potential antitumor agents, were
successfully synthesized. This study is
the first example of functionalization at
the anomeric 1'-position of a nucleoside
by starting from a natural nucleoside to
produce a ribo-type 1'-modified nucleo-
side.


Keywords: glycosides ´ nucleosides
´ radical reactions ´ selenium ´
silicon


Introduction


In recent years, we have been engaged in the study of
branched-chain sugar nucleosides and have developed stereo-
selective synthetic methods for several of these biologically
important targets in medicinal chemistry.[1] In the course of
these studies, we have prepared a variety of sugar-modified
nucleoside analogs, and have found that 1-(2-deoxy-2-meth-
ylene-b-d-erythro-pentofuranosyl)cytosine (DMDC, 1),[2]


1-(2-C-cyano-2-deoxy-b-d-arabino-pentofuranosyl)cytosine
(CNDAC, 2),[3] and 1-(3-C-ethynyl-b-d-ribo-pentofuranosyl)-
cytosine (ECyd, 3)[4] are potent antitumor nucleosides, which
significantly inhibit the growth of various human solid tumor
cells both in vitro and in vivo. We have also identified 2'-
deoxy-4'-C-ethynylcytidine (4)[5a] and 4'-C-vinylthymidine
(5)[5b] as potent antiviral and/or antitumor agents.


We are also interested in the biological activity of 1'-
branched-chain sugar ribonucleosides I (Scheme 1), since the
antitumor antibiotics angustmycin C (6)[6] and hydantocidin
(7),[7] which have herbicidal and plant-growth regulatory
effects, are included in this class of nucleosides and have been
isolated from bacterial broths. A variety of procedures for
preparing branched-chain sugar nucleosides have been de-
veloped. However, examples of reported 1'-branched-chain
sugar nucleosides are limited,[8] and the biological activities of
these nucleosides have not been systematically investigated;[9]


perhaps because of the lack of efficient synthetic methods for
producing them. The 1'-branched-chain sugar nucleosides
have been synthesized by introduction or construction of a
nucleobase at the 1-position of the corresponding a-C-
glycosidic precursors, the preparation of which required
rather long reaction steps.[10]


With this in mind, we decided to develop an efficient
method for preparing the 1'a-branched-chain sugar ribonu-
cleosides I, starting from natural nucleosides and using a
radical cyclization reaction, which is a highly versatile method
for forming CÿC bonds. Since silicon-containing tethers are
very useful for the regio- and stereoselective introduction of a
carbon substituent based on a temporary silicon connection,
there is a growing interest in their use in intramolecular
radical cyclization reactions.[11] We have developed a regio-
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and stereoselective method for introducing three kinds of C2


substituents, namely 1-hydroxyethyl, 2-hydroxyethyl, and
vinyl groups at the position b to a hydroxyl group in
halohydrins or in a-phenylselenoalkanols a by using an
intramolecular radical cyclization reaction with a dimethyl-
or a diphenylvinylsilyl group as a temporary connecting
radical-acceptor tether (Scheme 2).[12] Thus, the selective
introduction of both 1-hydroxyethyl and 2-hydroxyethyl
groups can be achieved, depending on the concentration of
nBu3SnH in the reaction system, via a 5-exo-cyclization
intermediate g or a 6-endo-cyclization intermediate f, respec-
tively, after oxidative ring-cleavage by reacting the cyclization
products together under Tamao oxidation conditions.[13] A
vinyl group can also be introduced by irradiation of the
vinylsilyl ether in the presence of (nBu3Sn)2, followed by
treatment of the resulting atom-transfer 5-exo-cyclization
product j with the fluoride ion.[12d] The results of our
investigation of the radical cyclization mechanism suggest
that the kinetically favored 5-exo-cyclized radical c, formed
from radical b, was trapped when the concentration of
nBu3SnH was high enough to give g. At lower concentrations


of nBu3SnH and at higher reaction temperatures, the radical c
rearranged into the more stable, ring-enlarged 4-oxa-3-
silacyclohexyl radical e via a pentavalent-like silicon radical
transition state d, which was then trapped with nBu3SnH to
give f.[12g]


We recently applied this method to the synthesis of 4'a-
branched-chain sugar nucleosides.[5b, 12a±c] The 4'-phenylsele-
nonucleosides II, which were prepared from natural 2'-
deoxyribonucleosides by the procedure developed by Giese
and co-workers,[14] were used successfully in the synthesis of a
variety of 4'a-branched-chain sugar nucleosides III through a
radical reaction with a temporary connecting vinylsilyl tether
(Scheme 3). Among these, 4'a-ethynyl-2'-deoxycytidine (4)
and 4'a-vinylthymidine (5) showed potent antiviral and/or
antitumor effects.[5] Consequently, the 1'-phenylselenonucleo-
sides should also be highly useful precursors for the synthesis of
the biologically important 1'a-branched-chain sugar nucleosides.


In this report, we describe the synthesis of 1'-phenylsele-
nouridines by enolization of a sugar-protected 2'-ketouri-
dine[15] and its radical reaction with a vinylsilyl tether to
produce 1'a-branched-chain sugar pyrimidine nucleosides.


Scheme 1. Branched-chain nucleosides with biological activity.


Scheme 2. General scheme for the radical cyclization reaction with a vinylsilyl group as a temporary connecting tether.
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Scheme 3. Synthesis of 4'-branched 2'-deoxynucleosides by radical cycli-
zation reactions with a vinylsilyl group as a temporary connecting tether.


Results and Discussion


Synthetic plan : Scheme 4 shows our synthetic plan. In order to
provide the substrate for the radical reaction, a method for
introducing a phenylseleno group at the 1'-positon of nucleo-


Scheme 4. Strategy for synthesizing 1'a-branched-chain ribonucleosides
via 1'-phenylselenouridine derivatives. a) 1. base, 2. PhSeCl. b) 1. reduc-
tion, 2. Me2Si(CH�CH2)Cl. c) 1. radical reaction, 2. Tamao oxidation or
elimination.


sides was needed. We assumed that treatment of the 2'-
ketouridine derivative IV, readily prepared from uridine, with
a strong base would produce the corresponding 1'-enolate and
that the subsequent reaction with PhSeCl as electrophile
would give the 1'-phenylseleno-2'-ketouridine derivative V.
The stereoselective hydride reduction of the 2'-carbonyl from
the b-face, followed by introduction of a dimethylvinylsilyl
tether at the 2'-hydroxyl, would provide the desired radical
reaction substrate VI. The radical reaction of VI and
subsequent Tamao oxidation or elimination of the phenyl-
seleno group of the product
would afford the corresponding
sugar-protected 1'-branched-
chain sugar nucleosides I'.


Enolization at the 1'-position :
The 3',5'-O-TIPDS-2'-ketouri-
dine 8 (TIPDS� 1,1,3,3-tetra-
isopropyldisiloxane-1,3-diyl),


first prepared by our group,[16] has been widely used for the
synthesis of 2'-modified nucleosides by nucleophilic addition
reactions at the 2'-carbonyl.[17] We first examined, by deute-
rium-labeling experiments, whether enolization at the 1'-
position of 8 occurred (Scheme 5). A mixture of 8 and


Scheme 5. Enolization of 3',5'-O-TIPDS-2'-ketouridine (8). a) LiHMDS,
THF. b) CD3CO2D, CD3OD; ca. 90%. c) BzCl; 73%.


lithium hexamethyldisilazide (LiHMDS) (2.1 equiv) in THF
was stirred at < ÿ 70 8C for 1 h, then quenched with
CD3CO2D/CD3OD. The 2'-ketouridine 8 D was obtained in
about 90 % yield,[18] in which 54 % of the 1'-protons had been
replaced by deuterium atoms based on the 1H NMR spectrum.
A similar experiment with lithium diisopropylamide (LDA)
as the base also gave the 1'-deuterium-labeled product 8 D
(yield 72 %, deuterium incorporation 50 %). Furthermore,
when the reaction mixture of 8 and LiHMDS (2.1 equiv) in
THF was treated with BzCl at< ÿ 70 8C, the enol-O-benzoate
10 was obtained in 73 % yield. These experiments clearly
showed that the 1'-enolate 9 was produced under these
conditions, as predicted. As far as we know, this is the first
example demonstrating enolization at the 1'-position of a 2'-
ketonucleoside.[19]


Introduction of a phenylseleno group at the 1'-position :
Introduction of a phenylseleno group at the 1'-position of 8
through its enolization was next investigated (Scheme 6), and
the results are summarized in Table 1. The reactions were
carried out as follows. A mixture of 8 and a base in a solvent
was stirred at < ÿ 70 8C for 1 h. Two equivalents of PhSeCl
were added, and the resulting mixture was further stirred at
the same temperature for 1 h. The reaction products were


Scheme 6. Introduction of a phenylseleno group at the 1'-positon of 3',5'-O-TIPDS-2'-ketouridine (8). a) 1. base,
2. PhSeCl.
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purified by neutral silica-gel column chromatography. The
reaction was first performed with 1.5 equivalents of LiHMDS
to give the desired 1'-phenylseleno product in 47 % yield as an
anomeric mixture of the 1'a-phenylseleno product 11 and the
corresponding b-product 12 (11/12� 2.9:1, entry 1). It is worth
noting that the 1'b-phenylseleno product 12 was in equilib-
rium between the 2'-keto form 12 a and its 2'-hydrate 12 b. The
stereochemistry was confirmed by NOE analysis of 12 b, as
shown in Figure 1a. When 2.1 or 3.0 equivalents of LiHMDS
were used, the yields increased significantly (entry 2, yield
85 %; entry 3, yield 73 %).[20] However, when 4.0 equivalents
of the base were used, a poorer yield resulted (entry 4).[21]


In all these reactions, the 1'a-phenylseleno product 11
was obtained selectively as the major product. The


Figure 1. NOE experimental data of compounds 12 b, 13, 16, and 17.


effect of the solvent on the reaction was next examined.
Although 1,2-dimethoxyethane (DME) was suitable for this
reaction (entry 5) and gave results similar to the reaction in
THF, the yield decreased when Et2O was used (entry 6). The
anomeric ratio did not change when using DME or Et2O, but
the facial selectivity was almost lost when THF/HMPA
(hexamethylphosphoramide) was the solvent (entry 7, yield
75 %, 11/12� 1.4:1). Although the yield decreased with LDA
as the base, the 1'-phenylseleno products were obtained in
excellent yields similar to those with LiHMDS, when


NaHMDS or KHMDS was
used (entries 9 and 10). It is
interesting to note that the a-
selectivity is lost when the
counterion of HMDS is
changed to sodium. Further-
more, the stereoselectivity was
reversed to give the 1'b-phenyl-
seleno derivative 12 as the
major product (11/12� 1:3.0)
when potassium was used as
the counterion.


These results with different
counterions, together with the
results in the presence of
HMPA (entry 7), suggest that


the 1'a-phenylseleno product 11 is probably produced
through a chelation-controlled reaction pathway.[22] While
the structure of the chelation intermediate has not been
elucidated, one might postulate a chelation of Li� between the
2'-enol oxygen and 2-carbonyl oxygen of the uracil moiety.


Synthesis of the substrate for the radical reactions : The 1'a-
phenyseleno product 11, obtained in pure form after neutral
silica gel column chromatography, was subjected to reduction
at the 2'-keto moiety with hydride reagents, such as NaBH4,
LiBH4, NaBH3CN, diisobutylaluminum hydride (DIBAL-H),
or LiAl(OEt)3H. We investigated various reaction conditions
and found that the 2'-carbonyl group of 11 was chemo- and
stereoselectively reduced from the b-face when it was treated
with NaBH4 in the presence of CeCl3 in MeOH[23] at< ÿ 70 8C
to give the desired sugar-protected 1'-phenylselenouridine 13
in 90 % yield as the sole product.[24] The stereochemistry of 13
was confirmed by NOE experiments, as shown in Figure 1b.


The vinylsilyl tether was introduced at the 2'-hydroxy group
by treating 13 with a dimethylvinylchlorosilane, 4-(dimethyl-
amino) pyridine (DMAP), and Et3N in toluene to give 14, the
substrate for the radical reaction, as shown in Scheme 7.


The radical reaction under reductive conditions : The radical
reactions of the 1'a-phenylselenouridine derivative 14, bear-
ing a dimethylvinylsilyl tether at the 2'-position, were first
performed under reductive conditions with nBu3SnH. How-
ever, the results were undesirable. Treatment of 14 with
nBu3SnH (3.0equiv) in the presence of 2,2'-azobisisobutyro-
nitrile (AIBN, 0.3 equiv) in benzene at 60 8C or 2,2'-azobis-
(2,4-dimethyl-4-methoxyvaleronitrile) (V-70, 0.3 equiv) at
0 8C gave the 1'-reduced product 15 as the major product
(43 % at 60 8C, 33 % at 0 8C). The anomeric configuration
was assigned as a, since this compound was not identical to
the uridine derivative 15 b that was prepared by silylation at
the 2'-hydroxyl of 3',5'-O-TIPDS-uridine. The radical reac-
tions with (TMS)3SiH as the reducing agent were also
unsuccessful. For example, when 14 was treated with
(TMS)3SiH (3.0 equiv) and AIBN (0.3 equiv) in benzene at
60 8C, a tandem cyclization occurred to give the pentacyclic
product 16 as the major product in 37 % yield, along with
5-exo-cyclized 17 (13 %) and its atom-transfer product 18


Table 1. The introduction of a phenylseleno group at the 1'-position of 8.[a]


base (equiv) solvent yield (11 � 12 [%]) ratio (11/12)[b] 8 (recovered [%])


1 LiHMDS (1.5) THF 47 2.9:1 47
2 LiHMDS (2.1) THF 85 2.5:1 6
3 LiHMDS (3.0) THF 73 2.7:1 16
4 LiHMDS (4.0) THF 5 only 12 57
5 LiHMDS (2.1) DME 85 2.7:1 9
6 LiHMDS (2.1) Et2O 53 2.4:1 36
7 LiHMDS (2.1) THF/HMPA (9:1) 75 1.4:1 3
8 LDA (2.1) THF 62 2.6:1 12
9 NaHMDS (2.1) THF 76 1.2:1 10


10 KHMDS (2.1) THF 79 1:3.0 6


[a] solvent at < ÿ 70 8C for 1 h, PhSeCl (2equiv) was added, and the resulting mixture was further stirred at the
same temperature for 1 h. [b] The ratio was obtained from their isolated yield, after purification by neutral silica
gel column chromatography.
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Scheme 7. Radical reactions of 1'a-phenylselenouridine derivative 14 with
a vinylsilyl group at the 2'-hydroxyl under reductive conditions. a) NaBH4,
CeCl3 ´ 7 H2O, MeOH. b) Me2Si(CH�CH2)Cl, DMAP, Et3N, toluene.
c) nBu3SnH or (TMS)3SiH, AIBN or V-70, benzene or CH2Cl2.


(3 %). The stereochemistries of 16 and 17 were confirmed by
NOE experiments, as shown in Figure 1c and d.


The introduction of a vinyl group by radical atom-transfer
cyclization : We next investigated the introduction of a vinyl
group at the 1'a-position of uridine by radical atom-transfer
cyclization[25] and subsequent elimination of the phenylseleno
group, which we recently developed.[12d] When the radical
atom-transfer cyclization reaction was performed by irradi-
ation of a solution of 14 in benzene with a high-pressure
mercury lamp through a Pyrex filter at room temperature, the
starting material 14 disappeared within 4 h. The product,
without purification, was immediately treated with aqueous
H2O2 in THF at room temperature (method A) or treated
successively with tetrabutylammonium fluoride (TBAF) in
THF and with Ac2O/DMAP/Et3N in MeCN at room tem-
perature (method B). The results are summarized in
Table 2. The photoreaction was first performed without
an additive, and the product was oxidatively eliminated
by method A to give the desired 1'a-vinyl product in 12 %
yield as a mixture of 2'-O-silyl 20 and de-silylated 19
(entry 1).


The effect of additives on the photoreaction was next
examined. Addition of hexabutylditin [(nBu3Sn)2], which
proved effective in our previous study,[12d] did not work in this
system (entry 2). We found that when diphenyldiselenide
[(PhSe)2] was added, the yield of the 1'a-vinyl product
increased (entry 3, yield 47 %). We also discovered that b-
elimination with TBAF (method B) was superior to the above
oxidative elimination with H2O2 (method A). When the


product formed by irradiation without an additive was treated
by method B, the 1'a-vinyl product was isolated in 47 % yield
as the tri-O-acetate 21 (entry 4). The photoreaction in the
presence of 0.1 equiv of (PhSe)2 and subsequent treatment by
method B gave 21 in 48 % yield. When 0.3 or 0.7 equiv of
(PhSe)2 was used as an additive in the photoreaction, the yield
increased (entry 6, yield 70 %; entry 7, yield 77 %). As far as
we know, this is the first example in which (PhSe)2 proved to
be an effective additive for radical atom-transfer cyclization
reactions. However, the use of 1.0 equiv of (PhSe)2 resulted in
a slower reaction (entry 8).


These results suggest the reaction pathways summarized in
Scheme 8. The 5-exo cyclization of the anomeric radical A,
produced by UV irradiation of 14, gives the radical B
(Scheme 9). In the reaction without (PhSe)2, at least three


Scheme 8. Synthesis of 1'a-vinyluridine (22) by a photochemical radical
atom-transfer cyclization reaction. a) hn, additive, benzene. Method A: aq.
H2O2, THF. Method B: 1. TBAF, THF. 2. Ac2O, DMAP, Et3N, MeCN.
b) Et3N, MeOH.


Table 2. Synthesis of 1'a-vinyluridine derivatives by a radical atom-
transfer reaction of 14.[a]


additive (equiv) elimination products yield [%]
method[b]


1 none A 19� 20 12
2 (nBu3Sn)2 (0.1) A 19� 20 18
3 (PhSe)2 (0.1) A 19� 20 47
4 none B 21 47
5 (PhSe)2 (0.1) B 21 48
6 (PhSe)2 (0.3) B 21 70
7 (PhSe)2 (0.7) B 21 77
8 (PhSe)2 (1.0)[c] B 21 69


[a] A solution of 14 (and an additive) in benzene was irradiated with a high
pressure mercury lamp (300 W) with Pyrex filter at room temperature for
4 h (entry 8, for 24 h). [b] A: The radical atom-transfer cyclization product
was treated with H2O2 in aqueous THF at room temperature. B: The radical
atom-transfer cyclization product was successively treated with TBAF in
THF and with Ac2O/DMAP/Et3N in MeCN at room temperature. [c] After
24 h, a part of the starting material 14 remained was detected by 1H NMR
spectrum of the reaction mixture.
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Scheme 9. A possible reaction mechanism for the radical atom-transfer
cyclization reaction with (PhSe)2 as an additive.


molecules, that is, the desired PhSe-transferred product 18,
the ring-enlarged radical C, and the tandem-cyclized radical
D, can be formed from B, which may explain the poorer yields
of the desired product 18. When (PhSe)2 is present, the 5-exo-
cyclized radical B is likely to be trapped by (PhSe)2; therefore
the side reactions producing the radicals C or D are inhibited
and the yield of the desired 18 increases. However, high
concentrations of (PhSe)2 may also trap the anomeric radical
A to give back the starting material 14, which competes with
the 5-exo-cyclization producing B. This may be why the atom-
transfer reaction (entry 8) proceeded so slowly when 1.0 equiv
of (PhSe)2 was used.


The synthesis of 1'a-vinyluridine and -cytidine : Removal of
the acetyl groups of 21 with Et3N/MeOH gave the target 1'a-
vinyluridine 22 in high yield. The corresponding cytidine
derivative 25 was synthesized as shown in Scheme 10.
Successive treatment of 14 under the conditions for photo-


Scheme 10. Synthesis of 1'a-vinylcytidine (25) by a photochemical radical
atom-transfer cyclization reaction. a) 1. hn, (PhSe)2, benzene; 2. bq. H2O2,
aq. THF; 3. NH3, MeOH; 4. Ac2O, DMAP, Et3N, MeCN. b) 1. TPSC1,
DMAP, Et3N, MeCN; 2. 25% NH4OH; 3. TBAF, THF; 4. Ac2O, DMAP,
Et3N, MeCN.


chemical radical atom-transfer cyclization with (PhSe)2 as an
additive and for oxidative elimination with H2O2 gave a
mixture of 19 and 20, which, without purification, was further
treated successively with saturated NH3 in MeOH and Ac2O/
DMAP/Et3N in MeCN to give 2'-O-Ac-3',5'-O-TIPDS-1'a-
vinyluridine (23) in 52 % overall yield from 14. The 1'a-C-
vinyluridine derivative 23 was treated with 2,4,6-triisopropyl-
benzenesulfonyl chloride (TPSCl)/DMAP/Et3N in MeCN
followed by ammonolysis[26] to give the corresponding cyti-
dine derivative, which was isolated as the tetraacetate 24 in
78 % yield. Removal of the acetyl groups of 24 with saturated
NH3 in MeOH afforded the 1'a-C-vinylcytidine (25).


Conclusion


We have successfully introduced a phenylseleno group at the
1'-position of the 2'-ketouridine derivative 8 by its enolization
with LiHMDS. Subsequent chemo- and stereoselective re-
duction of the 2'-keto moiety gave the sugar-protected 1'-
phenylselenouridine 13, which is a highly useful precursor for
the preparation of various 1'a-modified pyrimidine nucleo-
sides of biological interest. After introduction of a dimethyl-
vinylsilyl tether at the 2'-hydroxyl of 13, the photochemical
radical atom-transfer reaction with (PhSe)2 as an effective
additive, followed by elimination of the phenylseleno group
gave the protected 1'a-vinyluridines. 1'a-Vinyluridine (22)
and -cytidine (25) were successfully synthesized by using this
procedure. This study is the first example of functionalization
at the anomeric 1'-position of a nucleoside, starting from a
natural nucleoside, to produce a ribo-type 1'-modified nucleo-
side.


Experimental Section


General : NMR Chemical shifts are reported in ppm downfield from TMS
and J values are given in hertz. The 1H NMR assignments reported for key
compounds[27] are in agreement with the COSY spectra. Thin layer
chromatography was done on Merck coated plate 60F254 . Silica gel
chromatography was done on Merck silica gel 5715 or Kanto Chemical
silica gel 60N (neutral). Reactions were carried out under an argon
atmosphere.


Deuterium labeling experiment with 8 : A solution of LiHMDS (1.0m in
THF, 1.05 mL, 1.05 mmol) was added dropwise to a solution of 8 (242 mg,
0.50 mmol) in THF (5.5 mL) at below ÿ70 8C, and the mixture was stirred
at the same temperature for 1 h. After dropwise addition of a mixture of
CD3CO2D (120 mL) and CD3OD (120 mL), the resulting mixture was
warmed to room temperature. The whole was partitioned between AcOEt
and H2O, and the organic layer was washed with brine, dried (Na2SO4), and
evaporated. The residue was purified by column chromatography (hexane/
AcOEt 2:1) to give crude 8 D as a white solid (233 mg, 96%) containing a
trace amount of an unknown compound, which may be the corresponding
a-isomer. The rate of deuterium incorporation at the 1'-positon was
determined as 54 %, based on the 1H NMR spectrum of pure 8 D
recrystallized from hexane/AcOEt. M.p. 175 ± 180 8C (went yellow and
melted); 1H NMR (CDCl3, 270 MHz) d� 8.15 (br s, D2O exchangeable,
1H), 7.14 (d, J� 7.9 Hz, 1H), 5.75 (dd, J� 7.9, 2.1 Hz, 1 H), 5.05 (d, J�
9.0 Hz, 1H), 4.98 (s, 0.46 H), 4.13 (dd, J� 12.6, 4.6 Hz, 1 H), 4.13 (dd, J�
12.6, 3.3 Hz, 1 H), 3.93 (ddd, J� 9.0, 4.6 Hz, 3.3, 1 H), 1.13 ± 0.98 (m, 28H);
FAB-HRMS calcd for C21H36DN2O7Si2 486.2202; found 486.2197 [M�H]� .


2'-O-Enol benzoate 10 : A solution of LiHMDS (1.0m in THF, 1.05 mL,
1.05 mmol) was added dropwise to a solution of 8 (242 mg, 0.50 mmol) in
THF (5.5 mL) at below ÿ70 8C, and the mixture was stirred at the same
temperature for 1 h. After dropwise addition of a solution of BzCl (122 mL,
1.05 mmol) in THF (1.5 mL), the resulting mixture was stirred at the same
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temperature for 1 h. AcOH (100 mL) was added, and the mixture was
warmed to room temperature. The mixture was partitioned between
AcOEt and H2O, and the organic layer was washed with brine, dried
(Na2SO4), and evaporated. The residue was purified by column chroma-
tography (hexane/AcOEt 4:1, 3:1, 2:1, and 1:1) to give 10 as a white foam.
Yield: 214 mg, 73 %; 1H NMR (CDCl3, 500 MHz) d� 8.27 (br s, D2O
exchangeable, 1 H), 8.06 (m, 2H), 7.61 (m, 1H), 7.46 (m, 2 H), 7.38 (d, J�
8.1 Hz, 1 H), 5.77 (dd, J� 8.1, 2.3 Hz, 1H), 5.66 (d, J� 5.1 Hz, 1H), 4.58
(ddd, J� 11.2, 4.8, 5.1 Hz, 1H), 4.19 (dd, J� 11.2, 4.8 Hz, 1H), 3.97 (dd, J�
11.2, 11.2 Hz, 1H), 1.12 ± 0.88 (m, 28H); 13C NMR (CDCl3, 125 MHz) d�
163.54, 162.54, 147.41, 141.49, 136.30, 133.93, 130.28, 130.17, 128.63, 128.38,
126.53, 122.64, 103.28, 86.50, 75.36, 63.91, 17.57, 17.44, 17.40, 17.37, 16.87,
16.81, 16.78, 13.45, 13.42, 13.05, 12.34; FAB-HRMS calcd for C28H41N2O8Si2


589.2402; found 589.2416 [M�H]� .


Introduction of a phenylseleno group at the 1'-position of 8 (General
procedure): A solution of MHMDS in THF (M�Li and Na) or toluene
(M�K) was added dropwise to a solution of 8 (242 mg, 0.50 mmol) in THF
(5.5 mL) at below ÿ70 8C, and the mixture was stirred at the same
temperature for 1 h. After dropwise addition of a solution of PhSeCl
(192 mg, 1.0 mmol) in THF (1.5 mL), the resulting mixture was stirred at
the same temperature for 1 h. AcOH (ca. 150 mL) was added, and the
mixture was warmed to room temperature. The mixture was partitioned
between AcOEt and H2O, the organic layer was washed with brine, dried
(Na2SO4), and evaporated. The residue was purified by column chroma-
tography (hexane/AcOEt 4:1, 3:1, 2:1, and 1:1) to give 11 (as a pale yellow
foam), a mixture of 12 a and 12 b (as a yellow solid) and 8 (as a white foam).
11: 1H NMR (CDCl3, 500 MHz) d� 8.51 (d, J� 8.3 Hz, 1H), 8.08 (br s, D2O
exchangeable, 1H), 7.55 (m, 2H), 7.42 (m, 1 H), 7.36 (m, 2H), 5.79 (dd, J�
8.3, 2.3 Hz, 1 H), 4.95 (d, J� 7.6 Hz, 1H), 4.03 ± 3.99 (m, 3H), 1.13 ± 1.00 (m,
28H); 13C NMR (CDCl3, 100 MHz) d� 197.82, 162.53, 149.09, 143.17,
136.12, 122.99, 129.58, 125.27, 102.43, 96.34, 80.83, 71.47, 63.02, 17.41, 17.29,
17.25, 16.95, 16.89, 16.86, 16.77, 13.37, 13.07, 12.56, 12.51; FAB-HRMS calcd
for C27H41N2O7SeSi2 641.1618; found 641.1615 [M�H]� ; elemental analysis
calcd (%) for C27H40N2O7SeSi2 (639.8): C 50.69, H 6.30, N 4.38: found: C
50.56, H 6.31, N 4.33.


Purification of 12a and 12 b : a mixture of 12a and 12 b (740 mg) was treated
with hot AcOEt/hexane to give pure 12 b as white crystals (620 mg, M.p.
159.5 ± 160.5 8C). The filtrate was then evaporated and triturated with
AcOEt/hexane to give pure 12a as a white powder (30 mg). 12a : 1H NMR
(CDCl3, 500 MHz) d� 8.27 (d, J� 8.3 Hz, 1 H), 8.08 (br s, D2O exchange-
able, 1H), 7.59 (m, 2 H), 7.45 (m, 1H), 7.37 (m, 2 H), 5.76 (dd, J� 8.3 Hz, 1.2,
1H), 4.64 (d, J� 9.1 Hz, 1 H), 4.52 (ddd, J� 9.1, 4.8, 3.0 Hz, 1H), 3.93 (dd,
J� 12.7, 3.0 Hz, 1H), 3.67 (dd, J� 12.7, 4.8 Hz, 1H), 1.13 ± 0.95 (m, 28H);
FAB-HRMS calcd for C27H41N2O7SeSi2: 641.1618; found 641.1661
[M�H]� . 12 b : 1H NMR (CDCl3, 500 MHz) d� 8.46 (br s, D2O exchange-
able, 1H; N3-H), 7.49 (m, 2H; o-SePh), 7.39 (m, 1H; p-SePh), 7.27 (m, 2H;
m-SePh), 6.95 (d, J� 8.3 Hz, 1H; H6), 6.48 (s, D2O exchangeable, 1H;
2'OH), 5.35 (dd, J� 8.3, 2.3 Hz, 1H; H5), 4.84 (d, J� 7.8 Hz, 1H; H3'), 4.21
(dd, J� 12.9 Hz, 7.0, 1H; H5'a), 4.06 ± 4.04 (m, 2 H; H4', H5'b), 3.92 (s, D2O
exchangeable, 1 H; O2'H), 1.20 ± 1.01 (m, 28 H; isopropyl �4); NOE
(400 MHz, CDCl3): irradiated H5', observed o-SePh (5.8 %), H3' (6.6 %);
13C NMR (CDCl3, 125 MHz) d� 162.83, 150.36, 139.66, 138.58, 129.63,
128.84, 125.69, 103.52, 100.49, 100.14, 83.72, 75.64, 62.69, 17.51, 17.47, 17.45,
17.29, 17.01, 17.00, 16.79, 16.76, 13.41, 13.14, 12.82, 12.44; FAB-HRMS calcd
for C27H42N2O8SeSi2Na: 681.1543; found 681.1567 [M�Na]� .


1-[1-C-Phenylseleno-3,5-O-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-b-d-
ribo-pentofuranosyl]uracil (13): A mixture of CeCl3 ´ 7 H2O (7.45 g,
20.0 mmol) and NaBH4 (454 mg, 12.0 mmol) in MeOH (40 mL) was stirred
at ÿ70 8C for 1 h. A solution of 11 (6.40 g, 10.0 mmol) in MeOH (55 mL)
was added to the resulting solution, and the mixture was stirred at the same
temperature for 10 min. After addition of aqueous tartaric acid (5%,
10 mL), the mixture was warmed to room temperature and partitioned
between AcOEt and H2O. The organic layer was washed with brine, dried
(Na2SO4), and evaporated. The residue was purified by column chroma-
tography (hexane/AcOEt 3:1) to give 13 as a white foam. Yield: 5.80 g,
90%; 1H NMR (CDCl3, 270 MHz) d� 8.39 (br s, D2O exchangeable, 1H;
N3-H), 7.48 (m, 2 H; o-SePh), 7.36 (m, 1H; p-SePh), 7.23 (m, 2H; m-SePh),
7.06 (d, J� 8.6 Hz, 1 H; H6), 5.20 (d, J� 8.6 Hz, 1H; H5), 4.62 (dd, J� 6.6,
2.0 Hz, 1H; H2'), 4.33 (ddd, J� 8.6, 2.6, 2.6 Hz, 1H; H4'), 4.23 (dd, J� 8.6,
6.6 Hz, 1 H; H3'), 4.13 (dd, J� 13.2, 2.6 Hz, 1H; H5'a), 4.11 (dd, J� 13.2,
2.6 Hz, 1 H; H5'b), 3.71 (br s, D2O exchangeable, 1 H; 2'OH), 1.08 ± 0.85 (m,


28H; isopropyl�4); NOE (400 MHz, CDCl3): irradiated H6, observed H5'
(1.1 %), H3' (1.6 %), H2' (0.2 %); 13C NMR (CDCl3, 100 MHz) d� 163.18,
148.98, 139.21, 138.53, 129.45, 128.81, 125.86, 106.59, 100.11, 80.16, 75.53,
68.55, 59.75, 17.34, 17.20, 16.98, 16.91, 16.79, 13.39, 13.19, 12.98, 12.62, 12.40;
FAB-HRMS calcd for C27H43N2O7SeSi2 643.1774; found 643.1800 [M�H]� ;
elemental analysis calcd (%) for C27H42N2O7SeSi2 ´ H2O (659.8): C 49.15, H
6.72, N 4.25; found C 49.25, H 6.43, N 4.25.


1-[1-C-Phenylseleno-2-O-dimethylvinylsilyl-3,5-O-(1,1,3,3-tetraisopropyl-
disiloxane-1,3-diyl)-b-d-ribo-pentofuranosyl]uracil (14): A mixture of 13
(642 mg, 1.0 mmol), DMAP (25 mg, 0.20 mmol), Et3N (881 mL, 6.3 mmol),
and chlorodimethylvinylsilane (828 mL, 6.0 mmol) in toluene (5 mL) was
stirred at room temperature for 30 min. After addition of MeOH (0.5 mL)
at 0 8C, the resulting mixture was stirred at room temperature for 10 min
and partitioned between AcOEt and H2O. The organic layer was washed
with brine, dried (Na2SO4), and evaporated. The residue was purified by
column chromatography (CHCl3/AcOEt 8:1 then 4:1) to give 14 as a white
foam. Yield: 705 mg, 97%; 1H NMR (CDCl3, 270 MHz) d� 7.84 (br s, D2O
exchangeable, 1H), 7.51 (d, J� 7.9 Hz, 1H), 7.35 ± 7.17 (m, 5H), 6.34 (dd,
J� 20.4, 14.3 Hz, 1H), 6.08 (dd, J� 14.3, 4.0 Hz, 1 H), 5.90 (dd, J� 20.4,
4.0 Hz, 1H), 5.13 (dd, J� 7.9, 2.0 Hz, 1 H), 5.06 (d, J� 4.0 Hz, 1 H), 4.34 (d,
J� 9.2 Hz, 1 H), 4.20 (d, J� 13.8 Hz, 1 H), 4.01 ± 3.93 (m, 2 H), 1.08 ± 0.81
(m, 28H), 0.40 (s, 3H), 0.39 (s, 3H); 13C NMR (CDCl3, 100 MHz) d�
163.22, 148.18, 139.62, 138.21, 137.28, 133.49, 129.29, 128.66, 126.17, 104.78,
99.51, 80.67, 77.39, 68.32, 58.71, 17.46, 17.32, 17.15, 17.08, 17.06, 16.91, 13.47,
13.05, 12.89, 12.73, ÿ1.16, ÿ1.22; FAB-HRMS calcd for C31H51N2O7SeSi3


727.2170; found 727.2187 [M�H]� ; elemental analysis calcd (%) for
C31H50N2O7SeSi3 (726.0): C 51.29, H 6.94, N 3.86; found C 51.24, H 6.98,
N 3.85.


Radical reaction of 14 under reductive conditions : A solution of 14 (44 mg,
0.060 mmol), nBu3SnH or (TMS)3SiH (0.18 mmol), and AIBN (3 mg,
0.015 mmol) or V-70 (6 mg, 0.018 mmol) in benzene or CH2Cl2 (0.6 mL)
was stirred at 60 8C or at 0 8C. After 14 had disappeared, as shown by TLC,
the solvent was evaporated, and the residue was purified by column
chromatography (CHCl3/AcOEt 20:1, 10:1, 5:1 then 1:1) to give 15 a, 16, 17,
and 18, respectively, in a pure form. 15a : 1H NMR (CDCl3, 500 MHz) d�
9.05 (br s, 1H, D2O exchangeable, N3-H), 7.39 (d, J� 8.1 Hz, 1 H; H6), 6.11
(d, J� 3.1 Hz, 1H; H1'), 6.03 ± 5.95 (m, 2 H; CH�CH2 and CH�CH2), 5.75 ±
5.67 (m, 1 H; CH�CH2), 5.71 (d, J� 8.1 Hz, 1H; H5), 4.43 (dd, J� 3.5,
3.1 Hz, 1 H; H2'), 4.34 (dd, J� 9.3, 3.5 Hz, 1H; H3'), 4.15 ± 4.09 (m, H5'a,
2H; H4'), 3.94 (dd, J� 13.2, 2.3 Hz, 1 H; H5'b), 1.10 ± 0.96 (m, 28H;
isopropyl �4), 0.14 (s, 3H; SiCH3), 0.12 (s, 3H; SiCH3); 13C NMR (CDCl3,
125 MHz) d� 163.37, 150.16, 141.83, 136.34, 133.99, 100.52, 85.74, 81.53,
72.70, 70.63, 59.69, 17.39, 17.29, 17.26, 17.14, 17.07, 17.03, 16.89, 13.57, 13.34,
13.03, 12.84, 12.71, ÿ1.79, ÿ1.84; FAB-HRMS calcd for C25H47N2O7Si3


571.2692; found 571.2706 [M�H]� . 16 : 1H NMR (CDCl3, 270 MHz) d�
7.25 (br s, D2O exchangeable, 1H; N3-H), 4.95 (dd, J� 8.6, 5.9 Hz, 1H;
H3'), 4.69 (d, J� 5.9 Hz, 1 H; H2'), 4.17 ± 4.06 (m, 2 H; H5'a, H6), 3.98 (dd,
J� 12.3, 3.0 Hz, 1 H; H5'b), 3.68 (m, 1H; H4'), 2.79 (dd, J� 16.5, 4.2 Hz,
1H; H5a), 2.39 (dd, J� 16.5, 13.1 Hz, 1H; H5b), 2.31 (ddd, J� 12.7, 8.6,
5.1 Hz, 1H; H7'a), 1.89 (dd, J� 12.7, 8.6 Hz, 1 H; H6'), 1.49 (ddd, J� 12.7,
12.7, 10.5 Hz, 1H; H7'b), 1.14 ± 0.97 (m, 28H; isopropyl �4), 0.39 (s, 3H;
SiCH3), 0.30 (s, 3 H; SiCH3); NOE (400 MHz, CDCl3) irradiated H6',
observed H6 (3.5 %), H4' (3.8 %); FAB-HRMS calcd for C25H47N2O7Si3:
571.2692; found 571.2702 [M�H]� . 17: 1H NMR (CDCl3, 270 MHz) d�
8.25 (br s, D2O exchangeable, 1 H; N3-H), 8.03 (d, J� 8.3 Hz, 1 H; H6), 5.69
(dd, J� 8.3, 2.4 Hz, 1H; H5), 5.17 (d, J� 3.3 Hz, 1 H; H2'), 4.22 (d, J�
13.7 Hz, 1 H; H5'a), 4.17 (dd, J� 9.4, 3.3 Hz, 1H; H3'), 4.00 (dd, J� 9.4,
2.3 Hz, 1H; H4'), 3.93 (dd, J� 13.7, 2.3 Hz, 1H; H5'b), 2.37 (q, J� 7.3 Hz,
1H; H6'), 0.91 (d, J� 7.3 Hz, 3H; H7'), 1.25 ± 0.81 (m, 28H; isopropyl �4),
0.39 (s, 3 H; SiCH3a), 0.26 (s, 3 H; SiCH3b); NOE (400 MHz, CDCl3):
irradiated H6', observed H2' (2.4 %); FAB-HRMS calcd for C25H47N2O7Si3


571.2692; found 571.2695 [M�H]� . For 18 : 1H NMR (CDCl3, 270 MHz)
d� 8.00 (d, J� 8.5 Hz, 1H), 7.91 (br s, D2O exchangeable, 1H), 7.36 ± 7.22
(m; SePh), 5.70 (dd, J� 8.5, 2.0 Hz, 1H), 5.03 (d, J� 3.3 Hz, 1 H), 4.24 (d,
J� 13.6 Hz, 1H), 4.11 (dd, J� 9.2, 3.3 Hz, 1 H), 4.03 (dd, J� 9.2, 2.0 Hz,
1H), 3.94 (dd, J� 13.6, 2.0 Hz, 1H), 3.03 (dd, J� 11.8, 7.3 Hz, 1 H), 2.95 (dd,
J� 11.8, 8.9 Hz, 1 H), 2.76 (dd, J� 8.9, 7.8 Hz, 1H), 1.08 ± 0.97 (m, 28H),
0.44 (s, 3 H), 0.32 (s, 3H); FAB-HRMS calcd for C31H51N2O7SeSi3 727.2170;
found 727.2159 [M�H]� .


1-[2-O-Dimethylvinylsilyl-3,5-O-(1,1,3,3-tetraisopropyldisiloxane-1,3-di-
yl)-b-d-ribo-pentofuranosyl]uracil (15 b): Compound 15b was obtained as
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a white foam from 1-[3,5-O-(1,1,3,3-tetraisopropyldisiloxane-1,3-diyl)-b-d-
ribofuranosyl]uracil (244 mg, 0.50 mmol, as a foam) as described for the
synthesis of 14, after purification by column chromatography (hexane/
AcOEt 4:1). Yield: 285 mg, quant.; 1H NMR (CDCl3, 270 MHz) d� 8.83
(br s, D2O exchangeable, 1 H; N3-H), 7.95 (d, J� 7.9 Hz, 1 H; H6), 6.19 (dd,
J� 19.8, 15.2 Hz, 1 H; CH�CH2), 6.03 (dd, J� 15.2, 4.6 Hz, 1H; CH�CH2),
5.85 (dd, J� 19.8, 4.6 Hz, 1 H; CH�CH2), 5.66 (dd, J� 7.9, 2.0 Hz, 1 H; H5),
5.61 (s, 1H; H1'), 4.25 (dd, J� 13.9 Hz, ca. 0, 1H; H5'a), 4.23 ± 4.14 (m, 2H;
H2', H4'), 4.08 (dd, J� 9.2, 4.0 Hz, 1H; H3'), 3.97 (dd, J� 13.9, 2.0 Hz, 1H;
H5'b), 1.10 ± 1.00 (m, 28 H; isopropyl �4), 0.28 (s, 3H; SiCH3), 0.27 (s, 3H;
SiCH3).


Radical atom-transfer cyclization and subsequent elimination :


Method A : A stirring solution of 14 (44 mg, 0.060 mmol) and an additive
(0.006 mmol) in benzene (0.6 mL) was irradiated with a high-pressure
mercury lamp (300 W) at room temperature for 4 h. The solvent was
evaporated, and a mixture of the residue and H2O2 (30 % in H2O, 27 mL,
0.24 mmol) in THF (7 mL) was stirred at room temperature for 35 min.
After addition of aqueous saturated Na2S2O3 (100 mL), the mixture was
partitioned between AcOEt and H2O. The organic layer was washed with
brine, dried (Na2SO4), and evaporated. The residue was purified by column
chromatography (CHCl3/AcOEt 2:1, 1:1, 1:2, and AcOEt) to give a mixture
of 19 and 20 (19/20� 1:5 based on the 1H NMR). 1H NMR (CDCl3,
270 MHz) of the mixture. For 19, d� 8.45 (br s, D2O exchangeable, 1H),
7.99 (d, J� 8.6 Hz, 1H), 6.11 (dd, J� 17.2, 10.6 Hz, 1H), 5.68 (dd, J� 8.6,
2.0 Hz, 1 H), 5.52 (dd, J� 17.2, 1.3 Hz, 1 H), 5.38 (dd, J� 10.6, 1.3 Hz, 1H),
4.80 (d, J� 4.0 Hz, 1H), 4.29 (dd, J� 9.2, 4.6 Hz, 1H), 4.25 (d, J� 13.2 Hz,
1H), 4.16 (d, J� 9.2 Hz, 1H), 3.99 (dd, J� 13.2, 2.6 Hz, 1 H), 2.79 (br s, 1H),
1.08 ± 0.98 (m, 28 H). For 20, d� 9.55 (br s, D2O exchangeable, 1H), 8.05 (d,
J� 7.9 Hz, 1H), 6.52 (dd, J� 17.2, 10.6 Hz, 1 H), 5.70 (dd, J� 7.9, 2.0 Hz,
1H), 5.40 (d, J� 17.2 Hz, 1H), 5.29 (d, J� 10.6 Hz, 1H), 5.04 (d, J� 2.6 Hz,
1H), 4.26 (dd, J� 13.9, 0.7 Hz, 1H), 4.16 ± 4.15 (m, 2 H), 3.96 (dd, J� 13.9,
2.0 Hz, 1H), 3.72 (br s, D2O exchangeable, 1H), 1.08 ± 0.96 (m, 28H), 0.24
(s, 3H), 0.20 (s 3 H); FAB-HRMS of the mixture: calcd for C23H41N2O7Si2


513.2452; found 513.2447 ([M�H]� for 19); calcd for C25H47N2O8Si3


587.2640; found 587.2639 ([M�H]� for 20).


Method B : A stirring solution of 14 (1.02 g, 1.4 mmol) and (PhSe)2 (0 ±
1.4 mmol) in benzene (14 mL) was irradiated with a high-pressure mercury
lamp (300 W) at room temperature for 4 h (Table 2 entry 8, 24 h). The
solvent was evaporated, and a mixture of the residue and TBAF (1.0m in
THF, 7.0 mL, 7.0 mmol) was stirred at room temperature for 1 h. After the
solvent was evaporated, a mixture of the residue, DMAP (32 mg,
0.26 mmol), Et3N (1.95 mL, 14 mmol), and Ac2O (1.32 mL, 14 mmol) in
MeCN (10 mL) was stirred at room temperature for 70 min. After addition
of MeOH (0.5 mL), the resulting solution was partitioned between AcOEt
and H2O. The organic layer was washed with brine, dried (Na2SO4), and
evaporated. The residue was purified by column chromatography (hexane/
AcOEt 1:1, 1:2, then 1:4) to give 21 as a white foam. 1H NMR (CDCl3,
270 MHz) d� 8.25 (br s, D2O exchangeable, 1H), 7.78 (d, J� 8.6 Hz, 1H),
6.28 (d, J� 4.6 Hz, 1 H), 6.26 (dd, J� 17.2, 11.2 Hz, 1H), 5.70 (dd, J�
8.6 Hz, ca. 0, 1H), 5.53 (dd, J� 17.2, 1.3 Hz, 1 H), 5.37 (dd, J� 11.2,
1.3 Hz, 1H), 5.33 (dd, J� 7.3, 4.6 Hz, 1H), 4.49 (m, 1 H), 4.38 (dd, J� 12.4,
2.6 Hz, 1H), 4.27 (dd, J� 12.4, 4.0 Hz, 1 H), 2.13 (s, 3H), 2.06 (s, 3H), 2.05
(s, 3H); 13C NMR (CDCl3, 100 MHz) d� 170.03, 169.22, 168.63, 162.75,
149.62, 139.49, 131.78, 118.00, 101.61, 97.36, 79.81, 74.29, 69.76, 61.75, 20.79,
20.59, 20.47; FAB-HRMS calcd for C17H21N2O9: 397.1247; found 397.1252
[M�H]� ; elemental analysis calcd (%) for C17H20N2O9 ´ 0.8H2O (410.8): C
49.71, H 5.30, N 6.82; found C 49.67, H 5.02, N 6.77.


1-(1-C-Ethenyl-b-d-ribo-pentofuranosyl)uracil (22): A mixture of 21
(198 mg, 0.50 mmol), Et3N (2 mL, 15 mmol), and MeOH (3 mL) was
stirred at room temperature for 90 h. The solvent was evaporated, and the
residue was purified by column chromatography (CHCl3/MeOH 15:1, 10:1
then 5:1) to give a solid. The solid was dissolved in H2O, which was freeze-
dried to give 22 as a white cotton. Yield: 84 mg, 62%; 1H NMR
([D6]DMSO, 400 MHz) d� 11.13 (br s, D2O exchangeable, 1H; N3-H),
8.08 (d, J� 8.2 Hz, 1H; H6), 6.40 (dd, J� 17.5, 10.6 Hz, 1H; CH�CH2), 5.51
(d, J� 4.9 Hz, 1H; 2'OH), 5.50 (d, J� 8.2 Hz, 1H; H5), 5.18 (dd, J� 17.5,
1.3 Hz, 1H; CH�CH2), 5.18 (dd, J� 10.6, 1.3 Hz, 1 H; CH�CH2), 4.98 (t,
J� 5.5 Hz, 1H; 5'-OH), 4.87 (d, J� 6.6 Hz, 1 H; 3'-OH), 4.63 (dd, J� 4.9,
4.5 Hz, 1 H; H2'), 3.95 ± 3.84 (m, H4', 2H; H3'), 3.73 (ddd, J� 12.5, 5.5,
2.3 Hz, 1 H; H5'a), 3.50 (ddd, J� 12.5, 5.5, 4.6 Hz, 1H; H5'b); 13C NMR
([D6]DMSO, 100 MHz) d� 163.45, 150.32, 140.64, 134.77, 115.68, 99.90,


97.61, 83.56, 74.45, 68.65, 59.43; FAB-HRMS calcd for C11H15N2O6


271.0930; found 271.0916 [M�H]� ; elemental analysis calcd (%) for
C11H14N2O6 ´ 0.2 H2O (273.9): C 48.25, H,5.30, N 10.23; found C 48.04, H
5.31, N 10.10.


1-[2-O-Acetyl-1-C-ethenyl-3,5,-O-(1,1,3,3-tetraisopropyldisiloxane-1,3-di-
yl)-b-d-ribo-pentofuranosyl]uracil (23): A stirring solution of 14 (1.02 g,
1.4 mmol) and (PhSe)2 (306 mg, 0.98 mmol) in benzene (14 mL) was
irradiated with a high-pressure mercury lamp (300 W) at room temperature
for 4 h, and then the solvent was evaporated. A mixture of the residue and
H2O2 (30 % in H2O, 630 mL, 5.6 mmol) in THF (14 mL) was stirred at room
temperature for 15 min, and then aqueous saturated Na2S2O3 (1 mL) was
added. The resulting mixture was partitioned between AcOEt and H2O,
and the organic layer was washed with brine, dried (Na2SO4), and
evaporated. Saturated NH3 in MeOH (10 mL) was added to a solution of
the residue in MeOH (5 mL), and the mixture was stirred at room
temperature for 1 h. After the solvent was evaporated, a mixture of the
residue, DMAP (17 mg), Et3N (390 mL, 2.8 mmol), and Ac2O (264 mL,
2.8 mmol) was stirred at room temperature for 2.5 h. After addition of
MeOH (0.3 mL), the resulting mixture was partitioned between AcOEt
and H2O, and the organic layer was washed with brine, dried (Na2SO4), and
evaporated. The residue was purified by column chromatography (hexane/
AcOEt 3:1) to give 23 as a pale brown foam. Yield: 402 mg, 52%; 1H NMR
(CDCl3, 270 MHz) d� 8.40 (br s, D2O exchangeable, 1H), 7.97 (d, J�
9.2 Hz, 1H), 6.43 (dd, J� 17.2, 10.6 Hz, 1H), 6.17 (d, J� 4.6 Hz, 1H),
5.68 (d, J� 9.2 Hz, 1H), 5.53 (d, J� 17.2 Hz, 1H), 5.33 (d, J� 10.6 Hz, 1H),
4.33 (dd, J� 9.9, 4.6 Hz, 1 H), 4.26 (d, J� 13.2 Hz, 1H), 4.08 (br d, J�
9.9 Hz, 1 H), 3.98 (dd, J� 13.2, 2.0 Hz, 1 H), 2.12 (s, 3 H), 1.08 ± 0.92 (m,
28H); FAB-HRMS calcd for C25H43N2O8Si2 555.2558; found 555.2557
[M�H]� .


N4-Acetyl-1-(2,3,5-tri-O-acetyl-1-C-ethenyl-b-d-ribo-pentofuranosyl)cyto-
sine (24): A mixture of 23 (361 mg, 0.65 mmol), TPSCl (395 mg, 1.3 mmol),
DMAP (159 mg, 1.3 mmol), and Et3N (182 mL, 1.3 mmol) in MeCN (6 mL)
was stirred at room temperature for 5 h. After addition of NH3 (25 % in
H2O, 6 mL), the resulting mixture was stirred at room temperature for 2.5 h
and then partitioned between AcOEt and H2O, and the organic layer was
washed with brine, dried (Na2SO4), and evaporated. A mixture of the
residue and TBAF (1.3 mL, 1.3 mmol, 1m) in THF (4 mL) was stirred at
room temperature for 1 h, and then the solvent was evaporated. A mixture
of the residue, DMAP (16 mg), Et3N (906 mL, 6.5 mmol), and Ac2O
(613 mL, 6.5 mmol) in MeCN (6 mL) was stirred at room temperature for
12 h. After addition of MeOH (0.3 mL), the resulting mixture was
partitioned between AcOEt and H2O, and the organic layer was washed
with brine, dried (Na2SO4), and evaporated. The residue was purified by
column chromatography (CHCl3, CHCl3/MeOH 20:1 then 10:1) to give 24
as a white foam. Yield: 200 mg, 78%; 1H NMR (CDCl3, 400 MHz) d� 9.49
(br s, D2O exchangeable, 1 H), 8.20 (d, J� 7.7 Hz, 1H), 7.40 (d, J� 7.7 Hz,
1H), 6.47 (dd, J� 17.1, 10.8 Hz, 1H), 6.32 (d, J� 4.8 Hz, 1H), 5.51 (d, J�
17.1 Hz, 1H), 5.33 (d, J� 10.8 Hz, 1H), 5.23 (dd, J� 7.7, 4.8 Hz, 1H), 4.50
(m, 1H), 4.39 (dd, J� 13.0, 2.4 Hz, 1 H), 4.29 (dd, J� 13.0, 3.7 Hz, 1H), 2.27,
2.13 (each s, each 3 H), 2.07 (s, 3H), 2.02 (s, 3 H); FAB-HRMS calcd for
C19H24N3O9 438.1512; found 438.1487 [M�H]� .


1-(1-C-Ethenyl-b-d-ribo-pentofuranosyl)cytosine (25): Saturated NH3 in
MeOH (2.5 mL) was added to a solution of 24 (198 mg, 0.5 mmol) in
MeOH (3 mL) at 0 8C, and the resulting mixture was stirred at the same
temperature for 30 min and at room temperature for 15 h. The solvent was
evaporated, and the residue was purified by column chromatography
(CHCl3/MeOH 5:1, then 3:1) to give a solid. This solid was dissolved in
H2O, and the resulting solution was freeze-dried to give 25 as a white
cotton. Yield: 76 mg, 80%; 1H NMR ([D6]DMSO, 400 MHz) d� 8.00 (d,
J� 7.3 Hz, 1H, H6), 7.08 (br s, D2O exchangeable, 1 H; NH4), 7.02 (br s,
D2O exchangeable, 1 H; NH4), 6.43 (dd, J� 17.2, 10.6 Hz, 1 H; CH�CH2),
5.65 (d, J� 7.3 Hz, 1H; H5), 5.55 (br s, 1 H; OH), 5.07 (dd, J� 10.6, 1.8 Hz,
1H; CH�CH2), 5.04 (dd, J� 17.2, 1.8 Hz, 1 H; CH�CH2), 4.88 (br s, total
2H; OH), 4.53 (d', J� 4.0 Hz, 1 H; H2), 3.95 (m, 1 H; H4'), 3.86 (dd, J� 5.9,
4.0 Hz, 1 H; H3'), 3.61 (dd, J� 11.9, 3.3 Hz, 1 H; H5'a), 3.45 (dd, J� 11.9,
4.0 Hz, 1H; H5'b); 13C NMR ([D6]DMSO, 100 MHz) d� 165.62, 155.57,
141.35, 135.95, 114.59, 97.64, 92.78, 84.38, 75.44, 69.78, 60.21; FAB-HRMS
calcd for C11H16N3O5 270.1090; found 271.1095 [M�H]� ; elemental analysis
calcd (%) for C11H15N3O5 ´ 0.8 H2O (283.7): C 46.58, H 5.90, N 14.81; found
C 46.35, H 5.46, N 14.85.
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Intramolecular CÿH Activation by Alkylpalladium(ii) Complexes:
Insights into the Mechanism of the Palladium-Catalyzed Arylation Reaction


BeleÂn Martín-Matute, Cristina Mateo, Diego J. CaÂrdenas, and Antonio M. Echavarren*[a]


Abstract: The cyclization of [Ar-
OCH2PdL2Cl] complexes proceeds at
room temperature in CH3CN in the
presence of base, such as KOPh or
carbonate, to form palladacycles. The
effect of substituents on the aryl moiety
(p-MeO>H> p-NO2) is as expected for
an electrophilic aromatic substitution by
electrophilic PdII. The absence of iso-


topic effect is also consistent with this
proposal. Cyclopalladation proceeds
with bidentate ligands (dppf, COD and
phen); although the CÿH activation


reactions are slower in these cases. The
starting [ArOCH2Pd(PPh3)2Cl] and [Ar-
OCH2Pd(PPh3)Cl]2 complexes were pre-
pared by transmetalation of organostan-
nanes [(ArOCH2)4Sn] with [Pd(PPh3)2-
Cl2] or [Pd(PPh3)Cl2]2, respectively.
Cleavage of palladacycles with HCl also
gave [ArOCH2PdL2Cl] complexes.


Keywords: aromatic substitution ´
CÿH activation ´ metallacycles ´
palladium


Introduction


Metalation reactions are key steps in many metal-catalyzed
reactions.[1±3] In particular, the palladium-catalyzed arylation
reaction has attracted much attention in organic synthesis
since this reaction offers a straightforward solution for the
construction of carbo- and heterocycles from the correspond-
ing halides and triflates (X�Br, I, OTf) (Scheme 1).[4±7] The
reaction is usually carried out with [Pd(OAc)2] or
[Pd(PPh3)2Cl2] as the catalysts in polar solvents (DMF or
DMAc) at relatively high temperatures (120 ± 170 8C) in the
presence of a base to trap HX. The addition of bulky, donor
phosphanes, such as PCy3, has been shown to accelerate the
arylation.[6g] However, despite the synthetic interest of this
reaction, little is known about its mechanism. A simplified
mechanistic hypothesis for the arylation reaction is outlined in
Scheme 1 (ligands L on Pd are removed for clarity). The
arylpalladium(ii) complex [PdAr(L)nX] I (L� phosphane or
solvent molecule, n� 1 or 2)[8] that is initially formed might
react as an electrophile with the aryl ring to form II,[1a, 9, 10]


which is then followed by a proton loss to form [PdArAr'(L)n]
III. Alternatively, complex I could directly give palladation


X


Pd
X


Pd
H


Pd


Pd0L2


HX


- HX


X-


Pd0L2


III


II


I


- HX


Scheme 1. Simplified mechanistic hypothesis for the arylation reaction.


intermediate III. Finally, reductive elimination of III would
yield the biaryl product and the reactive Pd0 species.
Arenonium intermediates, such as II, have been proposed as
intermediates for the cyclometalation of arenes as well as for
the protonation of metal-aryl bonds, a reaction that is the
reversal of the cyclometalation process.[11]


In certain cases, (h2-arene)alkyl palladium(ii) complexes
have been shown to evolve by CÿH activation to afford
palladacycles.[12, 13] Recently, alkylpalladium complex IV has
been transformed into palladacycle V by the action of the
strong base NaN(SiMe3)2 (Scheme 2).[14] Interestingly, selec-
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Scheme 2. Intermediate palladacycles.


tive cleavage of either the alkylpalladium or the arylpalladium
bond of palladacycle V could be achieved by the use of
different acids. In this work, (h1-arene)alkyl palladium(ii)
complex VI was found to be an intermediate during cleavage
of the arylpalladium bond by acid.[14]


The effect of aryl substituents on the rate of arylation has
been studied with norbornyl-palladium(ii) complex VII
(Scheme 2).[15] In this case, the palladation was promoted by
the milder base KOPh and palladacycle VIII was yielded. The
reaction rate followed the order X�MeO>H>NO2 as
expected for an electrophilic aromatic substitution reaction.
However, under catalytic conditions, the arylation reaction
tolerates both electron-withdrawing and electron-releasing
groups, which casts some doubts on this mechanistic propo-
sal.[6d] Additionally, products derived from a 1,5-hydrogen
abstraction have been observed in the reaction of some aryl
triflates, which suggests that aryl radicals may be involved as
intermediates.[6c]


As a model for the key step in the intramolecular
palladium-catalyzed arylation reaction (Scheme 1), we decid-
ed to examine the conversion of alkylpalladium complex 1
into palladacycle 2 [Eq. (1)]. In particular, we wished to study


(1)


the effect of the ligands, the aryl substituents and the added
base on the palladation reaction. Complex 1, required for the
preparation of substituted palladacycles, was prepared by the
intermolecular transmetalation of tetraorganostannanes with
palladium(ii) complexes. The intramolecular aryl CÿH acti-
vation of alkylpalladium complex 1 gave palladacycle 2
[Eq. (1)]. This new route to palladacycle 2, an important
intermediate in palladium-catalyzed cascade reactions, is an
alternative to those based on the intramolecular transmeta-
lation of stannanes or silanes with aryl-PdII.[16]


Results


Synthesis of alkyl-palladium complexes : For the synthesis of
alkylpalladium complexes of type 1 that bear substituents on
the phenyl ring, we decided to try the transmetalation of
tetraorganostannanes with palladium(ii) complexes. The prep-
aration of starting stannanes 3 a ± c was readily carried out by
treatment of (ICH2)4Sn[17] with a slight excess of potassium
phenolate in DMF at 60 8C (64 ± 83 %) [Eq. (2)].


X OK
(ICH2)4Sn


60°C


X O Sn
DMF


3a: X = H  (83%)
3b: X = OMe  (69%)
3c: X = NO2  (64%)


4


+


(2)


Reaction of 3 a ± c with [Pd(PPh3)2Cl2] proceeded smoothly in
DMF at 50 8C to give complexes 1 a ± c (64 ± 95 %) (Scheme 3).
Under these conditions, the double transmetalation reaction


[Pd(PPh3)2Cl2]X O Sn X O Pd
Ph3P


PPh3


Cl


[Pd(PPh3)Cl2]2


X O Pd
Ph3P Cl


PPh 3


3a: X = H
3b: X = OMe
3c: X = NO2


4


1a: X = H  (95%)
1b: X = OMe  (67%)
1c: X = NO2  (64%)


DMF, 50°C


DMF, 50°C


4a: X = H  (71%)
4b: X = OMe  (80%)
4c: X = NO2  (71%)


2


Scheme 3. Reaction of organostannanes to yield Pd-complexes 1a ± c.


did not proceed to a significant extent. The methylene
hydrogens of palladium complexes 1 a ± c appeared in the
1H NMR spectra (CDCl3) as triplets at d� 3.81 ± 3.88, coupled
to the equivalent phosphorous atoms with 3J(H,P)� 7.5 ±
7.8 Hz. The 31P NMR spectrum showed singlets at d� 28 ±
30, which confirms the trans configuration of the palladium
complexes. On the other hand, treatment of stannanes 3 a ± c
with dimer [Pd(PPh3)Cl2]2 led to complexes 4 a ± c (71 ± 80 %)
(Scheme 3). The methylene hydrogens of these complexes
were observed at a lower field (d� 4.40 ± 4.54) as doublets
with 3J(H,P)� 4.8 ± 5.6 Hz.


Complex 5, with a 1,1'-bis(diphenylphosphino)ferrocene
(dppf) ligand, was easily prepared from 1 a in 79 % yield by a
ligand exchange reaction with dppf in CH2Cl2 at 23 8C
(Scheme 4). Cationic complex 6 was prepared in 83 % yield
by reaction of 1 a with AgBF4 in CH3CN.
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Scheme 4. Ligand exchange reaction from 1a.


Alkyl-palladium complex 1 a was also prepared by regio-
selective cleavage of palladacycle 2 a[16] with HCl at 23 8C in
87 % yield (Scheme 5). Similarly, treatment with DCl yielded
mono-deuterated [D1]1a. In these experiments, HCl was
generated by reaction of acetyl chloride with MeOH or by the
addition of chlorotrimethylsilane to the wet solvent. When


Scheme 5. Deuteration experiments.


excess acetyl chloride was used, complex 7 was obtained as a
by-product. This complex, which results from a Friedel ±
Crafts cleavage of the arylpalladium bond, could be obtained
in almost quantitative yield by reaction of 2 a with acetyl


chloride in CH2Cl2 at room temperature. Reaction of pallada-
cycle 2 d with HCl led to mixtures of 1 d and dimer 4 d, which
could be isolated as a pure substance. Reaction of pallada-
cycles 8 and 9[16] with HCl or DCl provided alkylpalladium
complexes 10, [D1] 10, and 11.


Intramolecular aryl CÿH activation : After much experimen-
tation with a variety of bases (NaOH, py, 2,6-di-tert-butylpyr-
idine, DBU, NaOAc, K2CO3, NaHCO3, nBu4NOH), the best
results were obtained with KOPh in CH3CN at 23 8C.
Palladation could also be carried out at about the same rate
with Cs2CO3, KOtBu, or Ag2CO3 in CH3CN. In the last case,
however, poor reproducibility was observed in some instan-
ces, which is probably due to the very low solubility of this
carbonate. In the case of 1 a ± c, the reactions were best carried
out with KOPh in CH3CN at 23 8C to give palladacycles 2 a ± c
(Scheme 6).


Scheme 6. Synthesis of palladacycles.


A detailed kinetic study was not possible since an accurate
determination of the palladacycle and base concentrations
could not be carried out, due to partial precipitation of the
palladacycles and low solubility of the base. Nevertheless, the
qualitative effect of the substituents on the reactivity could be
determined for a family of complexes by monitoring the
disappearance of starting materials by 1H NMR spectroscopy
in CD3CN, while allowing the reactions to proceed to
completion under the same temperature and concentration
(Table 1). Thus, the parent alkylpalladium complex 1 a was
converted into 2 a at 23 8C with KOPh (1.5 h, 97 %, entry 1) or
Ag2CO3 (4 h, quantitative, entry 2). The reaction of p-
methoxy analogue 1 b was completed in 15 minutes with
KOPh to give 2 b in 95 % yield (entry 3). Substrate 1 c, with an
electron-withdrawing substituent, reacted more slowly. 2 c was
obtained in 94 % yield after 15 hours (entry 4). Interestingly,
the reaction of 1 a with KOPh in CH3CN was almost
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completely inhibited by the addition of 1 equivalent of PPh3,
which led only to traces of 2 a after 20 hours at 23 8C.


To determine the effect of chelating ligands, the activation
of substrates 5, 10, and 11 with the appropriate bases was also
studied (Scheme 6). Thus, the reaction of 5, with the chelating
diphosphane ligand (dppf), in the presence of Cs2CO3 was
more sluggish than those of 1 a ± c (50 h, 23 8C), although
palladacycle 12 was still obtained in excellent yield (96 %)
(Table 1, entry 5). The activation of 10 with 1,5-cyclooctadiene
(COD) as the chelating ligand was carried out with the base
Ag2CO3 at 23 8C to give 8 in 75 % yield; the reaction was
slower than that of 1 a with this base (compare entries 2 and
6). The reaction of 11, which bears 1,10-phenanthroline
(phen) as the ligand, with Ag2CO3 had to be carried out at
50 8C to yield palladacycle 9 (entry 7).


Treatment of dimer 4 a or cationic complex 6 with KOPh in
CH3CN at 23 8C failed to give any palladacycle and led only to
decomposition. However, reaction of dimer 4 d with Ag2CO3


in the presence of two equivalents of AsPh3 gave palladacycle
2 d in 76 % yield (entry 8).


The activation of monodeuterated substrates [D1] 1 a and
[D1] 10 with KOPh or Ag2CO3 in CH3CN at 23 8C led to
palladacycles 2 a and 8, respectively, which were partially
deuterated at C-3 (Scheme 7). The degree of deuteration was
determined by 1H NMR spectroscopy as 48� 3 % (average of
more than three experiments), which corresponds to the
absence of an isotopic effect for the intramolecular CÿH
activation by the alkylpalladium complex.


Scheme 7. H/D subsitution reaction.


Discussion


The reactivity order obtained in the cyclopalladation of
substrates 1 a ± c (Table 1) is in accord with those previously
obtained in the transformation of palladium complex VII into
VIII (Scheme 2),[15] and strongly suggests that the palladation
reaction in these cases proceeds by an electrophilic aromatic
substitution pathway. The lack of isotopic effect seen in
reactions with [D1]1a and [D1]10 demonstrates that the CÿH
bond breaking event does not take place during the rate-
determining step, which has also been observed for most
electrophilic aromatic substitutions.[18] Furthermore, the se-
lective cleavage of the arylÿPd bond of the palladacycles by
protic acids and acetyl chloride (Scheme 5) is also consistent
with an electrophilic pathway that proceeds at the aryl carbon
that is ipso to the Pd atom.[19]


The inhibition observed in the palladation of the aryl group
of 1 a by addition of PPh3 indicates that dissociation of PPh3 is
a requirement for CÿH activation. The fact that the alkylpal-
ladium complexes 5, 10, and 11 with different bidentate
ligands undergo cyclopalladation appears to be contradictory
with this conclusion. However, as summarized in Table 1, the
reactions of these substrates were slower in all cases than
those of 1 a ± c. The cyclopalladation of substrates 5, 10, and 11
could be explained by partial ligand dissociation of the
chelating ligands to give tricoordinated complexes as reactive
intermediates or by a slower associative partial cleavage of the
chelate in the CÿH activation step.


With regard to the bases, the best results were obtained with
the use of relatively mild carbonates or phenolates, although
the reactions could also be performed with a stronger base,
such as KOtBu. Since formation of the arylpalladium bond
can be reversed by a protic acid, the base might be simply
shifting the equilibrium between the alkylpalladium com-
plexes 1 a ± c, 5, 10, and 11 and the corresponding pallada-
cycles (Scheme 6). This is consistent with the fact that milder
pyridine bases are not effective for CÿH activation, since their
conjugate acids are acidic enough to cleave the arylÿPd bond.
Alternatively, nucleophilic bases may be playing a more active
role by substituting the chloride ligand before the activation
step. Indeed, reaction of alkyl- and arylpalladium(ii) com-
plexes with alkoxydes is known to give rise to stable
alkylpalladium(ii) alkoxo[20] and hydroxo complexes.[21, 22]


Furthermore, the reaction of dichloro(diphosphane)plati-
num(ii) complexes with Ag2CO3 leads to (diphosphane)car-
bonatoplatinum(ii) complexes.[23] However, the fact that
cationic complex 6, with a labile acetonitrile ligand, failed to
activate the aryl CÿH bond suggests that chloride dissociation
does not take place before CÿH activation and that formation
of alkylpalladium(ii) complexes with a carbonato or OX
(X�Ph or tBu) ligand is not a productive pathway.


Dimeric complex 4 a was expected to react with the solvent
or the base under these reaction conditions to form
[PhOCH2Pd(PPh3)L] (L�CH3CN or base) complexes. How-
ever, 4 a did not afford a palladacycle analogous to 2 a with a
PPh3 and CH3CN ligand. This complex, and that with two
CH3CN ligands, was obtained in CDCl3 solution by reaction of
2 a with [Pd(CH3CN)2Cl2], although they were not isolated.
The observed decomposition of 4 a suggests that complex


Table 1. Aryl CÿH activation of alkylpalladium complexes promoted by
bases.[a]


Entry Alkylpalladium Base Reaction Palladacycle Yield [%]
(c, mm) (equiv)[b] time [h]


1 1 a (20) KOPh (1) 1.5 2 a 97
2 1 a (5) Ag2CO3 (4) 4 2 a 100
3 1 b (20) KOPh (1) 0.25 2 b 95
4 1 c (20) KOPh (1) 15 2 c 94
5 5 (20) Cs2CO3 (5) 50 12 96
6 10 (50) Ag2CO3 (4) 24 8 75
7 11 (40) Ag2CO3 (4) 18[c] 9 100
8 4 d (6) Ag2CO3 (10) 4[d] 2 d 76


[a] Unless otherwise stated, the reactions were carried out at 23 8C in
CH3CN. [b] Equivalents refers to mol of base per mol of alkylpalladium.
[c] Reaction carried out at 50 8C. [d] Reaction carried out in the presence of
AsPh3 (2 equiv) at 40 8C.
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[PhOCH2Pd(PPh3)L] is not productive and supports a reac-
tion pathway that involves the attack of the arene on the Pd
atom without previous dissociation of a phosphane ligand.
The successful activation reaction of dimer 4 d in the presence
of AsPh3 most likely proceeds by prior formation of monomer
1 d.


A mechanism for the CÿH activation event that is
consistent with all of the above results is shown in Scheme 8.
The electrophilic substitution reaction of complex IX could


Scheme 8. Mechanism for the CÿH activation.


give either X or XI by substitution of the anionic or neutral
ligand, respectively. Most likely, the ligand substitution
reaction proceeds by an associative mechanism, since reac-
tions of PdII complexes that involve an initial dissociation of L
are a rarity.[24] The strong retarding effect of added PPh3 and
the fact that bidentate ligands lead to slower palladations
suggest that the reaction proceeds through intermediates of
type XI. Finally, the external attack of the base could shift the
unfavorable equilibrium between IX and XI to give pallada-
cycle XII.


Conclusion


We have studied the effect of ligands and substituents on the
aryl moiety on the intramolecular palladation reaction of
complexes of type 1 to form palladacycles 2 as a model for the
palladium-catalyzed intramolecular arylation reaction. This
reaction proceeds at room temperature in CH3CN in the
presence of relatively mild bases, such as KOPh or carbonates.
The reaction is inhibited by excess PPh3, which indicates that
ligand dissociation is involved in the process. Although the
palladation also proceeds with bidentate ligands (dppf, COD
and phen), the CÿH activation reactions were slower in these
cases. The effect of substituents on the aryl moiety and the
absence of isotopic effect are consistent with an electrophilic
aromatic substitution mechanism for the palladation reaction.


We have also developed a simple method for the synthesis
of alkylpalladium complex 1 that is based on the trans-
metalation of symmetrical tetraorganostananes with PdII


complexes. This procedure allows for the synthesis of
substituted palladacycles, which is more flexible than that
previously based on a truncated Stille coupling reaction.


Experimental Section


General : NMR spectra were recorded at 23 8C. 13C and 31P NMR spectra
were proton-decoupled. Elemental analyses were performed at the
Universidad AutoÂ noma de Madrid (SIdI). Solvents were purified and
dried with standard procedures. Chromatography purifications were
carried out on flash grade silica gel with distilled solvents. Trituration
means stirring with the stated solvent, filtering and washing with the same
solvent. The saturated aqueous NH4Cl solution was buffered by the
addition of NH4OH (final pH 8). All reactions were carried out under an
argon atmosphere.


Palladacycles 2a, 2d, 9, and 12 had been obtained previously by intra-
molecular transmetalation of the arylpalladium(ii) derivative of (2-iodo-
phenoxymethyl)tributylstannane or by ligand exchange reaction from
2a.[16]


[Pd(PPh3)2Cl2] and [Pd(PPh3)Cl2]2 were prepared in 90 ± 100 % yield as
follows: A solution of Li2PdCl4 was first obtained by treating a suspension
of PdCl2 (1.03 g, 5.8 mmol) and LiCl (495 mg, 11.6 mmol) in MeOH
(10 mL) under refluxing conditions for 1 h. After cooling, the red solution
was treated with PPh3 (2 or 1 equiv, respectively) for 30 min at 23 8C. The
solid was filtered off and washed with MeOH and Et2O to give the
complexes as powdered solids.[25]


The HCl and DCl solutions in CH2Cl2 were prepared by reaction of acetyl
chloride (3 mmol) in CH2Cl2 (3 mL) at 0 8C with methanol (3 mmol) or
[D4]-methanol at 0 8C for 30 min.


Tetra(iodomethyl)stannane : This stannane was prepared according to the
procedure in ref. [18] and obtained as a white solid: m.p. 74 ± 76 8C,
(ref. [17] 76 8C); 1H NMR (300 MHz, CDCl3): d� 2.29 [s, 2J(H,Sn)�
10.1 Hz, 8 H]; 13C NMR (75 MHz, CDCl3): d� 20.11; EI-MS (70 eV):
m/z(%): 681.75 (5) [M]� , 542.8 (100), 260.9 (27), 246.9 (50), 140.9 (21);
elemental analysis calcd (%) for C4H8I4Sn (681.6): C 7.04, H 1.18; found: C
7.22, H 1.18.


Tetraphenoxymethylstannane (3 a): A suspension of tetra(iodomethyl)-
stannane (1.210 g, 1.77 mmol) and potassium phenolate (1.400 g,
10.64 mmol) was heated in DMF (20 mL) at 50 8C for 16 h. After being
cooled to 23 8C, a saturated aqueous solution of NH4Cl (pH 8, 25 mL) was
added, and the mixture was extracted with Et2O. The Et2O extract was
dried with Na2SO4 and evaporated. The residue was purified by chroma-
tography (CH2Cl2) to give 3 a as a colorless oil (796 mg, 83 %): 1H NMR
(300 MHz, CDCl3): d� 7.31 ± 7.26 (m, 8 H), 6.98 ± 6.91 (m, 12H), 4.36 (s,
2J(H,Sn)� 20.0 Hz, 8 H]; 13C NMR (75 MHz, CDCl3): d� 160.36, 129.52,
120.93, 113.98, 58.79; EI-MS (70 eV): m/z (%): 441.0 (40) [MÿC7H7O]� ,
226.9 (23), 121.0 (9) 107.1 (64), 91.1 (96), 77.0 (100).


Tetra(3-methoxyphenoxy)methylstannane (3b): A suspension of tetra(io-
domethyl)stannane (1.275 mg, 1.88 mmol) and potassium 3-methoxyphe-
nolate (1.820 g, 11.22 mmol) was heated in DMF (12 mL) at 50 8C for 16 h.
After being cooled to 23 8C, a saturated aqueous solution of NH4Cl (pH 8,
10 mL) was added, and the mixture was extracted with Et2O. The Et2O
extract was dried with Na2SO4 and evaporated. The residue was purified by
chromatography (CH2Cl2) to give 3 b as a colorless oil (855 mg, 69%):
1H NMR (300 MHz, CDCl3): d� 7.21 (t, J� 8.1 Hz, 4 H), 6.58 ± 6.52 (m,
12H), 4.39 (s, 2J(H,Sn)� 5.0 Hz, 8H), 3.79 (s, 12H); 13C NMR (75 MHz,
CDCl3): d� 161.67, 160.53, 106.03, 129.85, 106.03, 100.45, 58.93, 55.11;
elemental analysis calcd (%) for C32H36O8Sn (666.1): C 57.59, H 5.44;
found: C 57.38, H 5.53.


Tetra(3-nitrophenoxymethyl)stannane (3c): A suspension of tetra(iodo-
methyl)stannane (534 mg, 0.78 mmol) and potassium 3-nitrophenolate
(833 mg, 4.70 mmol) was heated in DMF (4 mL) at 50 8C for 16 h. After
being cooled to 23 8C, a saturated aqueous solution of NH4Cl (pH 8, 10 mL)
was added, and the mixture was extracted with Et2O. The Et2O extract was
dried with Na2SO4 and evaporated. The residue was purified by chroma-
tography (CH2Cl2) to give 3 c as a yellow solid (365 mg, 64%): m.p. 88 ±
90 8C; 1H NMR (300 MHz, CDCl3): d� 7.79 (ddd, J� 8.2, 2.1, 0.8 Hz, 4H),
7.73 (t, J� 2.2 Hz, 4H), 7.40 (t, J� 8.2 Hz, 4H), 7.21 (m, 4 H), 4.59 (s,
2J(H,Sn)� 7.5 Hz, 8H); 13C NMR (75 MHz, CDCl3): d� 160.86, 149.2,
130.09, 121.34, 116.35, 107.87, 58.87; elemental analysis calcd (%) for
C32H24N4O12Sn (726.0): C 46.25, H 3.33, N 7.70; found: C 46.30, H 3.38,
N 7.44.
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trans-Chloro(phenoxymethyl)bis(triphenylphosphane)palladium (1a)


Method a : A solution of 3a (180 mg, 0.31 mmol) in DMF (3 mL) was added
to a suspension of [Pd(PPh3)2Cl2] (230 mg, 0.33 mmol) in DMF (7 mL). The
mixture was heated at 50 8C for 13 h. After being cooled to 23 8C, the
solvent was evaporated and the residue was partially dissolved in CH2Cl2


and filtered through Celite. The filtrate was evaporated and the residue was
triturated with Et2O to give 1a as a pale yellow solid (234 mg, 95 %).


Method b : A solution of HCl in CH2Cl2 (1m, 2.7 mL, 2.7 mmol) was added
to a solution of 2 a (500 mg, 0.68 mmol) in CH2Cl2 (15 mL). The mixture
was stirred at 23 8C for 1 h. The solvent was evaporated and the residue was
triturated with Et2O to give 2a as a pale yellow solid (450 mg, 87%):
1H NMR (200 MHz, CDCl3): d� 7.73 ± 7.71 (m, 12 H), 7.41 ± 7.30 (m, 18H),
6.94 (br t, J� 7.6 Hz, 2 H), 6.72 (br t, J� 7.2 Hz, 1H), 6.24 (d, J� 7.8 Hz,
2H), 3.88 (br t, 3J(H,P)� 7.8 Hz, 2H); 13C NMR (125.7 MHz, CDCl3): d�
159.82, 134.70 (br s, PPh3), 131.10 (br t, 1J(C,P)� 22.1 Hz, PPh3), 130.03
(br s, PPh3), 128.45, 128.11 (br s, PPh3), 119.60, 114.46, 65.84; 31P NMR
(121.5 MHz, CDCl3): d� 28.12.


trans-Chloro(2-deuterophenoxymethyl)bis(triphenylphosphane)palladium
([D1]1 a): A solution of DCl in CH2Cl2 (0.96m, 1.2 mL, 1.14 mmol) was
added to a solution of 2 a (210 mg, 0.29 mmol) in CH2Cl2 (6 mL). The
mixture was stirred at 23 8C for 3.5 h. The solvent was evaporated and the
residue was triturated with Et2O to give [D1]2a as a pale yellow solid
(194 mg, 88%). The degree of deuteration was determined by integration
of the signal at d� 6.24 in the 1H NMR spectrum (CDCl3).


trans-Chloro(4-methoxyphenoxymethyl)bis(triphenylphosphane)-
palladium (1b)


Method a : A solution of 3 b (200 mg, 0.30 mmol) in DMF (3 mL) was added
to a suspension of [Pd(PPh3)2Cl2] (189 mg, 0.27 mmol) in DMF (5 mL). The
mixture was heated at 50 8C for 13 h. After being cooled to 23 8C, the
solvent was evaporated and the residue was partially dissolved in CH2Cl2


and filtered through Celite. The filtrate was evaporated and the residue was
triturated with Et2O to give 1b as a pale yellow solid (143 mg, 67%).


Method b : A solution of 4 b (100 mg, 0.93 mmol) and triphenylphosphane
(62 mg. 0.23 mmol) in CH2Cl2 (4 mL) was stirred at 23 8C for 30 min. The
solvent was evaporated and the residue was triturated with Et2O to give 1b
as a pale yellow solid (123 mg, 96 %): 1H NMR (300 MHz, CDCl3): d�
7.80 ± 7.65 (m, 12H), 7.40 ± 7.27 (m, 18 H), 6.83 (t, J� 8.1 Hz, 1 H), 6.29 (d,
J� 8.1 Hz, 1 H), 5.87 (d, J� 8.3 Hz, 1 H), 5.72 (br s, 1H), 3.86 (br t,
3J(H,P)� 7.5 Hz, 2H), 3.59 (br s, 3H); 13C NMR (125.7 MHz, CDCl3): d�
161.64, 160.54, 135.31 (t, 2J(C,P)� 6.0 Hz; CH, PPh3), 131.58 (t, 1J(C,P)�
21.6 Hz; C, PPh3), 130.50, 129.27, 128.55 (br s; PPh3), 107.39, 105.84, 101.26,
66.31, 55.49; 31P NMR (121.5 MHz, CDCl3): d� 28.11; FAB-MS: m/z (%):
766.9 (16) [MÿCl]� , 505.1 (22), 154.1 (100); elemental analysis calcd (%)
for C44H39ClO2P2Pd (802.1): C 65.76, H 4.89; found: C 65.40, H 4.91.


trans-Chloro(4-nitrophenoxymethyl)bis(triphenylphosphane)palladium (1c)


Method a : A solution of 3c (62 mg, 0.09 mmol) in DMF (1 mL) was added
to a suspension of [Pd(PPh3)2Cl2] (57 mg, 0.08 mmol) in DMF (1.5 mL).
The mixture was heated at 50 8C for 13 h. After being cooled to 23 8C, the
solvent was evaporated and the residue was partially dissolved in CH2Cl2


and filtered through Celite. The filtrate was evaporated and the residue was
triturated with Et2O to give 1c as a pale yellow solid (60 mg, 91 %).


Method b : A solution of 4b (50 mg, 0.05 mmol) and triphenylphosphane
(30 mg, 0.11 mmol) in CH2Cl2 (2 mL) was stirred at 23 8C for 30 min. The
solvent was evaporated and the residue was triturated with Et2O to give 1 c
as a pale yellow solid (66 mg, 90 %): 1H NMR (300 MHz, CDCl3): d� 7.8 ±
7.7 (m, 12H), 7.52 (d, J� 8.1 Hz, 1 H), 7.4 ± 7.3 (m, 18H), 7.01 (t, J� 8.1 Hz,
1H), 6.82 (br s, 1 H), 6.43 (br d, J� 8.1 Hz, 1 H), 3.81 (br t, 3J(H,P)� 7.5 Hz,
2H); 31P NMR (121.5 MHz, CDCl3): d� 28.25; FAB-MS: m/z (%): 782.2
(6) [MÿCl]� , 520.1 (3), 368.1 (6).


trans-Chloro(phenoxymethyl)(triphenylphosphane)palladium dimer (4a):
A solution of 3a (420 mg, 0.77 mmol) in DMF (6 mL) was added to a
suspension of [Pd(PPh3)Cl2]2 (605 mg, 0.69 mmol) in DMF (6 mL). The
mixture was stirred at 50 8C for 13 h. After being cooled to 23 8C, the
solvent was evaporated, the residue was partially dissolved in CH2Cl2 and
filtered through Celite. The filtrate was evaporated, the residue was
triturated with Et2O to give 4a as a pale yellow solid (550 mg, 71%):
1H NMR (300 MHz, CDCl3): d� 7.75 ± 7.62 (m, 12 H), 7.44 ± 7.27 (m, 18H),
7.14 (br t, J� 7.5 Hz, 4H), 6.92 (br d, J� 7.7 Hz, 6H), 4.54 (d, 3J(H,P)�
4.8 Hz, 4H); FAB-MS: m/z (%): 987.1 (4) [MÿCl]� , 773.1 (6), 475.1 (16),


339.2 (100), 263.1 (15); elemental analysis calcd (%) for C50H44Cl2O2P2Pd2


(1022.6): C 58.73, H 4.34; found: C 58.06, H 4.50.


trans-Chloro(3-methoxyphenoxymethyl)(triphenylphosphane)palladium
dimer (4 b): A solution of 3 b (500 mg, 0.75 mmol) in DMF (1 mL) was
added to a suspension of [Pd(PPh3)Cl2]2 (320 mg, 0.37 mmol) in DMF
(3 mL). The mixture was stirred at 50 8C for 13 h. After being cooled to
23 8C, the solvent was evaporated, the residue was partially dissolved in
CH2Cl2 and filtered through Celite. The filtrate was evaporated, and the
residue was triturated with Et2O to give 4 b as a pale yellow solid (622 mg,
80%): 1H NMR (200 MHz, CDCl3): d� 7.65 (dd, J� 11.3 Hz, 6.9 Hz, 12H),
7.41 ± 7.24(m, 18H), 7.03 (t, J� 8.1 Hz, 2H), 6.52 ± 6.46 (m, 6H), 4.53 (d,
3J(H,P)� 5.4 Hz, 4H), 3.72 (s, 6H); 13C NMR (125.7 MHz, CDCl3): d�
160.89, 160.67, 135.05 (d, 2J(C,P)� 12.3 Hz, PPh3), 131.60 (d, 1J(C,P)�
11.0 Hz, PPh3), 130.83, 129.66, 128.57 (d, 3J(C,P)� 11.0 Hz, PPh3), 108.44,
107.21, 101.70, 67.29 (d, 2J(C,P)� 7.3 Hz), 55.82; 31P NMR (202.5 MHz,
CDCl3): d� 37.21; elemental analysis calcd (%) for C52H48Cl2O4P2Pd2


(1080.1): C 57.69, H 4.47; found: C 57.50, H 4.58.


trans-Chloro(3-nitrophenoxymethyl)(triphenylphosphane)palladium dim-
er (4c): To a suspension of [Pd(PPh3)Cl2]2 (101 mg, 0.11 mmol) in DMF
(1 mL) was added a solution of 3 b (170 mg, 0.23 mmol) in DMF (2 mL).
The mixture was stirred at 50 8C for 15 h. After being cooled to 23 8C, the
solvent was evaporated, the residue was partially dissolved in CH2Cl2 and
filtered through Celite. The filtrate was evaporated, the residue was
triturated with Et2O to give 4 c as a pale yellow solid (90 mg, 71%):
1H NMR (300 MHz, CDCl3): d� 7.74 ± 7.24 (m, 38H), 4.40 (d, 3J(H,P)�
5.6 Hz, 4H]; FAB-MS: m/z (%): 1076.9 (3) [MÿCl]� , 520.0 (10), 339.1
(100), 263.1 (91), 154.0 (71).


trans-Chloro(phenoxymethyl)[1,1'-bis(diphenylphosphane)ferrocene]pal-
ladium (5): A solution of 1 a (200 mg, 0.26 mmol) and 1,1'-bis(diphenyl-
phosphane)ferrocene (144 mg, 0.26 mmol) in CH2Cl2 (8 mL) was stirred at
23 8C for 30 min. The solvent was evaporated and the residue was triturated
with Et2O to give 6 as an orange solid (163 mg, 79 %): 1H NMR (300 MHz,
CDCl3): d� 7.93 ± 7.87 (m, 4 H), 7.59 (dd, J� 11.5, 7.4 Hz, 4 H), 7.44 ± 7.36
(m, 8 H), 7.26 ± 7.18 (m, 8H), 6.89 (t, J� 6.8 Hz, 1H), 4.87 (br d, 3J(H,P)�
5.3 Hz, 2 H), 4.50 (br s, 2 H), 4.40 (br s, 2 H), 4.04 (br s, 2H), 3.31 (br s, 2H);
13C NMR (75.5 MHz, CDCl3): d� 159.66, 134.84 (d, 2J(C,P)� 12.6 Hz;
PPh3), 134.80 (d, 2J(C,P)� 12.6 Hz; PPh3), 133.43 (d, 1J(C,P)� 52.6 Hz;
PPh3), 133.12 (d, 1J(C,P)� 29.4 Hz; PPh3), 130.66 (br s; PPh3), 129.99 (br s;
PPh3), 128.65, 128.47 (d, 3J(C,P)� 10.5 Hz; PPh3), 127.82 (d, 3J(C,P)�
10.5 Hz; PPh3), 119.64, 115.93, 74.44 (d, J� 6.3 Hz), 73.21 (d, J� 8.4 Hz),
71.62 (three signals were missing due to overlapping); 31P NMR
(121.5 MHz, CDCl3): d� 35.75 (d, 2J(P,P)� 49.1Hz, 1P), 8.77 (d,
2J(P,P)� 49.1 Hz, 1 P); elemental analysis calcd (%) for C52H48Cl2O4P2Pd2


(802.4): C 61.30, H 4.39; found: C 61.10, H 4.63.


trans-(Phenoxymethyl)(acetonitrile)bis(triphenylphosphane)palladium
tetrafluoroborate (6): A suspension of 1 a (150 mg, 0.20 mmol) and AgBF4


(41 mg, 0.21 mmol) in CH3CN (10 mL) was stirred at 23 8C for 1 h. The
solvent was evaporated, the residue was partially dissolved in CH2Cl2 and
filtered through Celite. The filtrate was evaporated, the residue was
triturated with Et2O to give 6 as a yellow solid (142 mg, 83 %): 1H NMR
(300 MHz, CDCl3): d� 7.65 ± 7.27 (m, 30H), 6.91 (m, 2H), 6.73 (t, J�
7.3 Hz, 1 H), 6.02 (br d, J� 7.7 Hz, 2H), 4.07 (t, 3J(H,P)� 8.1 Hz, 2H),
1.46 (br s, 3H); 13C NMR (75.5 MHz, CDCl3): d� 159.19, 134.07 (br t,
2J(C,P)� 6.5 Hz, PPh3), 132.35 (br s, PPh3), 131.40 (br s, PPh3), 129.08 (br t,
3J(C,P)� 4.9 Hz, PPh3), 128.75, 128.71, 128.40, 120.58, 114.06, 63.05, 1.57
(1C signal was not observed); 31P NMR (121.5 MHz, CDCl3): d� 27.97;
FAB-MS: m/z (%): 737.1 (37) [C43H36OP2Pd], 630.1 (16), 475.0 (29), 399.1
(100), 263.0 (25), 183.0 (29). The structure was confirmed by a 1H ± 13C
(HMQC) correlation.


trans-Chloro(2-acetylphenoxymethyl)bis(triphenylphosphane)palladium
(7): Acetyl chloride (107 mg, 1.350 mmol) was added to a suspension of
palladacycle 2a (100 mg, 0.135 mmol) in THF (2 mL). The mixture was
stirred at 23 8C for 15 min. The solvent was evaporated and the residue was
triturated with Et2O to give 7 as a white solid (108 mg, 99 %): 1H NMR
(200 MHz, CDCl3): d� 7.76 ± 7.66 (m, 12H), 7.48 (dd, J� 7.5, 1.6 Hz, 1H),
7.43 ± 7.26 (m, 18H), 7.04 ± 6.97 (m, 1 H), 6.73 (t, J� 7.5 Hz, 1H), 6.31 (d, J�
8.1 Hz, 1 H), 3.78 (t, 3J� 8.7 Hz, 2H), 2.18 (s, 3H); 13C NMR (125.7 MHz,
CDCl3): d� 200.14, 160.50, 135.18 (t, 2J(C,P)� 6.3 Hz; PPh3), 133.45,
131.12 (t, 1J(C,P)� 22.2 Hz; PPh3), 130.74 (br s, PPh3), 129,78, 128.70 (t,
3J(C,P)� 4.9 Hz; PPh3), 127.68, 119.68, 113.30, 65.49, 32.33; 31P NMR
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(202.5 MHz, CDCl3): d� 29.00; FAB-MS: m/z (%): 779.1 (6) [M]� , 516.7
(30), 263.1 (18), 154.1 (100), 77.0 (18).


trans-Chloro(phenoxymethyl)(triphenylphosphine)palladium dimer (4d)
and trans-chloro(phenoxymethyl)-bis(triphenylarsine)palladium (1d): A
solution of palladacycle 2 d (56 mg, 0.068 mmol) in CH2Cl2 (4 mL) was
treated with a 1.0m solution of anhydrous HCl in CH2Cl2 (0.34 mL,
0.34 mmol). The resulting mixture was stirred at 23 8C for 15 min. The
residue obtained by evaporation of the solvent was triturated with Et2O to
give a yellow solid (42 mg) which consists of a 2:1 mixture of dimer (4d)
and monomer (1 d). The pure dimeric derivative can be obtained by
repeating the trituration process. On the other hand, monomer 1d is the
only product formed that is detectable by 1H NMR spectroscopy when
treating 4d (or the mixture of complexes resulting from the reaction) with a
slight excess of AsPh3 in CDCl3. When trying to isolate 1 d by precipitation
or trituration with Et2O, either dimer 4 d or a mixture of complexes was
obtained due to the ready dissociation of AsPh3 from the dimer and the
relatively low solubility of the monomer. 1 d : 1H NMR (200 MHz, CDCl3):
d� 7.75 ± 7.55 (br m, 12 H), 7.50 ± 7.35 (br m, 18 H), 6.95 (m, 2H), 6.76 (m,
1H), 6.34 (br d, J� 8.0 Hz, 2 H), 4.16 (s, 2H); 4 d : 1H NMR (200 MHz,
CDCl3): d� 7.69 (m, 12H), 7.45 ± 7.30 (m, 18H), 7.13 (m, 4H), 6.97 (br d, J�
7.4 Hz, 4H), 6.91 (m, 2 H), 4.68 (s, 4H); FAB-MS: m/z : 1074.8 [MÿCl]� ,
967.8 [MÿPhOCH2]� , 860.8; elemental analysis calcd (%) for C50H44A-
s2Cl2O2Pd2 (1110.46): C 54.08, H 3.99; found: C 54.33, H 4.13.


(h4-1,5-Cyclooctadiene)(methylenoxy-1,2-phenylen)palladium (8)


Method a : A suspension of 2 a (500 mg, 0.68 mmol) and [Pd(COD)Cl2]
(194 mg, 0.68 mmol) in CH2Cl2 (3.5 mL) was stirred at 23 8C for 1 h. The
precipitate was filtered off to give [Pd(PPh3)2Cl2] (475 mg, quantitative).
The filtrate was evaporated and the resulting solid was triturated with Et2O
to give 8 as a pale yellow solid (156 mg, 72%).


Method b : A suspension of 10 (85 mg, 0.24 mmol) and Ag2CO3 (264 mg,
0.96 mmol) in CH3CN (5 mL) was stirred at 23 8C for 24 h. The solvent was
evaporated and the residue was triturated with Et2O to give 8 (58 mg,
75%): 1H NMR (200 MHz, CDCl3): d� 7.11 (dd, J� 7.4, 1.6 Hz, 1 H), 7.02
(td, J� 7.3, 1.6 Hz, 1 H), 6.81 (dd, J� 8.0, 1.3 Hz, 1 H), 6.68 (td, J� 7.3,
1.3 Hz, 1H), 6.09 ± 6.08 (m, 2 H), 5.77 (s, 2 H), 5.52 ± 5.50 (m, 2H), 2.67 ±
2.47 (m, 8H); 13C NMR (125.7 MHz, CDCl3): d� 173.76, 146.33, 134.88,
127.27, 117.56, 114.29, 110.34, 109.16, 88.79, 29.05, 28.54.


[Methylenoxy-1,2-(3,5-dichloro)phenylen)](1,10-phenanthroline-N 1,N 10)-
palladium (9): A solution of 11 (100 mg, 0.2 mmol) and Ag2CO3 (221 mg,
0.80 mmol) in CH3CN (5 mL) was stirred at 50 8C for 18 h. The solvent was
evaporated and the residue was partially dissolved in CH2Cl2 and filtered
through Celite. The filtrate was evaporated and the residue was triturated
with Et2O to give 9 as a yellow solid (90 mg, quantitative). The 1H NMR
spectrum was identical to that of 9 prepared by ligand exchange from
2a.[16b]


trans-Chloro-phenoxymethyl)(h4-1,5-cyclooctadiene)palladium (10): A
solution of HCl in CH2Cl2 (1m, 0.96 mL, 0.96 mmol) was added to a
solution of 8 (77 mg, 0.24 mmol) in CH2Cl2 and the mixture was stirred at
23 8C for 2 h. The solvent was evaporated and the residue was triturated
with Et2O to give 10 as a white solid (85 mg, quantitative): 1H NMR
(200 MHz, CDCl3): d� 7.31 (br t, J� 8.3 Hz, 2H), 7.15 (br d, J� 8.0 Hz,
2H), 7.00 (br t, J� 7.2 Hz, 1H), 5.91 (br s, 2H), 5.23 (s, 2H), 5.13 (br s, 2H),
2.70 ± 2.30 (m, 8 H); 13C NMR (125.7 MHz, CDCl3): d� 158.40, 129.69,
123.88, 121.68, 114.86, 105.66, 72.99, 30.40, 27.58.


trans-Chloro-(2,4-dichlorophenoxymethyl)(1,10-phenanthroline-N 1,N 10)-
palladium (11): Me3SiCl (0.3 mL, 2.28 mmol)was added to a solution of 9
(105 mg, 0.23 mmol) in CH2Cl2 (5 mL). The mixture was stirred at 23 8C for
1 h. The solvent was evaporated and the residue was triturated with Et2O to
give 11 as a yellow solid (108 mg, 96 %): 1H NMR (300 MHz, CDCl3): d�
9.65 (dd, J� 5.3, 1.4 Hz, 1H), 9.44 (dd, J� 4.8, 1.6 Hz, 1H), 8.48 (dd, J� 8.2,
1.4 Hz, 1H), 8.42 (dd, J� 8.2, 1.6 Hz, 1H), 8.18 (d, J� 8.9 Hz, 1 H), 7.90 (s,
2H), 7.89 (dd, J� 8.2, 5.3 Hz, 1H), 7.83 (dd, J� 8.2, 4.8 Hz, 1 H), 7.25 (dd,
J� 8.9, 2.5 Hz, 1H), 7.19 (d, J� 2.5 Hz, 1 H), 5.35 (s, 2H); 13C NMR
(75 MHz, CDCl3): d� 153.58, 151.46, 149.62, 146.94, 137.88, 137.49, 129.88,
129.20, 128.76, 128.12, 127.08, 126.81, 125.33, 125.08, 124.75, 122.48, 116.49,
58.09 (one signal was not observed due to overlapping).


(Methylenoxy-1,2-phenylen)bis(triphenylphosphane)palladium (2 a)


Method a : A suspension of 1a (50 mg, 0.06 mmol) and KOPh (9 mg,
0.06 mmol) in CH3CN (3 mL) was stirred at 23 8C for 90 min. The solvent
was evaporated, the residue was partially dissolved in CH2Cl2 and filtered


through Celite. The filtrate was evaporated, the residue was triturated with
Et2O to give 2a as a white solid (46 mg, 97%).


Method b : A suspension of 1a (18 mg, 0.023 mmol) and Ag2CO3 (32 mg,
0.12 mmol) in CH3CN (5 mL) was stirred at 23 8C for 4 h. The solvent was
evaporated, the residue was partially dissolved in CH2Cl2 and filtered
through Celite. The filtrate was evaporated, the residue was triturated with
Et2O to give 2a as a white solid (17 mg, quantitative). The NMR spectra
were identical to that of 2 a prepared from (2-iodophenoxymethyl)tribu-
tylstannane.[16a,b]


[Methylenoxy-1,2-(4-methoxyphenylen)]bis(triphenylphosphane)palladi-
um (2 b): A suspension of 1 b (50 mg, 0.06 mmol) and KOPh (9 mg,
0.06 mmol) in CH3CN (3 mL) was stirred at 23 8C for 15 h. The solvent was
evaporated, the residue was partially dissolved in CH2Cl2 and filtered
through Celite. The filtrate was evaporated, the residue was triturated with
Et2O to give 2b as a white solid (45 mg, 95 %): 1H NMR (300 MHz,
CDCl3): d� 7.44 ± 7.02 (m, 30H), 6.44 (t, J� 7.8 Hz, 1H), 6.33 (t, J� 2.4 Hz,
1H), 5.69 (br d, J� 7.5 Hz, 1H), 5.12 (dd, 3J(H,P)� 5.4, 3.2 Hz, 2H), 3.62 (s,
3H); 13C NMR (75 MHz, CDCl3): d� 175.06, 158.15, 141.66 (d, J(C,P)�
6.32 Hz), 135.24 (d, J(C,P)� 14.0 Hz, PPh3), 134.20 (d, J(C,P)� 13.0 Hz,
PPh3), 133.92, 135.24 (br s, PPh3), 131.97 (br s, PPh3), 129.82 (br s, PPh3),
127.46 (br s, PPh3), 127.98 (d, J(C,P)� 8.4 Hz, PPh3), 127.85(d, J(C,P)�
8.4 Hz, PPh3), 103.21 (d, J(C,P)� 8.4 Hz), 93.76, 92.66 (d, J(C,P)�
6.3 Hz), 54.83; 31P NMR (121.5 MHz, CDCl3): d� 28.52 (d, 2J(P,P)�
25.9 Hz, 1 P), 25.74 (d, 2J(P,P)� 25.9 Hz, 1 P).


[Methylenoxy-1,2-(4-nitrophenylen)]bis(triphenylphosphane)palladium
(2c): A suspension of 1 c (50 mg, 0.06 mmol) and KOPh (8 mg, 0.06 mmol)
in CH3CN (3 mL) was stirred at 23 8C for 16 h. Addition of methanol led to
a precipitate, which was filtered and washed with Et2O to give 2 c as a
yellow solid (45 mg, 94 %): 1H NMR (300 MHz, CDCl3): d� 7.63 ± 6.63 (m,
31H), 6.90 (br d, J� 6.9 Hz, 1 H), 6.66 (br t, J� 6.9 Hz, 1H), 5.18 (dd,
3J(H,P)� 5.4, 3.2 Hz, 2 H); 31P NMR (121.5 MHz, CDCl3): d� 28.64 (d,
2J(P,P)� 27.6 Hz, 1P), 24.81 (d, 2J(P,P)� 27.6 Hz, 1 P].


(Methylenoxy-1,2-phenylen)bis(triphenylarsine)palladium (2d): A mix-
ture of 4 d (7 mg, 0.0064 mmol), AsPh3 (4 mg, 0.013 mmol) and Ag2CO3


(18 mg, 0.065 mmol) in CH3CN (2 mL) was stirred at 40 8C for 4 h. After
evaporation of the solvent, the residue was suspended in CH2Cl2 and
filtered through Celite. The filtrate was evaporated to dryness and the
resulting solid was triturated with Et2O, filtered and washed with Et2O to
give 2d as a pale yellow solid (8 mg, 76%), identical to that obtained
before.[16]


(Methylenoxy-1,2-phenylen)[1,1'-bis(diphenylphosphino)ferrocene]palla-
dium (12): A mixture of 5 (40 mg, 0.05 mmol) and Cs2CO3 (81 mg,
0.25 mmol) in CH3CN (2.5 mL) was stirred at 23 8C for 50 h. The solvent
was evaporated and the residue was triturated with Et2O to give 12 as an
orange solid (36 mg, 96 %). The NMR spectra were identical to that of 12
prepared from (2-iodophenoxymethyl)tributylstannane or by ligand ex-
change reaction from 2 a.[16]
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New Cyclohexadienone Derivatives: Preparation and Chiral Discrimination
in High-Pressure Diels ± Alder Cycloadditions


Marie-Elise TraÃn-Huu-DaÃu,[b] Rudolf Wartchow,[c] Ekkehard Winterfeldt,[d] and
Yung-Sing Wong*[a]


Abstract: A wide range of cyclohexadienones has been synthesised in order to study
their reactivity and their regio- and stereoselectivity with the enantiopure diene 1
under high-pressure conditions. Computational investigations were used to point out
some parameters which affect the reactivity in this high chiral discrimination process.
In addition, the resulting [4�2] cycloadducts allowed the preparation of new
polyfunctional cyclohexenone derivatives.


Keywords: asymmetric synthesis ´
chiral resolution ´ cyclohexadie-
nones ´ Diels ± Alder cycloadditions
´ high-pressure chemistry


Introduction


For many years, we have been investigating chiral recognition
phenomena in Diels ± Alder processes by means of high-
pressure cycloadditions with the enantiopure cyclopentadiene
1[1] (see Scheme 1). While 1 reacts with p-benzoquinone
ethylene-monoketal 2 a to give a high yield of only one
cycloadduct, 3,[2] (i.e. , absolutely endo- and regioselective),
reactions with all prochiral cyclohexadienones 4 b ± f showed,
in addition, a high p-facial differentiation affording only 5 b ±
c,[3] 5 d,[4] 5 e[1b] and 5 f,[5] respectively.


The synthetic value of cycloadducts 3 and 5 b ± f is their
ability to undergo highly diastereoselective transformations in
subsequent steps. The resulting intermediates finally released
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Scheme 1. Diels ± Alder cycloadditions of enantiopure diene 1 with
various cyclohexadienones gave rise to only one diastereoisomer under
high-pressure conditions.


enantiopure polyfunctional cyclohexenones by an exothermic
retro-Diels ± Alder reaction.[2±5] The stereogenic centre con-
trolling this p-facial differentiation in the Diels ± Alder
process was, in all these cases, located in the a position to
the electron-poor dienone double bond: the substituent S
(oxygen or fluorine atoms) was orientated into the resulting
molecular cage to produce a weaker hindrance with the
cyclopentene ring compared to that of L (-CH2- or ±CH3


group), as demonstrated by Houk and co-workers with their
theoretical calculations.[4b, 6] Furthermore, the electronic prop-
erties of substituents S and L,[5, 6a] as well as the size of these
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groups should have an influence on the rate or the efficiency
of the cycloaddition. By extension, we assume that such
effects should probably have consequences on the reactivity
of cycloadduct 5 as well.


In this paper, we first report on the synthesis of a range of
new dienophiles, p-benzoquinone spiro-monoketals 2, 4-hy-
droxy-4-substituted cyclohexadienone (p-quinols) 6 and a
new family of spiro-cyclohexadienones 7 by developed or
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improved convenient general methods. These compounds
permitted us to begin an extensive and systematic study of
their [4�2] cycloaddition to enantiopure cyclopentadiene 1.
These experiments aimed to define those parameters that
influence the cycloaddition rate and to demonstrate the
general character of this p-facial differentiation rule. Compu-
tational investigations contributed to these experimental
results. Transformations of the remaining enone double bond
in cycloadduct 5 and subsequent thermal retro-reaction
additionally lead to new, optically pure, polyfunctional cyclo-
hexenone derivatives. Recently, a stereoselective induction
from a chiral centre located in the a position of the enone
carbonyl group was also reported.[7] Therefore, we also
checked cyclopentenone 8, which could give results compa-
rable to those of 4 c.


Results and Discussion


Synthesis of p-benzoquinone spiro-monoketals : p-Benzoqui-
none monoketal is of quite some synthetic value as an
electron-poor 2p partner. It offers an attractive source to
allow various transformations and to build up polyfunctional
cyclohexane derivatives.[8] In our case, there was the addi-
tional opportunity to examine thoroughly how the steric effect
from the ketal groups (size and substituents) could influence
the reactivity in Diels ± Alder cycloadditions. For this purpose,


a range of p-benzoquinone spiro-monoketals 2 (Scheme 2 and
Table 1) was prepared by a convenient procedure developed
in our laboratory.


O


O O


R


OH


OMe


OH OH


R


29


1.3 equiv PIFA


1.1-1.5 equiv


i)


Scheme 2. Straightforward synthesis of 1,4-benzoquinone spiro-monoke-
tals 2 : i) 45 min, 4 8C!RT, CH2Cl2; PIFA: phenyliodonium bis(trifluoro-
acetate).


Recent methods for the preparation of these compounds
were mainly based on the oxidation of phenolic derivatives
either by electrochemical processes[9] (which require invest-
ment in special equipment) or by the use of a mild hypervalent
iodine reagent. Pelter and Elgendy[10] described the use of two
equivalents of phenyliodonium diacetate (PIDA) with phenol
in methanolic medium to give p-benzoquinone dimethyl ketal
in high yield. Abrams and co-workers[11] used the same
approach with ethylene glycol as the co-solvent in hexane to
isolate 2 a (Scheme 2, Table 1) in moderate yields. Starting
from the inexpensive p-methoxyphenol (9), generation of
mixed p-benzoquinone monoketals was achieved in good
yields, thus avoiding the use of two equivalents of oxidizing
reagent.[12] Alternatively, Pirrung and co-workers[13] devel-
oped a BF3-catalysed transketalisation by treating monoketal
10 (Table 2) with various diols. More recently, de March,
Figueredo and co-workers[14a] directly condensed butane-2,3-
diol with the simple p-benzoquinone to furnish the enantio-
pure (�) p-benzoquinone spiro-monoketal 2 b (Scheme 2,
Table 1) in good yield. However, this method which is limited
to secondary 1,2-diols, sometimes produced bis-ketals or
mixtures of mono-and bis-ketals with other diols. Recently,
these authors applied this approach to the synthesis of new,
enantiomerically pure, p-benzoquinone monoketals from new
C2-symmetric diols.[14b]


We wish to report a direct and facile conversion of p-
methoxyphenol (9, Scheme 2, Table 1) to various spiro-
monoketals with only 1.1 ± 1.5 equivalents of the correspond-
ing diols and 1.3 equivalents of phenyliodonium bis(trifluoro-
acetate) (PIFA). Although no evidence concerning the


mechanism has been establish-
ed yet, this sequence is prob-
ably initiated by phenolic oxi-
dation. Attack on the phenolic
intermediate by one hydroxyl
group of the diol should trigger
the subsequent intramolecular
transketalisation. This latter
process should be catalysed by
the trifluoroacetic acid (TFA)
generated in situ.


Several p-benzoquinone spi-
ro-monoketals 2 a ± i have been
prepared this way and the re-
sults are summarised in Table 1.


Table 1. Conversion of p-methoxyphenol 9 by PIFA oxidation with several diols into the corresponding
p-benzoquinone spiro-monoketal 2 a ± i.


Entry Diol Equiv Product Yield [%]


1 ethylene glycol[a] 1.5 2a 83
2 butane-2,3-diol[a, c] 1.2 2b 68
3 meso-1,2-diphenyl-ethane-1,2-diol[b] 1.1 2c 36
4 1-phenyl-ethane-1,2-diol[a] 1.5 2d 77
5 3,3-dimethyl-butane-1,2-diol[a] 1.5 2e 40
6 3-chloro-propane-1,2-diol[a] 1.5 2 f 64
7 3-iodo-propane-1,2-diol[b] 1.1 2g 29
8 butane-1,4-diol[a] 1.5 2h 45
9 meso-pentane-2,5-diol[a] 1.2 2 i 19


[a] Dissolved in CH2Cl2; [b] dissolved in CH3CN (minimum volume). [c] Mixture of isomers d,l/meso� 30:1;
only a racemic product that originated from d,l-diols was isolated.
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CH2Cl2 was selected as the solvent of choice because i) PIFA
is soluble and stable in this solvent (while PIDA is insoluble),
ii) many commercially available diols are soluble in CH2Cl2,
iii) the extraction work-up is simplified. When necessary, a
minimum volume of dry acetonitrile (CH3CN) was used to
dissolve the diols (entries 3, 7). Slow addition into the ice-
cooled PIFA solution prevented polymerisation or rapid
degradation of the reagent observed under other conditions
(which turned black immediately). Treatment with an excess
of PIFA did not increase the yields. The reaction proved to be
most efficient for five-membered ring closure with limited
steric hindrance (entries 1, 2, 4). When CH3CN was used as
the co-solvent, lower yields were observed. The presence of
halogen atoms on the diols seems to be quite well tolerated
during the reaction (entries 6, 7). The high cost (entry 9) or
low solubility in CH2Cl2 (entries 3, 7) of diols prompted us to
employ only 1.1 ± 1.2 equivalents. Although some yields
remain low, this new route, which tolerates various substitu-
ents on the diol, provides the most expedient solution to
furnish rapidly a range of various p-benzoquinone spiro-
monoketals.


Preparation of p-quinol intermediates : Hypervalent iodine
reagents can also be employed to prepare p-quinols, as
demonstrated by McKillop and co-workers.[15] This oxidation
was performed in aqueous CH3CN. However, various con-
straints in this method prompted us to pay much attention to
the alternative ªorganometallicº route as well. Direct addi-
tion of organometallic reagents to p-benzoquinones gave
mixtures with moderate-to-low yields of p-quinols,[16] owing
mainly to the difficulty in avoiding unwanted double addition
and to the intervention of quinone redox chemistry. To elude
these side effects, the employment of p-benzoquinone mono-
ketal 10 (Table 2) tends to be the general solution.[17, 4b]


We started our investigation by revisiting the existing p-
quinol synthesis. It was reported[8e] that the reaction of
Grignard reagent 11 a with 10 gave incomplete conversion to
12 a (Table 2). The following selective hydrolysis (oxalic acid,
silica gel, CH2Cl2) finally led to 6 a in 46 % overall yield from


10 (72 % based on recovered starting materiel). In our hands,
the use of 2.5 equivalents of 11 a resulted in a complete
conversion into 12 a (observed by TLC). In addition, simple
flash chromatography through silica gel with ethyl acetate/
light petroleum as the eluent gave 6 a in 76 % overall yield
from 10.


However, a minor, less polar, second spot observed in the
TLC (not isolable) suggested that some 1,4 addition product
had also been formed. This regioselectivity is better illustrated
by addition of 11 a to the less sensitive[18] monoketal 2 a
(Scheme 3). This addition afforded the protected compound
13 and the 1,4-adduct 14 in 72 % and 21 % yields, respectively.
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Scheme 3. i) 11 a (2.5 equiv), THF, ÿ78 8C; ii) flash chromatography
(silica gel, EtOAc/light petroleum).


The results with various organometallic reagents are
summarised in Table 2. When organolithium reagents were
added to 10, only one intermediate (1,2 addition) was
observed in TLC. Because of the difficulties in the prepara-
tion of Grignard reagent 11 b,[19] only 1.5 equivalents were
used and therefore 6 b was only obtained in a moderate yield
(54 %).


The ability of 12 a ± f to undergo hydrolysis by simple
chromatography through silica gel gives access to a very
convenient and mild approach to p-quinol derivatives, espe-
cially when other acid-sensitive groups are present (entries 1,
2, 5, 6).


However, depending on the nature of the substituted side-
chain, some changes of the procedure had to be considered.
We noticed, for instance, that electron-withdrawing functional
groups, such as the cyano group (entry 4), induced a not
entirely unexpected stabilisation of intermediate 12 d. It was
thus necessary to employ double the amount of silica gel to
convert 12 d completely into 6 d.


Another characteristic situation is illustrated in Scheme 4.
After hydrometallation of the triple bond in 12 f with Red/Al
to afford, after hydrolysis, only the unsaturated acetal 15 a
with E configuration,[20] a subsequent standard chromatog-
raphy afforded p-quinol 16 a and the unsaturated and
rearranged aldehyde 17 in 13 % and 42 % overall yield,
respectively. During acid hydrolysis, competitive rearrange-
ments can obviously lead to more stable aromatic com-
pounds.[21] This is particularly relevant for highly conjugated
derivatives such as 17. Assuming that the hydroxyl group acts
as the leaving group, crude 15 a was converted by acetylation
into 15 b. After standard chromatography, we managed to
isolate, as expected, the acetylated cyclohexadienone 16 b in
47 % yield from 12 f. With regards to the chemioselective


Table 2. Reaction of monoketal 10 with various organometallic reagents to
give p-quinols 6 a ± f.[a]


OOMeMeO


O


OMeMeO


HO R HO R


10


+ M-R
i)


12a-f11a-f 6a-f


ii)


Entry Reagent Equiv Product Yield [%]


1 11 a 2.5 6 a 76
2 11 b 1.5 6 b 54
3 11 c 1.5 6 c 80
4 11 d 1.5 6 d 81
5 11 e 1.5 6 e 76
6 11 f 1.5 6 f 91


[a] i) 11 (1.5 ± 2.5 equiv), THF, ÿ78 8C; ii) flash chromatography (silica gel,
EtOAc/light petroleum); a : M�BrMg, R� -CH2CH2CH(OCH2-)2; b :
M�ClMg, R� -CH2CH2CH(OEt)2; c : M�Li, R� -CH3; d : M�Li, R�
-CH2CN; e : M�Li, R� -CC-TIPS; f : M�Li, R� -CC-CH(OEt)2.
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iii)


Scheme 4. i) Red/Al (1.5 equiv), THF, 0 8C, 15 min; ii) silica gel (EtOAc/
light petroleum); iii) DMAP (2.5 equiv), Ac2O (2.0 equiv), CH2Cl2, RT,
5 min.


hydrolysis of 15 a, we finally discovered that rapid filtrations
(two or three times) of the highly diluted ethyl acetate/light
petroleum solution (80:20) of 15 a through the same silica gel
column followed by chromatography separation gave 16 a and
17 in 42 % and 9 % yields, respectively (from 10).


Preparation of spiro-cyclohexadienones : Taking account of
these results, we decided to tackle the synthesis of spiro-
cyclohexadienones of type 7 (see above) by the use of the
same operations, namely either phenolic oxidation or the
organometallic approach.


Synthesis by phenolic oxidation : The phenolic intermediate
22 (Scheme 5) was prepared by a modified Beames and
Mander�s procedure.[22] Treatment of the commercially avail-
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Scheme 5. i) Ac2O, NaOH, H2O/CH2Cl2, RT, 30 min, 95 %; ii) (COCl)2


(3 equiv), CHCl3, RT, 2 h; CH2N2, Et2O, 0 8C, 2 h, 78 %; iii) TFA (2 equiv),
CH2Cl2, ÿ10 8C, 2 h, 94%; iv) Na2CO3/NaHCO3, H2O/MeOH, 90%;
v) PIFA (1.2 equiv), CH3CN/CH2Cl2, 43%.


able intermediate 18 with acetic acid anhydride resulted in the
formation of the protected alcohol 19 (95 %). This was treated
successively with an excess of oxalyl chloride [(COCl)2] in dry
chloroform followed by an excess of diazomethane (CH2N2)
in ether to afford phenolic diazoketone 20 (78 %). Chatterjee
and co-workers[23] had reported the formation of an unex-
pected hydroxymethyl ketone group by the reaction of the
diazoketone group with TFA atÿ20 8C. We did not obtain the
hydroxymethyl ketone directly, but the trifluoroacetate 21
(94 %) first. A simple deprotection of both alcohol groups


under mild basic conditions provided the hydroxymethyl
ketone 22 (90%).


In the crucial oxidative cyclisation process, treatment of 22
with PIFA in dry CH3CN/CH2Cl2 afforded spiro-dihydrofur-
anone 23 in 43 % yield. Many attempts to improve the yield by
changing the solvent, the temperature or the oxidant (by
PIDA instead of PIFA) did not change the outcome.


Synthesis by organometallic techniques : Lithiated methoxy-
allene 24[24] (Scheme 6) reacted with 2 a to give derivative 25.
This crude product was then directly converted into the


O


O


OMeLi


OO


HO OMe OMeO OMe


OO


2a
i)


24 25 27


+


26


ii) iii)


Scheme 6. i) Et2O, ÿ78 8C; ii) KOtBu (0.5 equiv), DMSO, RT, 30 min,
76%; iii) cat. pTsOH, H2O/THF, reflux, 10 min, 88 %.


corresponding tricyclic enol ether 26 (76% from 2 a) by
treatment with potassium tert-butoxide (KOtBu). Selective
hydrolysis finally gave the spiro-enol ether 27 (88%).


We also investigated the cyclisation of p-quinols 6 a ± b
(Scheme 7). As expected, p-quinol 6 b in dry THF and in the
presence of anhydrous camphor sulfonic acid (CSA) led to
spiro-acetal 28 (63 %). In the case of p-quinol 6 a, we first had
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ii)
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Scheme 7. Cyclisation of p-quinols 6a ± b. i) CSA (0.25 equiv), THF, 5 h,
RT, 63 %; ii) cat. pTsOH, H2O/THF, reflux, 30 min, 69 %; iii) MsCl
(3 equiv), NEt3 (6 equiv), CH2Cl2, 0 8C!RT, 6 h, 53 %.


to remove the dioxolane group in the presence of the acid-
sensitive p-quinol. Standard conditions (aqueous HCl, H2SO4,
CH3CO2H) gave a complex mixture.[21] Alternatively, the use
of [PdCl2 ´ (MeCN)2] has been reported.[8e] However, this
smooth method had been described to be slow (3 d). Finally,
we found that rapid treatment (30 min) of 6 a under mild
acidic conditions (cat. p-TsOH, H2O/THF, reflux) provided a
satisfactory yield of spiro-lactol 29 (69 %). Treatment with
methanesulfonyl chloride (MsCl) and triethylamine (NEt3) in
CH2Cl2 subsequently afforded the spiro-enol ether 30 in 53 %
isolated yield.
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Reactivity and stereoselectivity in the Diels ± Alder cyclo-
addition with diene 1: Now that a number of spiro-compounds
were available, the reactivity of several dienones was com-
pared by various competitive cycloaddition experiments.


p-Benzoquinone monoketal


Synthesis of the corresponding cycloadducts : The dienophiles
2 h (Table 3, entry 1) and 10 (entry 2) were added to diene 1 in
CH2Cl2 under high pressure (14 kbar, 25 8C) for 6 d. In each
case, a single cycloadduct (31 and 32) was isolated (80% and
78 % yield, respectively).


Kinetic comparison studies : The comparison between p-
benzoquinone spiro-monoketals 2 a, 2 h and p-benzoquinone
monoketal 10 (Scheme 8) in cycloadditions to diene 1 was
carried out in order to demonstrate the structural influence of
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1                 :                0.5                :                 0
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Scheme 8. Structural influence of substituents located in the para position
of dienone on the cycloaddition rate. i) 14 kbar, RT, CH2Cl2, 6 d.


the ketal moiety on the cycloaddition rate: 1 equivalent of
each dienophile 2 a, 2 h and 10 with 1.5 equivalents of diene 1
in CH2Cl2 were sealed in the same Teflon tube which was held
under high-pressure (14 kbar, 25 8C) for 6 d. The crude


mixture was then analysed by 1H NMR and the ratio of
cycloadducts was concluded from integration and comparison
of specific peaks. The ratio observed (3/21/22� 1:0.5:0)
indicates that small and conformationally rigid groups (2 a)
produce weaker steric interactions compared to six-mem-
bered rings and especially to open-chain substituents (prob-
ably more hindrance by free rotation).


We also investigated the influence from stereogenic centers
located in g position from the dienone double bond. In the
case of the five-membered ring (Scheme 9), the cycloaddition


O


O O
i)


O


OMe


O
O


R


O


O O
i)


O


OMe


O
O


PhPh
PhPh


Ph
Ph


0.5 equiv diene 1


2d-g


34


α
b


γ


1 equiv diene 1


2c 33


4 cycloadducts


1 equiv


+


1 equiv
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Scheme 9. No diastereoselectivity in cycloaddition process from stereo-
genic centre in the g position with the five-membered ring; i) 6.5 kbar, RT,
CH2Cl2, 6 d.


of mono-substituted spiro-acetals 2 d ± g (1 equivalent) with
diene 1 (0.5 equivalent) gave rise to an inseparable mixture of
four cycloadducts in every case.


Lack of any steric hindrance effect was confirmed by the
addition of the meso-compound 2 c (1 equivalent) to diene 1
(1 equivalent) to afford a crude mixture of two separable
cycloadducts 33 and 34 in a ratio of 1:1 (46% and 45 %
isolated yield, respectively). The conformation of cycloadduct
33 was assigned by means of the NOE signals (Figure 1).
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Figure 1. Stereochemistry assignment of 33, 35, 38, 39, 42 and 44 by NOE
experiments.


Table 3. Synthesis of monoketal cycloadducts 31 and 32 under high-
pressure conditions.


O


CH2Cl2, RT


O


OMe


RO
OR


RO OR


1.05 equiv diene 1


14 kbar
  6 d


Entry Dienophile R Cycloadduct Yield [%]


1 2 h ÿCH2ÿCH2ÿCH2ÿ 31 80
2 10 ÿMe 32 78
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These results are quite consistent with those obtained by
de March, Figueredo and co-workers. These authors have also
reported such lack of facial selectivity with this 1,3-dioxaspiro-
[4,5]decane structure when the C2-symmetric analogues were
employed in reactions such as the conjugate addition of
aromatic thiols[8f] or 1,3-dipolar cycloaddition to cyclic nitro-
nes.[8g]


That stereogenic centres at this distance can still direct
additions was illustrated with six-membered ring ketals which
showed a moderate diastereoselectivity (Scheme 10). When


Scheme 10. Moderate diastereoselectivity resulting from a side differ-
entiation induced by the conformation of the meso six-membered-ring
ketal on the dienone 2 i ; i) 14 kbar, RT, CH2Cl2, 6 d.


meso-compound 2 i (1 equivalent) was added to diene 1
(1 equivalent) under a pressure of 14 kbar for 6 d, an 87:13
ratio of 35 and 36 was obtained (1H NMR measurements).


NOE experiments assigned the conformation of diaster-
eoisomer 35 (Figure 1). This selectivity can be rationalised as
a side differentiation induced by the conformation of the
spiro-dienone 2 i. This differentiation is illustrated by the
chemical shift in 1H NMR: proton HA (dHA� 7.56) compared
with proton HB (dHB� 6.65) exhibits a difference of 0.91 ppm.
The presence of a NOE signal (15.8 %) between the ketal
protons and HA indicates that a steric effect from the ketal
group may well hinder the diene approach from one side.


At this stage, these results have pointed out that the
configuration and conformation of an adjacent spiro-ketal
ring generates steric effects which influence the cycloaddition
rate. Whereas substituents tethered to the five-membered
ketal ring of 1,3-dioxaspiro[4,5]decane structure do not induce
any significant steric hindrance, a larger ring (six-membered)
or open-ring monoketal manifests greater steric interaction
with the diene during the [4�2]-cycloaddition process. The
following investigations are devoted to the demonstration of
the effect of electron-withdrawing or electron-donating sub-
stituents on the reactivity.


Spiro-cyclohexadienones and p-quinol


Synthesis of the corresponding cycloadducts : These results are
summarised in Table 4 and are, in most cases, examples of
very selective reactions. At the beginning, all the dienophiles
(1 equiv) were added to the enantiopure diene 1 (1.05 equiv)
to furnish, in all cases, a single cycloadduct [except 28
(Scheme 7); Table 4, entry 5] in moderate-to-good yields.
Whereas the cycloadduct 41 (Scheme 11 and Table 4, entry 4)
was isolated as a thermodynamically controlled mixture of
two diastereoisomers at the hemi-acetal centre (87:13,
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Scheme 11. Stereochemical assignment of 40, 41 and 46 by chemical
transformation; i) Zn/NiCl2 ´ 6 H2O (1.5 equiv) in methoxyethanol/H2O,
sonification, 2.5 h, 95%; ii) cat. pTsOH, H2O/THF, reflux, 45 min; iii) 10%
Pd/C, H2, THF, 3 h, 53%; iv) MsCl (1.5 equiv), NEt3 (4 equiv), CH2Cl2,
ÿ40 8C!RT, 51 %; v) PCC (1.5 equiv), molecular sieves, CH2Cl2, RT,
overnight, 76%.


determined by 1H NMR) in 78 % yield, we obtained a 1:1
mixture as determined by 1H NMR of separable diaster-
eoisomers 42 and 43 that were isolated by chromatography in
34 % and 29 % yield, respectively.


To increase the steric hindrance close to the oxygen atom,
we transformed the hydroxyl group of the dienophile 6 a into
an acetate group (DMAP, acetic acid anhydride, CH2Cl2, 1 h)
to obtain 37 (see Table 5) in 81 % yield. Compounds 37 and
16 b (Scheme 4; Table 4, entries 9 and 11) were added to diene


Table 4. Synthesis of the cycloadducts from diene 1 and various dien-
ophiles.


O


S L


O


OMe


S
L


1.05 equiv diene 1


Entry Dienophile Conditions[a] Cycloadduct(s) Yield [%]


1 23 i 38 85
2 27 i 39 89
3 30 i 40 74
4 29 ii 41 78
5 28 ii 42/43 34/29
6 6d iii 44 89
7 6c ii 45 79
8 6a iv 46 87
9 37 iv 47 61


10 16a i 48 77
11 16b iv 49 51


[a] i) 14 kbar, RT, CH2Cl2, 6 d; ii) 14 kbar, RT, CH2Cl2, 13 d; iii) 14 kbar,
RT, CH3CN, 6 d; iv) 14 kbar, CH2Cl2, RT, 20 d.
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1 under a pressure of 14 kbar for 20 d to afford the cyclo-
adducts 47 (61 %) and 49 (51 %) in moderate yield, respec-
tively. p-Quinols 6 e and 6 f (Table 2) which bear an acetylene
group did not give rise, however, to any corresponding
cycloadducts, but to a mixture of polymers.


The configurations of 38, 39, 42, and 44 were assigned by
NOE experiments (Figure 1).


The structures of 40, 41 and 46 were confirmed by chemical
transformations (Scheme 11). Lactol 41 is readily oxidised by
pyridinium chlorochromate (PCC) to afford the correspond-
ing lactone 5 d (76%), the structure of which had been
determined by a X-ray analysis at an earlier stage.[3] Acid
hydrolysis of 46 did not furnish 41, but mainly retro-Diels ±
Alder products. To overcome the retro-Diels ± Alder process,
the enone double bond was first reduced by Luche�s
procedure[25] to afford 50 in 95 % yield. Hydrolysis of 50 gave
rise to 51, which displays a thermodynamic equilibrium of two
diastereoisomers at the hemi-acetal centre (3:2 determined by
1H NMR) in 52 % yield. In the same way, the double bond of
41 was reduced by catalytic hydrogenation with Pd/C and the
same hemi-acetal 51 was isolated in 53 % yield. In addition,
transformation of the hemi-acetal group of 41 into an enol-
ether furnished cycloadduct 40 in 51 % yield, which had also
been obtained in the Diels ± Alder cycloaddition of 30 with
diene 1 (Scheme 7; Table 4, entry 3). Unfortunately, we did
not manage to form the acetate 47 (cycloadduct from diene 1
and dienophile 37, see Table 5) from 46 (Table 4, entries 8 and
9) which is probably caused by strong steric hindrances
generated from the molecular cage formed around this
hydroxyl group.


Kinetic comparison studies : We now set out to define the
additional parameters that control the rate of the cyclo-
addition by simply comparing the kinetic behaviour of the
different dienophiles in the presence of diene 1. The
comparison of various p-quinols was investigated first
(Table 5).


These experiments have given us an initial improved
understanding of the participation of each parameter. The


comparison between 6 c and 6 a (ratio 2) demonstrated that
the hindrance effect of the open side-chain weakly influences
the rate (6 c/6 a� 10:8.6). A great deal of the acceleration
observed with 6 d in comparison with 6 a (ratio 3, 6 d/6 a�
10:2.2) can be attributed to the size and inductive effect from
the electron-withdrawing property of the cyano group. This
electronic induction is particularly noticeable when a stronger
electron-withdrawing group, such as a fluoro group (4 f)
substitutes for the hydroxyl group (6 c): all of diene 1 was
consumed by 4 f exclusively and none of cycloadduct 45 was
detected by 1H NMR from the crude mixture (ratio 1). In this
specific case, the steric parameter is also involved in the
increase of the rate: because of its position close to the
reactive centre, the fluoro group, which is smaller than a
hydroxyl group, exerts less steric hindrance interaction as the
cycloaddition evolves.[6] In contrast, the reactivity of the
dienophile 37 decreases compared with 6 a (ratio 4, 6 a/37�
5:1). Although 37 carries an electron-withdrawing group on
its oxygen atom, the enlargement of the steric hindrance
resulting from the free rotation of this acyl group at this
position affects the cycloaddition process by decreasing the
reaction rate.


All these interpretations reveal the fact that it is not easy to
quantify the steric and electronic effects at the same time and
to make allowances for each factor. The kinetic comparison of
the structurally rigid, five-membered ring, spiro-cyclohexa-
dienones 7 offers the opportunity to exclude at least the steric
hindrance factor since it has been demonstrated with the p-
benzoquinone monoketal homologues (see above) that the
hindrance from substituents at the g position of the spiro five-
membered ring have no significant influence on the reaction
rate. Indeed, initial investigations in our laboratory[26] had
already shown that 52 reacts faster than 4 b and 4 b is faster
than 4 c.
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52 4b 4c
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The classification of the electron-withdrawing properties of
these three different spiro-cyclohexadienones 7 is quite
obvious (52> 4 b> 4 c) and is in good agreement with the
experimental results. For greater accuracy, the electronic
effects that result from the nature of the substituents
themselves and to its location on the dienophile system is
reflected in the shift of frontier molecular orbitals energies
(FMO). In this context, we have studied further the inductive
effects by the FMO method to a larger range of spiro-
cyclohexadienones 7 in order to explore the viability of their
convergence with the experimental results.


Computational investigations


Computational procedures


Reactants in the ground state : The conformations of the cycles
belonging to the X-ray structure of the spiro-lactone adduct[3]


were used to build the three-dimensional structure of the


Table 5. Combination of electronic and steric effects on the relative rate of
the cycloaddition. All experiments were carried out by mixing two different
dienophiles (1 equiv each) with the diene 1 (1 equiv) under high-pressure
conditions for 6 d. The dienophiles are ordered according to their relative
reactivity observed experimentally (from left to right, more to less
reactive).
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37


4 f 6c 6d 6a 37


ratio 1 1 : 0[a]


ratio 2 10 : 8.6
ratio 3 10 : 2.2[c]


ratio 4 5 : 1[b]


[a] 6 kbar, CH2Cl2; [b] 14 kbar, CH2Cl2; [c] 14 kbar, CH2Cl2/CH3CN (1:1).
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reactants in the calculations. Geometries for all reactants were
optimised by means of the gradient technique at the
RHFAM1 level[27] with the MOPAC program (Version 5.0).[28]


Transition structures : All the RHFAM1 transition structures
were located with the procedures implemented in the
MOPAC program (Version 5.0).[28] All variables were opti-
mised by minimising the sum of the squared scalar gradients
(NLLSQ and SIGMA).[29] Force calculations were carried out
to ensure that the transition structures located had one
imaginary frequency. Final values of the gradient norms were
<1 kcal �ÿ1 and each transition structure had only one
negative eigenvalue in the Hessian matrix as required.


Definitions


The formation enthalpies of the fully optimised reactants in
the ground state were calculated and summed to give the
enthalpy of the reactants at infinite separation. The activation
enthalpies (Eactivation) were obtained by the difference between
the enthalpies of the reactants at infinite separation with the
formation enthalpy of the corresponding transition structures
(DHTS). The DEactivation or DDHTS were obtained by difference
with the formation enthalpy of the most stable structure
(DHTS of X-endob). The Edeformation was obtained by the dif-
ference between the energy of the reactant moiety in the TS
with the formation enthalpy of the reactant in the ground state.


FMO analysis


The evaluation of the difference in reactivities, rationalised
with the FMO analysis, are summarised in Figure 2.
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Figure 2. Diels ± Alder HOMOdiene-controlled ([a]< [d]). Only LUMO of
dienophiles 7 with favourable orbital coefficients relative to those of the
HOMO in diene 1 are taken into account. [a] 7.29 ± 7.79 eV, [b] 8.63 ±
9.20 eV, [c] 9.91 ± 10.47 eV, [d] 10.56 ± 11.09 eV.


The conjugations of the p system of the diene with the p


system of the phenyl ring on the one hand and of the p system
of the dienophile with the p system of the carbonyl group on
the other hand, give rise to several frontier molecular orbitals
with pz character. The relative disposition of the frontier
orbitals for cyclopentadiene 1 [(HO� 1)MO(1)�ÿ9.26 eV,
HOMO(1)�ÿ8.34 eV; LUMO(1)��0.03 eV] and dieno-
philes 7 [(HOMO(7)�ÿ11.06 to ÿ10.53 eV; LUMO(7)�
ÿ1.05 to ÿ0.55 eV, (LU� 1)MO(7)��0.29 to �0.86 eV]
suggests that, on the basis of the narrower HOMO ± LUMO
gap, the reactions are predominantly HOMO-diene control-
led ([a]< [d]). Under those conditions and in the further
discussions, only HOMOdiene ± [LUMO, (LU� 1)MO and
(LU� 2)MO]dienophile interactions will be considered. The
calculated relative reactivities of the different dienophiles
are compared with the proportions of the corresponding
products in the mixture obtained in each subsequent com-
petition experiment in the same condition described previ-
ously (for the conditions, see Table 5). Assuming that the
LUMO energy level (n� 0) of the dienophiles 7 acts as the
dominant frontier orbital of the reactants, we have outlined
the planning of our kinetic comparison following the lowest
LUMOdienophile classification only. The results are summarised
in Table 6. The results of the FMO calculation (4 b> 23>
30> 29> 27� 28� 4 c) showed a fairly good convergence
(except for 27) with the experimental findings.


We previously reported[2] that no reaction occurs between the
spiro-cyclohexadienone 53 and the diene 1. Steric hindrance
interaction is used to explain such reactivity (a -CH2- group has a
higher steric demand than an oxygen atom). By comparing 53
with the closer but also the less reactive structural analogue
4 c, their LUMO energy levels also reveal that the presence of
this endocyclic oxygen atom in the five-membered ring shifts,
to a great extent, all the LUMOs to lower energy [4 c/53
LUMOdienophile: ÿ0.55 eV<ÿ0.38 eV, (LU� 1)MO: �0.76 eV<


� 0.81 eV, LU(�2)MO: �2.13 eV<� 2.36 eV]. The electron-
ic impact of an oxygen atom caused by its relative electron-
withdrawing property compared with the donating nature of a
carbon atom set up at this position also seems to act as a
favourable parameter for the activation of the cycloaddition.


The remarkable reactivity of the spiro-enol ether 27 with
cyclopentadiene 1 compared with spiro-ethyl acetal 29
(ratio 8, 27/29� 10:3) is surprising if only the interaction of
the narrower HOMOdiene ± LUMOdienophile gap [LUMO(27)>
LUMO(29)] is considered. A structural analysis (Figure 3) of
the p-orbital system in dienophiles 30 and 27 to a higher level
(LU(�1)MO) reveals, however, that the pz orbitals of the p


system in the six-membered ring interact with the py of the
double bond in the five-membered ring and cause the splitting
of their LU(�1)MO into two unoccupied molecular orbitals
LU(�1')MO and LU(�1'')MO whose energy levels are
�0.62 and �0.85 eV (30) and �0.43 and �0.86 eV (27).


Consequently, the LU(�1')MO of 27 (�0.43 eV) is slightly
lower compared to the LU(�1)MO of 29 (�0.70 eV)
(Table 6). The higher reactivity observed with 27 compared
to 29 can be better understood if one considers the interaction
of the HOMO from diene 1 with all the LUMOs of
dienophiles 7, as indicated in the concept of frontier-con-
trolled reactions.[30]
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Figure 3. The LU(�1)MO of 30 and 27 split into two levels, LU(�1')MO
and LU(�1'')MO, consequential to the interaction between the p orbitals
from their dienone group with those from double bonds located on their
spiro five-membered ring.


However, the question still remains as to whether the
electronic induction factors act as the sole significant param-
eter involved during the cycloaddition process in the case of
the dienophile system 7. As a matter of fact, the use of the
FMO approach to predict the reactivity remains controver-
sial.[31] Such a study consists of the comparison of the
HOMO ± LUMO gap of the starting material which might
be different at the transition state (TS). Moreover, the
formation of fused-ring structures requires that account is
taken of ring strain parameters as well.


Hence, as an additional theoretical support to rationalise
the experimental observations, the second part of our
computational study is devoted to the location of the
corresponding TS during the cycloaddition between 1 and
the selected dienophiles 4 b, 23, 27 and 53 (Table 6).


Transition states


Stereoselectivity : Houk and co-workers[4b] computed transi-
tion structures at the RHF/6-31G*//RHF/3-21G* level for the
thermal reaction of a simple cyclopentadiene with the p-


quinol as models and concluded that steric effects are
responsible for the observed high p-facial diastereoselectivity.
Recently, they[6] performed PM3 and RHF/6-31G* calcula-
tions for the Diels ± Alder reactions of 1,5,5-trimethylcyclo-
pentadiene with substituted cyclohexadienones. These calcu-
lations demonstrated that the high stereoselectivity, observed
experimentally, arises from the lower steric demand of oxygen
atom relative to a methylene group. The present study tends
first to define the more stable TS during the cycloaddition
between the cyclopentadiene 1 and the spiro-cyclohexadie-
none 4 b, for which the X-ray structure of the final product 5 b
clearly indicates the stereoselectivity. In this case, the two real
reactants are taken as a whole in the calculations at RHFAM1
level. Assuming that the dienophile approaches the less
hindered face of the diene (the face by which the methyl
group is set up), only eight possible transition structures were
considered: X regio-chemical pathway C1(1) ± C2'(7)/C4(1) ±
C3'(7) (for the numbering of the carbon atoms, see Figure 2)
and Y regio-chemical pathway C1(1) ± C3'(7)/C4(1) ± C2'(7);
stereofacial chemical pathways: endob, exob (the endocyclic
oxygen atom of the five-membered ring pointing into the
interior cage) and endoa, exoa (the -CH2- group in the
five-membered ring pointing into the interior cage). The
formation enthalpies (DHTS) and the relevant parameters
for the eight transition structures involving cyclopentadiene 1
and spiro-cyclohexadienone 4 b (X, Y, endo, exo, a and b


orientations of the dienophiles) are given in Table 7 and
Table 8.


In their theoretical ab initio calculations of Diels ± Alder
reactions of cyclopentadiene with dienophiles, Jorgensen and
co-workers[32] have found that the distances between the
reacting centres are 2.066/2.357 � for the endo TS and 2.100/
2.326 � for the exo TS in the cyclopentadiene/isoprene
reaction at the MP3/6-31G*//6-31G* level. Houk[4b] has
estimated that the distances between the reacting centres
are 2.081/2.329 � for the endob TS (syn) and 2.197/2.225 � for
the endoa TS (anti) in the cyclopentadiene/p-quinol reaction
at the RHF/6-31G* level. Houk[6] has also illustrated that the
distances between the reacting centres are 2.071/2.258 � for
the endob TS (syn), in the 1,5,5-trimethylcyclopentadiene/


spiro-ether 4 c reaction at the
RHF/6-31G* level. Our AM1
transition structures display
comparable values (Table 7, X-
endob TS, X-exob TS, X-endoa


TS and X-exoa TS: C1(1) ±
C2'(4 b)/C4(1) ± C3'(4 b)�
1.994/2.315 �, 2.040/2.286 �,
2.040/2.255 � and 2.089/
2.231 �, respectively).


The corresponding bond
lengths in the different theoret-
ical treatments are equivalent
to within 0.2 �. It appears from
the results of the energies in the
RHFAM1 calculated TS of the
reaction of diene 1 and spiro-
cyclohexadienone 4 b that be-
tween the two stereochemical


Table 6. Frontier molecular orbitals (FMOs) of various dienophiles calculated at the RHFAM1 level as well as
the experimentally observed product ratios.[a]


O


O


O O


OO


O O


HO


O OMe O


EtO


O


52 4b 23 30 29 27 28 4c 53


52 4 b 23 30 29 27 28 4 c 53
LU(�2)MO 1.57 1.71 1.80 2.00 2.04 2.07 2.13 2.12 2.36
LU(�1)MO 0.29 0.39 0.48 0.62/0.85 0.70 0.43/0.86 0.76 0.77 0.81
LUMO ÿ 1.05 ÿ 0.94 ÿ 0.85 ÿ 0.69 ÿ 0.62 ÿ 0.57 ÿ 0.56 ÿ 0.55 ÿ 0.38


ratio 5 5 : 1
ratio 6 5 : 2
ratio 7 2 : 1
ratio 8 3 : 10
ratio 9 10 : 2.3
ratio 10 1 : 1
ratio 11 10 : 9.5
ratio 12 10 : 9


[a] All experiments were performed at 14 kbar in CH2Cl2 for 13 d and following the same procedure described in
Table 5. Dienophiles are classified according to their lowest LUMO value (in eV).
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pathways endo and exo [DHTS (endo)�ÿ23.9, ÿ18.9, ÿ21.7
and ÿ21.2 while DHTS (exo)�ÿ16.1, ÿ11.4, ÿ13.7 and
ÿ14.1 kcal molÿ1] the exo TS are undoubtedly disfavoured
compared with the endo TS. The differences between
DHTS (endo) and DHTS (exo) are �7 ± 8 kcal molÿ1. Jorgensen
and co-workers[32] have found that the preference for the endo
approach of isoprene is �1.5 kcal molÿ1 at the MP3 level.
They have also mentioned that the TS of the endo addition in
the cyclopentadiene dimerisation, computed as 2.7 kcal molÿ1,
is consistent with the essentially exclusive observation of the
endo dimer. They demonstrated that the much greater
preference for the endo addition can be attributed to a steric
clash between the hydrogen of the endocyclic methyl group in
the exo transition state. Compared with the simple cyclo-
pentadiene, our diene 1 pres-
ents the more bulky methyl
group at this position instead
of the hydrogen. The finding
that the AM1-computed activa-
tion energies to form the endo
cycloadducts are lower than
the corresponding energies to
the exo stereoisomers (7 ±
8 kcal molÿ1) correlates nicely
with the experimental as well
as ab initio results.


The AM1-calculated ener-
gies also reveal that the X-
endob TS (Table 7) is definitely


the most stable. It is favoured over the Y-endob TS by
2.2 kcal molÿ1 and over the X-endoa TS by 5.0 kcal molÿ1. This
result is consistent with the exclusive formation of the X-
endob cycloadduct. Houk[6] has interpreted this remarkable
stereochemical outcome by invoking the steric effect between
the formed cyclopentene and the substituent of 4 c (Table 6)
spiro-cycle at TS. In our study, the entire real structure of the
diene 1 interacting with the entire substrate has been
considered.


It is noteworthy that a high-pressure environment may
emphasise the chiral discrimination phenomenon as well.
Ogoshi and co-workers[33] pointed out the role played by
van der Waals forces in enantioselective processes and dem-
onstrated that the resulting chiral recognition energy dramat-
ically increases as external forces incline to restrict the volume
of the system.


Reactivity of 4b, 23, 27 and 53 estimated from TS analysis :
The calculations of three other TS that arise from the
condensation of 23, 27 and 53 (Table 6), respectively, with
the diene 1 were also performed at the RHFAM1 level.
According to the arguments discussed previously for 4 b, this
procedure coincided sufficiently well with higher ab initio
calculations to provide a good degree of confidence. In these
conditions and in order to avoid some needless calculations,
only the AM1 calculation of the X-endob TS of 23 and 27 and
the X-endob TS of 53 were performed and these results are
summarised in Table 9.


For the relative reactivity of 23 compared to 27 and taking
into account the accuracy of the calculations (Table 9), their
activation energies, calculated to be 46.8 and 47.3 kcal molÿ1,
respectively, can be estimated as similar. This result correlates
with the experimental observation (Table 6, 10:9.5, respec-
tively) more closely than FMO results. The greater computed
activation energy found for the 53 TS (Table 9,
51.6 kcal molÿ1) compared with those obtained for the react-
ing species 4 b, 23 and 27 (45.7 ± 47.3 kcal molÿ1) is in good
agreement with the role played by a strong steric hindrance,
which is probably associated with an unfavourable electronic
disposition. Moreover, in order to have an appreciation of
other possible steric influences on the reactivity, such as the
angular strain in spirocyclic systems,[26] the activation energies
of 4 b, 23, 27 and 53 were partitioned and the relative
stabilisation energies were analysed.


Table 7. The formation enthalpies and other relevant parameters for four
transition structures of the endo stereofacial chemical pathway involving
cyclopentadiene 1 and spiro-cyclohexadienone 4b calculated at the AM1
level.


X-endob X-endoa Y-endob Y-endoa


DHTS [kcal molÿ1][a] ÿ 23.9 ÿ 18.9 ÿ 21.7 ÿ 21.2
DDHTS [kcal molÿ1][b] 0 5.0 2.2 2.7
C1(1)ÿC2'(4b) [�][c] 2.315 2.255 1.957 1.999
C4(1)ÿC3'(4b) [�][c] 1.994 2.040 2.329 2.289


[a] DHTS� formation enthalpy of the corresponding TS. [b] DDHTS� dif-
ference between the formation enthalpy of the corresponding TS and the
formation enthalpy of the most stable TS (i.e., X-endob). [c] Bonds being
formed.


Table 8. The formation enthalpies and relevant parameters for four
transition structures of the exo stereofacial chemical pathways involving
cyclopentadiene 1 and spiro-cyclohexadienone 4b calculated at the AM1
level.


X-exob X-exoa Y-exob Y-exoa


DHTS [kcal molÿ1][a] ÿ 16.1 ÿ 11.4 ÿ 13.7 ÿ 14.1
DDHTS [kcal molÿ1][b] 7.8 12.5 10.2 9.8
C1(1)ÿC2'(4b) [�][c] 2.286 2.231 1.995 1.993
C4(1)ÿC3'(4b) [�][c] 2.040 2.089 2.331 2.362


[a] DHTS� formation enthalpy of the corresponding TS; [b] DDHTS� dif-
ference between the formation enthalpy of the corresponding TS with the
formation enthalpy of the most stable one (i.e., X-endob, see Table 7);
[c] bonds being formed.


Table 9. The Eactivation and Edeformation for the different transition states.[a]


Dienophiles 7 : 4b 4b 23 27 53
X-endob X-endoa X-endob X-endob X-endob


Eactivation [kcal molÿ1] 45.7 50.7 46.8 47.3 51.6
diene moiety Edeformation [kcal molÿ1] 24.1 25.3 24.0 24.1 26.1
dienophile moiety Edeformation [kcal molÿ1] 17.1 21.3 17.5 17.2 20.5
remaining
interaction energy [kcal molÿ1] 4.5 4.1 5.3 6.0 4.9
C4(7) bond angle deformation
in the five-membered ring [8] 0.5 2.0 0.6 0.5 3.5
C1(1)ÿC2'(7) [�][b] 2.315 2.255 2.319 2.312 2.240
C4(1)ÿC3'(7) [�][b] 1.994 2.040 1.991 1.996 2.036


[a] Eactivation�difference between enthalpies of the reactants at infinite separation with the formation enthalpy of
the corresponding transition structure; Edeformation� difference between the energy of the reactant moiety in the TS
with the formation enthalpy of the reactant in the ground state. [b] Bonds being formed.
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The energy of each reactant moiety (Em) was evaluated by
removing the atoms of the partner followed by single-point
calculations, without altering the proposed geometry of the
transition structure. The results reveal that the diene and
dienophile moieties are more stable in the X-endob TS of 4 b,
23 and 27 than those in the X-endoa TS of 4 b and in the X-
endob TS of 53 : The minimisation of the higher steric demand
of the methylene group relative to the oxygen atom leads to a
greater alteration of the structures of the reactants in X-endoa


TS of 4 b and X-endob TS of 53. These differences (Table 9) in
stability are much more important in the dienophile moiety
(17.1, 17.5, 17.2 compared with 21.3, 20.5) than in the diene
moiety (24.1, 24.0, 24.1 compared with 25.3, 26.1). The
exploration of the geometry of the dienophile moieties
reveals that, in order to reduce the steric interaction, the
C4' bond angle in the five-membered ring is compressed.
These angular deformations are much more important in the
X-endoa TS of 4 b and in the X-endob TS of 53 (2.08 and 3.58,
respectively) than those in the X-endob TS of 4 b, 23 and 27
(�0.58). We believe that the angular strain from spiro-
cyclohexadienones could also represent an additional and
significant factor which influences the reactivity.


Epoxidation and retro-Diels ± Alder reactions : The epoxida-
tion of the remaining enone group has been shown to be
completely diastereoselective (epoxidation of the less hin-
dered face only) and efficient for the cycloadducts 3 and 5 b by
the use of H2O2 under basic conditions (NaOH).[2, 3] When the
same conditions were applied or a milder basic medium was
used (K2CO3) for our p-quinol-cycloadducts 44, 46 and 48,
only cycloadduct 44 reacted to give 54 in moderate yield
(48 %, with H2O2/K2CO3 only, Table 10, entry 1).


This reaction was also slower (20 h) and required a large
excess of reagents. In fact, the efficiency of a cyclohexadie-
none in the Diels ± Alder cycloaddition with the diene 1
correlates well with the reactivity of its corresponding cyclo-
adduct toward the epoxidation process. This presumes again
the participation of electronic inductions and steric effects. To
increase the reactivity of the reactants, the use of lithium tert-
butylhydroperoxide (LiOOtBu) has been found to be efficient
for the epoxidation of the cycloadduct 46 (entry 2) and 48
(entry 3) to provide the single diastereoisomers 55 and 56


respectively in moderate yields. The retro-Diels ± Alder
(R.D.A.) process by pyrolysis under reduced pressure
(350 8C, 3� 10ÿ3 mbar) of 54 ± 56 gave rise to the correspond-
ing enantiopure enone compounds 57 ± 59 in good yields (88 ±
91 %). Under the same conditions, the cycloadduct 50
(Scheme 12) gave the enantiopure compound 60 in good
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Scheme 12. i) 350 8C, 5� 10ÿ3 mbar, 87%; ii) Br2 (1.1 equiv), CH2Cl2, 0 8C,
1 h, then NEt3 (3 equiv), RT, 1 h, 68 %.


yield (87 %) whereas 51 failed to release the enone cleanly
but gave a complex mixture instead. The enone 57 was
converted into bromo-enone 61 (68 %) which could find
application as an intermediate in natural product synthesis.[34]


Chiral resolution with racemic a-spiro-ether cyclopentenone :
Finally, we were interested in including further dienophile
structures into our investigations. Starting from the racemic a-
spiro-ether cyclopentanone rac-62[35] (Scheme 13), the race-
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Scheme 13. Kinetic resolution of the racemic mixture rac-8 showed a
moderate preference for the (ÿ)-8 enantiomer; i) PhSO2CH3 (1 equiv), KH
(2.1 equiv), THF, RT, 1 h then reflux 2 h (toluene, Na2CO3), 55%;
ii) 20 kbar, RT, CH2Cl2, 6 d, 63 (10 %), 64 (40 %); iii) 350 8C, 5�
10ÿ3 mbar, 93 %.


mic a-spiro-ether cyclopentenone rac-8 was obtained in
moderate yield (55 %) using the Meyers� procedure.[36] The
reaction with 0.5 equivalent of the diene 1 and 1 equivalent of
rac-8 under high pressure (20 kbar, 6 d) gave rise to a mixture
of two cycloadducts 63 and 64 in a 32:68 ratio with 60 %
conversion referred to the diene 1 (determined by 1H NMR).


Table 10. Epoxidation and retro-Diels ± Alder reactions.[a]


O


HO R


O


OMe


HO
R


O


OMe


HO
R


O


O
[O] R.D.A.


R (Yield [%]) (Yield [%])


-CH2-CN 44 i 54 (48 %) iv 57 (91 %)
-C2H4-CH(OCH2-)2 46 ii 55 (61 %) iv 58 (96 %)
-CH�CH-CH(OEt)2 48 iii 56 (57 %) iv 59 (88 %)


[a] i) H2O2/K2CO3, RT, 20 h; ii) LiOOtBu (10 equiv), ÿ25 8C for 5 h then
5 8C for 5 h; iii) LiOOtBu (10 equiv), ÿ25 8C for 5 h then ÿ10 8C for 5 h;
iv) 350 8C, 5� 10ÿ3 mbar.
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Cycloadducts 63 and 64 were isolated in 10 % and 40 % yield,
respectively (yields referred to the diene 1). The structure of
the majority diastereoisomer 64 was obtained by X-ray
analysis[37] (Figure 4) and revealed that the -CH2- of the


Figure 4. Structure of cycloadduct 64 as determined by X-ray analysis.


spiro-ether ring indeed points into the interior cage. This
outcome proves that larger differences in spatial demands are
clearly necessary to differentiate between a-carbonyl sub-
stituents 8. The R.D.A. reaction by pyrolysis of 64 permitted
the isolation of the enantiopure cyclopentenone (ÿ)-8 in good
yield (93 %).


Conclusions


We present here improved and simple preparations of various
quinol derivatives and of spiro-dienophiles, in general. This is
followed by investigations on the influence of their constitu-
tion and configuration on the rate and the stereoselectivity of
Diels ± Alder cycloadditions. The experimental results, which
showed a high degree of selectivity, prove that although
reaction rates can be influenced by electronic effects, the
diastereoselectivity is a consequence of steric interactions. A
very satisfactory theoretical interpretation of overall effects
emerged from the computational investigations.


Experimental Section


General : All reactions involving Grignard reagents were carried out under
a static pressure of N2 in oven-dried glassware. Concentrations were
defined by titration with the 2,2'-biquinoline colour test. Dry THF and Et2O
were distilled over sodium and benzophenone under N2. CH2Cl2, CHCl3,
CH3CN and triethylamine were distilled over calcium hydride under N2.
Light petroleum ether (PE) refers to the fraction with b.p. 45 ± 60 8C.
Optical rotations were recorded in CHCl3 or MeOH with a Perkin ± Elm-
er241 polarimeter at the sodium-D line. Melting points were determined
on a Büchi hotstage and were uncorrected. IR spectra were obtained on a
PerkinÐElmer 580 in CHCl3 or KBr (signal intensity: w�weak, m�me-
dium, s� strong, vs� very strong). MS: Finnigan MAT312 and VGAuto-
spek and Kratos MS-80 instruments; HRMS: Finnigan MAT 312 and
VGAutospek and KratosMS-80 instruments. Electrospray ionisation mass
spectrometry (ESI-MS) measurements on a LCT Micromass. 1H and
13C NMR spectra were recorded on a Bruker AM 200 or WP 400 instru-
ments: dH values are given relative to tetramethylsilane (dH� 0) and dC


relative to CDCl3 (dC� 77.14). For flash chromatography, silica gel (300 ±
600 mesh, Baker) was used. The high-pressure reactions were performed in
a Hofer apparatus. p-Benzoquinone monoketal 10 was prepared following
Pelter�s procedure.[10] All liquid dialcohols were distilled with a kugelrohr
apparatus prior to use.


General procedure for the synthesis of the spiro-monoketals 2 a ± i : p-
Methoxyphenol (8, 1 equiv, 1m) and the corresponding dialcohol (1.0 ±
1.5 equiv) in dry CH2Cl2 (when the dialcohol was insoluble in this solvent,
dry CH3CN was used) were injected dropwise to the stirred solution of
phenyliodonium bis(trifluoacetate) (PIFA, 1.3 equiv, 0.1m) in dry CH2Cl2 at
4 8C (ice bath). The mixture was allowed to warm to room temperature for
45 min and was then neutralised with saturated Na2CO3 and decanted. The
organic layer was separated and the aqueous layer was extracted twice with
CH2Cl2. The combined organic extracts were dried (MgSO4) and concen-
trated. The corresponding spiro-monoketal 2 was purified by flash
chromatography (silica gel, Et2O/PE 1:4).


1,4-Dioxa-spiro[4.5]deca-6,9-dien-8-one (2 a): p-Methoxyphenol (9, 3.0 g,
24.2 mmol) and ethylene glycol (2.23 g, 36.0 mmol, 1.5 equiv) mixed in
CH2Cl2 were treated with PIFA (13.5 g, 31.4 mmol, 1.3 equiv) to yield spiro-
monoketal 2 a (3.05 g, 83 %) as colourless crystals after recrystallisation in
Et2O/PE. Rf� 0.16 (Et2O/PE 2:3); m.p. 54 8C; IR (CHCl3): nÄ � 2893 (m),
1693 (s), 1678 (s), 1637 (s), 1382 (m), 1307 (m), 1115 (s), 1071 (m), 1012 (m),
975 (s), 947 (m) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 6.63 (d, J� 10.1 Hz,
2H), 6.17 (d, J� 10.1 Hz, 2H), 4.41 (s, 4H); 13C NMR (100 MHz, CDCl3):
d� 185.3 (C), 143.3 (2�CH), 129.0 (2�CH), 98.3 (C), 65.9 (2�CH2); MS
(70 eV): m/z (%): 152 (100) [M]� , 128 (60); elemental analysis (%) calcd
for C8H8O3: C 63.14, H 5.30; found: C 63.16, H 5.31.


2,3-Dimethyl-1,4-dioxa-spiro[4.5]deca-6,9-dien-8-one (2 b): p-Methoxy-
phenol (9, 500 mg, 4.0 mmol) and butane-2,3-diol (432 mg, 4.8 mmol,
1.2 equiv, mixture of isomers d,l/meso� 30:1) mixed in CH2Cl2 were
treated with PIFA (2.25 g, 5.2 mmol, 1.3 equiv) to yield spiro-monoketal 2b
(486 mg, 68%) as a pale yellow solid after recrystallisation in Et2O/PE.
Rf� 0.21 (EtOAc/PE 2:3); m.p. 39 8C; IR (CHCl3): nÄ � 2890 (m), 1703 (s),
1681 (s), 1634 (s), 1380 (s), 1307 (s), 1102 (s), 1070 (s), 983 (s), 902 (m) cmÿ1;
1H NMR (400 MHz, CDCl3): d� 6.66 (d, J� 10.1 Hz, 2H), 6.15 (d, J�
10.1 Hz, 2H), 3.83 (m, J� 5.8 Hz, 2H), 1.35 (m, J� 5.8 Hz, 6H); 13C NMR
(100 MHz, CDCl3): d� 185.6 (C), 144.6 (2�CH), 128.7 (2�CH), 97.4 (C),
79.9 (2�CH), 16.7 (2�CH3); MS (70 eV): m/z (%): 180 (100) [M]� , 156
(6), 136 (86), 126 (40), 109 (42); HRMS: calcd for C10H12O3: 180.0786,
found: 180.0787.


Meso-2,3-Diphenyl-1,4-dioxa-spiro[4.5]deca-6,9-dien-8-one (2c): p-Me-
thoxyphenol (9, 480 mg, 3.87 mmol) and 1,2-diphenyl-ethane-1,2-diol
(911 mg, 4.26 mmol, 1.1 equiv) mixed in dry CH3CN were treated with
PIFA (2.19 g, 5.1 mmol, 1.3 equiv) to yield spiro-monoketal 2c (422 mg,
36%) as clear yellow needles after recrystallisation in Et2O/PE. Rf� 0.44
(EtOAc/PE 1:2); m.p. 154 8C; IR (CHCl3): nÄ � 2916 (w), 1676 (s), 1640 (s),
1384 (m), 131 (m), 1264 (m), 1176 (s), 1116 (vs), 1072 (s), 1004 (s), 852
(m) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.15 (dd, J� 10.3, 3.1 Hz, 1H),
7.14 ± 7.08 (m, 5H), 7.07 (dd, J� 10.3, 3.1 Hz, 1H), 7.05 ± 7.00 (m, 5 H), 6.40
(dd, J� 10.3, 2.2 Hz, 1 H), 6.26 (dd, J� 10.3, 2.2 Hz, 1 H), 5.73 (s, 2H);
13C NMR (100 MHz, CDCl3): d� 185.2 (C), 143.9 (CH), 141.8 (CH), 136.2
(2�C), 131.3 (CH), 127.9 (CH), 127.88 (6�CH), 126.9 (4�CH), 98.6 (C),
82.4 (2�CH); MS (EI, 90 8C): m/z (%): no molecular peak, 198 (100), 105
(46), 77 (49); MS (FAB� ): m/z (%): 327 (12) [M�Na]� , 305 (47) [M�H]� ,
198 (100), 154 (75), 136 (67), 105 (48); elemental analysis (%) calcd for
C20H16O3: C 78.92, H 5.30; found: C 78.69, H 5.24.


2-Phenyl-1,4-dioxa-spiro[4.5]deca-6,9-dien-8-one (2d): p-Methoxyphenol
(9, 1.0 g, 8.06 mmol) and 1-phenyl-ethane-1,2-diol (1.67 g, 12.1 mmol,
1.5 equiv) mixed in CH2Cl2 were treated with PIFA (4.51 g, 10.5 mmol,
1.3 equiv) to yield spiro-monoketal 2 d (1.42 g, 77 %) as a clear yellow oil.
Rf� 0.45 (EtOAc/PE 2:3); IR (CHCl3): nÄ � 3040 (w), 2888 (w), 1676 (s),
1636 (s), 1496 (w), 1384 (m), 1304 (m), 1228 (m), 1180 (s), 1120 (vs), 1072
(m), 1016 (m), 976 (s), 852 (m) cmÿ1; 1H NMR (400 MHz, CDCl3): d�
7.43 ± 7.32 (m, 5H), 6.78 (m, 1H), 6.76 (m, 1 H), 6.22 (m, 1 H), 6.19 (m, 1H),
5.27 (dd, J� 8.3, 6.0 Hz, 1 H), 4.49 (dd, J� 8.4, 6.0 Hz, 1 H), 3.89 (dd, J�
8.4, 8.3 Hz, 1 H); 13C NMR (100 MHz, CDCl3): d� 185.3 (C), 143.7 (CH),
143.2 (CH), 137.0 (C), 129.3 (CH), 128.83 (CH), 128.77 (2�CH), 128.7
(CH), 126.2 (CH), 126.17 (CH), 99.1 (C), 79.2 (CH), 72.2 (CH2); MS
(70 eV): m/z (%): 228 (24) [M]� , 199 (28), 122 (100), 104 (83), 91 (84), 77
(40); HRMS: calcd for C14H12O3: 228.0786, found: 228.0796.


2-tert-Butyl-1,4-dioxa-spiro[4.5]deca-6,9-dien-8-one (2e): p-Methoxyphe-
nol (9, 500 mg, 4.0 mmol) and 3,3-dimethyl-butane-1,2-diol (690 mg,
5.85 mmol, 1.5 equiv) mixed in CH2Cl2 were treated with PIFA (2.25 g,
5.2 mmol, 1.3 equiv) to yield spiro-monoketal 2e (333 mg, 40%) as an
amorphous white solid. Rf� 0.45 (Et2O/PE 1:1); m.p. 61 8C; IR (CHCl3):
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nÄ � 2964 (s), 2896 (w), 1676 (vs), 1636 (s), 1476 (w), 1384 (m), 1304 (m),
1228 (m), 1176 (s), 1120 (vs), 1072 (m), 1004 (s), 984 (s), 852 (m) cmÿ1;
1H NMR (400 MHz, CDCl3): d� 6.72 (dd, J� 10.1, 3.1 Hz, 1 H), 6.61 (dd,
J� 10.1, 3.1 Hz, 1H), 6.18 (dd, J� 10.1, 2.2 Hz, 1H), 6.13 (dd, J� 10.1,
2.2 Hz, 1H), 4.13 (dd, J� 8.2, 6.3 Hz, 1 H), 4.03 (dd, J� 8.2, 6.3 Hz, 1H),
3.84 (t, J� 8.2 Hz, 1 H), 0.97 (s, 9 H); 13C NMR (100 MHz, CDCl3): d�
185.3 (C), 144.7 (CH), 143.3 (CH), 129.4 (CH), 128.0 (CH), 98.5 (C), 85.2
(CH), 66.7 (CH2), 32.7 (C), 25.6 (3�CH3); MS (70 eV): m/z (%): 208 (4)
[M]� , 193 (2), 182 (2), 152 (100), 123 (41); HRMS: calcd for C12H16O3:
208.1099, found: 208.1098.


2-Chloromethyl-1,4-dioxa-spiro[4.5]deca-6,9-dien-8-one (2 f): p-Methoxy-
phenol (9, 1.0 g, 8.0 mmol) and 3-chloro-propane-1,2-diol (1.33 g,
12.1 mmol, 1.5 equiv) mixed in CH2Cl2 were treated with PIFA (4.51 g,
10.5 mmol, 1.3 equiv) to yield spiro-monoketal 2 f (1.03 g, 64 %) as a clear
yellow oil. Rf� 0.33 (EtOAc/PE 1:2); IR (CHCl3): nÄ � 3048 (w), 2964 (m),
1680 (s), 1636 (s), 1444 (w), 1228 (w), 1180 (s), 1120 (s), 1072 (s), 980 (s), 852
(m) cmÿ1; 1H NMR (200 MHz, CDCl3): d� 6.69 (dd, J� 9.9, 3.1 Hz, 1H),
6.65 (dd, J� 9.9, 3.1 Hz, 1H), 6.21 (dd, J� 10.1, 2.2 Hz, 1H), 6.16 (dd, J�
10.1, 2.2 Hz, 1 H), 4.57 (dddd, J� 6.8, 6.1, 4.4, 5.6 Hz, 1 H), 4.32 (dd, J� 8.9,
6.1 Hz, 1 H), 4.10 (dd, J� 8.9, 5.6 Hz, 1 H), 3.68 (dd, J� 11.4, 4.4 Hz, 1H),
3.62 (dd, J� 11.4, 6.8 Hz, 1H); 13C NMR (50 MHz, CDCl3): d� 185.1 (C),
143.6 (CH), 142.3 (CH), 129.7 (CH), 128.5 (CH), 99.4 (C), 76.4 (CH), 68.4
(CH2), 43.7 (CH2); MS (70 eV): m/z (%): 202 (35) [C9H9O3


37Cl]� , 200 (57)
[C9H9O3


35Cl]� , 151 (57), 109 (46), 82 (100), 68 (75); HRMS: calcd for
C9H9O3


35Cl: 200.0240, found: 200.0238.


2-Iodomethyl-1,4-dioxa-spiro[4.5]deca-6,9-dien-8-one (2g): p-Methoxy-
phenol (9, 850 mg, 6.85 mmol) and 3-iodo-propane-1,2-diol (1.8 g,
8.9 mmol, 1.3 equiv) mixed in dry CH3CN were treated with PIFA
(3.83 g, 8.8 mmol, 1.3 equiv) to yield spiro-monoketal 2 g (580 mg, 29%)
as a clear yellow solid. Rf� 0.38 (EtOAc/PE 2:3); m.p. 55 8C; IR (CHCl3):
nÄ � 3000 (w), 2960 (m), 1676 (s), 1636 (s), 1384 (w), 1224 (vs), 1180 (s), 1116
(s), 1072 (m), 976 (m), 852 (w) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 6.67
(m, 1H), 6.65 (m, 1H), 6.20 (m, 1H), 6.16 (m, 1H), 4.49 (dddd, J� 8.1, 5.9,
5.5, 4.4 Hz, 1H), 4.36 (ddd, J� 8.8, 5.5, 0.4 Hz, 1H), 3.98 (dd, J� 8.8,
5.9 Hz, 1 H), 3.35 (ddd, J� 10.1, 4.4, 0.4 Hz, 1 H), 3.25 (dd, J� 10.1, 8.1 Hz,
1H); 13C NMR (100 MHz, CDCl3): d� 185.1 (C), 143.8 (CH), 142.4 (CH),
129.8 (CH), 128.7 (CH), 99.9 (C), 76.8 (CH), 70.9 (CH2), 4.8 (CH2); MS
(70 eV): m/z (%): 292 (74) [M]� , 266 (20), 165 (75), 151 (92), 123 (100), 93
(92); HRMS: calcd for C9H9O3I: 291.9596, found: 291.9598.


1,5-Dioxa-spiro[5.5]undeca-7,10-dien-9-one (2 h): p-Methoxyphenol (9,
500 mg, 4.0 mmol) and 1,3-propandiol (460 mg, 6.0 mmol, 1.5 equiv) mixed
in CH2Cl2 were treated with PIFA (2.25 g, 5.2 mmol, 1.3 equiv) to yield
spiro-monoketal 2 h (302 mg, 45%) as a clear yellow solid. Rf� 0.29
(EtOAc/PE 2:3); m.p. 66 8C; IR (CHCl3): nÄ � 2964 (w), 1684 (vs), 1640 (vs),
1392 (m), 1316 (m), 1244 (m), 1180 (s), 1116 (s), 1076 (m), 1040 (m), 996
(vs), 932 (s), 848 (w) cmÿ1; 1H NMR (200 MHz, CDCl3): d� 7.16 (d, J�
10.3 Hz, 2H), 6.19 (d, J� 10.3 Hz, 2 H), 4.10 (t, J� 5.6 Hz, 4H), 1.92 (m,
2H); 13C NMR (100 MHz, CDCl3): d� 185.2 (C), 142.1 (2�CH), 128.3
(2�CH), 88.9 (C), 60.9 (2�CH2), 24.9 (CH2); MS (70 eV): m/z (%): 166
(82) [M]� , 138 (27), 124 (13), 108 (63), 82 (100); HRMS: calcd for C9H10O3:
166.0630, found: 166.0629.


2,4-Dimethyl-1,5-dioxa-spiro[5.5]undecan-7,10-dien-9-one (2i): p-Methoxy-
phenol (9, 994 mg, 8.0 mmol) and meso-pentane-2,3-diol (1.0 g, 9.6 mmol,
1.2 equiv) mixed in CH2Cl2 were treated with PIFA (4.47 g, 10.4 mmol,
1.3 equiv) to yield spiro-monoketal 2 i (290 mg, 19%) as a clear yellow solid
after recrystallisation in Et2O/PE. Rf� 0.28 (Et2O/PE 1:1); m.p. 66 8C; IR
(CHCl3): nÄ � 3000 (w), 2979 (m), 2936 (w), 1679 (vs), 1638 (vs), 1505 (m),
1383 (s), 1345 (m), 1313 (m), 1229 (s), 1179 (s), 1174 (s), 1143 (s), 1114 (vs),
1075 (vs), 1009 (vs), 984 (s), 942 (s), 880 (m), 847 (s) cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 7.56 (dd, J� 10.3, 3.0 Hz, 1H), 6.65 (dd, J� 10.3,
3.0 Hz, 1H), 6.19 (dd, J� 10.3, 3.0 Hz, 1 H), 6.16 (dd, J� 10.3, 3.0 Hz, 1H),
4.22 (ddq, J� 11.6, 6.1, 2.4 Hz, 2 H), 1.68 (dt, J� 13.4, 2.4 Hz, 1 H), 1.38 (dt,
J� 13.4, 11.6 Hz, 1 H), 1.24 (d, J� 6.1 Hz, 6 H); 13C NMR (100 MHz,
CDCl3): d� 185.4 (C), 146.8 (CH), 138.9 (CH), 128.6 (CH), 127.9 (CH),
89.9 (C), 67.1 (2�CH), 39.9 (CH2), 22.2 (2�CH3); MS (70 eV): m/z (%):
194 (13) [M]� , 179 (2), 152 (6), 126 (18), 109 (100), 69 (31); HRMS: calcd
for C11H14O3: 194.0943, found: 194.0945.


4-[2-(1,3)Dioxalan-2-yl-ethyl]-4-hydroxy-cyclohexa-2,5-dienone (6a): 2-(2-
Bromoethyl)-1,3-dioxolane (2.4 g, 13.2 mmol, 2.3 equiv) in dry THF
(25 mL) was added dropwise to a magnetically stirred suspension of


magnesium turnings (1.0 g, 41.1 mmol) in dry THF (1 mL). The reaction
was initiated on injecting a few drops of 1,2-dibromoethane. The mixture
was maintained below 40 8C by periodic cooling with a water bath. After
completion of the addition (over a period of 1 h), the resulting Grignard
reagent 11a was stirred for 15 min at room temperature before use. The p-
benzoquinone monoketal 10 (880 mg, 5.7 mmol) in dry THF (15 mL) was
added dropwise to this stirred Grignard reagent at ÿ78 8C (turned a deep
blue colour) for 15 min. The reaction was stirred at 4 8C (ice bath) for 1 h.
The mixture was quenched with a biphasic mixture of aqueous saturated
NH4Cl (100 mL) and EtOAc (100 mL) solutions and extracted with EtOAc
(3� 100 mL). The combined extracts were dried (MgSO4) and concen-
trated in vacuo to afford 12 a as a yellow oil (crude). Purification/
deprotection by flash chromatography (silica gel, EtOAc/PE 1:1) gave the
p-quinol 6 a (910 mg, 76%) as a clear yellow oil. Rf� 0.28 (EtOAc/PE 4:1);
IR (CHCl3): nÄ � 3584 (m), 3000 (m), 2960 (m), 2888 (m), 1672 (s), 1628 (s),
1396 (s), 1228 (s), 1168 (m), 1140 (s), 1056 (s), 1028 (s), 944 (m), 864
(s) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 6.85 (d, J� 10.2 Hz, 2 H), 6.17
(d, J� 10.2 Hz, 2 H), 4.89 (t, J� 4.2 Hz, 1 H), 3.97 (m, 2H), 3.87 (m, 2H),
1.88 (m, 2H), 1.70 (m, 2H); 13C NMR (100 MHz, CDCl3): d� 185.7 (C),
151.6 (2�CH), 128.0 (2�CH), 103.6 (CH), 69.1 (C), 65.0 (2�CH2), 33.6
(CH2), 28.0 (CH2); MS (EI, RT): m/z (%): no molecular peak, 209 (1), 182
(3), 107 (8), 73 (100); MS (FAB� ): m/z (%): 233 (7) [M�Na]� , 211 (6)
[M�H]� , 210 (7), 209 (10), 176 (16), 154 (61), 149 (100), 137 (54), 107 (42);
HRMS (FAB� ): calcd for C11H14O4: 210.0892, found: 210.0895.


4-(3,3-Diethoxy-propyl)-4-hydroxy-cyclohexa-2,5-dienone (6b): Freshly
distilled 3-chloropropioaldehyde diethyl acetal (10.5 g, 63 mmol, 3 equiv)
mixed with 1,2-dibromoethane (1.8 g, 9.6 mmol, 0.5 equiv) in dry THF
(15 mL) was added dropwise to a magnetically stirred suspension of
magnesium turnings (3.0 g, 123 mmol) in dry THF (1 mL). The mixture was
maintained below 40 8C by periodic cooling with a water bath. After
completion of the addition, the mixture was stirred for 1 h at room
temperature and then additional dry THF (30 mL) was added. To this
freshly prepared solution of 11b, cooled to ÿ78 8C, was added dropwise p-
benzoquinone monoketal 10 (3.6 g, 23.4 mmol) in dry THF (20 mL) over a
period of 10 min. The mixture was stirred at room temperature for 1 h and
then was poured into a biphasic mixture of aqueous saturated NH4Cl
(250 mL) and EtOAc (250 mL) solutions. After decantation, the product
was extracted with EtOAc (3� 250 mL). The combined organic extracts
were washed with brine and dried (MgSO4) to afford 12 b as a crude yellow
oil. Purification/deprotection by flash chromatography (silica gel, EtOAc/
PE 1:3) gave the p-quinol 6b (3.02 g, 54%) as a clear yellow oil. Rf� 0.18
(EtOAc/PE 2:3); IR (CHCl3): nÄ � 3584 (w), 2976 (s), 2936 (m), 2884 (m),
1672 (vs), 1628 (m), 1376 (m), 1240 (m), 1124 (s), 1056 (s), 860 (m) cmÿ1;
1H NMR (200 MHz, CDCl3): d� 6.85 (d, J� 10.3 Hz, 2H), 6.17 (d, J�
10.3 Hz, 2H), 4.48 (t, J� 5.3 Hz, 1 H), 3.65 (dq, J� 9.4, 7.1 Hz, 2 H), 3.48
(dq, J� 9.4, 7.1 Hz, 2 H), 1.84 (m, 2H), 1.66 (m, 2H), 1.20 (t, J� 7.1 Hz,
6H); 13C NMR (100 MHz, CDCl3): d� 185.7 (C), 151.7 (2�CH), 128.0
(2�CH), 102.4 (CH), 69.2 (C), 61.5 (2�CH2), 34.9 (CH2), 28.1 (CH2), 15.3
(2�CH3); MS (70 eV): m/z (%): no molecular peak, 194 (1), 149 (9), 103
(100), 75 (53); MS (FAB� ): m/z (%): 263 (7) [M�Na]� , 239 (17), 149 (9),
103 (100), 123 (42).


4-Hydroxy-4-methyl-cyclohexa-2,5-dienone (6 c): p-Benzoquinone mono-
ketal 10 (1.0 g, 6.49 mmol) in dry THF (50 mL) was added dropwise over a
period of 5 min (the colour of the mixture remained yellow) to a stirred
methyl lithium solution (11c, 5.4 mL, 1.2m in pentane, 1.5 equiv) cooled to
ÿ78 8C. After the addition was complete, the mixture was stirred at room
temperature for 30 min and quenched with an aqueous saturated NH4Cl
solution (150 mL). The compound was extracted with EtOAc (3� 250 mL)
and dried (MgSO4). The organic solvent was evaporated in vacuo to afford
12c as a crude yellow oil. Purification/deprotection by flash chromatog-
raphy (silica gel, EtOAc/PE 2:3) gave the p-quinol 6c (644 mg, 80%) as a
white solid. Rf� 0.16 (EtOAc/PE 2:3); m.p. 74 8C; IR (CHCl3): nÄ � 3584
(m), 3420 (m), 3000 (m), 2984 (m), 1668 (vs), 1636 (vs), 1392 (m), 1304 (m),
1244 (m), 1172 (m), 1120 (m), 1056 (s), 1088 (s), 1044 (s), 912 (m), 860
(vs) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 6.90 (d, J� 10.1 Hz, 2H), 6.06
(d, J� 10.1 Hz, 2H), 1.46 (s, 3 H); 13C NMR (100 MHz, CDCl3): d� 186.0
(C), 153.1 (2�CH), 126.7 (2�CH), 67.0 (C), 26.8 (CH3); MS (70 eV): m/z
(%): 124 (32) [M]� , 109 (100), 96 (64), 81 (75), 77 (17); HRMS: calcd for
C7H8O2: 124.0524, found: 124.0524.


(1-Hydroxy-4-oxo-cyclohexa-2,5-dienyl)-acetonitrile (6d): tBuLi (40 mL,
1.5m in pentane, 60.0 mmol) was injected by syringe to a stirred solution of







FULL PAPER Y.-S. Wong et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0711-2362 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 112362


dry CH3CN (2.5 g, 60.7 mmol, 1.7 equiv) in dry THF (30 mL) cooled to
ÿ78 8C. The resulting red-orange mixture was stirred for 15 min before use.
To this freshly prepared solution of 11 d was added dropwise p-benzoqui-
none monoketal 10 (5.5 g, 35.7 mmol) in dry THF (10 mL) over a period of
5 min. After the addition was complete, the resulting dark solution was
stirred at room temperature for 30 min and quenched with an aqueous
saturated NH4Cl solution (150 mL) and EtOAc. The compound was
extracted with EtOAc (3� 250 mL) and dried (MgSO4). The organic
solvent was evaporated in vacuo to afford 12 d as a crude yellow oil.
Purification/deprotection by flash chromatography [silica gel (400 g),
EtOAc/PE 2:3] gave the p-quinol 6 d (4.3 g, 81%) as clear yellow crystals
after recrystallisation in CH2Cl2/PE. Rf� 0.14 (EtOAc/PE 2:3); m.p. 83 8C;
IR (CHCl3): nÄ � 3580 (w), 2256 (w), 1676 (vs), 1636 (m), 1392 (m), 1228 (m),
1072 (m), 1024 (m), 860 (s) cmÿ1; 1H NMR (400 MHz, CD3OD): d� 6.98 (d,
J� 10.2 Hz, 2 H), 6.25 (d, J� 10.2 Hz, 2H), 2.41 (s, 2 H); 13C NMR
(100 MHz, CD3OD): d� 186.9 (C), 151.2 (2�CH), 129.8 (2�CH), 117.5
(C), 67.8 (C), 30.1 (CH2); MS (70 eV): m/z (%): 149 (5) [M]� , 109 (100), 81
(38); HRMS: calcd for C8H7O2N: 149.0477, found: 149.0480.


4-Hydroxy-4-(triisopropylsilyl-ethynyl)-cyclohexa-2,5-dienone (6e): tBuLi
(5.0 mL, 1.5m in pentane, 7.5 mmol) was added dropwise to a stirred
solution of ethynyl-triisopropylsilane (1.4 g, 7.7 mmol, 1.5 equiv) in dry
THF (10 mL) cooled to ÿ78 8C. After the addition was complete, the
resulting organometallic reagent 11 e was stirred for 15 min at this
temperature before use. Then p-benzoquinone monoketal 10 (800 mg,
5.2 mmol) in dry THF (5 mL) was added dropwise into the mixture over a
period of 2 min (turned deep blue). The mixture was stirred at room
temperature for 30 min. The excess reagent was quenched with a biphasic
mixture of aqueous saturated NH4Cl (50 mL) and EtOAc (100 mL)
solutions. The product was extracted with EtOAc (3� 100 mL) and the
combined organic layers were washed with brine, dried (MgSO4) and
concentrated in vacuo to afford 12 e as a crude yellow oil. Purification/
deprotection by flash chromatography (silica gel, EtOAc/PE 3:17) gave the
p-quinol 6e (1.15 g, 76%) as white needles after recrystallisation in CH2Cl2/
PE. Rf� 0.10 (Et2O/PE 1:1); m.p. 83 8C; IR (CHCl3): nÄ � 3580 (w), 2944 (s),
2864 (s), 1672 (vs), 1632 (m), 1460 (m), 1388 (m), 1228 (m), 1168 (m), 1108
(m), 1072 (m), 1016 (m), 884 (m), 860 (m) cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 6.90 (d, J� 10.1 Hz, 2 H), 6.19 (d, J� 10.1 Hz, 2H), 1.05 (br s,
21H); 13C NMR (100 MHz, CDCl3): d� 185.3 (C), 147.5 (2�CH), 126.7
(2�CH), 102.9 (C), 88.7 (C), 62.6 (C), 18.6 (6�CH3), 11.1 (3�CH); MS
(70 eV): m/z (%): 290 (9) [M]� , 247 (13), 219 (100), 177 (31); HRMS: calcd
for C17H26O2Si: 290.1702, found: 290.1703.


4-(3,3-Diethoxy-prop-1-ynyl)-4-hydroxy-cyclohexa-2,5-dienone (6 f): tBu-
Li (23.3 mL, 1.5m in pentane, 35 mmol) was added dropwise to a stirred
solution of propioaldehyde diethyl acetal (4.48 g, 35 mmol, 1.5 equiv) in dry
THF (70 mL) cooled to ÿ78 8C. After the addition was complete, the
resulting organometallic reagent 11 f was stirred for 15 min at this
temperature. Then p-benzoquinone monoketal 10 (3.9 g, 25.3 mmol) in
dry THF (20 mL) was added dropwise into the mixture over a period of
10 min (turned a clear blue colour). The mixture was stirred and warmed to
room temperature for 30 min. The excess reagent was quenched with a
biphasic mixture of aqueous saturated NH4Cl (150 mL) and EtOAc
(200 mL) solutions. The product was extracted with EtOAc (3� 100 mL)
and the combined organic layers were washed with brine, dried (MgSO4)
and concentrated in vacuo to afford 12 f as a crude yellow oil. Purification/
deprotection by flash chromatography (silica gel, EtOAc/PE 1:4) gave the
p-quinol 6 f (5.43 g, 91 %) as pale yellow crystals after recrystallisation in
CH2Cl2/PE. Rf� 0.20 (EtOAc/PE 2:3); m.p. 50 8C; IR (CHCl3): nÄ � 3576
(w), 2980 (m), 1672 (vs), 1632 (m), 1388 (m), 1356 (m), 1328 (vs), 1168 (m),
1140 (s), 1088 (s), 1052 (vs), 1020 (s), 856 (s) cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 6.92 (d, J� 10.1 Hz, 2 H), 6.19 (d, J� 10.1 Hz, 2H), 5.28 (s,
1H), 3.69 (dq, J� 9.6, 7.2 Hz, 2H), 3.57 (dq, J� 9.6, 7.2 Hz, 2 H), 1.22 (t, J�
7.2 Hz, 6H); 13C NMR (100 MHz, CDCl3): d� 185.0 (C), 146.8 (2�CH),
127.1 (2�CH), 91.1 (CH), 81.6 (C), 81.3 (C), 62.0 (C), 61.3 (2�CH2), 15.0
(2�CH3); MS (70 eV): m/z (%): no molecular peak, 235 (2) [MÿH]� , 191
(100), 107 (36), 77 (18); HRMS: calcd for C13H15O4 [MÿH]�: 235.0970,
found: 235.0961.


8-[2-(1,2)Dioxolan-2-yl-ethyl]-1,4-dioxa-spiro[4.5]deca-6,9-dien-8-ol (13)
and 10-[2-(1,3)dioxolan-2-yl-ethyl]-1,4-dioxa-spiro[4.5]dec-6-en-8-one
(14): This synthesis was performed as described for 6 a : After treating p-
benzoquinone monoketal 2 a (1.0 g, 6.57 mmol) with freshly prepared
Grignard reagent 11 a (2.5 equiv), the crude product was purified by flash


chromatography (silica gel, EtOAc/PE 2:3) to give the major compound 13
(1.21 g, 72 %) along with the 1,4-addition compound 14 (360 mg, 21.5%),
both as white crystals (recrystallisation in CH2Cl2/PE).


Cycloadduct 13 : Rf� 0.25 (EtOAc/PE 4:1); m.p. 98 8C; IR (CHCl3): nÄ �
3588 (w), 3000 (w), 2888 (m), 1672 (s), 1628 (m), 1264 (s), 1128 (m), 1140
(s), 1116 (s), 1076 (m), 1032 (s), 964 (m), 864 (m) cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 5.99 (d, J� 10.2 Hz, 2H), 5.81 (d, J� 10.2 Hz, 2 H), 4.88 (t, J�
4.2 Hz, 1H), 4.04 (s, 4H), 3.90 ± 3.80 (m, 4 H), 1.79 ± 1.73 (m, 2 H), 1.68 ± 1.61
(m, 2 H); 13C NMR (100 MHz, CDCl3): d� 136.6 (2�CH), 127.1 (2�CH),
104.1 (CH), 99.2 (C), 67.7 (C), 65.2 (CH2), 65.1 (CH2), 64.9 (2�CH2), 33.8
(CH2), 28.3 (CH2); MS (70 eV): m/z (%): 254 (3) [M]� , 73 (100); HRMS:
calcd for C13H18O5: 254.1154, found: 254.1151; elemental analysis (%) calcd
for C13H18O5: C 61.39, H 7.14; found: C 61.12, H 7.08.


Cycloadduct 14 : Rf� 0.37 (EtOAc/PE 4:1); m.p. 93 8C; IR (CHCl3): nÄ �
2954 (s), 2888 (s), 1681 (vs), 1383 (s), 1126 (s), 1091 (vs), 948 (s), 881
(m) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 6.63 (d, J� 10.1 Hz, 1H), 5.97
(d, J� 10.1 Hz, 1H), 4.84 (t, J� 4.7 Hz, 1H), 4.18 ± 4.08 (m, 3H), 4.00 ± 3.90
(m, 3 H), 3.83 (m, 2 H), 2.66 (dd, J� 16.4, 4.1 Hz, 1H), 2.45 (dd, J� 16.4,
11.0 Hz, 1 H), 2.33 (m, 1 H), 1.85 (m, 1 H), 1.76 (m, 1H), 1.64 (m, 1H), 1.37
(m, 1 H); 13C NMR (100 MHz, CDCl3): d� 198.7 (C), 146.7 (CH), 129.5
(CH), 105.9 (C), 104.4 (CH), 65.6 (CH2), 65.1 (CH2), 64.9 (2�CH2), 42.5
(CH), 40.5 (CH2), 31.2 (CH2), 22.5 (CH2); MS (70 eV): m/z (%): 254 (2)
[M]� , 128 (100), 98 (54), 73 (83); HRMS: calcd for C13H18O5: 254.1154,
found: 254.1155; elemental analysis (%) calcd for C13H18O5: C 61.39, H
7.14; found: C 61.26, H 7.12.


4-(3,3-Diethoxy-propenyl)-4-hydroxy-cyclohexa-2,5-dienone (16 a) and
3-(2-hydroxy-4-methoxy-phenol)-propenal (17): Red/Al (5.8 mL, 3.5m in
toluene, 1.5 equiv) diluted in dry THF (10 mL) at ÿ10 8C for 2 min was
added dropwise to the stirred THF solution (10 mL) of the crude oil 12 f
[see 6 a (see above), from propioaldehyde diethyl acetal (2.7 g, 21.0 mmol),
tBuLi (14.0 mL, 1.5m in pentane) and p-benzoquinone monoketal 10
(2.33 g, 15 mmol)]. After the addition was complete, the mixture was
stirred at room temperature for 1 h. Excess reagent was quenched with an
aqueous saturated NH4Cl solution (100 mL). The crude compound 15 a was
extracted with EtOAc (3� 300 mL) and the combined organic layers were
dried (MgSO4). After addition of PE (150 mL), the resulting mixture was
filtrated rapidly several times (3 to 4� ) through the same column (silica
gel, 200 g, EtOAc/PE 4:1). Then the column was washed with EtOAc
(500 mL) and the combined organic solvents were evaporated in vacuo.
After flash chromatography (silica gel, EtOAc/PE 3:17), p-quinol 16a
(1.51 g, 42 %) was isolated as a clear yellow oil and the aromatic compound
17 (240 mg, 9 %) as an yellow solid.


Cycloadduct 16a : Rf� 0.22 (EtOAc/PE 2:3); IR (CHCl3): nÄ � 3584 (m),
2980 (m), 1672 (vs), 1624 (m), 1388 (m), 1228 (m), 1120 (m), 1056 (s), 860
(s) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 6.81 (d, J� 10.1 Hz, 2 H), 6.16
(d, J� 10.1 Hz, 2H), 5.95 (dd, J� 15.7, 4.5 Hz, 1 H), 4.95 (dd, J� 4.5, 1.1 Hz,
1H), 3.62 (dq, J� 9.4, 7.1 Hz, 2H), 5.74 (dd, J� 15.7, 1.1 Hz, 1 H), 3.49 (dq,
J� 9.4, 7.1 Hz, 2 H), 1.21 (t, J� 7.1 Hz, 6H); 13C NMR (100 MHz, CDCl3):
d� 185.7 (C), 150.1 (2�CH), 132.6 (CH), 129.7 (CH), 127.4 (2�CH),
100.3 (CH), 69.4 (C), 61.3 (2�CH2), 15.2 (2�CH3); MS (70 eV): m/z (%):
no molecular peak, 237 (1.6), 193 (100), 165 (31), 147 (60), 119 (44), 99 (68);
MS (FAB� ): m/z (%): 261 (10) [M�Na]� , 237 (14), 193 (100), 147 (45);
MS (CI, CH4): m/z (%): 221 (7) [MÿHO]� , 193 (100); HRMS (CI, CH4)
calcd for C13H17O3 ([MÿHO]�): 221.1177, found: 221.1165.


Cycloadduct 17: Rf� 0.24 (EtOAc/PE 2:3); m.p. 108 ± 110 8C; IR (KBr):
nÄ � 3552 (m), 1652 (vs), 1612 (s), 1504 (m), 1452 (m), 1284 (s), 1148
(s) cmÿ1; 1H NMR (400 MHz, [D6]DMSO): d� 9.68 (d, J� 7.8 Hz, 1H),
7.89 (d, J� 16.0 Hz, 1 H), 7.21 (d, J� 2.9 Hz, 1 H), 6.94 (dd, J� 9.0, 2.9 Hz,
1H), 6.91 (dd, J� 16.0, 7.8 Hz, 1H), 6.90 (d, J� 9.0 Hz, 1 H), 3.75 (s, 3H);
13C NMR (100 MHz, [D6]DMSO): d� 195.0 (CH), 152.5 (C), 151.4 (CH),
148.7 (C), 128.4 (CH), 121.1 (CH), 120.1 (C), 117.5 (CH), 112.1 (CH), 55.7
(CH3); MS (70 eV): m/z (%): 178 (90) [M]� , 177 (100), 161 (49), 135 (36), 77
(32); HRMS: calcd for C10H10O3: 178.0630, found: 178.0628.


Acetic acid 1-(3,3-diethoxy-propenyl)-4-oxo-cyclohexa-2,5-dienyl ester
(16 b): 4-Dimethylaminopyridine (DMAP, 1.67 g, 13.7 mmol, 2 equiv) was
added in one portion to the crude compound 15 a (5.5 mmol) in dry CH2Cl2


(15 mL). To this stirred mixture was injected through a septum acetic acid
anhydride (1.12 g, 1.1 mmol, 2 equiv). After 1 h, the reaction was quenched
by adding water (15 mL) and the product was extracted with Et2O (3�
50mL). The combined organic layers were dried (MgSO4) and evaporated
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in vacuo. After purification/deprotection (silica gel, EtOAc/PE 1:9),
acetylated p-quinol 16b (725 mg, 47%) was isolated as a clear yellow oil.
Rf� 0.42 (EtOAc/PE 2:3); IR (CHCl3): nÄ � 2980 (m), 1746 (s), 1668 (vs),
1624 (m), 1608 (s), 1368 (m), 1232 (vs), 1128 (s), 1060 (vs), 1012 (s), 856
(m) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 6.84 (d, J� 10.2 Hz, 2H), 6.28
(d, J� 10.2 Hz, 2 H), 5.92 (dd, J� 15.7, 4.5 Hz, 1H), 5.69 (dd, J� 15.7,
1.2 Hz, 1H), 4.93 (dd, J� 4.5, 1.2 Hz, 1 H), 3.62 (dq, J� 9.4, 7.1 Hz, 2H),
3.49 (dq, J� 9.4, 7.1 Hz, 2 H), 2.10 (s, 3 H), 1.21 (t, J� 7.1 Hz, 6 H); 13C NMR
(100 MHz, CDCl3): d� 185.0 (C), 169.0 (C), 146.6 (2�CH), 130.4 (CH),
129.9 (CH), 128.4 (2�CH), 100.0 (CH), 75.7 (C), 61.3 (2�CH2), 21.3
(CH3), 15.2 (2�CH3); MS (70 eV): m/z (%): no molecular peak, 251 (20),
235 (47), 192 (53), 177 (47), 165 (86), 161 (84), 147 (89), 119 (95), 103 (100),
75 (66); MS (FAB� ): m/z (%)� 303 (20) [M�Na]� , 279 (10), 235 (76), 177
(100), 107 (74).


(p-Acetoxyphenyl)-acetic acid (19): p-Hydroxyphenyl acetic acid (18, 5.0 g,
32.9 mmol) was added to a stirred biphasic mixture of aqueous 1n NaOH
(100 mL) and CH2Cl2 (100 mL). Ac2O (8.0 g, 78.4 mmol, 2.4 equiv) was
added dropwise to this solution at room temperature. Stirring was
continued for 1 h. 2n HCl aqueous solution was added until pH 2. The
compound was extracted with CH2Cl2 (2� 50 mL) and with EtOAc [2�
(50 mL�1 mL MeOH)]. The combined extracts were dried (MgSO4) and
evaporated to give the crude product. This was purified by flash
chromatography (silica gel, MeOH/CH2Cl2, 1:9) to give 19 (6.05 g, 95%)
as white crystals. Rf� 0.5 (MeOH/CH2Cl2, 1:4); m.p. 102 8C; IR (CHCl3):
nÄ � 3512 (w), 3040 (m), 1756 (vs), 1712 (vs), 1608 (w), 1508 (s), 1368 (s),
1228 (vs), 1168 (s), 1120 (w), 916 (w) cmÿ1; 1H NMR (200 MHz, CDCl3):
d� 7.32 (d, J� 8.7 Hz, 2H), 7.16 (d, J� 8.7 Hz, 2H), 3.65 (s, 2 H), 2.30 (s,
3H); 13C NMR (50 MHz, CDCl3): d� 177.6 (C), 169.6 (C), 149.9 (C), 131.0
(C), 130.5 (2�CH), 121.7 (2�CH), 40.4 (CH2), 21.1 (CH3); MS (70 eV):
m/z (%): 194 (19) [M]� , 152 (81), 107 (100), 91 (28), 77 (58); elemental
analysis (%) calcd for C10H10O4 (194.2): C 61.84, H 5.19; found: C 61.79, H
5.13.


4-(3-Diazo-2-oxo-propyl)phenyl acetate (20): Oxalyl chloride (8.98 g,
6.07 mL, 70.8 mmol, 3 equiv) followed by the addition of few drops of
DMF was injected through a septum to a dry CHCl3 solution (100 mL) of 19
(4.6 g, 23.6 mmol) under N2. The mixture was stirred at room temperature
until no further gas evolution was observed (�1 h). The excess oxalyl
chloride was evaporated and the resulting oil was diluted in dry CH2Cl2.
This solution was added dropwise to a stirred solution of diazomethane in
diethyl ether (large excess, 150 mL) at 0 8C. After 2 h, the mixture was
carefully (in a fume cupboard) condensed under reduced pressure. Flash
chromatography (silica gel, EtOAc/PE 3:7) of the residue gave 20 (4.0 g,
78%) as a yellow solid. Rf� 0.30 (EtOAc/PE 2:3); IR (CHCl3): nÄ � 3000
(w), 2108 (vs), 1756 (s), 1636 (s), 1508 (s), 1360 (vs), 1296 (w), 1228 (s), 1196
(vs), 1164 (s), 912 (w) cmÿ1; 1H NMR (200 MHz, CDCl3): d� 7.35 (d, J�
8.6 Hz, 2H), 7.06 (d, J� 8.6 Hz, 2H), 5.17 (s, 1H), 3.60 (s, 2H), 2.30 (s, 3H);
13C NMR (50 MHz, CDCl3): d� 192.2 (C), 169.2 (C), 149.9 (C), 132.1 (C),
130.3 (2�CH), 121.9 (2�CH), 54.9 (CH), 47.0 (CH2), 21.0 (CH3); MS
(70 eV): m/z (%): 218 (1) [M]� , 190 (1), 176 (6), 148 (65), 120 (44), 107
(100), 91 (13), 77 (11); HRMS: calcd for C11H10O3N2: 218.0691, found:
218.0696.


3-(4-Acetoxy-phenyl)-2-oxo-propyl trifluoroacetate (21): Trifluoroacetic
acid (3.14 g, 2.2 mL, 28 mmol, 2 equiv) was added dropwise at ÿ10 8C to a
stirred solution of diazomethyl ketone 20 (3.0 g, 14 mmol) in dry CH2Cl2


(50 mL) under N2. The white mixture was stirred for 1 h at the same
temperature. The solvent and the excess trifluoroacetic acid was then
evaporated and the residue was dissolved in dry toluene. After evapo-
ration, the isolated solid was thoroughly dried in vacuo to yield 21 (4.1 g,
97%) as an amorphous white solid. Rf� 0.14 (EtOAc/PE 1:4); m.p. 102 ±
104 8C; IR (CHCl3): nÄ � 3040 (w), 1796 (vs), 1748 (vs), 1508 (s), 1372 (s),
1196 (vs), 1148 (vs), 1072 (m), 912 (w) cmÿ1; 1H NMR (200 MHz, CDCl3):
d� 7.24 (d, J� 8.7 Hz, 2H), 7.09 (d, J� 8.7 Hz, 2H), 4.94 (s, 2 H), 3.78 (s,
2H), 2.30 (s, 3 H); 13C NMR (100 MHz, CDCl3): d� 197.8 (C), 169.4 (C),
156.8 (q, J� 43.8 Hz, C), 150.2 (C), 130.5 (2�CH), 129.6 (C), 122.2 (2�
CH), 114.5 (q, J� 283.5 Hz, CF3), 69.4 (CH2), 45.1 (CH2), 21.0 (CH3); MS
(70 eV): m/z (%): 304 (28) [M]� , 262 (67), 166 (24), 107 (100), 91 (22), 77
(40); HRMS: calcd for C13H11O5F3: 304.0556, found: 304.0554.


1-Hydroxy-3-(4-hydroxyphenyl)-propan-2-one (22): Compound 21 (4.1 g,
13.5 mmol) in MeOH (30 mL) was added to a stirred solution of Na2CO3


(6.0 g) and NaHCO3 (7.0 g) in water (70 mL). The mixture was stirred at
room temperature for 1 h. The residue was extracted with MeOH/EtOAc


(3:17, 4� 30 mL). The combined organic extract was dried (MgSO4) and
evaporated in vacuo. After flash chromatography (silica gel, EtOAc/PE
2:3), the dialcohol 22 was isolated (2.0 g, 90%) as an amorphous white
solid. Rf� 0.36 (EtOAc/PE 4:1); IR (CHCl3): nÄ � 3596 (m), 1716 (s), 1616
(m), 1512 (vs), 1260 (m), 1172 (vs), 1116 (vs), 1068 (m) cmÿ1; 1H NMR
(200 MHz, CDCl3): d� 7.08 (d, J� 8.6 Hz, 2 H), 6.80 (d, J� 8.6 Hz, 2H),
4.28 (s, 2 H), 3.66 (s, 2H); 13C NMR (100 MHz, CD3OD): d� 210.5 (C),
157.7 (C), 131.8 (2�CH), 126.2 (C), 116.7 (2�CH), 68.3 (CH2), 45.6 (CH2);
MS (70 eV): m/z (%): 166 (17) [M]� , 108 (100), 77 (12); HRMS: calcd for
C9H10O3: 166.0630, found: 166.0638.


1-Oxa-spiro[4.5]deca-6,9-diene-3,8-dione (23): Dialcohol 22 (300 mg) dis-
solved in dry CH3CN (10 mL) was added under N2 Dialcohol 22 (300 mg)
dissolved in dry CH3CN (10 mL) to a stirred solution of PIFA (1.0 g,
3.34 mmol, 1.3 equiv) in dry CH2Cl2 (40 mL) cooled to 4 8C (ice bath)
dropwise. The colour of the mixture changed from green into yellow after
stirring at the same temperature for 30 min. The solution was concentrated
to �5 mL and EtOAc (100 mL) was added. The excess reagent was
quenched with saturated aqueous NaHCO3 (50 mL). The product was
extracted with EtOAc (3� 100 mL) and the combined organic extract was
washed with brine, dried (MgSO4) and concentrated in vacuo. Purification
by flash chromatography (silica gel, EtOAc/PE 2:3) gave the spiro-
cyclohexadienone 23 (128 mg, 43%) as a white solid. Rf� 0.27 (EtOAc/PE
2:3); m.p. 63 8C; IR (CHCl3): nÄ � 3040 (w), 1764 (vs), 1716 (w), 1672 (vs),
1636 (vs), 1612 (w), 1440 (m), 1400 (s), 1324 (m), 1228 (s), 1176 (vs), 1072
(m), 1048 (vs), 984 (m), 916 (s), 856 (vs) cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 6.93 (d, J� 10.1 Hz, 2H), 6.28 (d, J� 10.1 Hz, 2 H), 4.21 (s, 2H), 2.67 (s,
2H); 13C NMR (100 MHz, CDCl3): d� 211.3 (C), 184.5 (C), 146.0 (2�CH),
128.7 (2�CH), 76.3 (C), 69.5 (CH2), 45.6 (CH2); MS (70 eV): m/z (%): 164
(51) [M]� , 136 (20), 122 (7), 107 (53), 78 (100); HRMS: calcd for C9H8O3:
164.0473, found: 164.0477.


12-Methoxy-1,4,9-trioxa-dispiro[4.2.4.2]tetradeca-6,11,13-triene (26): nBu-
Li (7.6 mL, 1.6m in pentane, 1.3 equiv) was injected through a septum to a
stirred solution of methoxyallene (850 mg, 12.7 mmol, 1.3 equiv) in dry
Et2O (20 mL)at ÿ40 8C. After 15 min, the mixture was cooled to ÿ78 8C
and p-benzoquinone monoketal 2a (1.5 g, 9.9 mmol) in dry Et2O (20 mL)
was added dropwise over a period of 10 min. After a further 30 min at this
temperature, the mixture was quenched with powdered ammonium chloride.
This was warmed to 4 8C (ice bath) and water was added. The adduct was
extracted with EtOAc (3� 100 mL), washed with brine, dried (MgSO4) and
concentrated. The resulting yellow oil was diluted in dry DMSO (1 mL) and
added to a dry DMSO solution (20 mL) of potassium tert-butoxide (550 mg,
4.9 mmol) at room temperature. After 30 min, the reaction was quenched
with ice water. The residue was extracted with Et2O (5� 80 mL). The
combined extract was washed with brine, dried (MgSO4) and concentrated.
Purification by flash chromatography (silica gel, EtOAc/PE 1:4) gave the
spiro-monoketal 26 (1.62 g, 74%) as a white solid. Rf� 0.24 (EtOAc/PE
2:3); m.p. 77 8C; IR (CHCl3): nÄ � 2888 (m), 2860 (m), 1664 (s), 1404 (s),
1348 (m), 1312 (m), 1244 (s), 1228 (m), 1116 (vs), 1060 (vs), 1024 (vs), 964
(vs), 944 (s) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 5.97 (d, J� 10.3 Hz,
2H), 5.91 (d, J� 10.3 Hz, 2H), 4.79 (t, J� 1.7 Hz, 1H), 4.70 (d, J� 1.7 Hz,
2H), 4.06 (s, 4H), 3.65 (s, 3 H); 13C NMR (100 MHz, CDCl3): d� 156.9 (C),
132.9 (2�CH), 128.5 (2�CH), 98.8 (C), 91.8 (CH), 79.3 (C), 71.6 (CH2),
65.4 (CH2), 65.2 (CH2), 58.2 (CH3); MS (70 eV): m/z (%): 222 (17) [M]� ,
191 (30), 153 (100); HRMS: calcd for C12H14O4: 222.0892, found: 222.0901.


4-Methoxy-1-oxa-spiro[4.5]deca-3,6,9-trien-8-one (27): Spiro-monoketal
26 (616 mg, 2.7 mmol) in THF (4 mL) was poured into a refluxing water/
THF solution (3:1, 25 mL) containing para-toluenesulfonic acid (pTsOH,
50 mg) under vigorous stirring. After 10 min, the solution was cooled to
room temperature (water bath). The residue was extracted with EtOAc
(3� 50 mL). The combined organic extracts were washed with saturated
NaHCO3, dried (MgSO4) and evaporated in vacuo. Flash chromatography
(silica gel, EtOAc/PE 1:4) gave the spiro-dienone 27 (425 mg, 88%) as a
white solid. Rf� 0.28 (EtOAc/PE 2:3); m.p. 54 8C; IR (CHCl3): nÄ � 3000
(w), 1668 (vs), 1628 (s), 1348 (m), 1248 (s), 1168 (m), 1092 (s), 1056 (s), 1020
(s), 944 (m), 852 (s) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 6.76 (d, J�
10.1 Hz, 2H), 6.22 (d, J� 10.1 Hz, 2 H), 4.93 (t, J� 1.7 Hz, 1 H), 4.81 (d, J�
1.7 Hz, 2H), 3.64 (s, 3H); 13C NMR (100 MHz, CDCl3): d� 185.4 (C), 154.8
(C), 147.5 (2�CH), 129.2 (2�CH), 93.6 (CH), 80.7 (C), 72.5 (CH2), 58.2
(CH3); MS (70 eV): m/z (%): 178 (61) [M]� , 163 (15), 150 (22), 147 (14), 107
(23), 96 (100), 91 (34), 77 (23); HRMS: calcd for C10H10O3: 178.0630, found:
178.0633.
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2-Ethoxy-1-oxa-spiro[4.5]deca-6,9-dien-8-one (28): Anhydrous camphor-
10-sulfonic acid (CSA, 743 mg, 3.2 mmol, 0.25 equiv) was added to p-quinol
6b (3.02 g, 12.6 mmol) in dry THF (100 mL). The mixture was stirred under
N2 for 5 h at room temperature. This was concentrated to �20 mL. Et2O
(200 mL) was added and this organic layer was washed with saturated
NaHCO3 (100 mL). The product was extracted with Et2O (2� 100 mL).
The combined organic extracts were washed with brine, dried (MgSO4) and
evaporated in vacuo. Purification by flash chromatography (silica gel,
EtOAc/PE 1:2) gave the spiro-dienone 28 (1.53 g, 63%) as a clear yellow
oil. Rf� 0.36 (EtOAc/PE 2:3); IR (CHCl3): nÄ � 2960 (m), 2888 (m), 1672
(s), 1628 (m), 1604 (s), 1396 (m), 1266 (s), 1128 (m), 1140 (s), 1116 (s), 1076
(m), 1036 (s), 964 (m), 944 (m), 864 (m) cmÿ1; 1H NMR (200 MHz, CDCl3):
d� 6.90 (dd, J� 10.1, 2.7 Hz, 1 H), 6.75 (dd, J� 10.1, 2.7 Hz, 1H), 6.15 (dd,
J� 10.1, 1.9 Hz, 1 H), 6.14 (dd, J� 10.1, 1.9 Hz, 1H), 5.32 (dd, J� 3.4,
2.6 Hz, 1H), 3.81 (dq, J� 9.6, 7.0 Hz, 1H), 3.49 (dq, J� 9.6, 7.0 Hz, 1H),
2.32 (m, 1H), 2.27 ± 2.11 (m, 2 H), 2.05 (m, 1 H), 1.23 (t, J� 7.0 Hz, 3H);
13C NMR (100 MHz, CDCl3): d� 185.6 (C), 151.8 (CH), 149.2 (CH), 127.2
(CH), 127.0 (CH), 105.4 (CH), 78.3 (C), 63.0 (CH2), 34.3 (CH2), 33.4 (CH2),
15.2 (CH3); MS (70 eV): m/z (%): 194 (8) [M]� , 166 (2), 149 (33), 120 (39),
107 (22), 91 (63), 86 (100); HRMS: calcd for C11H14O3: 194.0943, found:
194.0943.


2-Hydroxy-1-oxa-spiro[4.5]deca-6,9-dien-8-one (29): pTsOH (100 mg) was
added to p-Quinol 6 a (910 mg, 4.33 mmol) in a mixed solution of THF/H2O
(3:10, 75 mL) and the mixture was immediately refluxed (oil bath at 140 8C)
under vigorous stirring for 30 min. After cooling, EtOAc (100 mL) was
added and the two layers were decanted. The product was extracted with
EtOAc (3� 100 mL). The combined organic extracts were washed with
saturated NaHCO3, brine, dried (MgSO4) and evaporated in vacuo.
Purification by flash chromatography (silica gel, EtOAc/PE 1:1) gave the
spiro-dienone 29 (498 mg, 69%) as a white solid. Rf� 0.30 (EtOAc/PE 4:1);
m.p. 77 8C; IR (CHCl3): nÄ � 3600 (m), 3032 (m), 1672 (vs), 1632 (s), 1224 (s),
1172 (m), 1036 (s), 1012 (s), 952 (s), 856 (s) cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 7.01 (dd, J� 10.2, 2.9 Hz, 1 H), 6.76 (dd, J� 10.2, 2.9 Hz, 1H),
6.15 (dd, J� 10.2, 2.0 Hz, 1 H), 6.12 (dd, J� 10.2, 2.0 Hz, 1H), 5.74 (dd, J�
4.1, 1.7 Hz, 1 H), 2.37 (m, 1H), 2.25 ± 2.13 (m, 2H), 2.04 (ddd, J� 13.5, 7.7,
3.5 Hz, 1H); 13C NMR (100 MHz, CDCl3): d� 185.9 (C), 152.2 (CH),
127.12 (CH), 127.07 (CH), 100.1 (CH), 78.5 (C), 34.1 (CH2), 149.3 (CH),
33.9 (CH2); MS (70 eV): m/z (%): 166 (25) [M]� , 148 (14), 109 (100), 91
(54); HRMS: calcd for C9H10O3: 166.0630, found: 166.0630.


1-Oxa-spiro[4.5]deca-2,6,9-trien-8-one (30): Freshly distilled triethylamine
(1.23 mg, 12 mmol, 4 equiv) was injected dropwise under N2 through a
septum to a solution of spiro-dienone 29 (506 mg, 3.05 mmol) in dry CH2Cl2


(15 mL) stirred at ÿ40 8C. After 5 min, methanesulfonyl chloride (MsCl,
533 mg, 4.6 mmol, 1.5 equiv) was injected dropwise into the mixture.
Stirring was continued for 15 min at ÿ40 8C and then at room temperature
for 5 ± 7 h. The mixture was then poured into a biphasic mixture of H2O/
EtOAc (1:1, 200 mL). The product was extracted with EtOAc (3�
100 mL). The combined organic extracts were washed with saturated
aqueous solution of oxalic acid, with brine, dried (MgSO4) and evaporated.
After purification by flash chromatography (silica gel, EtOAc/PE 1:4),
spiro-dienone 30 (239 mg, 53 %) was isolated as a white solid. Rf� 0.55
(EtOAc/PE 2:3); m.p. 61 8C; IR (CHCl3): nÄ � 3000 (w), 1672 (vs), 1632 (vs),
1248 (m), 1172 (m), 1144 (vs), 1044 (vs), 988 (m), 960 (m), 856 (s) cmÿ1;
1H NMR (400 MHz, CDCl3): d� 6.95 (d, J� 10.1 Hz, 2 H), 6.35 (dt, J� 2.5,
2.4 Hz, 1H), 6.19 (d, J� 10.1 Hz, 2H), 5.06 (dt, J� 2.5, 2.4 Hz, 1 H), 2.77 (t,
J� 2.4 Hz, 2H); 13C NMR (100 MHz, CDCl3): d� 185.4 (C), 147.1 (2�
CH), 144.5 (CH), 127.5 (2�CH), 100.1 (CH), 80.0 (C), 39.8 (CH2); MS
(70 eV): m/z (%): 148 (38) [M]� , 120 (25), 91 (100); HRMS: calcd for
C9H8O2: 148.0524, found: 148.0522.


General procedure for the synthesis of the cycloadducts 31 ± 49 : The
optically pure diene (ÿ)-1 (1.05 equiv) and the corresponding cyclohexa-
dienone (1.0 equiv) were dissolved in dry CH2Cl2, unless otherwise stated.
This mixture was sealed in a Teflon tube and placed under elevated
pressure (6.5 ± 14 kbar) at room temperature for 6 ± 20 d. After evapora-
tion, purification by flash chromatography on silica gel (except 32 which
was twice recrystallised in CH2Cl2/Et2O) gave the corresponding cyclo-
adduct (with only endo ± syn selectivity).


Cycloadduct 31: Diene 1 (152 mg, 0.63 mmol) and the spiro-cyclohexadie-
none 2 h (100 mg, 0.6 mmol) in CH2Cl2 (1 mL) were converted (14 kbar,
6 d) into the cycloadduct 31 (195 mg, 80 %) as pale yellow crystals. Rf� 0.17
(Et2O/PE 1:1); m.p. 136 8C; [a]20


D �ÿ232 (c� 1.0, CHCl3); IR (CHCl3): nÄ �


3000 (w), 2956 (m), 2932 (m), 1668 (s), 1612 (w), 1516 (s), 1248 (s), 1180
(m), 1152 (m), 1112 (s), 1056 (w), 824 (w) cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 7.31 (d, J� 8.8 Hz, 2H), 7.09 (dd, J� 10.5, 1.1 Hz, 1 H), 6.86 (d,
J� 8.8 Hz, 2 H), 5.92 (d, J� 10.5 Hz, 1 H), 5.85 (d, J� 5.5 Hz, 1 H), 5.76 (d,
J� 5.5 Hz, 1 H), 4.08 (dt, J� 11.8, 3.1 Hz, 1H), 3.96 ± 3.87 (m, 2 H), 3.86 (d,
J� 8.0 Hz, 1 H), 3.79 (s, 3H), 3.79 ± 3.72 (m, 1 H), 2.91 (dd, J� 8.0, 1.1 Hz,
1H), 2.36 (br d, J� 13.0 Hz, 1H), 2.11 (m, 1H), 1.85 (dt, J� 13.0, 3.8 Hz,
1H), 1.60 (br d, J� 12.7 Hz, 1H), 1.48 ± 1.30 (m, 3H), 1.28 (m, J� 13.3 Hz,
1H), 1.19 (m, J� 13.0, 3.7 Hz, 1H), 0.83 (s, 3 H), 0.46 (br d, J� 13.0 Hz,
1H); 13C NMR (100 MHz, CDCl3): d� 200.2 (C), 158.3 (C), 141.6 (CH),
138.8 (CH), 134.8 (CH), 133.4 (CH), 129.3 (C), 129.2 (2�CH), 113.1 (2�
CH), 97.0 (C), 70.7 (C), 62.0 (C), 61.1 (C), 59.6 (CH2), 52.2 (CH), 51.1 (CH),
28.7 (CH2), 27.7 (CH2), 25.3 59.7 (CH2), (CH2), 24.0 (55.2 (CH3), CH2), 21.3
(CH2), 15.3 (CH3); MS (70 eV): m/z (%): 406 (3) [M]� , 240 (100); HRMS:
calcd for C26H30O4: 406.2157, found: 406.2140; elemental analysis (%) calcd
for C26H30O4: C 76.81, H 7.44; found: C 76.43, H 7.42.


Cycloadduct 32 : Diene 1 (327 mg, 1.36 mmol) and cyclohexadienone 10
(200 mg, 1.3 mmol) in CH2Cl2 (1 mL) were converted (14 kbar, 6 d) into
cycloadduct 32 (399 mg, 78%) as pale yellow crystals. Rf� 0.27 (Et2O/PE
1:1); m.p. 155 8C; [a]20


D �ÿ247 (c� 1.1, CHCl3); IR (CHCl3): nÄ � 3000 (w),
2936 (m), 1668 (s), 1612 (w), 1516 (s), 1248 (s), 1180 (s), 1152 (w), 1120 (s),
1068 (m), 1040 (s), 824 (w) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.31 (d,
J� 8.8 Hz, 2H), 6.87 (d, J� 8.8 Hz, 2H), 6.41 (dd, J� 10.3, 1.4 Hz, 1H),
5.94 (d, J� 10.3 Hz, 1 H), 5.87 (d, J� 5.5 Hz, 1H), 5.76 (d, J� 5.5 Hz, 1H),
3.83 (d, J� 7.9 Hz, 1H), 3.79 (s, 3H), 3.30 (s, 3H), 3.15 (s, 3H), 3.05 (dd, J�
7.9, 1.4 Hz, 1H), 2.25 (br d, J� 13.0 Hz, 1H), 1.87 (dt, J� 13.0, 3.9 Hz, 1H),
1.64 (br d, J� 12.7 Hz, 1H), 1.46 (dt, J� 13.0, 4.0 Hz, 1H), 1.40 (br d, J�
13.3 Hz, 1H), 1.32 (m, J� 12.7, 3.5 Hz, 1H), 1.18 (m, J� 13.3, 3.7 Hz, 1H),
0.84 (s, 3 H), 0.48 (br d, J� 13.0 Hz, 1 H); 13C NMR (100 MHz, CDCl3): d�
200.0 (C), 158.3 (C), 145.3 (CH), 138.8 (CH), 134.4 (CH), 129.1 (2�CH),
129.0 (C), 113.1 (2�CH), 99.2 135.5 (CH), (C), 70.7 (C), 62.0 (C), 60.7 (C),
55.2 (CH3), 51.5 (CH), 49.6 (CH3), 48.2 (CH), 47.6 (CH3), 28.8 (CH2), 27.4
(CH2), 24.0 (CH2), 21.2 (CH2), 15.4 (CH3); MS (70 eV): m/z (%): 394 (1.4)
[M]� , 240 (100); HRMS: calcd for C25H30O4: 394.2144, found: 394.2108.


Cycloadducts 33 and 34 : Diene 1 (258 mg, 1.07 mmol) and the spiro-
cyclohexadienone 2c (311 mg, 1.0 mmol) in CH2Cl2 (2 mL) were converted
(6 kbar, 6 d) into the cycloadducts 33 (252 mg, 46 %) and 34 (247 mg, 45%)
both as a white amorphous solid.


Cycloadduct 33 : Rf� 0.44 (EtOAc/PE 3:7); m.p. 87 8C; [a]21
D �ÿ163 (c�


1.0, CHCl3); IR (CHCl3): nÄ � 3000 (w), 2928 (vs), 2856 (m), 1672 (vs), 1612
(w), 1512 (s), 1452 (m), 1452 (m), 1252 (vs), 1180 (s), 1128 (s), 1096 (m),
1032 (s), 824 (m) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.34 (d, J� 8.8 Hz,
2H), 7.13 ± 6.95 (m, 10H), 6.89 (d, J� 8.8 Hz, 2 H), 6.76 (dd, J� 10.1, 1.1 Hz,
1H), 6.11 (d, J� 10.1 Hz, 1 H), 5.91 (d, J� 5.7 Hz, 1 H), 5.65 (d, J� 7.2 Hz,
1H), 5.59 (d, J� 7.2 Hz, 1 H), 3.93 (d, J� 7.8 Hz, 1 H), 3.80 (s, 3H), 3.31 (dd,
J� 7.8, 1.1 Hz, 1 H), 2.46 (br d, J� 13.0 Hz, 1H), 1.88 (dt, J� 12.8, 3.8 Hz,
1H), 1.70 ± 1.20 (m, 6 H), 0.90 (s, 3 H), 0.51 (br d, J� 12.8 Hz, 1H); 13C NMR
(100 MHz, CDCl3): d� 199.1 (C), 158.4 (C), 145.8 (CH), 138.4 (CH), 136.8
(C), 136.5 (C), 135.7 (CH), 135.5 (CH), 129.3 (2�CH), 128.8 (C), 127.8
(2�CH), 127.7 (2�CH), 127.2 (2�CH), 126.9 (2�C), 126.8 (2�CH),
113.1 (2�CH), 106.3 (C), 83.3 (CH), 80.4 (CH), 71.6 (C), 61.9 (C), 61.7 (C),
55.2 (CH3), 50.5 (CH), 49.4 (CH), 28.6 (CH2), 27.0 (CH2), 24.0 (CH2), 21.4
(CH2), 15.4 (CH3); MS (70 eV): m/z (%)� no molecular peak, 438 (2), 240
(100), 198 (95); MS (CI, CH4): m/z (%): 545 (4) [M�H]� , 240 (100); HRMS
(CI, CH4): calcd for C37H37O4 [M�H]�: 545.2692, found: 545.2714.


Cycloadduct 34 : Rf� 0.31 (EtOAc/PE 3:7); m.p. 89 8C; [a]20
D �ÿ163 (c�


1.0, CHCl3); IR (CHCl3): nÄ � 2928 (s), 2860 (m), 1668 (vs), 1516 (s), 1456
(m), 1384 (w), 1252 (vs), 1180 (s), 1112 (s), 1040 (s), 1004 (m), 824 (m) cmÿ1;
1H NMR (400 MHz, CDCl3): d� 7.13 ± 7.01 (m, 10 H), 6.89 (dd, J� 10.3,
1.1 Hz, 1H), 6.01 (d, J� 5.7 Hz, 1H), 6.90 (d, J� 8.8 Hz, 2 H), 5.98 (d, J�
10.3 Hz, 1H), 5.90 (d, J� 5.7 Hz, 1 H), 5.63 (d, J� 7.6 Hz, 1 H), 5.42 (d, J�
7.6 Hz, 1 H), 4.02 (d, J� 8.0 Hz, 1H), 3.81 (s, 3 H), 3.36 (dd, J� 8.0, 1.1 Hz,
1H), 2.64 (br d, J� 13.0 Hz, 1H), 1.90 (dt, J� 13.0, 3.9 Hz, 1 H), 1.70 ± 1.56
(m, 2H), 1.46 ± 1.23 (m, 4 H), 0.95 (s, 3H), 0.53 (br d, J� 13.0 Hz, 1H);
13C NMR (100 MHz, CDCl3): d� 198.9 (C), 158.4 (C), 143.7 (CH), 138.3
(CH), 137.3 (C), 136.5 (C), 135.6 (CH), 133.6 (CH), 129.3 (2�CH), 128.9
(C), 127.8 (2�CH), 127.7 (3�CH), 127.5 (CH), 127.3 (2�CH), 127.1 (2�
CH), 113.2 (2�CH), 106.5 (C), 80.6 (CH), 80.0 (CH), 71.5 (C), 62.2 (C),
62.0 (C), 55.2 (CH3), 50.8 (CH), 49.9 (CH), 28.7 (CH2), 28.3 (CH2), 24.1
(CH2), 21.2 (CH2), 15.4 (CH3); MS (70 eV): m/z (%)� no molecular peak,
438 (1), 240 (86), 198 (100); MS (CI, CH4): m/z (%): 545 (4) [M�H]� , 240







Diels ± Alder Cycloadditions 2349 ± 2369


Chem. Eur. J. 2001, 7, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0711-2365 $ 17.50+.50/0 2365


(100); HRMS (CI, CH4): calcd for C37H37O4 [M�H]�: 545.2692, found:
545.2655.


Cycloadducts 35 and 36 : Diene 1 (177 mg, 0.74 mmol) and the spiro-
cyclohexadienone 2 i (136 mg, 0.7 mmol) in CH2Cl2 (1 mL) were converted
(14 kbar, 6 d) into the cycloadducts 35 (195 mg, 64%) and 36 (22 mg, 7%)
both as a white amorphous solid.


Cycloadduct 35 : Rf� 0.22 (EtOAc/PE 1:4); m.p. 68 8C; [a]22
D �ÿ185 (c�


1.0, CHCl3); IR (CHCl3): nÄ � 3000 (m), 2932 (s), 2864 (m), 1668 (vs), 1512
(vs), 1380 (m), 1252 (s), 1172 (s), 1116 (vs), 1092 (m), 1032 (s), 1004 (m), 984
(m), 824 (w) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.32 (d, J� 8.8 Hz,
2H), 7.05 (dd, J� 10.5, 1.1 Hz, 1 H), 6.86 (d, J� 8.8 Hz, 2 H), 5.89 (d, J�
10.5 Hz, 1H), 5.88 (d, J� 5.6 Hz, 1 H), 5.75 (d, J� 5.6 Hz, 1H), 4.11 (ddq,
J� 6.1, 2.6, 2.6 Hz, 1H), 3.85 (ddq, J� 6.1, 2.6, 2.6 Hz, 1H), 3.79 (s, 3H),
2.86 (dd, J� 8.3, 1.1 Hz, 1H), 2.42 (m, 1H), 1.86 (dt, J� 12.9, 3.6 Hz, 1H),
1.23 (d, J� 6.1 Hz, 3 H), 1.60 ± 1.15 (m, 8H), 1.09 (d, J� 6.1 Hz, 3 H), 0.82 (s,
3H), 0.45 (br d, J� 12.9 Hz, 1 H); 13C NMR (100 MHz, CDCl3): d� 200.5
(C), 158.2 (C), 142.6 (CH), 139.0 (CH), 134.5 (CH), 132.8 (CH), 129.4 (C),
129.2 (2�CH), 113.1 (2�CH), 97.4 (C), 70.7 (C), 65.6 (CH), 65.2 (CH),
61.9 (C), 61.1 (C), 55.2 (CH3), 52.8 (CH), 51.4 (CH), 40.2 (CH2), 28.7 (CH2),
27.7 (CH2), 24.1 (CH2), 22.3 (CH3), 22.1 (CH3), 21.4 (CH2), 15.4 (CH3); MS
(70 eV): m/z (%): 434 (1.7) [M]� , 240 (100), 225 (12), 109 (20); HRMS:
calcd for C28H34O4: 434.2457, found: 434.2466.


Cycloadduct 36 : Rf� 0.28 (EtOAc/PE 1:4); m.p. 158 8C; [a]22
D �ÿ151 (c�


0.3, CHCl3); IR (CHCl3): nÄ � 3000 (w), 2932 (m), 1668 (s), 1516 (s), 1380
(m), 1264 (vs), 1176 (s), 1156 (m), 1120 (s), 1036 (w), 824 (w) cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 7.32 (d, J� 8.8 Hz, 2 H), 6.87 (d, J� 8.8 Hz, 1H),
6.32 (dd, J� 9.9, 1.3 Hz, 2 H), 5.91 (d, J� 5.5 Hz, 1 H), 5.83 (d, J� 9.9 Hz,
1H), 5.77 (d, J� 5.5 Hz, 1H), 4.26 (ddq, J� 6.1, 2.6, 2.6 Hz, 1 H), 4.06 (ddq,
J� 6.1, 2.6, 2.6 Hz, 1H), 3.80 (s, 3H), 3.80 (d, J� 7.7 Hz, 1 H), 3.54 (dd, J�
7.7, 1.3 Hz, 1 H), 2.17 (br d, J� 12.7 Hz, 1 H), 1.89 (dt, J� 12.9, 4.0 Hz, 1H),
1.65 (br d, J� 13.0 Hz, 1H), 1.60 ± 1.15 (m, 6H), 1.21 (d, J� 6.1 Hz, 3H),
1.16 (d, J� 6.1 Hz, 3 H), 0.88 (s, 3 H), 0.49 (br d, J� 12.9 Hz, 1 H); 13C NMR
(100 MHz, CDCl3): d� 200.7 (C), 158.4 (C), 148.5 (CH), 138.9 (CH), 136.0
(CH), 134.0 (CH), 129.3 (2�CH), 129.0 (C), 113.2 (2�CH), 97.6 (C), 71.0
(C), 67.0 (CH), 65.2 (CH), 60.7 (C), 55.3 (CH3), 51.2 (CH), 43.0 (CH), 39.5
(CH2), 29.1 62.5 (C), (CH2), 27.0 (CH2), 24.1 (CH2), 22.3 (CH3), 21.9 (CH3),
21.4 (CH2), 15.6 (CH3); MS (70 eV): m/z (%): 434 (1) [M]� , 240 (100), 225
(8), 109 (10); HRMS (ESI-MS): calcd for C28H34O4Na [M�Na]�: 457.2355,
found: 457.2366.


1-[2-(1,3)Dioxolan-2-yl-ethyl]-4-oxo-cyclohexa-2,5-dienyl aceate (37):
Ac2O (971 mg, 9.52 mmol, 2 equiv) was added dropwise over a period of
5 min at room temperature to a stirred solution of p-quinol 6a (1.0 g,
4.76 mmol) and DMAP (1.45 g, 11.9 mmol, 2.5 equiv) in dry CH2Cl2


(50 mL) under N2. The mixture was stirred overnight and then poured
into a biphasic mixture of H2O (150 mL) and EtOAc (200 mL). After layer
separation, the product was extracted with EtOAc (2� 150 mL). The
combined organic extracts were washed with brine and dried (MgSO4).
Purification by flash chromatography (silica gel, EtOAc/PE 1:3) gave 37
(975 mg, 81%) as a white solid. Rf� 0.47 (EtOAc/PE 4:1); m.p. 44 8C; IR
(CHCl3): nÄ � 3000 (w), 2956 (w), 2888 (w), 1744 (s), 1668 (vs), 1632 (s), 1444
(w), 1396 (m), 1368 (m), 1228 (vs), 1168 (w), 1140 (s), 1016 (s), 980 (w), 856
(m) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 6.28 (d, J� 10.3 Hz, 2H), 4.87
(t, J� 4.3 Hz, 1 H), 3.94 (m, 2 H), 3.85 (m, 2 H), 2.06 (s, 3 H), 1.96 (m, 2H),
1.69 (dt, J� 7.9, 4.3 Hz, 2 H); 13C NMR (100 MHz, CDCl3): d� 185.0 (C),
169.3 (C), 148.1 (2�CH), 129.1 (2�CH), 103.3 (CH), 76.3 (C), 65.0 (2�
CH2), 33.0 (CH2), 27.7 (CH2), 21.2 (CH3); MS (70 eV): m/z (%): 252 (0.7)
[M]� , 210 (5), 148 (15), 73 (100); MS (FAB� ): m/z (%): 275 (22)
[M�Na]� , 253 (8) [M�H]� , 193 (22), 149 (100); HRMS: calcd for
C13H16O5: 252.0998, found: 252.1004.


Cycloadduct 38 : Diene 1 (430 mg, 1.8 mmol) and the spiro-cyclohexadie-
none 23 (280 mg, 1.7 mmol) in CH2Cl2 (2 mL) were converted (14 kbar, 6 d)
into the cycloadduct 38 (586 mg, 85%) as a white amorphous solid. Rf�
0.33 (EtOAc/PE 2:3); m.p. 81 8C; [a]22


D �ÿ241 (c� 1.0, CHCl3); IR
(CHCl3): nÄ � 3000 (w), 2928(s), 2652 (s), 1760 (s), 1664 (s), 1516 (s), 1448
(w), 1252 (s), 1180 (s), 1036 (w), 824 (m) cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 7.30 (d, J� 8.8 Hz, 2H), 6.87 (d, J� 8.8 Hz, 2 H), 6.63 (dd, J� 10.3,
1.1 Hz, 1H), 6.08 (d, J� 5.7 Hz, 1H), 5.83 (d, J� 5.7 Hz, 1 H), 5.81 (d, J�
10.3 Hz, 1H), 4.14 (d, J� 17.5 Hz, 1H), 4.07 (d, J� 17.5 Hz, 1 H), 3.80 (d,
J� 8.1 Hz, 1H), 3.79 (s, 3 H), 2.76 (dd, J� 8.1, 1.1 Hz, 1H), 2.56 (d, J�
18.0 Hz, 1 H), 2.50 (d, J� 18.0 Hz, 1H), 2.34 (br d, J� 12.0 Hz, 1H), 1.86


(dt, J� 12.9, 3.4 Hz, 1H), 1.63 (br d, J� 12.9 Hz, 1H), 1.47 ± 1.10 (m, 4H),
0.80 (s, 3 H), 0.47 (br d, J� 12.9 Hz, 1 H); 13C NMR (100 MHz, CDCl3): d�
212.9 (C), 198.7 (C), 158.4 (C), 149.4 (CH), 138.6 (CH), 136.4 (CH), 131.5
(CH), 129.2 (2�CH), 128.7 (C), 113.2 (2�CH), 81.5 (C), 71.6 (C), 70.4
(CH2), 62.2 (C), 61.6 (C), 55.2 (CH3), 53.8 (CH2), 50.8 (CH), 49.7 (CH), 28.7
(CH2), 27.3 (CH2), 23.9 (CH2), 21.1 (CH2), 15.5 (CH3); MS (70 eV): m/z
(%): 404 (0.35) [M]� , 240 (100), 225 (20), 164 (11); MS (FAB� ): m/z (%):
427 (5) [M�Na]� , 405 (5) [M�H]� , 240 (100), 176 (9), 165 (24); HRMS:
calcd for C26H28O4: 404.1999, found: 404.1987.


Cycloadduct 39 : Diene 1 (383 mg, 1.6 mmol) and the spiro-cyclohexadie-
none 27 (270 mg, 1.5 mmol) in CH2Cl2 (2 mL) were converted (14 kbar, 6 d)
into the cycloadduct 39 (566 mg, 89%) as a white amorphous solid. Rf�
0.18 (EtOAc/PE 1:4); m.p. 119 8C; [a]20


D �ÿ249 (c� 1.1, CHCl3); IR
(CHCl3): nÄ � 3000 (s), 2956 (s), 2936 (s), 2860 (s), 1736 (w), 1668 (vs), 1612
(m), 1512 (vs), 1464 (m), 1380 (m), 1308 (s), 1244 (vs), 1180 (vs), 1096 (vs),
1072 (s), 1036 (vs), 964 (m), 824 (s) cmÿ1; 1H NMR (400 MHz, CDCl3): d�
7.32 (d, J� 8.8 Hz, 2H), 6.86 (d, J� 8.8 Hz, 2 H), 6.29 (dd, J� 10.2, 0.9 Hz,
1H), 6.05 (d, J� 5.7 Hz, 1 H), 5.79 (d, J� 5.7 Hz, 1 H), 4.67 (dd, J� 10.5,
1.6 Hz, 1H), 4.63 (dd, J� 10.5, 1.6 Hz, 1H), 4.60 (t, J� 1.6 Hz, 1H), 3.80 (s,
3H), 3.79 (d, J� 8.5.78 (d, J� 10.2 Hz, 1 H), 3 Hz, 1H), 3.51 (s, 3H), 2.72
(dd, J� 8.3, 0.9 Hz, 1H), 2.41 (dd, J� 8.0, 2.6 Hz, 1H), 1.85 (dt, J� 13.0,
3.5 Hz, 1H), 1.59 (m, 1H), 1.41 ± 1.08 (m, 4H), 0.78 (s, 3 H), 0.43 (br d, J�
13.0 Hz, 1H); 13C NMR (100 MHz, CDCl3): d� 199.5 (C), 160.0 (C), 158.3
(C), 148.3 (CH), 138.9 (CH), 135.4 (CH), 131.1 (CH), 129.5 (C), 129.3 (2�
CH), 113.0 (2�CH), 89.0 (CH), 84.4 (C), 71.6 (C), 71.2 (CH2), 62.1 (C),
61.1 (C), 58.2 (CH3), 55.2 (CH3), 50.3 (CH), 49.3 (CH), 28.6 (CH2), 27.5
(CH2), 24.0 (CH2), 21.3 (CH2), 15.2 (CH3); MS (70 eV): m/z (%): 418 (1)
[M]� , 240 (100); HRMS: calcd for C27H30O4: 418.2144, found: 418.2145.


Cycloadduct 40


Method A : Diene 1 (182 mg, 0.76 mmol) and the spiro-cyclohexadienone
30 (107 mg, 0.72 mmol) in CH2Cl2 (1 mL) were converted (14 kbar, 6 d)
into the cycloadduct 40 (207 mg, 74 %) as a white amorphous solid.


Method B : The cycloadduct 41 (300 mg, 0.77 mmol) in dry CH2Cl2 (30 mL)
at ÿ40 8C under N2 and magnetic stirring was treated with triethylamine
(298 mg, 2.9 mmol, 4 equiv) and methanesulfonyl chloride (129 mg,
1.1 mmol, 1.5 equiv). After the addition was complete, stirring was
continued at the same temperature for 2 h and then at room temperature
overnight. The white mixture was filtered through a short silica gel column
(washed with CH2Cl2). After evaporation and purification by flash
chromatography (silica gel, EtOAc/PE 1:9) the cycloadduct 40 (144 mg,
51%) was isolated as a white amorphous solid. Rf� 0.11 (EtOAc/PE 1:9);
m.p. 54 8C; [a]20


D �ÿ194 (c� 0.6, CHCl3); IR (CHCl3): nÄ � 3000 (w), 2924
(s), 2856 (m), 1660 (vs), 1620 (s), 1516 (s), 1464 (w), 1444 (w), 1248 (s), 1180
(s), 1144 (s), 1052 (s), 960 (w), 824 (m) cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 7.31 (d, J� 8.8 Hz, 2H), 6.87 (d, J� 8.8 Hz, 2H), 6.61 (dd, J� 10.1,
0.9 Hz, 1H), 6.28 (dt, J� 2.3, 2.3 Hz, 1H), 6.07 (d, J� 5.7 Hz, 1 H), 5.83 (d,
J� 5.7 Hz, 1 H), 5.74 (d, J� 10.1 Hz, 1 H), 4.88 (dt, J� 2.3, 2.3 Hz, 1 H), 3.81
(d, J� 8.3 Hz, 1H), 3.79 (s, 3H), 2.91 (d, J� 8.3 Hz, 1 H), 2.69 (dt, J� 15.5,
2.3 Hz, 1 H), 2.65 (dt, J� 15.5, 2.3 Hz, 1 H), 2.33 (m, 1H), 1.86 (dt, J� 12.9,
3.5 Hz, 1H), 1.61 (m, 1H), 1.41 ± 1.13 (m, 4H), 0.81 (s, 3 H), 0.45 (br d, J�
12.7 Hz, 1H); 13C NMR (100 MHz, CDCl3): d� 199.3 (C), 158.3 (C), 150.9
(CH), 144.5 (CH), 139.0 (CH), 135.4 (CH), 129.5 (CH), 129.4 (C), 129.2
(2�CH), 113.1 (2�CH), 98.3 (CH), 84.7 (C), 71.0 (C), 62.1 (C), 61.2 (C),
55.2 (CH3), 50.9 (CH), 50.4 (CH), 48.7 (CH2), 28.7 (CH2), 27.3 (CH2), 24.0
(CH2), 21.3 (CH2), 15.4 (CH3); MS (70 eV): m/z (%): 388 (0.7) [M]� , 240
(100), 225 (17); HRMS: calcd for C26H28O3: 388.2038, found: 388.2045.


Cycloadduct 41: Diene 1 (456 mg, 1.9 mmol) and the spiro-cyclohexadie-
none 29 (300 mg, 1.8 mmol) in CH2Cl2 (3 mL) were converted (14 kbar,
13 d) into the cycloadduct 41 (587 mg, 78 %, thermodynamic controlled
mixture of two diastereoisomers at the hemi-acetal centre: 87:13) as a white
amorphous solid. Rf� 0.14 (EtOAc/PE 2:3); m.p. 76 8C; [a]23


D �ÿ207 (c�
1.4, CHCl3); IR (CHCl3): nÄ � 3600 (w), 3000 (w), 2936 (m), 2860 (w), 1732
(w), 1660 (s), 1612 (w), 1516 (s), 1464 (w), 1444 (w), 1380 (w), 1248 (s), 1180
(s), 1152 (w), 1092 (w), 1036 (s), 1000 (m), 964 (s), 824 (w) cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 7.32 (d, J� 8.9 Hz, 2 H), 6.87 (d, J� 8.9 Hz, 2H),
6.57 (dd, J� 10.3, 1.0 Hz, 1 H), 6.07 (d, J� 5.5 Hz, 1 H), 5.83 (d, J� 5.5 Hz,
1H), 5.72 (d, J� 10.3 Hz, 1H), 5.57 (m, 1 H), 3.79 (s, 3 H), 3.73 (d, J�
8.0 Hz, 1H), 2.54 (dd, J� 8.0, 1.0 Hz, 1 H), 2.33 (m, J� 12.5 Hz, 1 H), 2.20 ±
1.90 (m, 4 H), 1.85 (m, 1 H), 1.62 (m, 1H), 1.43 ± 1.10 (m, 4 H), 0.78 (s, 3H),
0.43 (br d, J� 12.8 Hz, 1H); 13C NMR (100 MHz, CDCl3): d� 199.5 (C),
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158.3 (C), 155.0 (CH), 138.9 (CH), 135.6 (CH), 129.3 (3�CH, C), 113.1
(2�CH), 99.1 (CH), 83.3 (C), 71.6 (C), 62.1 (C), 61.2 (C), 55.3 (CH3), 50.5
(CH), 50.3 (CH), 40.8 (CH2), 32.2 (CH2), 28.7 (CH2), 27.5 (CH2), 24.1
(CH2), 21.3 (CH2), 15.3 (CH3); MS (70 eV): m/z (%): 406 (0.3) [M]� , 240
(100).


Cycloadducts 42 and 43 : Diene 1 (298 mg, 1.23 mmol) and the spiro-
cyclohexadienone 28 (229 mg, 1.18 mmol) in CH2Cl2 (1 mL) were con-
verted (14 kbar, 13 d) into the cycloadducts 42 (173 mg, 34 %) and 43
(150 mg, 29%) both as a white amorphous solid.


Cycloadduct 42 : Rf� 0.18 (EtOAc/PE 1:4); m.p. 53 8C; [a]21
D �ÿ191 (c�


1.1, CHCl3); IR (CHCl3): nÄ � 3000 (w), 2972 (m), 2924 (s), 2860 (m), 1660
(vs), 1612 (m), 1512 (vs), 1464 (m), 1444 (m), 1380 (m), 1248 (vs), 1180 (s),
1104 (m), 1060 (m), 1032 (vs), 1000 (vs), 968 (s), 860 (m), 824 (m) cmÿ1;
1H NMR (400 MHz, CDCl3): d� 7.32 (d, J� 8.7 Hz, 2 H), 6.84 (d, J�
8.7 Hz, 2H), 6.50 (d, J� 10.2 Hz, 1H), 6.07 (d, J� 5.7 Hz, 1 H), 5.79 (d,
J� 5.7 Hz, 1 H), 5.68 (d, J� 10.2 Hz, 1H), 5.12 (dd, J� 3.9, 0.9 Hz, 1H),
3.79 (s, 3H), 3.76 (dq, J� 9.6, 7.0 Hz, 1 H), 3.72 (d, J� 8.1 Hz, 1 H), 3.46 (dq,
J� 9.6, 7.0 Hz, 1H), 2.52 (d, J� 8.1 Hz, 1 H), 2.35 (br d, J� 12.5 Hz, 1H),
2.12 ± 1.72 (m, 5 H), 1.59 (m, 1H), 1.40 ± 1.15 (m, 4 H), 1.21 (t, J� 7.0 Hz,
3H), 0.78 (s, 3H), 0.42 (br d, J� 12.5 Hz, 1 H); 13C NMR (100 MHz,
CDCl3): d� 199.5 (C), 158.2 (C), 155.2 (CH), 139.1 (CH), 135.1 (CH), 129.4
(C), 129.3 (2�CH), 128.9 (CH), 113.0 (2�CH), 104.2 (CH), 82.6 (C), 71.4
(C), 62.6 (CH2), 62.1 (C), 61.0 (C), 55.2 (CH3), 50.6 (CH), 50.4 (CH), 41.4
(CH2), 31.6 (CH2), 28.7 (CH2), 27.5 (CH2), 24.1 (CH2), 21.3 (CH2), 15.33
(CH3), 15.3 (CH3); MS (70 eV): m/z (%): 434 (1) [M]� , 240 (100), 225 (14),
197 (15), 91 (10); HRMS: calcd for C28H34O4: 434.2457, found: 434.2451.


Cycloadduct 43 : Rf� 0.10 (EtOAc/PE 1:4); m.p. 114 8C; [a]22
D �ÿ97 (c�


1.0, CHCl3); IR (CHCl3): nÄ � 3000 (m), 2976 (m), 2924 (s), 2864 (m), 1660
(vs), 1612 (m), 1512 (vs), 1464 (m), 1444 (m), 1380 (m), 1288 (m), 1248 (vs),
1180 (vs), 1152 (m), 1108 (m), 1076 (s), 1036 (s), 1008 (s), 960 (m), 824
(m) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.31 (d, J� 8.7 Hz, 2H), 6.86 (d,
J� 8.7 Hz, 2 H), 6.45 (d, J� 10.1 Hz, 1 H), 6.05 (d, J� 5.5 Hz, 1 H), 5.81 (d,
J� 5.5 Hz, 1 H), 5.68 (d, J� 10.1 Hz, 1H), 5.18 (dd, J� 4.8, 3.1 Hz, 1H),
3.85 (dq, J� 9.4, 7.0 Hz, 1 H), 3.79 (s, 3 H), 3.79 (d, J� 8.3 Hz, 1 H), 3.51 (dq,
J� 9.4, 7.0 Hz, 1H), 2.75 (d, J� 8.3 Hz, 1 H), 2.56 (br d, J� 12.3 Hz, 1H),
2.15 ± 1.80 (m, 5H), 1.62 (br d, J� 13.0 Hz, 1H), 1.45 ± 1.17 (m, 4H), 1.22 (t,
J� 7.0 Hz, 3H), 0.81 (s, 3 H), 0.46 (br d, J� 12.5 Hz, 1H); 13C NMR
(100 MHz, CDCl3): d� 199.5 (C), 158.2 (C), 153.0 (CH), 139.2 (CH), 135.4
(CH), 129.9 (CH), 129. 6 (C), 129.1 (2�CH), 113.0 (2�CH), 105.2 (CH),
83.1 (C), 70.8 (C), 64.4 (CH2), 62.1 (C), 61.4 (C), 55.2 (CH3), 51.6 (CH), 51.1
(CH), 42.9 (CH2), 31.6 (CH2), 28.8 (CH2), 27.6 (CH2), 24.0 (CH2), 21.3
(CH2), 15.5 (CH3), 15.2 (CH3); MS (70 eV): m/z (%): 434 (0.7) [M]� , 240
(100), 225 (20), 197 (20), 91 (19); HRMS: calcd for C28H34O4: 434.2457,
found: 434.2461.


Cycloadduct 44 : Diene 1 (1.69 g, 7.0 mmol) and the p-quinol 6 d (1.0 g,
6.7 mmol) in CH2Cl2/CH3CN (25 mL, 3:2) were converted (14 kbar, 6 d)
into cycloadduct 44 (2.33 g, 89%) as a white amorphous solid. Rf� 0.21
(EtOAc/PE 2:3); m.p. 76 8C; [a]22


D �ÿ163 (c� 1.2, CHCl3); IR (CHCl3):
nÄ � 3584 (w), 2928 (s), 2864 (m), 2153 (w), 1732 (w), 1668 (s), 1516 (s), 1252
(s), 1180 (s), 1036 (m) cmÿ1; 1H NMR (400 MHz, CD3OD): d� 7.29 (d, J�
8.7 Hz, 2 H), 6.85 (d, J� 8.7 Hz, 2 H), 6.54 (d, J� 10.4 Hz, 1 H), 6.14 (d, J�
5.7 Hz, 1 H), 5.81 (d, J� 5.7 Hz, 1 H), 5.80 (d, J� 10.4 Hz, 1 H), 3.92 (d, J�
8.3 Hz, 1 H), 3.78 (s, 3H), 2.83 (dd, J� 8.3, 0.9 Hz, 1 H), 2.78 (d, J� 16.0 Hz,
1H), 2.73 (d, J� 16.0 Hz, 1H), 2.51 (br d, J� 13.0 Hz, 1 H), 1.87 (dt, J�
13.0, 3.3 Hz, 1H), 1.62 (m, 1H), 1.49 (dt, J� 13.0, 3.3 Hz, 1 H), 1.41 ± 1.20
(m, 3 H), 0.86 (s, 3 H), 0.37 (br d, J� 12.7 Hz, 1 H); 13C NMR (100 MHz,
CD3OD): d� 201.6 (C), 160.0 (C), 152.4 (CH), 140.4 (CH), 136.7 (CH),
132.3 (CH), 130.9 (C), 130.6 (2�CH), 118.4 (C), 72.9 (C), 71.8 (C), 63.9
(C), 62.5 (C), 52.1 (CH), 52.9 (CH), 114.2 (2�CH), 55.9 (CH3), 36.9 (CH2),
30.1 (CH2), 29.2 (CH2), 25.3 (CH2), 22.5 (CH2), 16.2 (CH3); MS (70 eV):
m/z (%): 389 (2.8) [M]� , 240 (100); HRMS: calcd for C25H27O3N: 389.1990,
found: 389.1998.


Cycloadduct 45 : Diene 1 (321 mg, 1.34 mmol) and p-quinol 6 c (158 mg,
1.27 mmol) in CH2Cl2 (1 mL) were converted (14 kbar, 13 d) into the
cycloadduct 44 (399 mg, 79%) as a pale yellow solid. Rf� 0.33 (EtOAc/PE
2:3); m.p. 176 8C; [a]22


D �ÿ153 (c� 1.1, CHCl3); IR (CHCl3): nÄ � 3604 (w),
3000 (m), 2932 (s), 2860 (m), 1660 (vs), 1612 (w), 1516 (vs), 1248 (vs), 1180
(s), 1108 (m), 1036 (s), 824 (s) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.28
(d, J� 8.7 Hz, 2 H), 6.87 (d, J� 8.7 Hz, 2 H), 6.48 (d, J� 10.1 Hz, 1H), 6.13
(d, J� 5.7 Hz, 1 H), 5.92 (d, J� 5.7 Hz, 1 H), 5.74 (d, J� 10.1 Hz, 1H), 3.81


(d, J� 8.7 Hz, 1 H), 3.79 (s, 3H), 2.73 (d, J� 8.7 Hz, 1H), 2.37 (br d, J�
12.8 Hz, 1H), 1.87 (dd, J� 13.4, 4.2 Hz, 1H), 1.62 (m, 1H), 1.50 ± 1.15 (m,
4H), 1.42 (s, 3 H), 0.82 (s, 3 H), 0.47 (br d, J� 12.9 Hz, 1H); 13C NMR
(100 MHz, [D6]DMSO): d� 199.2 (C), 157.8 (CH), 156.0 (C), 139.0 (CH),
134.5 (CH), 130.0 (C), 129.2 (2�CH), 128.1 (CH), 112.8 (2�CH), 70.6 (C),
69.5 (C), 61.7 (C), 60.6 (C), 55.1 (CH3), 51.8 (CH), 50.9 (CH), 36.2 (CH3),
28.7 (CH2), 27.8 (CH2), 23.9 (CH2), 21.1 (CH2), 15.5 (CH3); MS (70 eV): m/z
(%): 364 (0.5) [M]� , 240 (100), 109 (16); MS (FAB� ): m/z (%): 378 (6)
[M�Na]� , 365 (7) [M�H]� , 240 (100), 125 (28); HRMS: calcd for
C24H28O3: 364.2038, found: 364.2035.


Cycloadduct 46 : Diene 1 (840 mg, 3.5 mmol) and p-quinol 6 a (700 mg,
3.3 mmol) in CH2Cl2 (5 mL) were converted (14 kbar, 20 d) into the
cycloadduct 46 (1.29 g, 87%) as a pale amorphous solid. Rf� 0.21 (EtOAc/
PE 2:3); m.p. 122 8C; [a]20


D �ÿ180 (c� 1.0, CHCl3); IR (CHCl3): nÄ � 3600
(w), 3436 (w), 3000 (m), 2936 (s), 2864 (m), 1728 (w), 1664 (vs), 1612 (w),
1512 (vs), 1248 (vs), 1180 (s), 1140 (m), 1360 (s), 992 (m), 824 (m) cmÿ1;
1H NMR (400 MHz, CDCl3): d� 7.31 (d, J� 8.8 Hz, 2 H), 6.87 (d, J�
8.8 Hz, 2H), 6.43 (d, J� 10.3 Hz, 1H), 6.10 (d, J� 5.7 Hz, 1 H), 5.84 (d,
J� 5.7 Hz, 1 H), 5.76 (d, J� 10.3 Hz, 1 H), 4.90 (t, J� 3.7 Hz, 1H), 4.00 (m,
2H), 3.89 (m, 2 H), 3.76 (d, J� 8.3 Hz, 1H), 2.70 (d, J� 8.3 Hz, 1H), 2.43
3.80 (s, 3H), (br d, J� 12.5 Hz, 1H), 1.90 ± 1.70 (m, 5 H), 1.60 (m, 1H),
1.48 ± 1.27 (m, J� 13.0, 3.1 Hz, 3 H), 1.21 (m, J� 13.0 Hz, 1 H), 0.82 (s, 3H),
0.44 (br d, J� 12.9 Hz, 1H); 13C NMR (100 MHz, CDCl3): d� 199.7 (C),
158.2 (C), 153.5 (CH), 138.9 (CH), 135.7 (CH), 129.8 (CH), 129.4 (C), 129.1
(2�CH), 113.0 (2�CH), 103.9 (CH), 72.4 (C), 71.7 (C), 65.0 (2�CH2),
62.1 (C), 61.3 (C), 55.1 (CH3), 51.2 (CH), 50.7 (CH), 41.7 (CH2), 28.6 (CH2),
28.1 (CH2), 27.4 (CH2), 24.0 (CH2), 21.2 (CH2), 15.4 (CH3); MS (70 eV): m/z
(%): 450 (1) [M]� , 240 (100), 73 (58); MS (FAB� ): (%): 473 (8) [M�Na]� ,
451 (4) [M�H]� , 240 (100); HRMS: calcd for C28H34O5: 450.2406, found:
450.2428.


Cycloadduct 47: Diene 1 (300 mg, 1.25 mmol) and p-quinol 37 (300 mg,
1.2 mmol) in CH2Cl2 (5 mL) were converted (14 kbar, 20 d) into the cyclo-
adduct 47 (357 mg, 61%) as a white amorphous solid [105 mg p-quinol 37
was recovered (35 %)]. Rf� 0.23 (EtOAc/PE 2:3); m.p. 63 8C; [a]21


D �ÿ159
(c� 1.0, CHCl3); IR (CHCl3): nÄ � 3000 (w), 2932 (m), 1732 (s), 1668 (s),
1612 (w), 1228 (s), 1180 (s), 1036 (m), 1000 (m), 964 (w), 824 (w) cmÿ1;
1H NMR (400 MHz, CDCl3): d� 7.30 (d, J� 8.8 Hz, 2H), 7.03 (dd, J� 10.5,
1.1 Hz, 1H), 6.87 (d, J� 8.8 Hz, 2H), 6.00 (d, J� 5.6 Hz, 1 H), 5.83 (d, J�
5.6 Hz, 1H), 5.77 (d, J� 10.5 Hz, 1 H), 4.83 (t, J� 4.5 Hz, 1 H), 3.98 ± 3.81
(m, 4 H), 3.80 (d, J� 7.7 Hz, 1H), 3.79 (s, 3 H), 3.06 (d, J� 7.7 Hz, 1H),
2.26 ± 2.11 (m, 2H), 2.09 (s, 3 H), 1.85 (dt, J� 12.9, 3.8 Hz, 1H), 1.75 ± 1.55
(m, 3 H), 1.48 (m, J� 12.9, 3.6 Hz, 1 H), 1.43 ± 1.27 (m, 3H), 1.20 (m, J�
13.0, 3.7 Hz, 1H), 0.84 (s, 3 H), 0.45 (br d, J� 12.9 Hz, 1 H); 13C NMR
(100 MHz, CDCl3): d� 198.7 (C), 169.8 (C), 158.3 (C), 147.6 (CH), 138.7
(CH), 135.9 (CH), 130.6 (CH), 129.2 (C), 129.1 (2�CH), 113.1 (2�CH),
103.6 (CH), 83.2 (C), 70.9 (C), 65.0 (2�CH2), 62.0 (C), 61.7 (C), 55.2 (CH3),
51.7 (CH), 49.1 (CH), 37.2 (CH2), 28.8 (CH2), 27.9 (CH2), 27.5 (CH2), 24.1
(CH2), 22.5 (CH3), 21.1 (CH2), 15.6 (CH3); MS (70 eV): m/z (%): 492 (0.3)
[M]� , 240 (100), 73 (87); MS (FAB� ): m/z (%): 515 (3) [M�Na]� , 491 (3)
[MÿH]� , 240 (100); HRMS: calcd for C30H36O6: 492.2512, found: 492.2505.


Cycloadduct 48 : Diene 1 (125 mg, 0.52 mmol) and p-quinol 16a (118 mg,
0.5 mmol) in CH2Cl2 (1 mL) were converted (14 kbar, 6 d) into the
cycloadduct 48 (182 mg, 77%) as a white amorphous solid. Rf� 0.36
(EtOAc/PE 2:3); m.p. 57 8C; [a]21


D �ÿ239 (c� 1.2, CHCl3); IR (CHCl3):
nÄ � 3588 (w), 3464 (w), 3000 (m), 2928 (s), 1660 (vs), 1612 (w), 1516 (vs),
1248 (vs), 1120 (m), 1044 (s), 1000 (m), 824 (m) cmÿ1; 1H NMR (400 MHz,
CDCl3): d� 7.30 (d, J� 8.8 Hz, 2 H), 6.87 (d, J� 8.8 Hz, 2H), 6.28 (dd, J�
10.1, 0.9 Hz, 1H), 6.13 (d, J� 5.7 Hz, 1H), 5.86 (dd, J� 15.6, 1.0 Hz, 1H),
5.85 (d, J� 5.7 Hz, 1H), 5.78 (d, J� 10.1 Hz, 1 H), 5.61 (dd, J� 15.6, 4.7 Hz,
1H), 4.91 (dd, J� 4.7, 1.0 Hz, 1H), 3.79 (d, J� 8.4 Hz, 1H), 3.79 (s, 3H),
3.68 ± 3.45 (m, 4H), 2.80 (d, J� 8.4 Hz, 1 H), 2.39 (br d, J� 12.0 Hz, 1H),
1.85 (dt, J� 13.0 Hz, 1H), 1.61 (br d, J� 12.7 Hz, 1H), 1.46 ± 1.30 (m, 3H),
1.23 (t, J� 7.0 Hz, 3 H), 1.21 (t, J� 7.0 Hz, 3H), 1.19 (m, 1 H), 0.70 (s, 3H),
0.45 (br d, J� 12.7 Hz, 1H); 13C NMR (100 MHz, CDCl3): d� 199.5 (C),
158.3 (C), 150.5 (CH), 141.8 (CH), 138.9 (CH), 136.0 (CH), 130.4 (CH),
129.3 (C), 129.1 (2�CH), 124.8 (CH), 113.1 (2�CH), 100.6 (CH), 73.2 (C),
71.0 (C), 62.2 (C), 61.6 (C), 61.4 (CH2), 61.2 (CH2), 55.2 (CH3), 51.1 (CH),
50.9 (CH), 28.6 (CH2), 28.2 (CH2), 24.0 (CH2), 21.1 (CH2), 15.5 (2�CH3),
15.3 (CH3); MS (70 eV): m/z (%): 478 (1) [M]� , 240 (100), 73 (58); MS
(FAB� ): m/z (%): 479 (1) [M�H]� , 433 (4), 240 (100), 133 (27); HRMS:
calcd for C30H38O5: 478.2719, found: 478.2722.
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Cycloadduct 49 : Diene 1 (896 mg, 3.73 mmol) and dienone 16b (995 mg,
3.55 mmol) in CH2Cl2 (5 mL) were converted (14 kbar, 20 d) into the
cycloadduct 49 (950 mg, 51%) as a colourless oil [249 mg of dienone 16b
was recovered (32 %)]. Rf� 0.22 (EtOAc/PE 1:4); [a]20


D �ÿ162 (c� 0.7,
CHCl3); IR (CHCl3): nÄ � 3000 (w), 2976 (m), 2928 (m), 1736 (s), 1668 (s),
1612 (w), 1516 (vs), 1368 (m), 1248 (vs), 1232 (vs), 1180 (m), 1124 (m), 1040
(s), 988 (m) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.28 (d, J� 8.8 Hz, 2H),
6.68 (dd, J� 10.3, 1.1 Hz, 1 H), 6.67 (d, J� 8.8 Hz, 2 H), 6.07 (dd, J� 15.9,
1.3 Hz, 1 H), 6.04 (d, J� 5.5 Hz, 1 H), 5.96 (d, J� 10.3 Hz, 1H), 5.85 (d, J�
5.5 Hz, 1 H), 5.35 (dd, J� 15.9, 4.0 Hz, 1 H), 4.94 (dd, J� 4.0, 1.1 Hz, 1H),
3.79 (s, 3 H), 3.74 (d, J� 8.3 Hz, 1 H), 3.63 ± 3.41 (m, 4 H), 3.01 (dd, J� 8.4,
1.1 Hz, 1H), 2.29 (br d, J� 13.0 Hz, 1 H), 2.11 (s, 3 H), 1.87 (dt, J� 13.0,
3.7 Hz, 1 H), 1.65 (br d, J� 13.0 Hz, 1H), 1.51 (dt, J� 13.0, 3.3 Hz, 1H),
1.44 ± 1.12 (m, 3H), 1.21 (t, J� 7.1 Hz, 6 H), 0.82 (s, 3 H), 0.47 (br d, J�
12.7 Hz, 1H); 13C NMR (100 MHz, CDCl3): d� 198.6 (C), 169.3 (C), 158.3
(C), 144.1 (CH), 138.7 (CH), 138.6 (CH), 136.0 (CH), 132.4 (CH), 129.0
(2�CH), 128.9 (C), 127.1 (CH), 113.1 (2�CH), 99.8 (CH), 81.4 (C), 70.4
(C), 71.0 (C), 62.2 (C), 62.0 (C), 60.8 (CH2), 60.7 (CH2), 55.2 (CH3), 51.2
(CH), 50.9 (CH), 28.8 (CH2), 28.0 (CH2), 24.1 (CH3), 22.3 (CH3), 21.1
(CH2), 15.3 (CH3), 15.28 (CH3); MS (70 eV): m/z (%): no molecular peak,
240 (100), 225 (19), 165 (21), 73 (58); MS (FAB� ): m/z (%): 543 (2)
[M�Na]� , 521 (3) [M�H]� , 475 (4), 240 (100); HRMS (ESI-MS): calcd for
C32H40O6Na [M�Na]�: 543.2723, found: 543.2706.


Cycloadduct 50 : NiCl2 ´ 6 H2O (464 mg, 2.3 mmol) and zinc powder
(746 mg, 11.2 mmol) were added in one portion to a solution of cycloadduct
46 (700 mg, 1.5 mmol) in methoxyethanol (25 mL) and water (3.4 mL). The
mixture underwent sonification for 2.5 hours and was then filtered through
Celite. Water (150 mL) was added and the product was extracted with
EtOAc (2� 150 mL) and CH2Cl2 (1� 150 mL). The combined organic
extracts were dried (MgSO4) and evaporated in vacuo. After flash
chromatography (silica gel, EtOAc/PE 1:1), 50 (668 mg, 95%) was isolated
as colourless crystals. Rf� 0.12 (EtOAc/PE 2:3); m.p. 140 8C; [a]21


D ��16
(c� 1.2, CHCl3); IR (CHCl3): nÄ � 3540 (w), 3000 (m), 2932 (s), 2864 (m),
1704 (s), 1612 (w), 1516 (s), 1464 (s), 1180 (s), 1140 (s), 1036 (s), 984 (w), 944
(w) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.15 (d, J� 8.8 Hz, 2H), 6.84 (d,
J� 8.8 Hz, 2H), 6.29 (d, J� 5.7 Hz, 1 H), 6.13 (d, J� 5.7 Hz, 1H), 4.90 (t,
J� 4.3 Hz, 1 H), 4.04 ± 3.86 (m, 4H), 3.79 (s, 3 H), 3.71 (d, J� 10.3 Hz, 1H),
2.73 (d, J� 10.3 Hz, 1 H), 2.25 ± 2.16 (m, 3H), 2.03 ± 1.69 (m, 7 H), 1.65 (br d,
J� 13.0 Hz, 1H), 1.52 ± 1.30 (m, 3 H), 1.18 (dt, J� 13.2, 3.5 Hz, 1H), 0.78 (s,
3H), 0.53 (br d, J� 12.5 Hz, 1H); 13C NMR (100 MHz, CDCl3): d� 211.7
(C), 158.0 (C), 138.5 (CH), 137.0 (CH), 131.0 (C), 127.9 (2�CH), 113.3 (2�
CH), 104.5 (CH), 72.7 (C), 65.5 (C), 65.0 (2�CH2), 62.5 (C), 60.1 (C), 55.2
(CH3), 55.1 (CH), 54.8 (CH), 35.8 (CH2), 34.9 (CH2), 32.2 (CH2), 28.5
(CH2), 28.3 (CH2), 27.8 (CH2), 23.7 (CH2), 21.0 (CH2), 16.0 (CH3); MS
(70 eV): m/z (%): no molecular peak, 240 (100); MS (FAB� ): m/z (%):
475 (7) [M�Na]� , 451 (8), 240 (100); elemental analysis (%) calcd for
C28H36O5: C 74.29, H 8.02: found: C 74.24, H 7.98.


Cycloadduct 51


Method A : p-TsOH (100 mg, 1 equiv) was added in one portion to
compound 50 (290 mg, 6.42 mmol) dissolved in a solution of THF/H2O
(10:15, 25 mL). The mixture was refluxed immediately under vigorous
stirring (oil bath at 140 8C) for 45 min. After cooling, EtOAc (100 mL) was
added and the two layers were decanted. The product was extracted with
EtOAc (3� 100 mL). The combined organic extracts were washed with
saturated NaHCO3, brine, dried (MgSO4) and evaporated in vacuo.
Purification by flash chromatography (silica gel, EtOAc/PE 2:3) gave 51
(136 mg, 52%) as mixture of two diastereoisomers in thermodynamic
equilibrium at the hemi-acetal position (3:2, determined by 1H NMR).


Method B : A catalytic amount of 10% Pd/C (22 mg) was added to
cycloadduct 41 (215 mg, 6.18 mmol) dissolved in dry THF (10 mL). The
mixture was then stirred under a hydrogen atmosphere for 3 h. After
filtration over Celite and flash chromatography, 51 (114 mg, 53%) was
isolated. Rf� 0.14 (EtOAc/PE 2:3); m.p. 78 8C; [a]23


D �ÿ14 (c� 1.4,
CHCl3); IR (CHCl3): nÄ � 3600 (w), 3000 (m), 2928 (s), 2864 (m), 1701 (s),
1612 (w), 1516 (vs), 1464 (m), 1288 (m), 1248 (vs), 1180 (s), 1036 (s), 984
(m), 820 (w) cmÿ1; 1H NMR (400 MHz, CDCl3): major diastereoisomer:
d� 7.18 (d, J� 8.6 Hz, 2H), 6.84 (d, J� 8.6 Hz, 2H), 6.06 (d, J� 5.7 Hz,
1H), 6.01 (d, J� 5.7 Hz, 1H), 5.57 (t, J� 2.9 Hz, 1H), 3.79 (s, 3 H), 3.67 (d,
J� 10.1 Hz, 1H), 2.69 (d, J� 10.1 Hz, 1H), 2.50 ± 1.62 (m, 11 H), 1.45 ± 1.13
(m, 4H), 0.75 (s, 3H), 0.49 (br d, J� 12.5 Hz, 1H); minor diastereoisomer:
d� 7.19 (d, J� 8.6 Hz, 2H), 6.84 (d, J� 8.6 Hz, 2H), 6.10 (d, J� 5.9 Hz,


1H), 6.07 (d, J� 5.9 Hz, 1H), 5.48 (dd, J� 4.8, 3.3 Hz, 1H), 3.79 (s, 3H),
3.69 (d, J� 10.2 Hz, 1H), 2.85 (d, J� 10.2 Hz, 1H), 2.50 ± 1.62 (m, 11H),
1.45 ± 1.13 (m, 4H), 0.77 (s, 3 H), 0.52 (br d, J� 12.5 Hz, 1H); 13C NMR
(100 MHz, CDCl3): major diastereoisomer: d� 212.3 (C). 157.9 (C), 139.4
(CH), 134.9 (CH), 131.4 (C), 128.1 (2�CH), 113.2 (2�CH), 99.4 (CH),
84.1 (C), 66.2 (C), 61.7 (C), 59.9 (C), 55.4 (CH), 55.2 (CH3), 54.1 (CH), 36.6
(CH2), 36.3 (CH2), 35.1 (CH2), 32.7 (CH2), 28.5 (CH2), 27.6 (CH2), 23.8
(CH2), 21.3 (CH2), 16.1 (CH3); minor diastereoisomer: d� 212.4 (C), 157.9
(C), 139.9 (CH), 134.6 (CH), 131.5 (C), 128.1 (2�CH), 113.2 (2�CH), 98.9
(CH), 84.4 (C), 66.0 (C), 61.9 (C), 60.0 (C), 55.6 (CH), 55.2 (CH3), 53.9
(CH), 35.5 (CH2), 34.6 (CH2), 32.8 (CH2), 32.1 (CH2), 28.7 (CH2), 27.7
(CH2), 23.9 (CH2), 21.3 (CH2), 16.2 (CH3); MS (70 eV): m/z (%): no
molecular peak, 240 (100), 225 (8); MS (FAB� ): m/z (%): 431 (6)
[M�Na]� , 407 (5), 391 (14), 240 (100); MS (CI, CH4): m/z (%): 409 (1)
[M�H]� , 240 (100); HRMS (CI, CH4): calcd for C26H33O4 [M�H]�:
409.2379, found: 409.2385.


Cycloadduct 5b from 41: Cycloadduct 41 (200 mg, 0.49 mmol) in dry
CH2Cl2 (5 mL) was added dropwise at room temperature (water bath)
under N2 to the stirred solution of pyridinium chlorochromate (PCC,
160 mg, 0.74 mmol, 1.5 equiv) in dry CH2Cl2 (10 mL). After the addition
was complete, powdered dry 4 � molecular sieves (100 mg) was poured in
one portion and the mixture was stirred overnight. The black solution was
diluted with dry Et2O (50 mL) and the resulting black precipitate was
triturated several times with dry Et2O. The combined organic layers were
filtered through Celite. After evaporation and flash chromatography (silica
gel, EtOAc/PE 2:3), 5b (152 mg, 76%) was isolated as a white solid. Rf�
0.15 (EtOAc/PE 2:3); [a]23


D �ÿ194 (c� 1.4, CHCl3); physical data are in
complete agreement with those obtained previously in our laboratory by an
alternative route.[3]


Cycloadduct 54 : A solution of H2O2 (5 mL, 30 % in water) was poured at
room temperature to a stirred solution of cycloadduct 44 in a mixture of
THF (50 mL) and saturated aqueous solution of K2CO3 (50 mL). The
resulting exothermic reaction was cooled with a water bath. After 1 h,
additional H2O2 was added (5 mL) and the reaction was stirred overnight
(20 h). The compound was extracted with EtOAc, washed with 5 % FeSO4


solution in H2O and dried (MgSO4). Purification by flash chromatography
(silica gel, EtOAc/PE 1:4) gave 54 (149 mg, 48 %) as a white amorphous
solid. Rf� 0.29 (EtOAc/PE 2:3); m.p. 175 8C; [a]21


D �ÿ8 (c� 0.6, CHCl3);
IR (CHCl3): nÄ � 3688 (w), 3552 (w), 3000 (w), 2932 (m), 2856 (w), 2252 (w),
1716 (vs), 1612 (w), 1516 (vs), 1464 (w), 1444 (w), 1344 (w), 1292 (w), 1252
(vs), 1180 (m), 1036 (m), 908 (w), 820 (w) cmÿ1; 1H NMR (400 MHz,
[D6]DMSO): d� 7.14 (d, J� 8.9 Hz, 2H), 6.85 (d, J� 8.9 Hz, 2H), 5.98 (d,
J� 5.7 Hz, 1H), 5.92 (d, J� 5.7 Hz, 1 H), 3.98 (d, J� 10.5 Hz, 1H), 3.73 (s,
3H), 3.50 (d, J� 4.4 Hz, 1 H), 3.32 (d, J� 4.4 Hz, 1 H), 3.10 (d, J� 17.0 Hz,
1H), 3.05 (d, J� 17.0 Hz, 1 H), 2.74 (d, J� 10.5 Hz, 1H), 2.10 (br d, J�
12.0 Hz, 1H), 1.91 (dt, J� 13.0, 3.5 Hz, 1 H), 1.60 (br d, J� 12.0 Hz, 1H),
1.41 ± 1.02 (m, 4H), 0.69 (s, 3 H), 0.38 (br d, J� 12.5 Hz, 1H); 13C NMR
(100 MHz, [D6]DMSO): d� 206.0 (C), 157.9 (C), 139.6 (CH), 134.2 (CH),
131.3 (C), 128.3 (2�CH), 118.3 (C), 113.6 (2�CH), 70.6 (C), 70.5 (C), 63.6
(C), 62.3 (CH), 61.0 (C), 59.9 (CH), 55.3 (CH3), 53.4 (CH), 51.9 (CH), 30.6
(CH2), 28.5 (CH2), 27.0 (CH2), 23.6 (CH2), 21.1 (CH2), 15.9 (CH3); MS
(70 eV): m/z (%): 405 (1.5) [M]� , 240 (100); HRMS: calcd for C25H27O4N:
405.1940, found: 405.1938.


Cycloadduct 55 : A solution of tert-butylhydroperoxide (HOOtBu) in
decane (5.5m, 2.1 mL, 10 equiv) diluted in dry THF (10 mL) was stirred at
ÿ50 8C under N2. tBuLi (1.5m in pentane, 7.53 mL) was added dropwise
from a syringe and the mixture was stirred for further 15 min at this
temperature. The mixture was warmed to ÿ40 8C and the cycloadduct 46
(515 mg, 1.14 mmol) in dry THF (5 mL) was added dropwise. The mixture
was stirred for 5 h at a temperature maintained between ÿ30 8C and
ÿ20 8C and for 5 h between 0 8C and 10 8C. After hydrolysis with a
saturated aqueous solution of NH4Cl (150 mL), the product was extracted
with EtOAc (3� 100 mL) and dried (MgSO4). After flash chromatography
(silica gel, EtOAc/PE 3:7), the epoxide 55 (323 mg, 61%) was isolated as a
white amorphous solid and 90 mg of cycloadduct 46 was recovered (17 %).
Rf� 0.23 (EtOAc/PE 2:3); m.p. 138 8C; [a]23


D �ÿ62 (c� 1.2, CHCl3); IR
(CHCl3): nÄ � 3556 (w), 3400 (w), 2932 (m), 2864 (w), 1712 (m), 1616 (w),
1516 (m), 1264 (s), 1248 (m), 1228 (m), 1180 (m), 1140 (m), 1036 (m), 908
(w) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.27 (d, J� 8.8 Hz, 2H), 6.86 (d,
J� 8.8 Hz, 2H), 6.28 (d, J� 5.8 Hz, 1 H), 6.06 (d, J� 5.8 Hz, 1H), 4.93 (t,
J� 3.7 Hz, 1H), 3.99 (m, 2 H), 3.88 (m, 2H), 3.78 (s, 3H), 3.66 (d, J�
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9.6 Hz, 1H), 3.24 (d, J� 3.9 Hz, 1H), 3.16 (d, J� 3.9 Hz, 1H), 2.65 (d, J�
9.6 Hz, 1H), 2.43 (br d, J� 12.0 Hz, 1H), 1.94 ± 1.77 (m, 5H), 1.61 (br d, J�
12.0 Hz, 1 H), 1.46 ± 1.10 (m, 4 H), 0.74 (s, 3H), 0.41 (br d, J� 12.5 Hz, 1H);
13C NMR (100 MHz, CDCl3): d� 205.3 (C), 158.2 (C), 140.9 (CH), 135.0
(CH), 129.2 (C), 128.9 (2�CH), 113.0 (2�CH), 103.9 (CH), 71.9 (C), 70.2
(C), 65.07 (CH2), 65.06 (CH2), 63.5 (CH), 62.8 (C), 62.2 (C), 56.4 (CH), 55.1
(CH3), 52.7 (CH), 52.6 (CH), 36.5 (CH2), 28.9 (CH2), 27.8 (CH2), 27.4 (CH2),
23.9 (CH2), 21.2 (CH2), 16.1 (CH3); MS (70 eV): m/z (%): 466 (1) [M]� , 240
(100); HRMS: calcd for C28H34O6: 466.2354, found: 466.2372.


Cycloadduct 56 : A solution of HOOtBu in decane (5.5m, 0.66 mL,
10 equiv) diluted in dry THF (5 mL) was cooled at ÿ50 8C. tBuLi (1.5m,
2.4 mL) was added dropwise from a syringe into this solution and the
mixture was stirred for 15 min at this temperature. The cycloadduct 48
(175 mg, 0.37 mmol) in dry THF (3 mL) was added dropwise into the
mixture at ÿ50 8C. The solution was stirred for 5 h at a temperature
maintained between ÿ30 8C and ÿ20 8C and for 5 h at ÿ10 8C. After
hydrolysis with a saturated aqueous solution of NH4Cl (50 mL), the
product was extracted with EtOAc (3� 100 mL) and dried (MgSO4). After
flash chromatography (silica gel, EtOAc/PE 1:3), the epoxide 56 (103 mg,
57%) was isolated as a white amorphous solid and 32 mg of cycloadduct 48
was recovered (18 %). Rf� 0.38 (EtOAc/PE 2:3); m.p. 142 8C; [a]23


D �ÿ78
(c� 1.0, CHCl3); IR (CHCl3): nÄ � 3588 (w), 3448 (w), 3000 (w), 2980 (m),
2928 (m), 2864 (w), 1688 (s), 1612 (w), 1516 (vs), 1464 (w),1444 (w), 1340
(w), 1264 (vs), 1248 (vs), 1180 (s), 1120 (m), 1044 (s), 892 (m), 824 (m) cmÿ1;
1H NMR (400 MHz, CDCl3): d� 7.27 (d, J� 8.8 Hz, 2 H), 6.86 (d, J�
8.8 Hz, 2 H), 6.29 (d, J� 5.7 Hz, 1 H), 6.06 (d, J� 5.7 Hz, 1H), 6.00 (dd,
J� 15.7, 1.0 Hz, 1H), 5.88 (dd, J� 15.7, 4.4 Hz, 1 H), 4.98 (dd, J� 4.4,
1.0 Hz, 1H), 3.79 (s, 3H), 3.72 (d, J� 9.4 Hz, 1 H), 3.66 (m, 2 H), 3.53 (m,
2H), 3.28 (d, J� 4.0 Hz, 1 H), 3.20 (d, J� 4.0 Hz, 1 H), 2.74 (d, J� 9.4 Hz,
1H), 2.36 (m, 1 H), 1.92 (dt, J� 12.7, 3.9 Hz, 1H), 1.61 (m, 1 H), 1.24 (t, J�
7.0 Hz, 6 H), 1.40 ± 1.10 (m, 4H), 0.73 (s, 3 H), 0.44 (br d, J� 12.7 Hz, 1H);
13C NMR (100 MHz, CDCl3): d� 204.9 (C), 158.3 (C), 141.3 (CH), 138.1
(CH), 134.6 (CH), 129.2 (C), 128.9 (2�CH), 126.4 (CH), 113.2 (2�CH),
100.4 (C), 72.8 (C), 69.6 (C), 63.1 (C), 62.5 (CH), 62.1 (C), 61.25 (CH2),
61.23 (CH2), 55.7 (CH), 55.2 (CH3), 53.7 (CH), 52.6 (CH), 29.0 (CH2), 27.9
(CH2), 23.8 (CH2), 21.1 (CH2), 16.2 (CH3), 15.3 (2�CH3); MS (70 eV): m/z
(%): no molecular peak, 240 (100).


(2-Hydroxy-5-oxo-7-oxa-bicyclo[4.1.0]hept-3-en-2-yl)-acetonitrile (57):
The cycloadduct 54 (328 mg, 8.43 mmol) was placed in a flash vacuum
pyrolysis apparatus at 200 8C and 1.5� 10ÿ2 mbar. Through sublimation at
350 8C, an oil was collected into a trap cooled with liquid N2. After flash
chromatography (silica gel, EtOAc/PE 3:7), 57 (126 mg, 91%) was isolated
as white crystals. Rf� 0.19 (EtOAc/PE 2:3); m.p. 84 8C; [a]20


D �ÿ273 (c�
0.9, CHCl3); IR (CHCl3): nÄ � 3684 (w), 3580 (w), 3412 (w), 3392 (w), 2252
(w), 1696 (vs), 1600 (w), 1268 (m), 1076 (m), 824 (m) cmÿ1; 1H NMR
(400 MHz, CD3OD): d� 6.98 (dd, J� 10.5, 2.7 Hz, 1H), 5.97 (dd, J� 10.5,
1.9 Hz, 1 H), 3.75 (dd, J� 3.8, 2.7 Hz, 1H), 3.50 (dd, J� 3.8, 1.9 Hz, 1H),
2.99 (d, J� 16.7 Hz, 1 H), 2.92 (d, J� 16.7 Hz, 1 H); 13C NMR (100 MHz,
CD3OD): d� 194.6 (C), 146.9 (CH), 127.2 (CH), 117.7 (C), 67.5 (C), 60.4
(CH), 54.5 (CH), 28.3 (CH2); MS (70 eV): m/z (%): 165 (6) [M]� , 125 (26),
97 (100); HRMS: calcd for C8H7O3N: 165.0426, found: 165.0424.


5-[2-(1,3)Dioxolan-2-yl-ethyl]-5-hydroxy-7-oxa-dicyclo[4.1.0]hept-3-en-2-
one (58): From cycloadduct 55 (288 mg, 6.18 mmol) after pyrolysis (see
conditions described for 57) and flash chromatography (silica gel, EtOAc/
PE 2:3), 58 (134 mg, 96%) was obtained as a colourless oil. Rf� 0.13
(EtOAc/PE 2:3); [a]21


D ��181 (c� 1.1, CHCl3); IR (CHCl3): nÄ � 3671 (w),
3572 (w), 3000 (m), 2950 (w), 2828 (w), 1692 (vs), 1408 (w), 1228 (m), 1144
(m), 1028 (m), 900 (m), 824 (m) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 6.85
(dd, J� 10.6, 2.8 Hz, 1H), 5.89 (dd, J� 10.6, 2.1 Hz, 1H), 4.90 (t, J� 4.2 Hz,
1H), 3.97 (m, 2H), 3.87 (m, 2H), 3.67 (dd, J� 3.9, 2.8 Hz, 1 H), 3.48 (dd,
J� 3.9, 2.1 Hz, 1H), 1.94 ± 1.88 (m, 2H), 1.78 ± 1.72 (m, 2H); 13C NMR
(100 MHz, CDCl3): d� 193.3 (C), 148.9 (CH), 124.7 (CH), 103.4 (CH), 70.5
(C), 65.1 (2�CH2), 58.3 (CH), 54.1 (CH), 32.5 (CH2), 27.2 (CH2); MS
(70 eV): m/z (%): no molecular peak, 225 (1) [MÿH]� , 149 (5), 73 (100);
HRMS: calcd for C11H13O5 [MÿH]�: 225.0763, found: 225.0758.


5-(3,3-Diethoxy-propenyl)-5-hydroxy-7-oxa-bicyclo[4.1.0]hept-3-en-2-one
(59): From cycloadduct 56 (79 mg, 0.17 mmol) after pyrolysis (see
conditions described for 57) and flash chromatography (silica gel,
EtOAc/PE 1:4), 58 (38 mg, 88 %) was obtained as a colourless oil. Rf�
0.26 (EtOAc/PE 2:3); [a]20


D ��331 (c� 1.7, CHCl3); IR (CHCl3): nÄ � 3576
(w), 2980 (m), 2928 (w), 2880 (w), 1692 (vs), 1376 (w), 1228 (w), 1128 (s),


1048 (vs), 1004 (s), 900 (m), 824 (m) cmÿ1; 1H NMR (400 MHz, CDCl3): d�
6.36 (dd, J� 10.5, 2.8 Hz, 1 H), 5.98 (dd, J� 15.8, 4.1 Hz, 1H), 5.89 (dd, J�
10.5, 2.0 Hz, 1 H), 5.83 (dd, J� 15.8, 1.1 Hz, 1 H), 4.08 (dd, J� 4.1, 1.1 Hz,
1H), 3.67 (dd, J� 3.8, 2.8 Hz, 1 H), 3.64 (dq, J� 9.4, 7.1 Hz, 2 H), 3.52 (dd,
J� 3.8, 2.0 Hz, 1H), 3.51 (dq, J� 9.4, 7.1 Hz, 2 H), 1.22 (t, J� 7.1 Hz, 6H);
13C NMR (100 MHz, CDCl3): d� 193.2 (C), 147.6 (CH), 131.9 (CH), 131.5
(CH), 124.2 (CH), 99.9 (CH), 71.2 (C), 61.4 (CH2), 61.3 (CH2), 58.1 (CH),
54.0 (CH), 15.3 (2�CH3); MS (70 eV): m/z (%): 254 (1) [M]� , 253 (1.4),
209 (100), 163 (25), 129 (45), 107 (41); HRMS: calcd for C13H18O5:
254.1154, found: 254.1125.


4-[2-(1,3)Dioxolan-2-yl-ethyl)-4-hydroxy-cyclohex-2-enone (60): From cy-
cloadduct 50 (340 mg, 7.52 mmol) after pyrolysis (see conditions described
for 57) and flash chromatography (silica gel, EtOAc/PE 3:2), 60 (139 mg,
87%) was obtained as a colourless oil. Rf� 0.25 (EtOAc/PE 4:1); [a]21


D �
�28 (c� 0.8, CHCl3); IR (CHCl3): nÄ � 3676 (w), 3596 (w), 3440 (w), 3000
(m), 2956 (m), 2888 (m), 1680 (vs), 1620 (w), 1412 (m), 1228 (s), 1140 (s),
1032 (m), 944 (s) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 6.81 (d, J�
10.3 Hz, 1 H), 5.90 (d, J� 10.3 Hz, 1H), 4.93 (t, J� 3.9 Hz, 1 H), 4.03 ±
3.84 (m, 4H), 2.62 (dt, J� 17.3, 6.1 Hz, 1H), 2.41 (dt, J� 17.3, 7.0 Hz,
1H), 2.10 (dd, J� 7.0, 6.1 Hz, 2 H), 1.94 ± 1.73 (m, 4H); 13C NMR
(100 MHz, CDCl3): d� 199.4 (C), 154.4 (CH), 128.2 (CH), 103.9 (CH),
69.2 (C), 65.0 (2�CH2), 34.8 (CH2), 34.4 (CH2), 33.3 (CH2), 27.5 (CH2); MS
(70 eV): m/z (%): 212 (2) [M]� , 184 (3), 73 (100); HRMS: calcd for
C11H16O4: 212.1049, found: 212.1050.


(4-Bromo-2-hydroxy-5-oxo-7-oxa-bicyclo[4.1.0]hept-3-en-2-yl)-acetoni-
trile (61): A solution of Br2 diluted in dry CH2Cl2 (0.46 mL, 1m, 1.1 equiv)
was injected dropwise to a cooled solution (ice bath) of the enone 57
(69 mg, 0.42 mmol) in dry CH2Cl2 (2 mL). The mixture was stirred for 1 h at
this temperature and triethylamine (0.46 mL, 3 equiv) was added. As the
triethylamine was injected dropwise, the orange-red solution turned
colourless to black. After 1 h at room temperature, the solution was
poured into a biphasic mixture of H2O/Et2O (1:1, 50 mL). After decant-
ation, the product was extracted with EtOAc (3� 50 mL). The combined
organic layers were washed with a solution of HCl (1n, 150 mL), dried
(MgSO4) and evaporated in vacuo. Purification by flash chromatography
(silica gel, EtOAc/PE 1:4) gave 61 (69 mg, 68 %) as a pale yellow oil. Rf�
0.32 (EtOAc/PE 2:3); [a]22


D �ÿ108 (c� 0.5, CHCl3); IR (CHCl3): nÄ � 3680
(w), 3572 (w), 3392 (w), 3016 (w), 2252 (w), 1732 (s), 1708 (vs), 1612 (w),
1376 (w), 1264 (s), 1248 (m), 1084 (w), 1044 (m), 876 (w) cmÿ1; 1H NMR
(400 MHz, CDCl3): d� 7.04 (d, J� 2.6 Hz, 1 H), 3.83 (dd, J� 3.6, 2.6 Hz,
1H), 3.74 (d, J� 3.6, 1H), 3.00 (d, J� 16.7 Hz, 1 H), 2.89 (d, J� 16.7 Hz,
1H); 13C NMR (100 MHz, CDCl3): d� 186.6 (C), 144.3 (CH), 123.8 (C),
115.4 (C), 69.1 (C), 58.8 (CH), 53.4 (CH), 27.7 (CH2); MS (70 eV): m/z (%):
245 (1.5) [C8H6O3


81BrN]� , 243 (1.6) [C8H6O3
79BrN]� , 205 (97), 203 (100),


177 (19.4), 175 (19.8); HRMS: calcd for C8H6O3
79BrN: 242.9531, found:


242.9520.


rac-1-Oxa-spiro[4.4]non-7-en-6-one (rac-8): KH (272 mg, 6.8 mmol, wash-
ed with pentane prior to use) was added portionwise to spiro-ketone rac-
62[35] (450 mg, 3.2 mmol) and methyl phenylsulfinate (490 mg, 3.2 mmol) in
dry THF (10 mL). The mixture was stirred for 1 h at room temperature
under N2 (changed to a deep red colour). The solution was concentrated
and the residue was partitioned between an aqueous solution H3PO4 (0.5m)
and CH2Cl2. The aqueous layer was extracted with additional CH2Cl2 (2�
). The combined organic extracts were dried (MgSO4) and the mixture was
refluxed in toluene (40 mL) with Na2CO3 (1.87 g) for 2 h. After filtration
through a pad of Celite, and several washings with EtOAc, the solvent was
evaporated in vacuo (water bath below 40 8C). After flash chromatography
(silica gel, Et2O/PE 1:4), rac-8 (243 mg, 55 %) was isolated as a colourless
oil. Rf� 0.23 (Et2O/PE 1:1), IR (CHCl3): nÄ � 2980 (m), 3956 (m), 2998 (m),
2872 (w), 1716 (s), 1588 (w), 1456 (w), 1424 (w), 1344 (w), 1168 (w), 1104
(w), 1064 (s), 1024 (w), 992 (w), 948 (w) cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 7.65 (ddd, J� 6.3, 2.9 Hz, 1H), 6.18 (ddd, J� 6.3, 2.4 Hz, 1 H), 4.10 (dd,
J� 8.0, 7.0 Hz, 1H), 4.03 (ddd, J� 8.0, 7.0, 4.6 Hz, 1H), 2.86 (dt, J� 18.9,
2.4 Hz, 1 H), 2.72 (ddd, J� 18.9, 2.9, 2.0 Hz, 1H), 2.22 (m, 1 H), 2.11 (dt, J�
11.4, 7.0 Hz, 1H), 2.01 (dq, J� 11.4, 7.0 Hz, 1H), 1.84 (ddd, J� 11.8, 7.0,
4.8 Hz, 1 H); 13C NMR (100 MHz, CDCl3): d� 209.5 (C), 161.8 (CH), 130.9
(CH), 83.9 (C), 69.6 (CH2), 43.4 (CH2), 35.4 (CH2), 26.2 (CH2); MS (70 eV):
m/z (%): 138 (14) [M]� , 110 (19), 84 (100), 82 (64), 68 (43); HRMS: calcd
for C8H10O2: 138.0681, found: 138.0689.


Cycloadducts 63 and 64 : Diene 1 (996 mg, 4.15 mmol, 0.5 equiv) and
racemic spiro-enone rac-8 (1.15 g, 8.3 mmol, 1 equiv) in CH2Cl2 (10 mL)
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were converted under high pressure (20 kbar, 6 d) into a mixture of 63 and
64 in a ratio of 32:68 (determined by 1H NMR). After flash chromatog-
raphy, cycloadducts 63 (324 mg, 10 %) and 64 (1.25 g, 40%) were isolated as
colourless crystals and 460 mg of spiro-enone 8 (40 %) was recovered.


Cycloadduct 63 : Rf� 0.36 (EtOAc/PE 1:4); m.p. 128 8C; [a]21
D �ÿ26 (c�


1.3, CHCl3); IR (CHCl3): nÄ � 3000 (m), 2932 (vs), 2864 (m), 1740 (s), 1612
(m), 1516 (vs), 1464 (w), 1444 (w), 1288 (w), 1248 (vs), 1180 (s), 1152 (m),
1092 (w), 1064 (s), 1036 (m), 824 (m) cmÿ1; 1H NMR (400 MHz, CDCl3):
d� 7.21 (d, J� 8.9 Hz, 2H), 6.87 (d, J� 8.9 Hz, 2H), 6.14 (d, J� 5.9 Hz,
1H), 5.97 (d, J� 5.9 Hz, 1H), 4.02 ± 3.86 (m, 2H), 3.79 (s, 3H), 3.73 (d, J�
9.6 Hz, 1 H), 2.71 (ddd, J� 9.6, 9.0, 8.7 Hz, 1H), 2.00 (dd, J� 13.3, 9.2 Hz,
1H), 1.99 ± 1.80 (m, 5 H), 1.65 (dd, J� 13.3, 8.3 Hz, 1 H), 1.64 (m, 1 H), 1.45
(br d, J� 11.4 Hz, 1H), 1.38 ± 1.15 (m, 4H), 0.76 (s, 3H), 0.64 (br d, J�
12.7 Hz, 1H); 13C NMR (100 MHz, CDCl3): d� 216.8 (C), 15.1 (CH3), 21.5
(CH2), 23.2 (CH2), 25.3 (CH2), 26.1 (CH2), 29.2 (CH2), 34.7 (CH2), 37.1
(CH2), 39.9 (CH), 53.0 (CH), 55.3 (CH3), 59.9 (C), 65.2 (C), 66.5 (C), 69.3
(CH2), 91.0 (C), 113.5 (2�CH), 128.5 (2�CH), 130.7 (C), 138.5 (CH),
138.9 (CH), 158.3 (C); MS (70 eV): m/z (%): 378 (6) [M]� , 266 (40), 251
(27), 240 (100); HRMS: calcd for C25H30O3: 378.2195, found: 378.2163.


Cycloadduct 64 : Rf� 0.4 (EtOAc/PE 1:4); m.p. 123 8C; [a]20
D �ÿ65 (c� 1.2,


CHCl3); IR (CHCl3): nÄ � 3000 (m), 2928 (vs), 2864 (m), 1736 (s), 1612 (m),
1516 (vs), 1464 (m), 1444 (m), 1308 (m), 1288 (m), 1248 (vs), 1180 (vs), 1152
(m), 1036 (s), 824 (m) cmÿ1; 1H NMR (400 MHz, CDCl3): d� 7.24 (d, J�
8.8 Hz, 2H), 6.87 (d, J� 8.8 Hz, 2H), 6.03 (d, J� 5.8 Hz, 1H), 5.93 (d, J�
5.8 Hz, 1H), 3.99 (d, J� 9.6 Hz, 1H), 3.87 (ddd, J� 14.2, 8.0, 4.8 Hz, 1H),
3.78 (s, 3 H), 3.64 (ddd, J� 14.2, 7.2, 7.2 Hz, 1 H), 2.93 (ddd, J� 9.6, 9.3,
7.4 Hz, 1 H), 2.08 (dd, J� 14.7, 9.3 Hz, 1 H), 2.04 ± 1.77 (m, 5 H), 1.63 (m,
1H), 1.49 (dd, J� 4.7, 7.4 Hz, 1H), 1.47 ± 1.17 (m, 5H), 0.78 (s, 3H), 0.63
(br d, J� 12.5 Hz, 1H); 13C NMR (100 MHz, CDCl3): d� 214.8 (C), 158.2
(C), 138.8 (CH), 138.1 (CH), 130.6 (C), 128.6 (2�CH), 113.4 (2�CH), 91.2
(C), 68.0 (CH2), 66.7 (C), 66.2 (C), 59.3 (C), 55.2 (CH3), 54.6 (CH), 42.7
(CH), 34.4 (CH2), 29.2 (CH2), 29.1 (CH2), 26.3 (CH2), 26.0 (CH2), 23.2
(CH2), 21.4 (CH2), 15.1 (CH3); MS (70 eV): m/z (%): 378 (20) [M]� , 266
(94), 251 (42), 240 (100); HRMS: calcd for C25H30O3: 378.2195, found:
378.2194.


(S)-(ÿ)-1-Oxa-spiro[4.4]non-7-en-6-one [(S)-(ÿ)-8]: From cycloadduct 64
(380 mg, 1 mmol) after pyrolysis (see conditions described for 57) and flash
chromatography (silica gel, MeOH/CH2Cl2 1:99), (S)-(ÿ)-8 (129 mg, 93%)
was obtained as a colourless oil. [a]20


D �ÿ116 (c� 1.5, CHCl3).
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Formation of Cyclopentadienyl and Ruthenacyclopentadienyl Derivatives
through Ynenyl ± Diyne and Ynenyl ± Alkyne Couplings onto a Triruthenium
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Abstract: The compound [Ru3(m-H)(m3-
h2-ampy)(CO)9] (1; Hampy� 2-amino-
6-methylpyridine) reacts with diynes
RC4R in THF at reflux temperature to
give the ynenyl derivatives [Ru3(m3-h2-
ampy)(m-h3-RC�CC�CHR)(m-CO)2-
(CO)6] (2 : R�CH2OPh; 3 : R�Ph).
These products contain a 1,4-disubstitut-
ed butynen-3-yl ligand attached to two
ruthenium atoms. The compound
[Ru3(m-h2-ampy){m3-h6-PhCC5(C�CPh)-
HPh2}(CO)7] (4), which contains an
h5-cyclopentadienyl ring and a bridging
carbene fragment, has also been
obtained from the reaction of 1 with
diphenylbutadiyne. This compound
arises from a remarkable [3�2] cyclo-


addition reaction of a preformed 1,4-
diphenylbutynen-4-yl ligand with a tri-
ple bond of a second diphenylbutadiyne
molecule. The reactivity of the ynenyl
derivatives 2 and 3 with diynes and
alkynes has been studied. In all cases,
compounds of the general formula
[Ru3(m-h2-ampy){m3-h5-C(�CHR)-
C�CRCR1�CR2}(CO)7] (5 ± 17) have
been obtained. They all contain a ruth-
enacyclopentadienyl fragment formed
by coupling of the coordinated ynenyl


ligand of 2 (R�CH2OPh) or 3 (R�Ph)
with a triple bond of the new reagent
(the CR1�CR2 fragment results from the
incoming diyne or alkyne reagent).
While most of the products derived from
2 have the alkenyl C�CHR fragment
with a Z configuration (R cis to Ru), all
the compounds obtained from 3 have
this fragment with an E configuration.
Except 2 and 3, all the cluster complexes
described in this article have a five-
electron donor ampy ligand attached
to only two metal atoms, a coordina-
tion mode unprecedented in cluster
chemistry.


Keywords: alkynes ´ cluster com-
pounds ´ cycloaddition ´ diynes ´
ruthenium


Introduction


The reactivity of diynes toward molecular polymetallic
ensembles is currently attracting attention.[1±8] This research


activity has been motivated by a growing interest in poly-
unsaturated molecules and by the fact that diynes are
expected to lead to a richer derivative chemistry than
monoalkynes.


Extensive studies in our groups have shown that amidopyr-
idine-bridged hydridotriruthenium complexes[9±12] are ideal
candidates for the activation of alkynes under the form of
alkenyl derivatives of the type [Ru3(m3-h2-apy)(m-h2-alken-
yl)(m-CO)2(CO)6] (apy� 2-amidopyridine-type ligand).[12±14]


Indeed, the face-capping 2-amidopyridine ligand helps main-
tain the cluster integrity while still providing low activation
energy reaction pathways.[15] To date, over a hundred carbonyl
triruthenium clusters containing m3-2-amidopyridine ligands
have already been reported,[9±20] including some catalyst
precursors for alkyne hydrogenation,[12±14, 17, 18] dimeriza-
tion,[19] polymerization,[19] and hydroformylation[20] reactions.


Unpublished results on the present collaborative project
had revealed that the reactions of this type of cluster
complexes with a butadiyne can lead to two non-interconver-
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tible insertion products (Scheme 1), namely a butyn-3-en-3-yl
species (A) and a butyn-3-en-4-yl species (B).[4]


Scheme 1. The two possible isomers formed on reaction of a symmetric
butadiyne with a hydridoruthenium complex.


Interestingly, only a limited number of ynenyl derivatives
have so far been reported as products of reactions of carbonyl
metal clusters with diynes. The ruthenium derivatives
[Ru2(m-N�CPh2)(m-h2-CH2�CCH2C�CSiMe3)(CO)6][5] and
[Ru4(m-h2-Me2pz)(m4-h4-MeCH�CC�CMe)(m-CO)(CO)10]
(Me2pz� 3,5-dimethylpyrazolate)[6] arise from the insertion
of diynes into a metal ± hydride bond of trinuclear cluster
precursors. The osmium derivatives [Os3(m-H){m3-h3-(E)-
FcCH�CC�CFc}(CO)9] (Fc� ferrocenyl), [Os3(m-OH){m3-h3-
(Z)-FcCH�CC�CFc}(CO)9], and [Os3(m-OH){m3-h3-(E)-
FcCH�CC�CFc}(CO)9] were recently obtained in the reac-
tion of [Os3(m3-h2-FcC�CC�CFc)(CO)10][1a] with water.[1b]


Finally, an additional cluster complex bearing an ynenyl
ligand attached to three metal atoms, namely [Ru3{m-NS(O)-
MePh}(m3-h3-PhCH�CC�CPh)(CO)9], was obtained through
a metal-mediated acetylide ± vinylidene coupling.[21]


All the above-mentioned data prompted us to study, in a
collaborative project between our research groups, the
reactivity of [Ru3(m-H)(m3-h2-ampy)(CO)9] (1; Hampy� 2-
amino-6-methylpyridine)[11] with diynes. We used the ampy
ligand because its methyl group facilitates the monitoring of
the reactions by 1H NMR spectroscopy, making it easier to see
how many products are in the reaction mixtures.


We now report that compound 1 is prone to incorporate
more than one molecule of diyne. In addition to one of the
expected ynenyl species effectively obtained as the primary
product of diyne insertion, we have isolated an ynenyl-diyne
coupling product resulting from an unprecedented cluster-
mediated [3�2] cycloaddition process. As shown below,
attempts to shed light on the mechanism of this odd coupling
reaction have led to the isolation of a growing family of novel
metallacyclic derivatives, which also arise from ynenyl-diyne
or ynenyl-alkyne coupling processes. The results reported
herein reveal that the nature of the primary insertion product
(Scheme 1) determines the nature of the coupled product
obtained with an incoming diyne or alkyne. One development
of the present work is the hint that such coupling reactions may
be facilitated by subtle changes in the coordination mode of the
ancillary 2-amidopyridine ligand relative to the cluster core.


Results and Discussion


Reactions of complex 1 with diynes : The reaction of 1 with
1,6-diphenoxy-2,4-hexadiyne in THF at reflux temperature


gave the m-h3-ynenyl derivative [Ru3(m3-h2-ampy)(m-h3-
PhOCH2C�CC�CHCH2OPh)(m-CO)2(CO)6] (2) in 40 %
yield. A similar reaction using diphenylbutadiyne allowed
the isolation of two products, namely, the m-h3-ynenyl
derivative [Ru3(m3-h2-ampy)(m-h3-PhC�CC�CHPh)(m-CO)2-
(CO)6] (3, 24 % yield) and the cyclopentadienyl derivative
[Ru3(m-h2-ampy){m3-h6-PhCC5(C�CPh)HPh2}(CO)7] (4, 9 %
yield) (Scheme 2). A slight excess of diyne (1.5 ± 1.7 equiva-
lents) proved necessary for the total consumption of the
starting complex. The reactions were followed by IR spectros-
copy and were worked up when the IR absorptions of
compound 1 were no longer observed. Longer reaction times
or the use or a larger amount of diyne did not increase the
yield, but did increase the amount of intractable decomposi-
tion materials.


Scheme 2. Synthesis of compounds 2 ± 4.


Characterization of compounds 2 and 3 : The trinuclear nature
of 2 and 3 (Scheme 2) was suggested by their microanalyses
and mass spectra. Their IR spectra indicated that both contain
bridging CO ligands. Their 1H NMR spectra confirmed the
absence of hydride ligands and the transfer of a hydrogen
atom to the original diyne. For compound 2, the multiplicity of
this signal (doublet of doublets, J� 8.1 and 7.1 Hz) together
with selective decoupling experiments indicated that this
hydrogen is located on a carbon atom adjacent to a methylene
group. This was consistent with the occurrence of a migratory
insertion of the corresponding diyne into the RuÿH bond to
give an ynenyl ligand. In order to gain more insight into the
structural arrangement of the ligands, both compounds were
studied by X-ray diffraction methods.


Figure 1 shows the molecular structure of compound 2.
Selected interatomic distances are listed in Table 1. The
structure consists of an isosceles triangular arrangement of
ruthenium atoms, with one long, Ru1 ± Ru3, and two short
edges, Ru1 ± Ru2 and Ru2 ± Ru3. The ampy ligand is attached
to the three metal atoms in the same way as previously found
for 2-amidopyridine ligands in many other trinuclear ruthe-
nium clusters.[9±20] A butyn-3-en-3-yl ligand is attached to the
metal atoms of the longest Ru ± Ru edge through three carbon
atoms, C15, C16, and C17. The coordination shell of the
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Figure 1. ORTEP representation of the molecular structure of
compound 2.


cluster is completed with eight carbonyl ligands, two of them
spanning the two short Ru ± Ru edges.


Regarding the ynenyl ligand, the C17 ± C18 bond length,
1.339 �, and the angle C17-C18-C19, 122.28, indicate the
presence of a double bond between C17 and C18. The
arrangement of the C15, C16, and C17 atoms is nearly linear,
178.78. Although the C15 ± C16 bond length, 1.260 �, is
slightly longer than that found in coordinated h2-alkynes
(1.20 �),[22] the C16 ± C17 bond length, 1.363 �, is about 0.1 �
shorter than that expected for single CÿC bonds. In addition,
the C15 ± Ru1 bond length, 2.131 �, is approximately 0.25 �
shorter than expected for coordinated h2-alkynes,[22] and there
is a clear interaction between C16 and Ru3, 2.490 �.


These structural data indicate that compound 2 can be
considered as a resonance hybrid of two cannonical forms, one
with a three-electron donor 1,4-disubstituted butynen-3-yl
ligand and the other with a five-electron donor 1,4-disubsti-
tuted butatrienyl ligand (Scheme 3), with the former contri-
buting more than the latter. This proposal is also supported by
the fact that the Ru1 ± Ru3 distance, 2.918 �, is longer than
expected for normal Ru ± Ru bonds, that are in the range 2.6 ±
2.8 �, but short enough to be considered a metal ± metal


Scheme 3. Canonical forms contributing to compounds 2 and 3.


interaction. As the electron count for each cannonical form is
48 and 50, respectively, corresponding to the existence of
three and two metal ± metal bonds,[23] respectively, the reso-
nance hybrid should present an intermediate bonding situa-
tion, as observed in compound 2.


Figure 2 shows the molecular structure of compound 3.
Selected interatomic distances are listed in Table 1. For quick
comparisons, a common atomic numbering scheme was used
for the structures of compounds 2 and 3. The structure of 3 is
entirely analogous to that of complex 2, except for the R
groups attached to the butynenyl fragment.


Figure 2. ORTEP representation of the molecular structure of
compound 3.


While a few mononuclear complexes containing butynenyl
ligands have been reported (they all made by coupling of
monoalkyne fragments),[24] the number of known polymetallic
complexes containing these ligands is reduced to one binu-
clear complex (also made by coupling of monoalkyne frag-
ments)[22] and to those mentioned in the introduction of this
article. To the best of our knowledge, only one complex
containing a butatrienyl ligand has been published, namely
[Ru3{m3-NS(O)MePh}(m3-h3-PhCH�C�C�CPh)(m-CO)(CO)7].
In this complex, the butatrienyl ligand also arises from the
coupling of two monoalkyne fragments.[21]


Early in our investigation, it appeared that both 2 and 3
resulted from one of the two possible insertion products
mentioned in the introduction (Scheme 1, type A), in sharp
contrast with what had been observed in the reaction of
diphenylbutadiyne with a slightly different precursor, [Ru3(m-
H)(m3-h2-pyNMe)(CO)9], which led to the two isomers.[4]


However, as shown below, indirect evidence for the existence


Table 1. Selected interatomic distances [�] in compounds 2 and 3.


2 3


Ru1ÿRu2 2.693(2) 2.675(1)
Ru1ÿRu3 2.918(2) 2.924(2)
Ru2ÿRu3 2.747(1) 2.752(2)
Ru1ÿN1 2.144(5) 2.140(6)
Ru1ÿC15 2.131(7) 2.127(7)
Ru1ÿC16 2.572(6) 2.572(7)
Ru2ÿN1 2.122(5) 2.141(6)
Ru3ÿN2 2.210(5) 2.203(6)
Ru3ÿC16 2.490(6) 2.456(7)
Ru3ÿC17 2.075(6) 2.086(7)
C15ÿC16 1.260(9) 1.283(9)
C15ÿC26 1.486(9) ±
C15ÿC27 ± 1.479(9)
C16ÿC17 1.363(8) 1.333(9)
C17ÿC18 1.339(9) 1.33(1)
C18ÿC19 1.49(1) ±
C18ÿC20 ± 1.45(1)
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(in one case) of the ªmissingº isomer (type B) was sub-
sequently obtained.


Structure of compound 4 : Both the microanalysis and the
mass spectrum of compound 4 suggested a trinuclear struc-
ture, but no relevant structural features could be obtained
from its IR and NMR spectra. Its structure was determined by
X-ray diffraction methods (Figure 3). A selection of inter-
atomic distances is given in Table 2.


Figure 3. ORTEP representation of the molecular structure of
compound 4.


The compound is a trinuclear cluster with only two Ru ± Ru
bonds, since the metal atoms of its longest edge, Ru2 ± Ru3 are
very far apart, 4.546 �. The ampy ligand is only attached to
the metal ± metal bonded ruthenium atoms Ru1 and Ru2, with
its amidic nitrogen atom N1 spanning both metal atoms and
its pyridinic nitrogen N2 bonded to Ru2. This results in a very
small N1-Ru2-N2 bite angle, 62.68. The hydrocarbyl ligand
can be described as a tetrasubstituted cyclopentadienyl ring
attached in an h5-manner to Ru3, with Ru3 ± C(Cp) distances
in the range 2.23 ± 2.31 �, with one substituent, a CPh
fragment which acts as a carbene ligand, asymmetrically
spanning the other two ruthenium atoms through the carbon
atom C15, Ru1 ± C15 2.27 �, Ru2 ± C15 2.04 �. The remain-
ing substituents of the cyclopentadienyl ring are two phenyl
groups and one phenylethynyl group. The coordination shell
of the cluster is completed with seven terminal carbonyl
ligands.


As far as we know, complex 4 is the first example of a
trinuclear cluster in which a 2-amidopyridine ligand acts as a
five-electron donor attached to only two metal atoms. In
trinuclear rhenium clusters,[25] these ligands have hitherto
behaved as m3-h2 five-electron donor ligands. In the case of
triruthenium[9±20] and triosmium clusters,[26] the m3-h2 five-
electron-donor coordination mode predominates (there are
hundreds of examples) over the m-h2 three-electron-donor
coordination mode, for which only two examples, one for
ruthenium[9] and one for osmium,[26] have been reported.


Insights into the formation of compounds 2 ± 4 : The coordi-
nation of the diyne to complex 1 should be one of the first
steps in the formation of compounds 2 ± 4. This may be
accompanied by the release of a CO ligand. As mentioned
above, the primary diyne complex would have the possibility
to undergo a migratory insertion into a Ru ± H bond to give
either a butyn-3-en-3-yl ligand (intermediate A in Scheme 4)
or a butyn-3-en-4-yl ligand (intermediate B in Scheme 5). A
simple rearrangement in the coordination of the ynenyl ligand
of A through s ± p interchange in the coordination of the C�C
fragment to both metal atoms, followed by coordination of the
triple bond would lead to compounds 2 and 3 (Scheme 4).


The cyclopentadienyl ligand of compound 4 appears as the
result of a remarkable [3�2] cycloaddition of a C�C fragment
of a butadiyne molecule with a preformed butyn-3-en-4-yl
ligand. Thermal[27] and metal mediated[28] [3�2]-cycloaddition
processes, although common when the reagents contain
heteroatoms (1,3-dipolar cycloadditions give five-membered
heterocycles as products), are unusual for the synthesis of C5


rings (substituted cyclopentanes and cyclopentenes), and


Scheme 4. Reaction pathway that leads to compounds 2 and 3 (carbonyl
groups are omitted for clarity).


Table 2. Selected interatomic distances [�] in compound 4.


Ru1ÿRu2 2.693(4) Ru3ÿC40 2.24(1)
Ru1ÿRu3 2.797(4) Ru3ÿC41 2.25(1)
Ru2ÿRu3 4.546(2) C15ÿC16 1.51(2)
Ru1ÿN1 2.17(1) C16ÿC17 1.42(1)
Ru1ÿC15 2.27(1) C16ÿC40 1.46(1)
Ru2ÿN1 2.104(9) C17ÿC18 1.41(1)
Ru2ÿN2 2.21(1) C18ÿC41 1.43(1)
Ru2ÿC15 2.04(1) C40ÿC41 1.44(2)
Ru3ÿC16 2.31(1) C41ÿC42 1.42(2)
Ru3ÿC17 2.23(1) C42ÿC43 1.19(2)
Ru3ÿC18 2.28(1) C43ÿC45 1.45(2)
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Scheme 5. Reaction pathway that leads to compound 4 (carbonyl groups
are omitted for clarity).


heretofore unknown for the preparation of cyclopentadiene
and cyclopentadienyl rings.


The position of the hydrogen atom in the cyclopentadienyl
ring of 4 indicates that the ynenyl intermediate should have
the hydrogen atom on C3 (intermediate B in Scheme 5). A
subsequent rearrangement of this butyn-3-en-4-yl ligand on
the cluster and the addition of a new molecule of diyne would
lead, in several steps, to compound 4 (Scheme 5). Clearly the
existence of 4 provides an indirect evidence for the existence
of the elusive, unobserved, type-B butyn-3-en-4-yl isomer.
The latter is probably too reactive to be intercepted and
undergoes fast reaction with an incoming diyne to produce 4.


All attempts (using different solvents, and varying temper-
ature and/or reactant ratios) to isolate a cyclopentadienyl
complex analogous to 4 but derived from 1 and 2,6-diphen-
oxy-2,4-hexadiyne were unsuccessful, thereby suggesting that
this diyne is selectively inserted under the form of a butyn-3-
en-3-yl intermediate (type A).


Reactions of complexes 2 and 3 with diynes and alkynes : With
the above observations in mind, it was of interest to examine
whether the butyn-3-en-3-yl complex 3 was also susceptible to
undergo further reaction with an incoming diyne.


Effectively, compound 3 was found to react with excess
(1.5 ± 3.0-fold) of disubstituted butadiynes in THF at reflux
temperature to give the ruthenacyclopentadienyl derivatives
[Ru3(m-h2-ampy){m3-h5-(E)-C(�CHPh)C�CPhC(C�CR)�CR}-
(CO)7] (5 : R�Ph; 6 : R�Me; 7: R�CH2OPh) in 20 ± 32 %
yield (Scheme 6). The excess of diyne was necessary in order
to consume all the starting material 3 in a reasonable time


Scheme 6. Synthesis of compounds 5 ± 11.


(1.5 ± 3.0 h), avoiding extensive decomposition. The reactions
were followed by IR spectroscopy and were worked up when
the IR absorptions of compound 3 were no longer observed.
Higher temperatures, longer reaction times, or the use of a
larger amount of diyne did not increase the product yields, but
did increase the amount of intractable decomposition materi-
als, due to the limited thermal stability of the products.


The notations E or Z in the formulas of the ruthenacyclo-
pentadienyl derivatives described in this article refer to trans
or cis arrangements of the ruthenium atom and the R group
attached to the alkenyl fragment of these complexes, respec-
tively.


Since the structure of products 5 ± 7 revealed that one of the
C�C bonds of the diyne reagents was not involved in the
cyclization (vide infra), we wondered whether closely related
products could be prepared upon reaction of 3 with mono-
alkynes. This effectively proved to be the case. Typically, the
reaction of complex 3 with alkynes produced the ruthena-
cyclopentadienyl derivatives [Ru3(m-h2-ampy){m3-h5-(E)-
C(�CHPh)C�CPhCR2�CR1}(CO)7] (8 : R1�R2�Ph; 9 :
R1�R2�CO2Me; 10 : R1�CO2Me, R2�H; 11: R1�
C(OH)Me2, R2�H) (Scheme 6). In this case, the best yields,
though low (5 ± 15 %), were obtained carrying out the
reactions in refluxing toluene.


Related results, but not analogous as far as structure is
concerned, were obtained by treatment of compound 2 with
disubstituted butadiynes and alkynes. These reactions led to
the ruthenacyclopentadienyl derivatives [Ru3(m-h2-ampy){m3-
h5-(Z)-C(�CHCH2OPh)C�C(CH2OPh)C(C�CR)�CR}(CO)7]
(12: R�Ph; 13 : R�CH2OPh), [Ru3(m-h2-ampy){m3-h5-(Z)-
C(�CHCH2OPh)C�C(CH2OPh)CR2�CR1}(CO)7] (14 : R1�
R2�Ph; 15 : R1�C(OH)Ph2, R2�H; 16 a : R1�CO2Me,
R2�H; 17a : R1�C(OH)Me2, R2�H), and [Ru3(m-h2-ampy)-
{m3-h5-(E)-C(�CHCH2OPh)C�C(CH2OPh)CR2�CR1}(CO)7]
(16 b : R1�CO2Me, R2�H; 17 b : R1�C(OH)Me2, R2�H)
(Scheme 7). It should be noted that, in contrast to the
products derived from compound 3, which are E isomers
(5 ± 11), most of the ruthenacyclopentadienyl complexes
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Scheme 7. Synthesis of compounds 12 ± 17.


derived from 2 are Z isomers, and in the cases where E
isomers are observed (compounds 16 b and 17 b), these are
formed together with their corresponding Z isomers (com-
pounds 16 a and 17 a).


Characterization of compounds 5 ± 17: All these compounds
show the same pattern of carbonyl absorptions in their IR
spectra, indicating that the complexes have similar structural
skeletons that differ only in the nature of their substituents.
Crystals of compounds 6 and 11 were studied by X-ray
diffraction methods.


Figure 4 shows the molecular structure of compound 6.
Selected interatomic distances are listed in Table 3. The
compound is a trinuclear cluster with two metal ± metal bonds,
Ru1 ± Ru2 and Ru1 ± Ru3. The ampy ligand is only attached to
Ru1 and Ru2, with its amidic nitrogen atom N1 spanning both
metal atoms and its pyridinic nitrogen N2 bonded to Ru2, in
the same way as in complex 4. The metal atom Ru3 is
integrated within a ruthenacyclopentadienyl ring which is h5-
coordinated to Ru1. An alkenyl fragment connects Ru2 to one
of the carbon atoms of the ruthenacyclopentadienyl ring, C16,
through one of its carbon atoms, C17. The substituents of the
other carbon atom of the alkenyl fragment, C18, are a
hydrogen atom and a phenyl group, the latter being trans to
the metal atom Ru2. The remaining substituents of the
ruthenacyclopentadienyl ring are a phenyl (attached to C15),
a methylethynyl (attached to C41), and a methyl group
(attached to C40). It seems clear that the two phenyl groups
and the carbon atoms C15 ± C18 arise from the original ynenyl
ligand of compound 3, whereas the methylethynyl and methyl
groups as well as the carbon atoms C40 and C41 arise from the
2,4-hexadiyne reagent. The coordination shell of the cluster is
completed with seven terminal carbonyl ligands.


Figure 4. ORTEP representation of the molecular structure of com-
pound 6.


Figure 5 shows the molecular structure of compound 11.
Selected interatomic distances are listed in Table 3. For quick
comparisons and as far as possible, a common atomic
numbering scheme has been used for the structures of
compounds 6 and 11. The structure of 11 is entirely analogous
to that of complex 6, except for the groups attached to the
carbon atoms C40 and C41 of the ruthenacyclopentadienyl
ring, a CMe2OH group and a hydrogen atom, respectively,
which now arise from the dimethylpropargyl alcohol reagent.


In both compounds the substituent on C40 is bulkier than
that on C41. This incited us to propose that R1 the bulkier
substituent of the diyne or alkyne reagents, which leads to the


Table 3. Selected interatomic distances [�] in compounds 6 and 11.


6 11


Ru1ÿRu2 2.786(1) 2.792(2)
Ru1ÿRu3 2.716(1) 2.741(2)
Ru1ÿN1 2.177(6) 2.21(1)
Ru1ÿC15 2.290(6) 2.28(1)
Ru1ÿC16 2.271(6) 2.30(2)
Ru1ÿC40 2.216(6) 2.26(2)
Ru1ÿC41 2.266(6) 2.29(1)
Ru2ÿN1 2.118(6) 2.09(2)
Ru2ÿN2 2.223(6) 2.22(1)
Ru2ÿC17 2.072(7) 2.02(2)
Ru3ÿC16 2.123(6) 2.12(2)
Ru3ÿC40 2.059(6) 2.06(2)
C15ÿC16 1.425(8) 1.44(2)
C15ÿC27 1.492(9) 1.51(2)
C15ÿC41 1.435(8) 1.43(2)
C16ÿC17 1.463(8) 1.53(2)
C17ÿC18 1.347(9) 1.32(2)
C18ÿC20 1.47(1) 1.43(3)
C40ÿC41 1.445(9) 1.45(2)
C40ÿC44 1.522(9) 1.55(2)
C41ÿC42 1.442(9) ±
C42ÿC43 1.162(9) ±
C43ÿC45 1.46(1)
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Figure 5. ORTEP representation of the molecular structure of
compound 11.


products depicted in Scheme 6 and Scheme 7, ends on the
carbon atom adjacent to the metal atom of the ruthenacyclo-
pentadienyl ring.


That all the products derived from compound 3 (Scheme 6)
have the same arrangement of the alkenyl substituents (Ph
trans to Ru) is also supported by their 1H NMR spectra, which
show the alkenyl proton resonances in a very narrow range of
chemical shifts (ca. d� 6.0, structure I in Table 4). In addition,
most of the products derived from compound 2 (Scheme 7)
also have their alkenyl proton resonances in a narrow range of
chemical shifts, but shifted to lower frequencies (ca. d� 5.4)
from those of the products derived from compound 3.
Curiously, the reactions of compound 2 with methyl propy-
nate and dimethylpropargyl alcohol led to two isomers,
compounds 16 a,b and 17 a,b, respectively. The compounds


16 a and 17 a have their alkenyl proton resonances at d� 5.4,
whereas those of 16 b and 17 b are observed at ca. d� 6.1
(Table 4). The chemical shifts of the ruthenacyclopentadienyl
substituents are nearly the same for each pair of isomers; for
example, the 1H chemical shifts of the hydrogen atoms
attached to the RuC4 rings of compounds 16 a,b and 17 a,b
(R2�H) differ by less than 0.1 ppm for each pair of isomers.
Consequently, we are inclined to propose that the compounds
differ in the arrangement of the alkenyl substituents, rather
than in the arrangement of the RuC4 ring substituents.
Accordingly, we have assigned a cis structure to compounds
12 ± 15, 16 a, and 17 a (structure II in Table 4) and a trans
structure to compounds 16 b and 17 b (structure III in Table 4).
Other isomeric structures in which both isomers have a trans
arrangement of the alkenyl substituents, but differing in the
attachment of the ruthenacyclopentadienyl fragment to one
of the remaining ruthenium atoms (vide infra), cannot be
completely ruled out with the available data.


As mentioned previously for compound 4, the coordination
showed by the ampy ligand in all these complexes has no
precedent in cluster chemistry, although the derivative
chemistry of 2-amidopyridine-bridged trinuclear clusters has
been extensively studied.[9±20, 25, 26] It is curious that such a
hitherto elusive coordination mode has not appeared in an
isolated example. This article describes 16 trinuclear com-
pounds with the ampy ligand acting as a five-electron donor m-
h2-ligand. The coupling reactions described in this article may
be facilitated by subtle changes in the coordination mode of
the ancillary 2-amidopyridine ligand relative to the cluster
core.


Comments on the formation of compounds 5 ± 17: The
formation of a metallacyclopentadienyl ring requires the
coordination of two alkyne fragments to the same metal atom.
In the ynenyl complexes 2 and 3, the vacant site necessary for
coordination of the alkyne or diyne reagent may be created by
rupture of one of the N ± Ru bonds (intermediate D in
Scheme 8). Kinetic studies have previously shown that such a
cluster activation pathway does occur for triruthenium
clusters with m3-2-amidopyridine ligands.[15] As the R group
of the ynenyl ligand and one of the substituents of the alkyne
reagent should be close to each other in intermediate D
(Scheme 8), for steric reasons, this substituent should be the
smallest one. In other words, if R1 is bulkier than R2, it is the
carbon atom that bears R2 that couples to the ynenyl fragment
during the subsequent cyclization step. After cyclization
(intermediate E in Scheme 8), the coordination of the carbon
atoms of the cycle to the central ruthenium atom, in addition
to the release of a CO molecule, would lead to the products
with R2 adjacent to R in the RuC4 cycle and the alkenyl R
group trans to ruthenium (5 ± 11, 16 b and 17 b).


The remaining ruthenacyclic compounds (12 ± 15, 16 a and
17 a) have spectroscopic data (IR, 1H NMR) very similar to
those of 5 ± 11, 16 b and 17 b, except for the 1H chemical shifts
of their alkenyl hydrogen atoms. Excluding the possibility that
compounds 12 ± 15, 16 a and 17 a differ from 5 ± 11, 16 b and
17 b in the positions of the R1 and R2 groups on the
ruthenacyclopentadienyl ring (the isomeric structures would
arise from the two alternative orientations of the alkyne


Table 4. 1H NMR chemical shifts for the alkenyl protons of compounds 5 ± 17.


Structure I Structure II Structure III
R1 R2 d comp. d comp. d comp.


Ph C�CPh 5.99 5 5.47 12
Me C�CMe 5.92 6
CH2OPh C�CCH2OPh 5.94 7 5.42 13
Ph Ph 6.02 8 5.44 14
C(OH)Ph2 H 5.41 15
CO2Me CO2Me 6.05 9
CO2Me H 5.99 10 5.42 16 a 6.16 16b
C(OH)Me2 H 6.00 11 5.43 17 a 6.14 17b
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Scheme 8. Reaction pathway that leads to compounds 5 ± 17 (carbonyl
groups are omitted for clarity).


reagent in intermediate D of Scheme 7), two other types of
isomers of the trans products may be considered; a) those
labeled as ªother isomers Fº in Scheme 8, which would arise
from the attachment of the central ruthenium atom to the
opposite face of the ruthenacyclopentadienyl ring from that
which leads to compounds 5 ± 11, 16 b and 17 b ; and b) those
arising from a cis-trans isomerization of the alkenyl double
bond of the trans products (or of any of their synthetic
intermediates).


We propose that compounds 12 ± 15, 16 a and 17 a have a cis
arrangement of the alkenyl substituents, while maintaining
the remaining atoms in the same positions as those of the trans
products 5 ± 11, 16 b and 17 b. The following supports this
proposal: a) isomers of type F would also have a trans
arrangement of the alkenyl substituents and the same atom
connectivity as the trans products 5 ± 11, 16 b and 17 b. These
characteristics would not lead to the marked differences
observed in the 1H chemical shifts of the alkenyl hydrogen
atoms (Table 4). b) Metal-mediated cis ± trans isomerization
of alkenes has often been observed under mild conditions by
using metal clusters[17, 18, 29] or mononuclear complexes as
catalysts,[30] particularly when the C�C double bond is
attached to a CH2 group, as happens with the compounds
derived from complex 2 (R�CH2OPh).


Some examples of addition of two diyne molecules
to ruthenium carbonyl clusters and their subsequent


coupling to give larger unsaturated hydrocarbyl
ligands,[2b±e, 2g, 3, 7a, 8] which sometimes form ruthenacyclopen-
tadienyl rings,[2b, 2c, 2e, 2g, 3, 7a, 8a] have been reported. However,
this article reports the first coupling reactions of ynenyl
ligands with diynes.


Experimental Section


General : Solvents were dried over sodium diphenyl ketyl (THF, hydro-
carbons) or calcium hydride (dichloromethane, 1,2-dichloroethane) and
distilled under nitrogen prior to use. The reactions were carried out under
nitrogen, by using Schlenk-vacuum line techniques, and were routinely
monitored by solution IR spectroscopy (carbonyl stretching region) and by
spot TLC (silica gel). All reagents were purchased as analytically pure
samples, except compound 1, which was prepared as published.[11] IR
spectra were recorded on a Perkin ± Elmer FT 1720-X spectrometer. NMR
spectra were measured at room temperature by using a Bruker AC200 and
AC300 NMR spectrometer with TMS as an internal standard. Micro-
analyses were performed on a Perkin ± Elmer 2400 instrument. Mass
spectra were recorded on a VG Autospec double-focussing mass spec-
trometer operating in the FAB� mode; ions were produced with a
standard Cs� gun at about 30 kV; 3-nitrobenzyl alcohol (NBA) was used as
matrix; data given refer to the most abundant molecular ion isotopomer.


[Ru3(m3-h2-ampy)(m-h3-PhOCH2C�CC�CHCH2OPh)(m-CO)2(CO)6] (2):
A solution of 1 (150 mg, 0.226 mmol) and 1,6-diphenoxy-2,4-hexadiyne
(89 mg, 0.339 mmol) in THF (20 mL) was stirred at reflux temperature for
10 min. The color changed from yellow to orange. The solvent was removed
under reduced pressure, and the residue dissolved in dichloromethane
(2 mL). This solution was separated by column chromatography (20�
2 cm) on neutral alumina (activity I). Elution with hexane/dichloro-
methane (1:1) afforded two bands. The first band (pale green) contained
the excess of the diyne. The second band (yellow) afforded compound 2
(81 mg, 40%). A dark residue remained at the top of the column. 1H NMR
(CDCl3): d� 7.2 ± 6.9 (m, 10H), 6.88 (dd, J� 8.1, 2.6 Hz, 1 H; CH2), 6.80 (t,
J� 7.9 Hz, 1H; ampy), 6.52 (dd, J� 8.1, 7.1 Hz, 1 H; CH), 6.36 (d, J�
7.9 Hz, 1H; ampy), 5.88 (d, J� 7.9 Hz, 1H; ampy), 5.77 (d, J� 16.0 Hz,
1H; CH2), 4.91 (dd, J� 7.1, 2.6 Hz, 1 H; CH2), 2.64 (br s, 1H; NH), 2.58 (s,
3H; ampy); 13C{1H} NMR (CDCl3): d� 245.5, 241.2, 198.8, 197.4, 195.7,
194.1, 193.9, 193.6, 167.1, 159.7, 158.3, 157.5, 138.2 ± 112.1 (m), 102.5, 72.4,
69.7, 67.9, 57.8, 14.0; IR (CH2Cl2): nÄ � 2065 (vs), 2030 (vs), 2021 (vs), 1994
(s), 1968 (w), 1878 (w), 1828 cmÿ1 (m) (C�O); FAB-MS: m/z : 899 [M]� ;
elemental analysis calcd (%) for C32H22N2O10Ru3 (897.78): C 42.81, H 2.47,
N 3.12; found C 43.20, H 2.56, N 2.81.


[Ru3(m3-h2-ampy)(m-h3-PhC�CC�CHPh)(m-CO)2(CO)6] (3) and [Ru3(m-
h2-ampy){m3-h6-PhCC5(C�CPh)HPh2}(CO)7] (4): A solution of 1 (650 mg,
0.980 mmol) and diphenylbutadiyne (337 mg, 1.666 mmol) in THF (70 mL)
was stirred at reflux temperature for 15 min. The color changed from
yellow to brown-yellow. The solution was concentrated under reduced
pressure to about 3 mL and was applied onto silica gel preparative TLC
plates. Repeated elution with hexane/dichloromethane (2:1) allowed the
isolation of compound 3 (197 mg, 24%) from the fourth band (yellow), and
4 (88 mg, 9%) from the first band (orange). A dark residue remained on
the base line.


Data for 3 : 1H NMR (CDCl3): d� 7.8 ± 7.1 (m, 10 H), 7.43 (s, 1 H; CH), 7.02
(t, J� 7.8 Hz, 1H; ampy), 6.47 (d, J� 7.8 Hz, 1H; ampy), 6.09 (d, J� 7.8 Hz,
1H; ampy), 2.82 (s, 3H; Me); 13C{1H} NMR (CDCl3): d� 244.0, 239.6,
200.5, 199.0, 197.0, 195.9 (2 C), 194.4, 168.1, 160.2, 139.7 ± 113.3 (m), 106.9,
68.8, 62.6, 39.5, 28.9; IR (CH2Cl2): nÄ � 2063 (vs), 2031 (s), 2017 (s), 1994 (m),
1968 (w), 1880 (w), 1826 cmÿ1 (m) (C�O); FAB-MS: m/z : 839 [M]� ;
elemental analysis calcd (%) for C30H18N2O8Ru3 (837.73): C 43.01, H 2.16,
N 3.34; found C 42.85, H 2.17, N 3.11.


Data for 4 : 1H NMR (CDCl3): d� 8.0 ± 6.8 (m, 21H), 6.73 (d, J� 8.0, 1H;
ampy), 5.84 (d, J� 8.0, 1H; ampy), 5.34 (s, 1 H; NH), 3.54 (s, 1 H; H of Cp),
2.30 (s, 3H; Me); 13C{1H} NMR (CDCl3): d� 209.1, 207.0, 206.7, 201.6, 197.2,
196.5, 195.5, 172.8, 162.1, 158.5, 140.9 ± 109.9 (m), 107.2, 105.9, 99.3, 93.6,
89.0, 83.9, 75.7, 23.3; IR (CH2Cl2): nÄ � 2056 (s), 2014 (vs), 1973 (m), 1960
(m), 1946 (m), 1923 cmÿ1 (m) (C�O); FAB-MS: m/z : 1013 [M]� ; elemental
analysis calcd (%) for C45H28N2O7Ru3 (1011.97): C 53.41, H 2.79, N 2.77;
found C 53.41, H 2.98, N 2.72.
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[Ru3(m-h2-ampy){m3-h5-C(�CHPh)C�CPhC(C�CR) �CR}(CO)7] (5: R�
Ph; 6: R�Me; 7: R�CH2OPh): A solution of compound 3 and the
corresponding diyne in THF (20 mL) was stirred at reflux temperature. The
color changed from yellow to brown. The solution was concentrated under
reduced pressure to approximately 1 mL and was applied onto silica gel
preparative TLC plates. Repeated elution with hexane/dichloromethane
(4:1) allowed the isolation of the corresponding compound from the major
band. A brown residue remained on the base line.


Data for 5 : Reagents: 3 (15 mg, 0.018 mmol), diphenylbutadiyne (10 mg,
0.050 mmol); reaction time: 80 min; TLC band: first (yellow); yield: 6 mg,
32%; 1H NMR (CDCl3): d� 7.9 ± 6.7 (m, 22H), 6.11 (d, J� 7.9 Hz, 1H;
ampy), 5.99 (s, 1H; CH), 5.14 (s, 1H; NH), 2.45 (s, 3 H; Me); IR (CH2Cl2):
nÄ � 2069 (vs), 2025 (vs), 2011 (s), 1984 (m), 1958 (m), 1923 cmÿ1 (w) (C�O);
FAB-MS: m/z : 1013 [M]� ; elemental analysis calcd (%) for C45H28N2O7Ru3


(1011.97): C 53.41, H 2.79, N 2.77; found C 53.62, H 2.94, N 2.67.


Data for 6 : Reagents: 3 (50 mg, 0.057 mmol), 2,4-hexadiyne (10 mg,
0.128 mmol); reaction time: 3 h; TLC band: first (yellow); yield: 10 mg,
20%; 1H NMR (CDCl3): d� 7.8 ± 7.1 (m, 11H), 6.73 (d, J� 7.3 Hz, 1H;
ampy), 6.08 (d, J� 7.3, 1H; ampy), 5.92 (s, 1 H; CH), 3.72 (s, 1H; NH), 2,59
(s, 3 H; Me), 2.40 (s, 3H; Me), 2.05 (s, 3H; Me); IR (CH2Cl2): nÄ � 2067 (vs),
2025 (vs), 2005 (s), 1978 (m), 1957 (m), 1926 cmÿ1 (w) (C�O); FAB-MS:
m/z : 889 [M]� ; elemental analysis calcd (%) for C35H24N2O7Ru3 (887.83): C
47.35, H 2.72, N 3.16; found C 47.55, H 2.93, N 2.88.


Data for 7: Reagents: 3 (25 mg, 0.029 mmol), 1,6-diphenoxy-2,4-hexadiyne
(15 mg, 0.057 mmol); reaction time: 4 h; TLC band: second (yellow); yield:
8 mg, 24%; 1H NMR (CDCl3): d� 7.6 ± 6.7 (m, 22 H), 6.05 (d, J� 8.0, 1H;
ampy), 5.94 (s, 1H; CH), 4.82 (s, 2H; CH2), 4.80 (d, J� 10.8 Hz, 1 H; CH2),
4.65 (d, J� 10.8 Hz, 1H; CH2), 2.43 (s, 3H; Me); IR (CH2Cl2): nÄ � 2072
(vs), 2028 (vs), 2011 (s), 1986 (m), 1960 (m), 1936 cmÿ1 (w) (C�O); FAB-
MS: m/z : 1073 [M]� ; elemental analysis calcd (%) for C47H32N2O9Ru3


(1072.03): C 52.66, H 3.01, N 2.61; found C 52.72, H 3.12, N 2.55.


[Ru3(m-h2-ampy){m3-h5-C(�CHPh)C�CPhCR2�CR1}(CO)7] (8: R1�R2�
Ph; 9: R1�R2�CO2Me; 10: R1�CO2Me, R2�H; 11: R1�C(OH)Me2,
R2�H): A solution of compound 3 and the corresponding alkyne in
toluene (20 mL) was stirred at reflux temperature. The color changed from
yellow to brown. The solution was concentrated under reduced pressure to
about 1 mL and was applied onto silica gel preparative TLC plates.
Repeated elution with the appropriate eluant allowed the isolation of the
corresponding compound from the major band. A brown residue remained
on the base line.


Data for 8 : Reagents: 3 (102 mg, 0.122 mmol), diphenylacetylene (45 mg,
0.247 mmol); reaction time: 30 min; eluant: hexane/dichloromethane
(3:1); TLC band: fourth (yellow-orange); yield: 18 mg, 15 %; 1H NMR
(CDCl3): d� 7.57 (t, J� 7.6 Hz, 1 H; ampy), 7.4 ± 6.7 (m, 21H), 6.07 (d, J�
7.6 Hz, 1H; ampy), 6.02 (s, 1 H; CH), 2.48 (s, 3 H; Me); IR (CH2Cl2): nÄ(�
2068 (s), 2026 (s), 2002 (s), 1983 (m), 1958 (m), 1915 cmÿ1 (w) (C�O); FAB-
MS: m/z : 989 [M]� ; elemental analysis calcd (%) for C43H28N2O7Ru3


(987.95): C 52.28, H 2.86, N 2.83; found C 52.43, H 2.99, N 2.62.


Data for 9 : Reagents: 3 (100 mg, 0.119 mmol), dimethyl acetylenedicar-
boxylate (35 mL, 0.285 mmol); reaction time: 50 min; eluant: hexane/
dichloromethane (1:2); TLC band: second (yellow); yield: 15 mg, 13%;
1H NMR (CDCl3): d� 7.68 (t, J� 7.8 Hz, 1H; ampy), 7.2 ± 6.7 (m, 11H),
6.69 (d, J� 7.8 Hz, 1H; ampy), 6.29 (s, 1H; NH), 6.05 (s, 1 H; CH), 3.89 (s,
3H; OMe), 3.78 (s, 3H; OMe), 2.48 (s, 3H; Me); IR (CH2Cl2): nÄ � 2067 (s),
2035 (vs), 2009 (s), 1999 (m), 1965 (m), 1931 cmÿ1 (w) (C�O); FAB-MS:
m/z : 953 [M]� ; elemental analysis calcd (%) for C35H24N2O11Ru3 (951.83):
C 44.17, H 2.54, N 2.94; found C 44.33, H 2.77, N 2.83.


Data for 10 : Reagents: 3 (100 mg, 0.119 mmol), methyl propynate (44 mL,
0.495 mmol); reaction time: 5 min; eluant: hexane/dichloromethane (1:1);
TLC band: third (yellow); yield: 5 mg, 5%; 1H NMR (CDCl3): d� 7.94 (s,
1H; CH of ruthenacycle), 7.8 ± 7.1 (m, 11H), 6.78 (d, J� 7.9 Hz, 1H; ampy),
6.01 (d, J� 7.9 Hz, 1 H; ampy), 5.99 (s, 1H; CH), 3.72 (s, 3H; OMe), 2.45 (s,
3H; Me); IR (CH2Cl2): nÄ � 2077 (s), 2029 (vs), 2018 (vs), 1989 (m), 1961
(m), 1936 cmÿ1 (w) (C�O); FAB-MS: m/z : 895 [M]� ; elemental analysis
calcd (%) for C33H22N2O9Ru3 (893.79): C 44.35, H 2.48, N 3.13; found C
44.62, H 2.64, N 2.98.


Data for 11: Reagents: 3 (100 mg, 0.119 mmol), 2-methyl-3-butyn-2-ol
(24 mL, 0.246 mmol); reaction time: 30 min; eluant: hexane/dichloro-
methane (3:1); TLC band: third (yellow); yield: 12 mg, 11%; 1H NMR
(CDCl3): d� 7.78 (t, J� 8.0 Hz, 1H; ampy), 7.64 (s, 1 H; CH of ruthena-


cycle), 7.7 ± 7.1 (m, 10H), 6.73 (d, J� 8.0 Hz, 1H; ampy), 6.00 (s, 1H; CH),
5.96 (d, J� 8.0 Hz, 1H; ampy), 2.43 (s, 3 H; Me), 1.62 (s, 3H; Me), 1.48 (s,
3H; Me); IR (CH2Cl2): nÄ � 2067 (s), 2026 (vs), 1996 (s), 1982 (m), 1959 (m),
1923 cmÿ1 (w) (C�O); FAB-MS: m/z : 895 [M]� ; elemental analysis calcd
(%) for C34H26N2O8Ru3 (893.83): C 45.69, H 2.93, N 3.13; found C 45.88, H
3.02, N 2.88.


[Ru3(m-h2-ampy){m3-h5-C(�CHCH2OPh)C�C(CH2OPh)C(C�CR)�CR}-
(CO)7] (12: R�Ph; 13: R�CH2OPh): A solution of compound 2 and the
corresponding diyne in toluene (20 mL) was stirred at reflux temperature.
The color changed from yellow to brown. The solution was concentrated
under reduced pressure to about 1 mL and was applied onto silica gel
preparative TLC plates. Repeated elution with the appropriate eluant
allowed the isolation of the corresponding compound from the major band.
A brown residue remained on the base line.


Data for 12 : Reagents: 2 (150 mg, 0.167 mmol), diphenylbutadiyne (68 mg,
0.336 mmol); reaction time: 15 min; eluant: hexane/dichloromethane
(4:1); TLC band: last (yellow); yield: 50 mg, 28%; 1H NMR (CDCl3):
d� 7.41 (t, J� 8.0 Hz, 1H; ampy), 7.4 ± 6.7 (m, 21H), 6.08 (d, J� 8.0 Hz,
1H; ampy), 5.47 (t, J� 6.5 Hz, 1H; CH), 4.82 ± 4.56 (m, 4H; 2 CH2), 4.23 (s,
1H; NH), 2.49 (s, 3H; Me); IR (CH2Cl2): nÄ � 2070 (s), 2029 (vs), 2014 (s),
1983 (m), 1960 (m), 1933 cmÿ1 (w) (C�O); FAB-MS: m/z : 1073 [M]� ;
elemental analysis calcd (%) for C47H32N2O9Ru3 (1072.03): C 52.66, H 3.01,
N 2.61; found C 52.58, H 3.21, N 2.44.


Data for 13 : Reagents: 2 (103 mg, 0.115 mmol), 1,6-diphenoxy-2,4-hexa-
diyne (60 mg, 0.229 mmol); reaction time: 10 min; eluant: hexane/dichloro-
methane (3:2); TLC band: second (yellow); Yield: 9 mg, 7%; 1H NMR
(CDCl3): d� 7.39 (t, J� 7.8 Hz, 1 H; ampy), 7.4 ± 6.7 (m, 21H), 6.05 (d, J�
7.8 Hz, 1 H; ampy), 5.42 (t, J� 6.6 Hz, 1H; CH), 4.65 ± 4.51 (m, 8H; 4 CH2),
4.01 (s, 1 H; NH), 2.45 (s, 3H; Me); IR (CH2Cl2): nÄ � 2073 (s), 2030 (vs),
2012 (s), 1985 (m), 1961 (m), 1928 cmÿ1 (w) (C�O); FAB-MS: m/z : 1133
[M]� ; elemental analysis calcd (%) for C49H36N2O11Ru3 (1132.08): C 51.99,
H 3.21, N 2.47; found C 52.31, H 3.46, N 2.15.


[Ru3(m-h2-ampy){m3-h5-C(�CHCH2OPh)C�C(CH2OPh)CR2�CR1}(CO)7]
(14: R1�R2�Ph; 15: R1�C(OH)Ph2, R2�H; 16 a (Z) and 16 b (E): R1�
CO2Me, R2�H; 17a (Z) and 17b (E): R1�C(OH)Me2, R2�H): A
solution of compound 2 and the corresponding alkyne in toluene (20 mL)
was stirred at reflux temperature. The color changed from yellow to brown.
The solution was concentrated under reduced pressure to approximately
1 mL and was applied onto silica gel preparative TLC plates. Repeated
elution with the appropriate eluant allowed the isolation of the corre-
sponding compound(s) from the major band(s). A brown residue remained
on the base line.


Data for 14 : Reagents: 2 (100 mg, 0.111 mmol), diphenylacetylene (40 mg,
0.224 mmol); reaction time: 55 min; eluant: hexane/dichloromethane
(5:2); TLC band: third (yellow); Yield: 16 mg, 14%; 1H NMR (CDCl3):
d� 7.4 ± 6.6 (m, 21H), 6.42 (d, J� 7.8 Hz, 1H; ampy), 6.04 (d, J� 7.8 Hz,
1H; ampy), 5.44 (t, J� 6.4 Hz, 1H; CH), 4.83 ± 462 (m, 2H; CH2), 4.36 (d,
J� 11.8 Hz, 1 H; CH2), 4.27 (d, J� 11.8 Hz, 1H; H2), 3.61 (s, 1H; NH), 2.50
(s, 3H; Me); IR (CH2Cl2): nÄ � 2068 (s), 2029 (vs), 2003 (s), 1983 (m), 1960
(m), 1932 cmÿ1 (w) (C�O); FAB-MS: m/z : 1049 [M]� ; elemental analysis
calcd (%) for C45H32N2O9Ru3 (1048.00): C 51.57, H 3.08, N 2.67; found C
51.62, H 3.15, N 2.60.


Data for 15 : Reagents: 2 (175 mg, 0.195 mmol), 1,1-diphenyl-2-propyn-1-ol
(81 mL, 0.390 mmol); reaction time: 15 min; eluant: hexane/dichloro-
methane (1:1); TLC band: second (yellow); yield: 11 mg, 5 %; 1H NMR
(CDCl3): d� 7.8 ± 6.7 (m, 23 H; 4 Ph, 2 H of ampy, and CH of ruthenacycle),
5.89 (d, J� 7.6 Hz, 1H; ampy), 5.41 (dd, J� 7.6, 6.0 Hz, 1 H; CH), 4.77 (d,
J� 14.3 Hz, 1 H; CH2), 4.73 (m, 1H; CH2), 4.56 (m, 1H; CH2), 3.87 (d, J�
14.3 Hz, 1 H; CH2), 2.51 (s, 1 H; NH), 2.46 (s, 3 H; Me); IR (CH2Cl2): nÄ �
2072 (s), 2032 (vs), 2010 (s), 1985 (m), 1963 (m), 1932 cmÿ1 (w) (C�O);
FAB-MS: m/z : 1079 [M�]; elemental analysis calcd (%) for
C46H34N2O10Ru3 (1078.03): C 51.25, H 3.18, N 2.60; found C 51.38, H
3.35, N 2.44.


Data for 16a : Reagents: 2 (100 mg, 0.111 mmol), methyl propynate (21 mL,
0.236 mmol); reaction time: 20 min; eluant: hexane/dichloromethane (1:2);
TLC band: first (yellow); yield: 9 mg, 8%; 1H NMR (CDCl3): d� 7.57 (s,
1H, CH of ruthenacycle), 7.4 ± 7.2 (m, 6H), 7.05 (t, J� 7.7 Hz, 1 H; ampy),
7.01 ± 6.87 (m, 4 H), 6.78 (d, J� 7.7, 1H; ampy), 5.98 (d, J� 7.7, 1 H; ampy),
5.42 (t, J� 7.1 Hz, 1H; CH), 4.65 (d, J� 13.6 Hz, 1H; CH2), 4.71 ± 4.50 (m,
2H; CH2), 3.84 (d, J� 13.6 Hz, 1H; CH2), 3.68 (s, 3 H; OMe), 2.83 (s, 1H;
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NH), 2.46 (s, 3 H; Me); IR (CH2Cl2): nÄ � 2077 (s), 2032 (s), 2020 (vs), 1988
(m), 1963 (m), 1938 cmÿ1 (w) (C�O); FAB-MS: m/z : 955 [M]� ; elemental
analysis calcd (%) for C35H26N2O11Ru3 (953.84): C 44.07, H 2.75, N 2.94;
found C 44.28, H 2.90, N 2.74.


Data for 16b : Reagents: As for compound 16 a, except for the TLC band
which was the second (yellow) band. Yield: 15 mg, 14 %; 1H NMR (CDCl3):
d� 7.60 (s, 1H, ruthenacycle), 7.5 ± 7.2 (m, 6H), 7.07 (t, J� 7.8 Hz, 1H;
ampy), 7.04 ± 6.95 (m, 4 H), 6.81 (d, J� 7.8, 1H; ampy), 6.16 (t, J� 6.3 Hz,
1H; CH), 6.01 (d, J� 7.8, 1H; ampy), 4.71 (d, J� 11.4 Hz, 1 H; CH2), 4.76 ±
4.63 (m, 2H; CH2), 3.85 (d, J� 11.4 Hz, 1H; CH2), 3.69 (s, 3H; OMe), 2.82
(s, 1H; NH), 2.48 (s, 3H; Me); IR (CH2Cl2): nÄ � 2077 (s), 2030 (s), 2020 (vs),
1988 (m), 1962 (m), 1938 cmÿ1 (w) (C�O); FAB-MS: m/z : 955 [M]� ;
elemental analysis calcd (%) for C35H26N2O11Ru3 (953.84): C 44.07, H 2.75,
N 2.94; found C 44.25, H 2.91, N 2.83.


Data for 17a : Reagents: 2 (100 mg, 0.111 mmol), 2-methyl-3-butyn-2-ol
(22 mL, 0.225 mmol); reaction time: 15 min; eluant: hexane/dichloro-
methane (1:2); TLC band: first (yellow); yield: 9 mg, 8%; 1H NMR
(CDCl3): d� 7.45 ± 7.25 (m, 6H; Ph), 7.23 (s, 1 H; CH of ruthenacycle), 7.05
(t, J� 7.6 Hz, 1 H; ampy), 6.98 ± 6.91 (m, 4H; Ph), 6.77 (d, J� 7.6, 1H;
ampy), 5.97 (d, J� 7.6, 1 H; ampy), 5.43 (dd, J� 7.3, 5.9 Hz, 1H; CH), 4.68
(m, 1 H; CH2), 4.66 (d, J� 13.6 Hz, 1 H; CH2), 4.52 (m, 1H; CH2), 3.88 (d,
J� 13.6 Hz, 1 H; CH2), 2.83 (s, 1 H; NH), 2.45 (s, 3H; Me), 1.41 (s, 3 H; Me),
1.26 (s, 3 H; Me); IR (CH2Cl2): nÄ � 2068 (s), 2029 (s), 2002 (vs), 1979 (m),
1961 (m), 1923 cmÿ1 (w) (C�O); FAB-MS: m/z : 955 [M]� ; elemental
analysis calcd (%) for C36H30N2O10Ru3 (953.89): C 45.33, H 3.17, N 2.94;
found C 45.61, H 3.36, N 2.79.


Data for 17b : Reagents: As for compound 17 a, except for the TLC band
which was the second (yellow) band. Yield: 10 mg, 9 %; 1H NMR (CDCl3):
d� 7.43 ± 7.30 (m, 6 H; Ph), 7.29 (s, 1 H, CH of ruthenacycle), 7.06 (t, J�
7.6 Hz, 1H; ampy), 7.03 ± 6.91 (m, 4H; Ph), 6.78 (d, J� 7.7, 1H; ampy), 6.14
(t, J� 6.4 Hz, 1 H; CH), 5.97 (d, J� 7.7, 1H; ampy), 4.76 ± 4.63 (m, 2H;
CH2), 4.67 (d, J� 13.6 Hz, 1 H; H of CH2), 3.85 (d, J� 13.6 Hz, 1 H; CH2),
2.84 (s, 1H; NH), 2.47 (s, 3H; Me), 1.42 (s, 3H; Me), 1.26 (s, 3H; Me); IR
(CH2Cl2): nÄ � 2069 (s), 2029 (s), 2002 (vs), 1980 (m), 1960 (m), 1923 cmÿ1


(w) (C�O); FAB-MS: m/z : 955 [M�]; elemental analysis calcd (%) for
C36H30N2O10Ru3 (953.89): C 45.33, H 3.17, N 2.94; found C 45.41, H 3.25, N
2.83.


X-ray crystallographic studies : Crystal data and refinement details are
summarized in Table 5. Single crystals of compounds 2 ´ acetone, 3 ´ pen-
tane, 4 ´ pentane, and 6 were measured on a Nonius CAD4 diffractometer,
equipped with a graphite crystal monochromator, by using the w-V scan
technique with a variable scan rate and a maximum scan time of 60 s per
reflection. Compound 11 was measured on a Nonius Kappa-CCD area
detector diffractometer. In all cases, Lorentz and polarization corrections
were applied and data reduced to jFo j 2 values. The structures were solved
by Patterson interpretation using the program DIRDIF-96.[31] Isotropic and
full matrix anisotropic least squares refinements were carried out using
SHELXL-97.[32] Molecular plots were made with the EUCLID program
package.[33] Further geometrical calculations were made with PARST.[34]


Particular data for each compound are given below.


Data for 2 ´ acetone : An empirical absorption correction was applied by
using XABS2,[35] with maximum and minimum correction factors of 1.309
and 0.792, respectively. Non H-atoms were refined anisotropically. All
hydrogen atoms were refined isotropically, by using a common thermal
parameter. The rather disordered acetone solvent molecule was refined by
using constraints and restraints as described elsewhere.[36]


Data for 3 ´ pentane : A semiempirical absorption correction was applied by
using y scans,[37] correction factors in the range 0.998 to 0.806. Non H-atoms
were refined anisotropically. Both coordinates and isotropic displacement
factors of the hydrogen atoms located near the Ru atoms (H1, H18, H19 A,
H19 B, H26 A, H26 B) were refined. The remaining hydrogen atoms were
geometrically fixed to their parent atoms and refined riding with variable
common temperature factors, one for the aromatic atoms and other for the
methyl hydrogen atoms of the main molecule. Coordinates for the
hydrogens of the solvent molecule were fixed and their displacement
parameters calculated as 1.2Ueq(C).


Data for 4 ´ pentane : A semiempirical absorption correction was applied by
using y scans,[37] with correction factors in the range between 0.820 and
0.760. Non H-atoms were refined anisotropically. The coordinates of the
hydrogen atoms were fixed riding on their parent atoms and the rest of the
parameters were allowed to refine free.


Data for 6 : A semiempirical absorption correction was applied by using y


scans,[37] with correction factors in the range 0.820 to 0.760. Non H-atoms


Table 5. Summary of crystal and refinement data.


2 ´ acetone 3 ´ pentane 4 ´ pentane 6 11


formula C32H22N2O10Ru3 ´ C3H6O C30H18N2O8Ru3 ´ C5H12 C45H28N2O7Ru3 ´ C5H12 C35H24N2O7Ru3 C34H26N2O 8Ru3


Mr 955.80 909.82 1084.05 887.77 893.78
T [K] 293(2) 200(2) 293(2) 293(2) 200(2)
radiation (l [�]) MoKa (0.71073) MoKa (0.71073) MoKa (0.71073) MoKa (0.71073) CuKa (1.54184)
crystal system monoclinic monoclinic triclinic monoclinic monoclinic
space group P21/a P21/c P1Å P21/c P21/n
a [�] 14.29(1) 13.835(9) 11.672(4) 11.283(3) 13.124(1)
b [�] 9.471(5) 15.927(7) 11.96(2) 17.642(7) 16.897(1)
c [�] 27.62(1) 16.578(9) 16.43(2) 17.773(4) 14.792(1)
a [8] 90 90 108.43(9) 90 90
b [8] 99.64(8) 105.52(6) 97.52(7) 104.12(3) 91.37(1)
g [8] 90 90 90.26(5) 90 90
V [�3] 3685(4) 3520(3) 2155(6) 3431.0(19) 3279.1(4)
Z 4 4 2 4 4
1calcd [gcmÿ3] 1.723 1.717 1.670 1.719 1.810
m [mmÿ1] 1.274 1.323 1.094 1.353 11.509
F(000) 1888 1800 1084 1744 1760
crystal size [mm] 0.40� 0.33� 0.20 0.30� 0.17� 0.13 0.25� 0.07� 0.07 0.20� 0.20� 0.13 0.15� 0.10� 0.05
q limits [8] 1.50, 24.98 1.81, 24.98 1.32, 25.98 1.65, 25.97 3.97, 65.19
h,k,l min/max 0/16, 0/11, ÿ32/32 ÿ 16/15, 1/18, 0/19 ÿ 14/14, ÿ14/13, 0/20 ÿ 13/13, 0/21, 0/21 ÿ 15/14, ÿ19/17, ÿ17/17
reflections collected 6755 6155 8454 6938 8904
unique reflections 6459 5930 8454 6712 5208
reflections [I> 2s(I)] 4735 3353 2725 3280 2164
parameters/restraints 485/0 488/10 579/0 520/0 412/1
GOF on F 2 1.057 1.015 0.928 0.995 0.919
R1 (on F, I> 2s(I)) 0.0382 0.0393 0.0546 0.0380 0.0910
wR2 (on F 2, all data) 0.1564 0.0949 0.1574 0.0883 0.2730
max/min res. [e�ÿ3] 1.523/ÿ 1.125 0.624/ÿ 0.756 0.805/ÿ 1.262 0.620/ÿ 0.877 0.655/ÿ 0.943
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were refined anisotropically. All hydrogen atoms were isotropically
refined.


Data for 11: An empirical absorption correction was applied by using
XABS 2,[35] with maximum and minimum transmission factors of 0.562 and
0.150, respectively. Non H-atoms were refined anisotropically, except C1,
C43, and C44, which were treated isotropically. Hydrogen atom positions
were geometrically placed and refined riding on their parent atoms.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publications no. CCDC-153545 (2 ´
acetone), CCDC-153546 (3 ´ pentane), CCDC-153547 (4 ´ pentane), CCDC-
153548 (6), and CCDC-153549 (11). Copies of the data can be obtained free
of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ
(UK) (fax: (�44) 1223-336 ± 033; e-mail : deposit@ccdc.cam.ac.uk).
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A Highly Efficient Synthetic Strategy for Polymeric Support Synthesis
of Lex, Ley, and H-type 2 Oligosaccharides


Tong Zhu and Geert-Jan Boons*[a]


Abstract: The O-protecting groups
Levulinoyl (Lev) and 9-fluroenylme-
thoxycarbonyl (Fmoc) offer an attrac-
tive set of orthogonal protecting groups
which are compatible with base sensitive
N-trichloroethoxylcarbonyl (Troc)
group. By exploiting these orthogonal
protecting groups and a novel phenolic
ester linker, a series of oligosaccharide


of biological importance, Lex, H-type 2,
and Ley, were synthesized on the poly-
theylene glycol resin MPEG (MW 5000).
The products bearing a p-hydroxybenzyl


group could be easily converted into
glycosyl donors for further synthesis.
Using this strategy, a spacer containing
tumor antigen Ley-Lac hexasaccharide
was described. The artificial spacer at
the reducing end provides an opportu-
nity for selective conjugation to an
appropriate carrier protein for immun-
logical studies.


Keywords: glycosylation ´ oligosac-
charides ´ polymeric support ´ syn-
thetic methods ´ tumor antigens


Introduction


Traditional methods of oligosaccharide synthesis involve the
preparation of one target compound at the time. This
approach is very time consuming and does not allow the
synthesis of large collections of oligosaccharides for struc-
ture ± function relationship studies. Recent developments[1] in
oligosaccharide chemistry focus on the preparation of com-
pound libraries either by parallel synthesis or by a mix and
split approach.[2] In particular, the use of monosaccharide
building blocks that are substituted with orthogonal protect-
ing groups proved to be attractive for parallel synthesis of
collections of oligosaccharides. For example, Wong and co-
workers reported[3] that chloroacetyl (ClAc), p-methoxyben-
zyl (PMB), levulinoyl (Lev), and tert-butyldiphenylsilyl
(TBDPS) are a set of orthogonal protecting groups that in
conjunction with seven different glycosyl donors could, in
principle, be used for the synthesis of 1176 different trisac-
charides.


Recently, we reported[4, 5] that the Fmoc, Lev, and dieth-
ylisopropylsilyl (DEIPS) are an attractive set orthogonal
hydroxyl protecting groups for amino sugars. The Fmoc group
can be cleaved by b-elimination using the sterically hindered
base triethylamine in CH2Cl2 and these mild conditions did
not affecting the Lev or DEIPS group. On the other hand, the
Lev ester could be removed with hydrazine acetate in THF.


This reaction proceeds by a different mechanism than the
cleavage of Fmoc and involves reaction of hydrazine acetate
with the ketone moiety of Lev to give a hydrazone inter-
mediate which cyclizes to give a deprotected alcohol. We
found that hydrazine acetate did not remove an Fmoc or
DEIPS protecting group. The DEIPS could be removed by
treatment with TBAF that was buffered with acetic acid and
these conditions did not affect the other two protecting group.
In addition, the cleavage conditions for the three protecting
groups did not affect base sensitive amino protecting group
trichloroethoxycarbonyl (Troc).


Further speed of synthesis of oligosaccharides may be
achieved by employing polymer-supported synthesis.[6] Sev-
eral elegant syntheses of oligosaccharides on insoluble
polymers have been reported.[7] These approaches were,
however, hampered by the need to use large excesses of
glycosyl donor or acceptor to drive reactions to completion.
This represents a serious drawback since oligosaccharide
chemistry requires elaborate and expensive synthesis of
glycosyl donors and acceptors. In addition, the rate of
reactions on a solid support is often considerably slower
compared with similar reactions in solution. This feature
makes it difficult to extrapolate solution phase conditions to
solid-supported procedures.


These problems have been addressed by replacing insoluble
cross-linked resins with soluble polymer supports.[8] In this
way, reaction conditions typical for classical organic reactions
can be employed while product purification can be facilitated
by taking advantage of the macromolecular properties of the
polymer. Polyethylene glycol methyl ether (MPEG) is the
most widely used polymer for liquid phase oligosaccharide
syntheses.[9] It is soluble under glycosylation and protecting
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group manipulation conditions. However, MPEG is made
insoluble during the work-up procedure by the simple
addition of diethyl ether or tert-butylmethyl ether. Excess of
reagents and other side products can thus be easily removed
by washing the MPEG precipitate.


Recently, we described a highly efficient strategy for the
MPEG-supported synthesis of the dimeric Lewis antigen
Lewisx ± Lewisx (Lex ± Lex),[5] whereby a polymer bound Lex


trisaccharide was prepared which could be converted into a
glycosyl acceptor by selective removal of a temporary
protecting group or into a soluble glycosyl donor by cleavage
from the polymeric support followed by activation of the
anomeric center. Coupling of the resulting glycosyl donor and
acceptor followed by cleavage from the solid support gave the
target hexasaccharide. A novel phenolic ester linker was
employed that attaches a saccharide to a polymeric support
through the anomeric center of the reducing sugar (Figure 1).
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Figure 1. Concept of phenolic ester linker.


The new linker is stable towards Lewis acidic conditions
used in glycosylations but could be cleaved within minutes by
treatment with hydrogen peroxide/Et3N. After detachment, a
stable p-hydroxyl benzyl glycoside is obtained as a single
anomer and this feature facilitates purification. Oxidative
removal of the p-hydroxyl benzyl moiety with DDQ gives a
lactol that can be easily converted into a glycosyl donor. The
linker proved to be compatible with the base sensitive amino
protecting group trichloroethoxycarbonyl (Troc) and the
temporary hydroxyl protecting groups 9-fluorenylmethoxy-
carbonyl (Fmoc) and diethylisopropylsilyl (DEIPS).


The use of a set of orthogonal protecting groups in
combination with polymer-supported synthesis should offer
an exciting opportunity to obtain a range of well-defined
structures in a fast and facile manner. Herein, we report such
an approach whereby Fmoc and Lev are employed as
orthogonal protecting groups for Troc protected amino sugars
and a novel phenolic ester linker for facile temporary
attachment of oligosaccharides to a polymeric support. The
methodology was applied to the synthesis of the blood group
oligosaccharides Lex, Ley and H-type 2 oligosaccharide.


Results and Discussion


The oligosaccharides Lex, Ley, and H-type 2 oligosaccharide
have a common b-d-Gal-(1! 4)-d-GlcNAc core structure but
differ in their fucose substitution pattern. Ley has fucosides at
C-3 of the GlcNAc and C-2 of the Gal moiety whereas Lex has


only one fucose residue at C-3 of the GlcNAc and H-type 2
oligosaccharide has one fucose moiety at C-2 of Gal
(Figure 2).
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Figure 2. Structures Lex, H type-2, and Ley oligosaccharides.


It was anticipated that the polymer-bound disaccharide 5
(see Scheme 1), which is functionalized with orthogonal Fmoc
and Lev protecting groups, should be an appropriate pre-
cursor for the synthesis of the three oligosaccharides. Fur-
thermore, the Troc protecting group of the glucosamine
moiety should ensure high glycosyl accepting properties of its
C-3 hydroxyl.[5, 10] This issue is important because several
studies[5, 10] have shown that the C-3 hydroxyl can not be
glycosylated when a phthaloyl is used as an amino protecting
group. The oligosaccharides will be attached to MPEG by the
versatile phenolic ester linker 2 (Scheme 1).
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Scheme 1. Synthesis of a polymer bound disaccharide 6.a) NIS, TMSOTf,
MS 4 �, 0 8C, CH2Cl2; b) NH2NH2 ´ HOAc, MeOH, CH2Cl2.
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Coupling of 1 with 2 in the presence of N-iodosuccinimide/
trimethylsilyl trifluoromethanesulfonate (NIS/TMSOTf)[11]


gave immobilized 3 (Scheme 1). Only 1.1 equivalent of
glycosyl donor 1 was required to achieve complete conversion
of the polymeric acceptor. No self-condensation of 1 was
observed which was expected due to the much greater
reactivity of the benzylic alcohol of 2 compared with the
C-4 hydroxyl of 1. The polymer bound monosaccharide 3,
bearing a free C-4 hydroxyl, was immediately used in a
subsequent glycosylation without work-up and purification by
precipitation. Thus, addition to the reaction mixture of
another amount of NIS/TMSOTf and galactosyl donor 4
gave, after standard work-up and purification by precipita-
tion, immobilized disaccharide 5. The NMR spectrum in-
dicated clean formation of 5 and no production of truncated
or incomplete glycosylated structures. Furthermore, the Lev
protecting group of 4 performed neighboring group partic-
ipation during the glycosylation ensuring exclusive formation
of a b-glycoside. Next, the Lev of 5 was removed by the
treatment with hydrazine acetate in dichloromethane/meth-
anol to give acceptor 6. Unfortunately, this reaction resulted
in partial cleavage of the disaccharide from the polymeric
support.


To address this problem, a new phenolic ester linker was
developed. This new linker should be more stable towards
basic and nucleophilic reaction conditions than the initial
linker system 2. However, it should be sensitive towards H2O2/
Et3N to allow selective cleavage from the polymeric support
without affecting acyl and N-Troc protecting groups. It was
anticipated that the polymer bound linker 15 would possess
these properties (Scheme 2).
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Scheme 2. Attachment of linker to MPEG. a) MsCl, Et3N, CH2Cl2;
b) Cs2CO3, DMF, 60 8C; c) NaOH, MeOH, H2O; d) TrCl, py; e) DCC,
DMAP, CH2Cl2; f) TFA, TESH, CH2Cl2.


The mesylate 8,[12] which was obtained by reaction of
MPEG (MW 5000) with mesyl chloride, was treated with
methyl 4-hydroxylbenzoate (9) and Cs2CO3 in DMF to give
polymer bound ester 10 in an excellent yield (>95 %).[13]


Hydrolysis of this methyl ester of 10 with 2m aqueous NaOH,
followed by dicyclohexylcarbodimide/4-dimethylaminopyr-
idine (DCC/DMAP) mediated coupling with phenol 13 gave
the phenolic ester 14. The trityl group of 14 was easily
removed with 5 % trifluoroacetic acid in dichloromethane
using triethylsilane as a trityl cation scavenger to afford the
linker modified MPEG 15 (Scheme 2).


Regioselective coupling of modified MPEG 15 with glyco-
syl donor 1 (1.1 equiv) in the presence of NIS/TMSOTf gave
polymer bound 16 (see Scheme 3), which was immediately
used in the next glycosylation step with thioglycosyl donor 4
to afford 17. The immobilized disaccharide 17, which is
substituted with the orthogonal protecting groups, Fmoc and
Lev, is an ideal precursor for the synthesis of the Lex, Ley, and
H-type 2 oligosaccharides. Thus, the Fmoc[14] group of 17 was
removed by the treatment with non-nucleophilic base triethyl-
amine in dichloromethane to give acceptor 18. On the other
hand, removal of the Lev[15] group of 17 could easily be
accomplished by treatment with hydrazine acetate in di-
chloromethane/methanol to give 19. The polymer bound diol
20 was easily obtained by removal of the Fmoc group of 19
under standard conditions (Scheme 3).
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Scheme 3. Synthesis of disaccharide building blocks. a) NIS, TMSOTf, MS
4 �, 0 8C, CH2Cl2; b) Et3N, CH2Cl2; c) NH2NH2.HOAc, MeOH, CH2Cl2.


In each reaction, complete orthogonality of Lev and Fmoc
and no cleavage of the phenolic ester and N-Troc group was
found; this demonstrates that linker system 15 is more
appropriate for the synthesis of the target structures. Fuco-
sylation of 18, 19, and 20 was performed with thioglycosyl
donor 21 and NIS/TMSOTf as the promoter system to pro-
duce polymer bound 22, 24, and tetrasaccharide 27, respec-
tively. The Ley tetrasaccharide 27 could also be synthesized in
a stepwise manner whereby the Fmoc of 24 was removed to
give 25, which was coupled with 21 (Scheme 4). Interestingly
only a very small amount of fucosylated product was formed
when the amino function of the glycosamine moiety was
protected by a phthaloyl instead of trichloroethoxycarbonyl
group.


The compounds 23, 26, and 28 were cleaved from the
polymeric support by treatment with H2O2/Et3N in THF for
18 h to give the protected Lex trisaccharide 23, H-type 2
trisaccharide 26, and Ley tetrasaccharide 28 in overall yields of
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Scheme 4. Syntheses of Lex, H-type 2, and Ley oligosaccharides. a) NIS,
TMSOTf, MS 4 �, 0 8C, CH2Cl2; b) H2O2, Et3N, THF; c) Et3N, CH2Cl2.


30 ± 35 % (based on the loading of MPEG 5000, 0.2 mmol per
g) (Scheme 4). Under similar conditions, cleavage of linker 2
was completed within 30 min, demonstrating the difference in
stability between 2 and 15.


In conjunction with a research program[5, 16] to develop
synthetic carbohydrate-based anticancer vaccines, we re-
quired tumor-associated saccharides that are substituted with
an artificial spacer for selective conjugation to an appropriate
carrier protein.[17] In particular, the Ley determinant was
important because it is over-expressed on human gastro-
intestinal, colorectal, breast, and lung cancer cells and has
been identified as an important epitope that can elicit
selective antibodies against colon and liver carcinomas.[18]


The protected Ley tetrasaccharide 28 was converted into
glycosyl donor 30 which was coupled with the spacer modified
lactosyl acceptor 31 and the resulting hexasaccharide 32 was
deprotected to give compound 33 which is a suitable
derivative for selective conjugation to carrier proteins.


Thus, oxidative removal of the anomeric p-hydroxylbenzyl
group of compound 28 with 2,3-dichloro-5,6-dicyano-1,4-
benzoquinone (DDQ)[19] gave hemiacetal 29 (82 %), which
was subsequently treated with trichloroacetonitrile in the
presence of catalytic amount of 1,8-diazobicyclo[5.4.0]undec-
7-ene (DBU)[20] to give trichloroacetimidate 30 in 85 % yield.
Next, BF3 ´ Et2O[20] mediated coupling of 30 with acceptor
31[21] gave the desired hexasaccharide 32 in 54 % yield.


Compound 32 was deprotected by a four-step procedure. The
Troc group was removed by treatment with activated zinc in
acetic acid[22] and the revealed amino function was acetylated
with acetic anhydride in pyridine. The O-acetyl groups were
removed under ZempleÂn conditions and finally, the benzyl-
oxylcarbonyl and benzyl groups were removed by catalytic
hydrogenation over palladium to give the target compound 33
in an overall 85 % yield (Scheme 5).
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Scheme 5. Synthesis of hexasaccharide 33. a) DDQ, CH2Cl2/H2O 19:1 v/v,
82%; b) CCl3CN, DBU, CH2Cl2, 85%; c) BF3 ´ Et2O, CH2Cl2, MS 4 �,
54%; d) 1) Zn, HOAc; 2) Ac2O, py; 3) MeONa, MeOH; 4) Pd/C, EtOH,
HOAc, H2. Z�Benzyloxycarbonyl.


Conclusion


A range of biologically important oligosaccharides (Lex, H
type-2, and Ley) have been prepared by employing solvent
soluble polymeric support synthesis in combination with the
orthogonal protecting group Lev and Fmoc. The Troc was
used as an amino protecting group to ensure high glycosylat-
ing properties of a C-3 hydroxyl of a glucosamine unit. The
neutral or mild basic conditions used to remove Lev and Fmoc
were compatible with base sensitive Troc moiety. Another key
feature of this synthetic strategy was the use of a novel
phenolic ester linker which is stable under the protecting
group manipulation and glycosylation conditions but can
easily be cleaved under mild conditions using H2O2/Et3N. This
cleavage reaction gives a product with an anomeric p-
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hydroxybenzyl group, which can be removed by oxidation
with DDQ. The resulting lactol can be converted into a
corresponding trichloroacetimidate for further glycosylations.
The latter sequence of manipulations was employed for the
synthesis of the tumor-associated hexasaccharide ªLey-Lacº
bearing an artificial aminopropyl spacer for controlled con-
jugation to proteins.


The synthetic strategy described here allows the facile
synthesis of many other biologically important oligosacchar-
ides from a small set of common monosaccharide precursors.
For example, the Lewis antigens Lea and Leb can also be
prepared from building blocks 1, 4, and 21 by different
sequence of glycosylation and furthermore, a wide range of
dimeric Lewis antigens can be obtained by incorporating a
DEIPS protecting group at the C-3 hydroxyl of a galactosyl
moiety. This silyl ether is also compatible with the linker and
orthogonal with the Lev and Fmoc protecting groups.


Experimental Section


General : Chemicals were purchased from Aldrich, Acros, and Fluka and
used without further purification. Molecular sieves were activated at 350 8C
in vacuo for 3 h. All solvents were distilled from the appropriate drying
agents. All the reactions were performed under anhydrous conditions and
monitored by TLC on aluminum Kieselgel 60 F254 (Merck). Detection was
done under UV light (254 nm) and by charring with 10% sulfuric acid in
methanol. Column chromatography was performed on silica gel (Merck,
70 ± 230 mesh). Size-exclusion column chromatography was performed on
Sephadex LH-20 (Pharmacia Biotech AB, Uppsala Sweden) and dichloro-
methane/methanol 1:1 (v/v) was used as eluent. Organoc extracts were
concentrated under reduced pressure at <40 8C (bath). 1H and 13C NMR
spectra were recorded on a Varian Inova500 spectrometer and a Varian
Inova600 spectrometer equipped with Sun workstations. 1H NMR spectra
recorded in CDCl3 were referenced to residue CHCl3 at d� 7.26, and
13C NMR spectra to the central peak of CDCl3 at d� 77.0. Assignments
were made by standard gCOSY, gHSQC, TOCSY, and gHMBC experi-
ments. For polymer bound samples, the glycol peak of MPEG was
suppressed by saturation at d� 3.64 and the terminal methyl signal of
MPEG (d� 3.38) was used as internal standard for quantitation. Negative
ion matrix assisted laser desorption ionization time of flight (MALDI-
TOF) mass spectra were recorded using an HP-MALDI instrument using
gentisic acid as a matrix.


p-MPEG-oxy-benzoic acid (11): Cs2CO3 (2.61 g, 8.0 mmol) was added to a
solution of MPEG mesylate 8 (10 g, 2.0 mmol) and methyl p-hydroxyben-
zoate (9, 1.22 g, 8.0 mmol) in DMF (80 mL) and the mixture was stirred at
60 8C under nitrogen for 24 h. After the reaction mixture was cooled to
room temperature, excess of DOWEX-50 H� resin was added and the
stirring was continued for an additional 0.5 h. The resin was removed by
filtration, the filtrate was concentrated to dryness under reduced pressure,
and redissolved in dichloromethane (250 mL). The mixture was filtered
through celite and washed with dichloromethane (60 mL). The combined
filtrate/washings were concentrated to a small volume (20 mL), which was
cooled (0 8C), followed by the addition of anhydrous diethyl ether
(1500 mL) with vigorous stirring. The precipitated material was collected
by filtration, washed with diethyl ether (150 mL). The obtained MPEG
bound compound 10 was dissolved in THF/MeOH (300 mL, 1:1 v/v) and
2m aqueous NaOH solution (150 mL) was added. The reaction mixture was
stirred at room temperature for 18 h after which 3m HCl aqueous solution
(100 mL) was added. The mixture was concentrated to dryness under
reduced pressure, diluted with dichloromethane (250 mL) and filtered. The
filtrate was concentrated under reduced pressure to a small volume
(20 mL), and triturated with diethyl ether (1500 mL). The resulting solid
was filtered-off, washed with diethyl ether and dried in vacuo to give 11
(10.1 g) as a white solid. 1H NMR (500 MHz, CDCl3): d� 8.00 (d, J�
8.8 Hz, 2 H), 6.95 (d, J� 8.8 Hz, 2 H), 4.20 (t, J� 4.8 Hz, 2H), 3.90 ± 3.48
(m, PEGCH2), 3.38 (s, 3H, OCH3).


p-Hydroxymethylphenyl p-MPEG-oxy-benzoate (15): A mixture of
MPEG derivative 11 (10 g, 2.0 mmol) and compound 13 (1.40 g, 4.0 mmol)
was dried over P2O5 at high vacuum for 12 h. This mixture was dissolved in
dichloromethane (100 mL), and a catalytic amount of DMAP (25 mg),
followed by DCC (1.66 g, 8.0 mmol) was added. The solution turned cloudy
within 15 min and was stirred for 18 h at room temperature. The
precipitated urea was removed by filtration, washed with dichloromethane
and the combined filtrates were concentrated to dryness. The residue was
dissolved in dichloromethane (30 mL), cooled (0 8C) and diethyl ether
(1500 mL) was added with vigorous stirring. The precipitate was filtered-off
and washed with diethyl ether (2� 40 mL) and cold ethanol (2� 40 mL)
and dried in vacuo. The obtained compound 14 was dissolved in dichloro-
methane (150 mL), and triethylsilane (6.0 mL), followed by trifluoroacetic
acid (6.0 mL), was added. The reaction mixture was stirred at room
temperature for 30 min and was then diluted with toluene (200 mL). The
resulting solution was concentrated to dryness and the residue was
redissolved in dichloromethane (30 mL), and triturated with diethyl ether
(1500 mL). The precipitate was recovered by filtration and washed with
diethyl ether (100 mL) to give 15 after drying under high vacuum as a white
solid (9.6 g). 1H NMR (500 MHz, CDCl3): d� 8.14 (d, J� 8.8 Hz, 2H), 7.43
(d, J� 8.4 Hz, 2H), 7.20 (d, J� 8.4 Hz, 2 H), 7.01 (d, J� 8.8 Hz, 2H), 4.72 (s,
2H; OPhCH2OH), 4.23 (t, J� 4.8 Hz, 2H), 3.92 ± 3.48 (m, PEGCH2), 3.38
(s, 3 H; OCH3).


p-(p-MPEG-oxy-benzoyloxy)-benzyl 6-O-benzyl-2-deoxy-2-[[(2,2,2-tri-
chloroethoxy)carbonyl]amino]-3-O-(9-fluorenylmethoxycarbonyl)-4-O-
(3,4,6-tri-O-benzyl-2-O-levulinoyl-b-d-galatopyranosyl)-b-d-glucopyrano-
side (17): A solution of thioglycoside 1 (78 mg, 0.11 mmol) and MPEG-
bound compound 15 (523 mg, 0.10 mmol) was stirred at room temperature
under Ar in the presence of activated molecular sieves 4 � for 30 min. The
mixture was cooled in an ice bath and NIS (27 mg, 0.12 mmol) was added
followed by TMSOTf (1 mL). After the donor was consumed (monitored by
TLC, ethyl acetate/hexanes 1:2 v/v), compound 4 (118 mg, 0.20 mmol) and
NIS (49 mg, 0.22 mmol) were added to the reaction mixture followed by
TMSOTf (2 mL) and the reaction mixture was stirred at 0 8C for 0.5 h. The
reaction mixture was diluted with dichloromethane (100 mL) and molec-
ular sieves were removed by filtration. Aqueous Na2S2O3 (15 %, 4 mL) was
added to the filtrate and the organic layer was dried (MgSO4) and
concentrated under reduced pressure to the volume of 4 mL. Diethyl ether
(100 mL) was added at 0 8C with vigorous stirring. The precipitate was
recovered by filtration, washed with diethyl ether (20 mL) and dried under
high vacuum to give compound 17 as a white solid (583 mg). Selected
1H NMR data (600 MHz, CDCl3): d� 8.13 (d, J� 8.8 Hz, 2 H, Ar-H), 7.74
(t, J� 8.5 Hz, 2 H; Ar-H, Fmoc), 7.53 ± 7.09 (m, Ar-H), 7.00 (d, J� 8.8 Hz,
2H; Ar-H), 5.26 (t, J� 9.3 Hz, 1 H; H-2'), 5.16 (d, J� 8.3 Hz, 1 H; NH), 4.96
(t, J� 9.3 Hz, 1H; H-3), 2.71 ± 2.32 (m, 4H; CH2CH2 , Lev), 2.12 (s, 3H;
COCH3, Lev).


p-(p-MPEG-oxy-benzoyloxy)-benzyl 6-O-benzyl-2-deoxy-2-[[(2,2,2-tri-
chloroethoxy)carbonyl]amino]-4-O-(3,4,6-tri-O-benzyl-2-O-levulinoyl-b-
d-galatopyranosyl)-b-d-glucopyranoside (18): MPEG bound compound 17
(200 mg) was dissolved in dichloromethane (4 mL) and triethylamine
(1.0 mL) was added. The reaction mixture was stirred at room temperature
for 18 h and then concentrated to dryness under reduced pressure. The
residue was redissolved in dichloromethane (3 mL) and diethyl ether
(80 mL) was added at 0 8C with vigorous stirring for 0.5 h. The precipitated
solid was collected by filtration and washed with diethyl ether (10 mL) to
give, after drying under high vacuum, compound 18 (176 mg) as a white
solid. Selected 1H NMR data (500 MHz, CDCl3): d� 8.15 (d, J� 8.8 Hz,
2H; Ar-H), 7.39 ± 7.22 (m, Ar-H), 7.14 (d, J� 8.4 Hz, 2 H; Ar-H), 6.98 (d,
J� 8.8 Hz, 2 H; Ar-H), 5.32 (dd, J� 10.1, 8.2 Hz, 1 H; H-2'), 5.04 (br s, 1H;
NH), 4.58 (d, J� 8.2 Hz, 1H; H-1), 4.35 (d, J� 7.7 Hz, 1H; H-1'), 3.42 (dd,
J� 10.1, 2.4 Hz, 1H; H-3'), 2.76 ± 2.40 (m, 4 H; CH2CH2 , Lev), 2.12 (s, 3H;
COCH3, Lev).


p-(p-MPEG-oxy-benzoyloxy)-benzyl 6-O-benzyl-2-deoxy-2-[[(2,2,2-tri-
chloroethoxy)carbonyl]amino]-3-O-(9-fluorenylmethoxycarbonyl)-4-O-
(3,4,6-tri-O-benzyl-b-d-galatopyranosyl)-b-d-glucopyranoside (19): A solu-
tion of hydrazine acetate (7 mg) in methanol (0.2 mL) was added to a
stirred solution of compound 17 (200 mg) in dichloromethane (4 mL) and
the reaction mixture was kept stirring at room temperature for 2 h.
Acetonylacetone (0.1 mL) was added to quench the reaction and the
solvents were evaporated in vacuo. The residue was redissolved in
dichloromethane (3 mL) and diethyl ether (80 mL) was added at 0 8C with
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vigorous stirring for 0.5 h. The precipitated solid was collected by filtration
and washed with diethyl ether (10 mL) and dried under high vacuum to
give compound 19 (183 mg) as a white solid. Selected 1H NMR (600 MHz,
CDCl3) data: d� 8.11 (d, J� 7.7 Hz, 2 H; Ar-H), 7.72 (t, J� 8.5 Hz, 2 H; Ar-
H, Fmoc), 7.51 ± 7.04 (m, Ar-H), 6.98 (d, J� 7.7 Hz, 2H; Ar-H), 5.12 (d, J�
8.4 Hz, 1H; NH), 5.01 (dd, J� 10.5, 8.5 Hz, 1 H; H-3), 4.08 (t, J� 8.4 Hz,
1H; H-4), 4.02 (t, J� 8.4 Hz, 1H; H-3), 3.28 (dd, J� 10.0, 2.4 Hz, 1H;
H-3').


p-(p-MPEG-oxy-benzoyloxy)-benzyl 6-O-benzyl-2-deoxy-2-[[(2,2,2-tri-
chloroethoxy)carbonyl]amino]-4-O-(3,4,6-tri-O-benzyl-b-d-galatopyrano-
syl)-b-d-glucopyranoside (20)


Method A : The Fmoc group of compound 19 (200 mg) was removed by
treatment with 20 % triethylamine in dichloromethane as described for the
preparation of compound 18. Compound 20 was obtained as a white solid
(178 mg).


Method B : The MPEG bound compound 18 (200 mg) was treated with
hydrazine acetate in methanol/dichloromethane as described for the
preparation of compound 19 to give the title product as a white solid
(184 mg).
1H NMR (500 MHz, CDCl3): d� 8.13 (d, J� 8.8 Hz, 2H; Ar-H), 7.39 ± 7.24
(m, Ar-H), 7.14 (d, J� 8.4 Hz, 2H; Ar-H), 6.98 (d, J� 7.7 Hz, 2 H; Ar-H),
5.11 (br s, 1 H; NH), 4.27 (d, J� 7.8 Hz, 1H; H-1'), 3.36 (dd, J� 10.1, 2.4 Hz,
1H; H-3').


General procedure for the cleavage of product from MPEG : The MPEG
bound compound (0.02 mmol) was dissolved in THF (2 mL) and Et3N
(0.1 mL) and H2O2 (50 % in water, 0.03 mL) were added. After being
stirred at room temperature for 18 h, the reaction mixture was diluted with
toluene (5 mL) and concentrated to a small volume (0.5 mL) under
reduced pressure. The residue was diluted with dichloromethane (1 mL)
and diethyl ether (40 mL) was added. The solid was filtered off and the
filtrate was concentrated under reduced pressure. The obtained crude
product was purified by silica gel column chromatography or size-exclusion
chromatography.


p-Hydroxybenzyl 6-O-benzyl-2-deoxy-2-[[(2,2,2-trichloroethoxy)carbonyl]-
amino]-3-O-(3,4-di-O-acetyl-2-O-benzyl-a-l-fucopyranosyl)-4-O-(3,4,6-tri-
O-benzyl-2-O-levulinoyl-b-d-galatopyranosyl)-b-d-glucopyranoside (23):
A solution of compound 21 (38 mg, 0.1 mmol) and polymer bound
compound 18 (100 mg) in dichloromethane (4 mL) was stirred in the
presence of molecular sieves 4 � for 30 min. The mixture was cooled (0 8C,
ice bath) and NIS (25 mg, 0.11 mmol) and TMSOTf (1 mL) were added.
After 30 minutes, TLC analysis (ethyl acetate/hexanes 1:3 v/v) indicated
that all the thioglycoside 21 had been consumed. The reaction mixture was
diluted with dichloromethane (60 mL) and the molecular sieves were
removed by filtration. The filtrate was washed with aqueous sodium
thiosulfate (15 %, 4 mL) and concentrated to a small volume (3 mL).
Diethyl ether (80 mL) was added at 0 8C with vigorous stirring. The
precipitated white solid was collected by filtration and washed with diethyl
ether (10 mL) to give compound 22 (97 mg) as a white solid. The crude
product was cleaved from the polymeric support as described in the general
procedure, followed by purification on an LH-20 size exclusion column
(eluent: methanol/dichloromethane 1:1 v/v) to give the title product 23 as a
colorless syrup (8 mg). 1H NMR (500 MHz, CDCl3): d� 7.35 ± 7.16 (m,
25H; Ar-H, 5�Bn), 7.14 (d, 2 H; Ar-H, p-hydroxybenzyl), 6.75 (d, 2H; Ar-
H, p-hydroxybenzyl), 5.30 (d, J� 8.0 Hz, 1 H; NH), 5.25 (dd, J� 10.5,
3.5 Hz, 1H; H-3''), 5.22 (d, J� 2.5 Hz, 1H; H-4''), 5.18 ± 5.13 (m, 2 H, H-1'';
H-2'), 4.96 (q, J� 6.0 Hz, 1H; H-5''), 4.94 (d, J� 11.0 Hz, 1 H; H-1), 4.76 ±
4.32 (m, 15 H; 5�OCH2Ph, OCH2PhOH, OCH2CCl3, H-1'), 4.14 (t, J�
9,5 Hz, 1 H; H-3), 3.98 (t, 1H; H-4), 3.90 (d, J� 2.5 Hz, 1H; H-4'), 3.88 ±
3.73 (m, 5 H; H-6'a, H-6a, H-2'', H-6'b, H-6b), 3.43 (d, J� 9.0 Hz, 1H; H-5),
3.26 (dd, J� 8.5, 5.0 Hz, 1 H; H-5'), 3.23 (dd, J� 10.0, 2.5 Hz, 1H; H-3'),
3.16 (dt, 1H; H-2), 2.81 ± 2.40 (m, 4 H; OCOCH2CH2CO), 2.17, 2.08, 1.96
(3s, 9 H; 2�CH3CO, CH3COCH2), 0.95 (d, J� 6.0 Hz, 3H; H-6'');
13C NMR (125 MHz, CDCl3): d� 206.8 (CH3COCH2), 171.6
(CH2CH2COO), 170.6, 169.6 (2C; 2�CH3CO), 155.7 (Ar-C), 153.5
(NHCO), 99.7 (C-1'), 98.4 (C-1), 97.6 (C-1''), 95.5 (CCl3), 80.5 (C-3'), 75.2
(C-5), 75.0 (C-3), 74.5, 74.6, 73.5, 73.4, 73.2, 71.8, 70.8 (7C; 5�OCH2Ph,
OCH2CCl3, OCH2PhOH), 74.2 (C-2''), 73.6 (C-4), 73.5 (C-5'), 72.5 (C-4''),
72.2 (C-2'), 71.6 (C-4'), 70.6 (C-3''), 68.2 (C-6), 68.0 (C-6'), 64.8 (C-5''), 59.3
(C-2), 38.0 (CH2COCH3), 30.1 (CH2COCH3), 28.0 (OCOCH2CH2), 21.1,
20.8 (2C; 2�COCH3), 15.3 (C-6''); MALDI-TOF MS: m/z (%): 1424 (100)


[M�Na]� ; elemental analysis calcd (%) for C72H80Cl3NO21: C 61.69, H 5.75,
N 1.00; found: C 61.77, H 5.68, N 1.05.


p-Hydroxybenzyl 6-O-benzyl-2-deoxy-2-[[(2,2,2-trichloroethoxy)carbonyl]-
amino]-4-O-(3,4,6-tri-O-benzyl-2-O-(3,4-di-O-acetyl-2-O-benzyl-a-l-fuco-
pyranosyl)-b-d-galatopyranosyl)-b-d-glucopyranoside (26): The polymer
bound compound 19 (100 mg) was coupled with fucosyl thioglycoside 21
(38 mg, 0.10 mmol) in the presence of NIS (25 mg, 0.11 mmol) and
TMSOTf (1 mL) as described for the preparation of compound 22. The
resulting polymer 24 was treated with triethylamine to remove the Fmoc
group as described for the preparation of compound 18, followed by H2O2


as described in the general procedure. After being purified by LH-20 size
exclusion chromatography (eluent: methanol/dichloromethane 1:1 v/v),
compound 26 was obtained as a white foam (7 mg). 1H NMR (500 MHz,
CDCl3): d� 7.41 ± 6.78 (m, Ar-H, 29 H; 5�OCH2Ph, OCH2PhOH), 5.73 (d,
J� 4.0 Hz, 1H; H-1''), 5.37 (dd, J� 10.5, 3.0 Hz, 1H; H-3''), 5.20 (d, J�
3.0 Hz, 1 H; H-4''), 4.82 ± 4.27 (m, 16 H; 5�OCH2Ph, OCH2PhOH,
OCH2CCl3, H-1, H-5''), 4.17 (d, J� 8.5 Hz, 1H; H-1'), 4.09 (dd, J� 8.5,
8.0 Hz, 1 H; H-2'), 3.94 (d, J� 2.5 Hz, 2 H; H-6a, H-6b), 3.88 (d, J� 3.5 Hz,
1H; H-4'), 3.78 (dd, J� 10.5, 3.0 Hz, 1H; H-2''), 3.74 (dd, J� 9.5, 8.5 Hz,
1H; H-4), 3.66 (dd, J� 9.0, 8.5 Hz, 1 H; H-3), 3.56 (d, J� 6.5 Hz, 2 H; H-6'a,
H-6'b), 3.47 ± 3.41 (m, 3 H; H-5', H-2, H-3'), 3.25 ± 3.21 (m, 1H; H-5), 2.11,
1.97 (2 s, 6 H; 2�CH3CO), 1.04 (d, J� 6.5 Hz, 3H; H-6''); 13C NMR
(125 MHz, CDCl3): d� 171.4, 170.2 (2C; 2�CH3CO), 155.6 (1 C; Ar-C),
153.5 (NHCO), 139.0 ± 115.5 (35C; Ar-C), 101.4 (C-1'), 98.7 (C-1), 97.2 (C-
1''), 95.5 (CCl3), 83.7 (C-3'), 78.9 (C-4), 74.9, 74.6, 73.8, 73.5, 72.3, 71.3, 70.4
(7C; 5�OCH2Ph, OCH2PhOH, OCH2CCl3), 74.6 (C-5), 73.5 (C-5'), 73.1
(C-2''), 72.5 (C-2'), 72.3 (C-4'), 72.2 (C-3), 72.0 (C-4'''), 69.8 (C-3''), 68.0 (C-
6), 67.9 (C-6'), 64.3 (C-5''), 57.7 (C-2), 20.8, 20.7 (2C; 2�CH3CO), 15.7 (C-
6''); MALDI-TOF MS: m/z (%): 1326 (100) [M�Na]� ; elemental analysis
calcd (%) for C67H74Cl3NO19: C 61.73, H 5.72, N 1.07; found: C 61.49, H
5.61, N 1.09.


p-Hydroxybenzyl 6-O-benzyl-2-deoxy-2-[[(2,2,2-trichloroethoxy)carbonyl]-
amino]-3-O-(3,4-di-O-acetyl-2-O-benzyl-a-l-fucopyranosyl)-4-O-(3,4,6-tri-
O-benzyl-2-O-(3,4-di-O-acetyl-2-O-benzyl-a-l-fucopyranosyl)-b-d-galato-
pyranosyl)-b-d-glucopyranoside (28): The polymer bound compound 20
(300 mg) was coupled with fucosyl thioglycoside 21 (229 mg, 0.60 mmol) in
the presence of NIS (150 mg, 0.66 mmol) and TMSOTf (3 mL) as described
for the preparation of compound 22. The resulting solid was treated with
H2O2 as described in the general procedure to release the crude product
which was purified by size exclusion column chromatography (LH-20,
eluent: methanol/dichloromethane 1:1 v/v) to give compound 28 as a white
foam (31 mg). 1H NMR (500 MHz, CDCl3): d� 7.41 ± 6.78 (m, Ar-H, 34H;
6�OCH2Ph, OCH2PhOH), 5.66 (d, J� 2.9 Hz, 1 H; H-1'''), 5.26 (dd, J�
10.6, 2.9 Hz, 1 H; H-3''), 5.23 (dd, J� 11.0, 2.9 Hz, 1 H; H-3'''), 5.22 ± 5.16
(m, 3 H; H-4'', H-4''', NH), 5.10 (d, J� 3.8 Hz, 1 H; H-1''), 5.02 (q, J�
6.2 Hz, 1H; H-5''), 4.78 (d, J� 8.2 Hz, 1 H; H-1), 4.76 ± 4.12 (m, 20H; 6�
OCH2Ph, OCH2PhOH, OCH2CCl3, H-5''', H-1', H-4, H-3), 4.05 (dd, J�
10.1, 10.0 Hz, 1 H; H-6a), 3.96 (dd, J� 10.1, 8.2 Hz, 1 H; H-2'), 3.90 (d, J�
2.4 Hz, 1 H; H-4'), 3.88 ± 3.84 (m, 2 H; H-6'a, H-6b), 3.82 (dd, J� 11.0,
2.9 Hz, 1H; H-2'''), 3.78 (dd, J� 10.6, 3.8 Hz, 1H; H-2''), 3.74 (dd, J� 9.1,
5.3 Hz, 1 H; H-6'b), 3.36 (dd, J� 10.1, 2.4 Hz, 1 H; H-3'), 3.24 (dd, J� 8.6,
5.3 Hz, 1H; H-5'), 3.18 (br d, J� 9.6 Hz, 1 H; H-5), 3.06 (ddd, 1 H; H-2),
2.09 (s, 3H; CH3CO), 2.07 (s, 3 H; CH3CO), 1.99 (s, 6H; 2�CH3CO), 1.12
(d, J� 6.7 Hz, 3H; H-6'''), 0.90 (d, J� 6.2 Hz, 3H; H-6''); 13C NMR
(125 MHz, CDCl3): d� 171.3, 170.6, 170.5, 169.6 (4C; 4�CH3CO), 156.2
(1C; Ar-C), 153.5 (NHCO), 138.6 ± 115.7 (41C; Ar-C), 99.5 (C-1'), 98.0 (C-
1), 97.4 (C-1'''), 97.2 (C-1), 95.5 (CCl3), 83.6 (C-3'), 75.4 (C-5), 75.2 (C-3),
74.5, 73.7, 73.4, 73.3, 72.7, 71.8, 70.9, 70.7 (8 C; 6�OCH2Ph, OCH2PhOH,
OCH2CCl3), 73.8 (C-2'''), 73.6 (C-2'), 73.1 (C-5'), 72.7 (C-4), 72.6 (C-2''),
72.4 (2C; C-4'', C-4'''), 71.1 (C-4'), 70.6 (C-3'''), 70.0 (C-3''), 68.0 (2C; C-6,
C-6'), 64.8 (C-5''), 64.6 (C-5'''), 59.4 (C-2), 21.0, 20.7 (4C; 4�CH3CO), 15.4
(C-6'''), 15.3 (C-6''); MALDI-TOF MS: m/z (%): 1646 (100) [M�Na]� ;
elemental analysis calcd (%) for C84H94Cl3NO25: C 62.12, H 5.83, N 0.86;
found: C 62.37, H 5.66, N 0.78.


Benzyloxycarbonylaminopropyl hexasaccharide 32 : DDQ (8 mg,
0.036 mmol) was added to a stirred mixture of compound 28 (30 mg,
0.018 mmol) in dichloromethane (2 mL) containing 5% water and the
mixture was stirred vigorously in dark for 1 h. The reaction mixture was
diluted with dichloromethane (30 mL) and was washed successively with
aqueous sodium hydrogen carbonate (15 %, 20 mL) and brine (15 mL). The
organic phase was dried (MgSO4) and concentrated to dryness under
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reduced pressure. The residue was purified by silica gel column chroma-
tography (eluent: ethyl acetate/hexanes 2:3 v/v) to give compound 29 as a
colorless syrup (22 mg, 82%).


CCl3CN (0.1 mL) and DBU (1 mL) was added to a solution of 29 in
dichloromethane (2 mL). After 5 min, the solution was concentrated under
reduced pressure. Silica gel column chromatography (eluent: ethyl acetate/
hexanes/triethylamine 1.1:0.01 v/v/v) yielded 30 as a colorless syrup (20 mg,
85%), which was dissolved in dry dichloromethane (2 mL) and stirred at
room temperature in the presence of compound 31 (13 mg, 0.013 mmol)
and molecular sieves (4 �, 50 mg). BF3 ´ Et2O (1 mL) was added and after
10 min the reaction mixture was neutralized with triethylamine (50 mL).
The reaction mixture was diluted with dichloromethane (30 mL) and the
molecular sieves were removed by filtration. The filtrate was concentrated
to dryness under reduced pressure and the residue was purified by silica gel
column chromatography (eluent: ethyl acetate/hexanes 2:3 v/v) to give
compound 32 as a colorless syrup (16 mg, 54%). Selected 1H and 13C NMR
data (Table 1, Table 2); MALDI-TOF MS: m/z (%): 2507 (100) [M�Na]� .


Aminopropyl hexasaccharide 33 : Hexasaccharide 32 (16 mg, 6.5 mmol) was
dissolved in acetic acid (3 mL) and zinc (nanosize powder, Aldrich, 50 mg)
was added. After 10 min, the reaction mixture was filtered and the filtrated
was concentrated to dryness in vacuo. The residue was dissolved in pyridine
(2 mL) and acetic anhydride (1 mL) was added. After 30 min, the reaction
was quenched by addition of methanol (2 mL) and the mixture was
concentrated under reduced pressure. The residue was diluted with
dichloromethane (30 mL), washed successively with 1m HCl solution
(5 mL), aqueous sodium hydrogencarbonate (15 %, 5 mL), and brine
(5 mL). The organic phase was concentrated to dryness and the obtained
residue was dissolved in methanol (2 mL) and sodium methoxide (1m
solution in methanol) was added to pH 10. The mixture was stirred at
room temperature. After 24 h, the mixture was neutralized by Dowex 50
H� resin. The resin was removed by filtration and the filtrate was
concentrated to dryness. The residue was purified by size exclusion column
chromatography (LH-20, eluent: methanol/dichloromethane 1:1 v/v). The
obtained product was dissolved in acetic acid/ethanol (1:5 v/v) and Pd/C
(20 mg) was added. The mixture was stirred under the atmosphere of H2 for
18 h. The catalyst was removed by filtration and the filtrate was
concentrated to dryness in vacuo to give compound 33 as a white solid
(6 mg, 85 % overall yield). 1H NMR (500 MHz, D2O): d� 5.16 (d, J�
3.1 Hz, 1H), 5.00 (d, J� 4.0 Hz, 1H), 4.76 (q, J� 6.4 Hz, 1 H), 4.60 (d,


J� 8.3 Hz, 1 H), 4.40 (d, J� 7.9 Hz, 2H), 4.32 (d, J� 7.9 Hz, 1 H), 4.14 (q,
J� 6.4 Hz, 1 H), 4.03 (d, J� 3.1 Hz, 1 H), 3.97 ± 3.44 (m, 29 H), 3.34 (br s,
1H), 3.21 (t, 1H), 3.08 ± 3.03 (m, 2 H, NCH2), 1.95 ± 1.85 (m, 5 H, CH2CH2N,
NHCOCH3), 1.15 (d, J� 6.4 Hz, 3 H), 1.12 (d, J� 6.4 Hz, 3 H); 13C data of
anomeric carbons (125 MHz, D2O): d� 103.2, 102.8, 102.3, 100.4, 99.5, 98.7;
MALDI-TOF MS: m/z (%): 1079 (100) [M�Na]� .
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Heterologous Over-expression of a-1,6-Fucosyltransferase from Rhizobium
sp.: Application to the Synthesis of the Trisaccharide b-d-GlcNAc(1! 4)-
[a-l-Fuc-(1! 6)]-d-GlcNAc, Study of the Acceptor Specificity and
Evaluation of Polyhydroxylated Indolizidines as Inhibitors


Agatha Bastida,[a] Alfonso FernaÂndez-Mayoralas,[a] RamoÂ n GoÂ mez ArrayaÂs,[b]


Fatima Iradier,[b] Juan Carlos Carretero,[b] and Eduardo García-Junceda[a]*


Abstract: An efficient heterologous ex-
pression system for overproduction of
the enzyme a-1,6-Fucosyltransferase (a-
1,6-FucT) from Rhizobium sp. has been
developed. The gene codifying for the a-
1,6-FucT was amplified by PCR using
specific primers. After purification, the
gene was cloned in the plasmid pKK223-
3. The resulting plasmid, pKK1,6FucT,
was transformed into the E. coli strain
XL1-Blue MRF'. The protein was ex-
pressed both as inclusion bodies and in
soluble form. Changing the induction
time a five-fold increase of enzyme
expressed in soluble form was obtained.
In this way five units of enzyme a-1,6-


FucT can be obtained per liter of
culture. A crude preparation of the
recombinant enzyme was used for the
synthesis of the branched trisaccharide
a-d-GlcNAc-(1! 4)-[a-l-Fuc-(1! 6)]-
d-GlcNAc (3), from chitobiose (2) and
GDP-Fucose (1). After purification, the
trisaccharide 3 was obtained in a 84 %
overall yield. In order to elucidate the
structural requirements for the accept-


ors, the specificity of the enzyme was
studied towards mono-, di- and trisac-
charides, which are structurally related
to chitobiose. The enzyme uses, among
others, the disaccharide N-acetyl lactos-
amine as a good substrate; the mono-
saccharide GlcNAc is a weak acceptor.
Finally, several racemic polyhydroxylat-
ed indolizidines have been tested as
potential inhibitors of the enzyme. In-
dolizidine 21 was the best inhibitor with
an IC50 of 4.5� 10ÿ5m. Interestingly, this
compound turned out to be the best
mimic for the structural features of the
fucose moiety in the presumed transi-
tion state.


Keywords: a-1,6-fucosyltransferase ´
carbohydrates ´ enzyme catalysis ´
enzyme inhibitors ´ glycosyltrans-
ferases


Introduction


The broad range of biological functions in which carbohy-
drates are involved, mainly related to cell recognition
events,[1] is indicative of their structural diversity. The growing
interest in the use of carbohydrates as therapeutic agents[2] is
hampered by several factors such as their poor in vivo
bioavailability, weakness of the protein ± carbohydrate inter-
actions and lack of a general methodology for the stereo- and
regioselective formation of the glycosidic bond. In the last
years, glycosidases[3] and glycosyltransferases[4] have demon-
strated to be useful tools for the synthesis of oligosaccharides.


Glycosyltransferases have attracted the attention of chemists
mainly because of their strict control over the stereo- and
regioselectivity in the glycosidic bond formation, which led to
the ªone enzyme ± one linkageº concept.[5]


However, the use of glycosyltransferases in synthesis faces
some drawbacks. These enzymes use a nucleotide activated
sugar as donor. The sugar ± nucleotide donors are too
expensive to be used in stoichiometric amounts in medium
or large scale synthesis but, even more important, the
nucleoside phosphate released during the reaction is a natural
inhibitor of the glycosyltransferases. These problems can be
avoided removing the nucleotide with alkaline phosphatase[6]


or, in a more sophisticated way, by in situ regeneration of the
glycosyl donor.[7] The other major drawback, which has not
yet been solved, is the limited availability of these enzymes.
To our knowledge, only nine glycosyltransferases are com-
mercially available and of those, only the b-1,4 galactosyl-
transferase is available in amounts higher than 1 unit.
Regarding fucosyltransferases, only a-1,3/4 and a-1,3 fucosyl-
transferases from human are commercially available in
amounts of 0.1 units. One alternative to overcome this
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problem is the cloning and over-expression of bacterial
glycosyltransferases.[8] Many bacterial glycosyltransferases
are able to produce mammalian-like structures. Furthermore,
it is possible to obtain transferases in microorganisms with
specificities not yet found in mammalian enzymes.[9] On the
other hand, bacterial proteins give enhanced expression in
prokaryotic systems compared with mammalian systems,
because they do not need to be glycosylated. For large scale
production of recombinant proteins, prokaryotic expression
systems, and in particular Escherichia coli, are the most
attractive ones because of their ability to grow rapidly and in
high density on inexpensive substrates.[10]


The recent efforts to sequence the complete genome of
several microorganisms make a great number of genes
available putatively coding for glycosyltransferases. For
example, the rhizobia gene nodZ is responsible for the
fucosylation of the lipochitin oligosaccharide (LCO) signal
molecules.[11] NodZ proteins catalyze the transfer of an a-l-
fucopyranosyl residue from GDP-b-l-Fucose (GDP-Fuc) to
the C-6 position of the GlcNAc at the reducing end of the
nodulation (Nod) factors.[12] The nodZ genes have been
cloned and sequenced so far from Azorhizobium caulino-
dans,[11c] Bradyrhizobium japonicum,[11a] and Rhizobium sp.
NGR234;[13] the enzymes from B. japonicum[14] and Rhizobi-
um sp.[15] have been identified as fucosyltransferases both in in
vivo and in vitro transfucosylation assays. In mammals, a-1,6-
FucT catalyzes the transfer of fucose from GDP-Fuc to
asparagine-linked GlcNAc of N-linked type complex glyco-
proteins. The enzymes have been cloned from porcine[16] and


human so far.[17] a-1,6-Fucosylated N-glycans are present in
many glycoproteins and are specially abundant in brain
tissue.[18] In human liver diseases a-1,6-FucT is overexpressed
in both hepatoma tissues and their surrounding tissues with
chronic liver disease, not in healthy liver.[19]


Our lab is involved in a project aimed at developing over-
expression systems for bacterial glycosyltransferases, in order
to obtain efficient and cost-effective large scale production of
these enzymes. In this work, we report the heterologous over-
expression of the NodZ protein from Rhizobium sp. (EMBL/
GenBanK accession number: AE000064) in E. coli. The
recombinant enzyme has been used for the synthesis of the
branched trisaccharide b-d-GlcNAc-(1! 4)-[a-l-Fuc-(1!
6)]-d-GlcNAc (3) which structure was confirmed by 1H and
13C NMR analysis. The glycosylation activity of the enzyme
has been characterized studying its specificity towards differ-
ent sugar acceptors. Finally, we report some preliminary
results on the inhibition of the enzyme by several racemic
castanospermine stereoisomers (1,6,7,8-tetrahydroxylated in-
dolizidines).


Results and Discussion


Cloning and expression of a-1,6-fucosyltransferase : The nodZ
gene from Rhizobium sp. NGR234 was amplified by PCR
using primers designed to complement specifically 15 bp at
the 5' ends of codifying and complementary DNA strains. The
recognition sequence for the restriction enzymes Eco RI and
HindIII was introduced in the amplification product during
the PCR. The PCR amplification was rather specific, and only
one band with the expected length (969 bp) was observed. The
band was purified and double digested with the above-
mentioned restriction enzymes and ligated with the digested
vector pKK223-3 (Pharmacia Biotech.) to yield the plasmid
pKK1,6FucT (Figure 1).


The plasmid encoding for the NodZ protein, was trans-
formed in E. coli XL1-Blue MRF' strain (Stratagene) and
plated on LB-ampicillin plates. The presence of the nodZ
gene in the transformed cells was checked by restriction
analysis of the purified plasmids. Out of ten colonies selected,
seven carried the desired insert. One positive colony was
grown on LB medium containing 250 mg mLÿ1 ampicillin.
Since the expression of the recombinant enzyme in the
plasmid pKK1,6FucT is under the control of the strong tac
promoter which is inducible by isopropyl-b-d-thiogalactopyr-
anoside (IPTG), the induction was done in the early
logarithmic phase with 1 mm IPTG. The expression of the
recombinant enzyme was analyzed by sodium dodecyl sul-
phate ± polyacrilamide gel electrophoresis (SDS-PAGE) of
samples taken 5 h after induction (Figure 2).


An IPTG inducible protein matching the expected molec-
ular weight of the a-1,6-FucT (36 kDa) could be observed in
the soluble fraction and in the pellet (Figure 2, lanes 4 and 5,
respectively). This result shows that although part of the
recombinant enzyme is expressed correctly folded and
soluble, the main part is segregated into insoluble aggregates
known as inclusion bodies (I.B.). The formation of I.B. is a


Abstract in Spanish: Se ha desarrollado un sistema de
expresioÂn heteroÂloga para la sobre-expresioÂn del enzima a-
1,6-Fucosyltransferasa (a-1,6-FucT) de Rhizobium sp. El gen
que codifica para la a-1,6-FucT se amplificoÂ mediante PCR
utilizando primers específicos. Tras su purificacioÂn, el gen se
clonoÂ en el plaÂsmido pKK223-3. El plaÂsmido resultante,
pKK1,6FucT, se transformoÂ en la cepa de E. coli XL1-Blue
MRF'. La proteína se expresoÂ tanto soluble como en forma de
cuerpos de inclusioÂn. Modificando el momento de la induccioÂn
la cantidad de enzima expresada en forma soluble se multiplicoÂ
por un factor de cinco. De esta forma, se pueden obtener 5
unidades de enzima a-1,6-FucT por litro de cultivo. Un
extracto crudo del enzima recombinante se utilizoÂ para la
síntesis del trisacaÂrido b-d-GlcNAc-(1! 4)-[a-l-Fuc-(1!
6)]-d-GlcNAc (3), a partir de quitobiosa (2) y GDP-Fucosa
(1). El trisacaÂrido 3 se obtuvo, despueÂs de su purificacioÂn, con
un rendimiento global del 84 %. Con el fin de determinar los
requisitos estructurales de los aceptores, se estudioÂ la especi-
ficidad del enzima hacia mono-, di- y trisacaÂridos estructural-
mente relacionados con la quitobiosa. El enzima es capaz de
usar, entre otros, el disacaÂrido N-acetil lactosamina (4) como
un buen sustrato y el monosacaÂrido GlcNAc (8) como un
aceptor deÂbil. Por uÂltimo, se han ensayado diversas indo-
licidinas polihidroxiladas raceÂmicas como potenciales inhibi-
dores del enzima. La indolicidina 21 fue el mejor inhibidor
con una IC50 de 4.5� 10ÿ5m, siendo a su vez la que mejor
podría mimetizar las características estructurales de la moleÂ-
cula de fucosa en el estado de transicioÂn propuesto.
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Figure 1. Construction of the pKK1,6FucT plasmid. The main character-
istics of the expression vector are shown. The sequence of the primers used
for the PCR were as follows: 1,6-FucT-Nt (5'GCCGCGAATTCATGTA-
CAATCGATAT3') and 1,6-FucT-Ct (5'GCCGCAAGCTTTCAA-
GAGGCGGTATT3')


Figure 2. SDS-PAGE analysis of the recombinant a-1,6-FucT expression.
Lane 1, molecular weight markers; lane 2, soluble fraction before induc-
tion; lane 3, pellet before induction; lane 4, soluble fraction 5 h after
induction; lane 5, pellet 5 h after induction. For details see Experimental
Section.


common problem when a protein is over-expressed, since the
high production of protein does not allow its correct folding,
and thus causes aggregation and precipitation of the protein.
We tried to refold the inclusion bodies by solubilizing the
pellet with 8m urea[20] or 6m guanidine, followed by a slow
elimination of the denaturant agent by dialysis against buffer
with or without different folding aids.[21] The problems
encountered in the in vitro refolding of the inclusion bodies
may be due to the presence of a 20 amino acid fragment in the
protein near the C-terminal, which is assigned to a trans-
membrane region by the structure analysis program
TMpred.[22] Another approach to reduce the in vivo formation


of inclusion bodies is to slow down the bacterial metabolism
through fermentation engineering.[23] We envisioned that the
production rate of recombinant protein could be modulated
during the time in which the induction is made, since the older
the culture the slower the metabolism rate. We prepared
different cultures that were induced throughout the growing
curve (Figure 3).


Figure 3. Growth curve for E. coli cells carrying on the pKK1,6FucT
plasmid. Each arrows indicates a different experiment in which IPTG was
added to promote induction. The inserted table summarized the results
obtained.


In all the cases the final density of the culture was the same,
but the production of soluble enzyme per unit of biomass
increased when the induction was done in the later logarithm
phase (insert in Figure 3). When IPTG was added at the
beginning of the stationary phase (OD600� 3.4), the produc-
tivity per g of cells dropped, probably because some cells were
already dead at the time of the induction. In this way, we were
able to achieve a five-fold increase in the expression of soluble
recombinant a-1,6-FucT obtaining a final production of 5 U of
recombinant enzyme per liter of culture.


Enzymatic fucosylation of chitobiose (2): A crude preparation
of the recombinant enzyme was used for the synthesis of the
branched trisaccharide b-d-GlcNAc-(1! 4)-[a-l-Fuc-(1!
6)]-d-GlcNAc (3), from chitobiose (2) and GDP-Fucose (1)
(Scheme 1). Samples were drawn at different times and
analyzed by GC (Figure 4). After 24 h, 10 % chitobiose
remained in the reaction mixture (Figure 4, B). In spite of
adding more fresh enzyme for another 24 h reaction time, no
further consumption of chitobiose was observed. The reaction
was then stopped and the mixture eluted through a Sephadex
G-10 column to obtain the trisaccharide 3 as a,b-anomeric
mixture in an 84 % overall yield. The 1H NMR spectrum of 3
showed two doublets at d� 1.18 and 1.19 assigned to the
methyl group of the fucose residue (a- and b-anomers,
respectively). The H-1 signal of the fucose was observed at
d� 4.90 as a doublet with a small J1,2 (4.2 Hz), which indicates
a-configuration at the anomeric carbon. On the other hand,
the 13C NMR spectrum of 3 was in agreement with the
previously reported data.[24]
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Figure 4. GC analysis of fucosylation-catalyzed reaction by the recombi-
nant a-1,6-FucT. A) initial reaction mixture; B) reaction mixture after 24 h
of reaction. Pyr: pyridine; I.S: benzyl b-d-xylopyranoside (internal stand-
ard); U: unidentified peaks (these two peaks were proved to come from the
enzymatic extract); 2 : chitobiose (a, b mixture); 3 : trisaccharide.


Acceptor specificity of a-1,6-FucT: In order to obtain
information about the in vivo acceptor of the NodZ protein
the acceptor specificity of the a-1,6-FucT from Rhizobium sp.
and B. japonicum has been previously studied using chitin
oligosaccharides of different length.[14, 15] Both enzymes give
similar results, showing the highest reaction rates with hexa-
and pentasaccharide oligomers. Quinto et al.[14] have also
shown that the enzyme from B. japonicum is able to fucosylate
the trisaccharide Lewis X, but at a very low reaction rate.


In order to study the acceptor specificity of the recombinant
a-1,6-FucT in more detail, we measured the initial rate of
GDP release in the presence of different mono-, di- and
trisaccharides as acceptor, using chitobiose as a reference.[25]


Table 1 summarizes the results using di- and trisaccharides as
acceptors. The disaccharide N-acetyl-lactosamine (4), bearing
a galactose residue instead of the terminal GlcNAc in
chitobiose, was a good substrate (Vrel� 56 %), although only


a 50 % activity of the enzyme
was observed. The disaccharide
with an l-fucose residue at the
C-3 position of the GlcNAc
(5),[26] which in the presence of
the enzyme and GDP-Fuc lead
to the release of GDP, showed a
Vrel� 31 %. Similar results were
obtained with its thio-analogue
6,[27] which is in agreement with
the conformational study,[26]


which concludes that the global
three-dimensional shape of
both compounds is fairly sim-
ilar. On the other hand, the
branched Lewis X thio-trisac-
charide 7[28] was not substrate
for the enzyme probably a re-
sult of steric hindrance.
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The enzyme also showed activity in presence of the
monosaccharide GlcNAc (8), although with a Vrel of 18 %.
This result differs from the results obtained by Quesada-
Vincens et al. ,[15] who reported that the a-1,6-FucT from
Rhizobium sp. does not use GlcNAc as acceptor. This
difference can be explained in terms of the enforced reaction
conditions we used with larger amounts of enzyme.


In view that the recombinant enzyme works on the
monomer, we then examined how the reaction rate is affect
by different modifications in the GlcNAc structure (Table 2).
We found that the enzyme activity was influenced signifi-
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Scheme 1. Enzymatic fucosylation of N,N'-diacetylchitobiose using the recombinant a-1,6-FucT.


Table 1. Acceptor specificity of a-1,6-FucT for di- and trisaccharides.


Acceptor Vrel [%][a]


2 100
4 56
5 31
6 36
7 0


[a] Relative reaction rate using 52 mm GDP-Fuc, 105 mm acceptor and
3.3 mU a-1,6-FucT.
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cantly by the substituent at the anomeric position of the
GlcNAc. With the methyl glycoside 9 only a two-fold increase
of activity was observed. The presence of an aromatic ring in
the aglycon (compounds 10[27b] and 11) led to substrates with
even higher activity than 9. The influence of the aglycon
nature became even more evident when the N-acetyl glucos-
amine derivative 12, with the bulky Me3Si group, was used
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since this is not a substrate for the enzyme. Surprisingly, we
have not found a significant difference between the b-10 and
the a-Bn-GlcNAc 11 (Vrel� 51 % and Vrel� 53 %, respective-
ly). By comparing the activity of GlcNAc (8) and chitobiose
(2) it is possible to deduce that the presence of the GlcNAc
moiety in the non-reducing end has a strong stabilizing effect
on the enzyme ± substrate complex. Although this effect is less
important, it becomes significant, when the non-reducing
GlcNAc is substituted by Gal.


We have also studied the influence of the NHAc group and
the C-4 configuration in the reducing GlcNAc (Table 3) on
the enzyme activity. Surprisingly, the acetamide group of the
GlcNAc does not seem to be essential for the activity. Thus,
the amino sugar 13 gave reaction rates similar to those of 8.
Some activity was also observed when the reaction was
carried out with d-glucose (14) and the C-2 epimer, N-acetyl
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mannosamine (15), although at lower reaction rates. Finally,
we have tested the effect of the configuration change from
gluco to galacto using GalNAc (16) as the acceptor. The


enzyme is able to use 16 but as a rather poor substrate (Vrel�
9 %), showing a important destabilizing effect of the equato-
rial OH group.


Inhibition studies with polyhydroxylated indolizidines : The
reactions catalyzed by glycosyltransferases[29] and glycosid-
ases[30] proceed through the cleavage of the bond between the
anomeric carbon and the exo-anomeric oxygen atom, so that a
positive charge at the anomeric carbon is formed during the
process. Some naturally occurring polyhydroxylated indolizi-
dines, such as castanospermine and swainsonine, are among
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the most powerful glycosidase inhibitors. The interesting
biological profile of these aza-sugars is said to be due to their
ability to mimic the transition state of the glycosidase-
catalyzed reaction.[31] Recently, Carretero et al. described an
efficient and stereochemically flexible approach to the syn-
thesis of polyhydroxylated indolizidines and analogues.[32] As
several of those compounds showed inhibitory activity against
commercially available glycosidases,[33] the racemic castano-
spermine stereoisomers 17 ± 21[34] were also investigated as
possible inhibitors of the recombinant a-1,6-FucT (Table 4).
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Although these structurally simple aza-sugars do not have any
nucleotide or pyrophosphate moiety as commonly observed
in glycosyltransferase inhibitors,[31b] we found that the indo-
lizidines 17 ± 20 showed a moderate inhibition of the recombi-
nant a-1,6-FucT (IC50 from 1.67 to 3.37 mm), while the
compound 21 proved to be a powerful inhibitor of this
enzyme (IC50� 45 mm). Interestingly, among the indolizidines


Table 2. Influence in the a-1,6-FucT activity of the substituent at the
anomeric position of the GlcNAc.


Acceptor Vrel [%] [a]


8 18
9 39


10 51
11 53
12 0


[a] Relative reaction rate using 52 mm GDP-Fuc, 105 mm acceptor and
3.3 mU a-1,6-FucT.


Table 3. Influence in the a-1,6-FucT activity of the NHAc group and C-4
configuration in the GlcNAc.


Acceptor Vrel [%] [a]


8 18
13 18
14 9
15 12
16 9


[a] Relative reaction rates using 52 mm GDP-Fuc, 105 mm acceptor and
3.3 mU a-1,6-FucT.
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studied, compound 21 is the only one with the same relative
stereochemistry at the hydroxylic carbons as fucose. We
speculated that this stereochemical analogy could be critical
in order to attain a conformation[35] which mimics the fucose
moiety in the putative transition state of the enzymatic
reaction (Scheme 2). As far as we know these are the first
examples showing that polyhydroxylated indolizidines can act


as inhibitors both in glycosyltransferase-catalyzed processes
and glycosidase-catalyzed reactions. These results open new
potential applications of polyhydroxylated indolizidines and
analogues as inhibitors in the biosynthesis of oligosaccharides.


Conclusion


In summary, we have developed an efficient heterologous
expression system for the over-expression of the a-1,6-FucT
from Rhizobium sp. We have shown the formation of
inclusion bodies in vivo can be reduced by means of
fermentation engineering. After optimisation of the expres-
sion conditions, we were able to obtain 5 units of soluble
recombinant a-1,6-FucT per liter of culture. The broad
acceptor specificity of recombinant enzyme makes it a useful
catalyst for enzymatic oligosaccharide synthesis. Its applic-
ability in the synthesis of oligosaccharides has also been
shown by the synthesis of the trisaccharide 3. Finally, we have
shown that castarnospermine stereoisomers can act as inhib-
itors of this fucosyltransferase.


Experimental Section


General : 1H NMR spectra were recorded on 400 MHz Inova-400 and
500 MHz Varian Unity spectrometers. 13C NMR spectra were recorded at
100 MHz on 400 MHz Inova-400. TLC was performed on silica-gel plates


(GF254 Merck) with fluorescent indicator and detection was carry out by
charring with H2SO4/EtOH. UV/Visible spectra were recorded on a
Perkin ± Elmer Lambda 6 UV/VIS spectrophotometer at 25 8C. SDS-
PAGE electrophoresis was performed in a Mighty-Small Mini-Vertical
Electrophoresis Unit SE-250 (Hoefer Scientific Instruments). Protein
concentration was determined using the Bio-Rad Protein Assay kit.


The pKK223-3 vector was obtained from Pharmacia Biotech. Inc.(Piscat-
away, NJ). Taq DNA polymerase was purchased from Ecogen. T4 DNA
ligase was obtained from MBI Fermentas. Restriction enzymes Eco RI and
HindIII were purchased from Boehringer Manheim. Isopropyl-l-thio-b-d-
galactopyranoside (IPTG) was purchased from Applichem. Rhizobium sp.
NG234R strain was provided from the Microbiology Laboratory, ETSIA,
Universidad PoliteÂcnica de Madrid (Spain). E. coli competent cells XL1-
Blue MRF' was purchased from Stratagene Co. (San Diego, CA).


Pyruvate kinase type II from rabbit muscle, l-lactic dehydrogenase type II
from rabbit muscle, phosphoenol pyruvic acid (PEP), b-NADH, sodium
lauryl sulfate, glycerol, polyethylene glycol (PEG), GlcNAc (8), GlcNH2


(13), Glc (14), ManNAc (15) and GalNAc (16) were obtained from Sigma.
N,N'-Diacetylchitobiose (2), N-acetyllactosamine (4) and benzyl 2-acet-
amide-2-deoxy-a-d-glucopyranoside (11) were obtained from Toronto
Chemicals. GDP-b-l-fucose (1) was purchased from Oxford GlycoScien-


ces. All other chemicals were pur-
chased from commercial sources as
reagent grade.


Amplification of a-1,6-fucosyltransfer-
ase gene : PCR amplification was per-
formed in a 100 mL reaction mixture
containing DNA (3 mL) of Rhizobium
sp. as template, water (70.5 mL), buffer
(100 mm Tris-HCl, 500 mm KCl,
pH 8.0, 10 mL), MgCl2 (2mm), dNTPs
(200 mm), primers (1 mm) 1,6-FucT-Nt
(5'GCCGCGAATTCATGTACAAT-
CGATAT3') and 1,6-FucT-Ct
(5'GCCGCAAGCTTTCAAGAGGC-
GGTATT3') and Taq DNA polymer-
ase (2.5 U). The reaction was subject-
ed to 30 cycles of amplification. The
cycle conditions were set as follows:


denaturation at 94 8C for 1 min, annealing at 55 8C for 1.5 min, and
elongation at 72 8C for 1 min.


Construction of the pKK1,6FucT vector : The a-1,6-fucosyltransferase gene
obtained from the PCR was purified with the Wizard PCR Preps DNA
purification system (Promega). The insert and the pKK223-3 plasmid were
digested with Eco RI (100 U) and HindIII (100 U) in 100 mL reaction
mixtures following standard protocols.[36] After purification, the insert was
ligated with the vector with T4 DNA ligase. The pKK1,6FucT expression
vector constructed in this way was then transformed into E. coli XL1-Blue
MRF' competent cells and plated on LB agar plates containing 250 mg mLÿ1


ampicillin. Ten colonies were randomly selected and grown for screening of
positive clones. The plasmid was purified by the Ultra Clean Mini Plasmid
preparation kit (MoBio) and characterized by restriction analysis. One
positive clone was selected and used for protein expression.


Expression of the recombinant a-1,6-FucT: The selected clone was grown
on 100 mL LB medium containing 250 mg mLÿ1 ampicillin at 37 8C with
shaking. When the cell growth reached an optical density at 600 nm
(O.D.600) of 0.5, the temperature was switched to 30 8C and the culture was
induced with 1mm IPTG. Samples were taken at different times (3 h, 5 h
and 24 h) after induction and the expression level was analyzed by SDS-
PAGE using gels with 10 % of polyacrylamide in the separation zone.


To study the influence of the induction time in the expression of the a-1,6-
FucT in soluble form, the temperature was switched to 30 8C and 1 mm
IPTG was added when the O.D.600 reached 0.14, 0.5, 2.0, and 3.4,
respectively.


Preparation of cell-free extract (CFE): The culture broth was centrifuged
(3000 g, 30 min, 4 8C), and the cell pellets were treated with lysozyme or
with B-PER bacterial protein extraction reagent (Pierce) to separate the
soluble proteins from the inclusion body.


a) Lysozyme :[37] EDTA (50 mm, pH 8.2) and lysozyme (2 mggÿ1 cells) were
added to a suspension of cells in Tris buffer (8 mL gÿ1 cells, 50mm, pH 8.0).


Table 4. Inhibition of a-1,6-FucT by castanospermine stereoisomers.


Inhibitor IC50
[a] [mm]


(�) 17 2.80
(�) 18 2.35
(�) 19 3.37
(�) 20 1.67
(�) 21 0.045


[a] Inhibitor concentration required to give 50% inhibition with 52 mm
GDP-Fuc, 105 mm chitobiose at pH 7.7 and 25 8C.
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Scheme 2. Conformation of indolizidine 21 which mimics the proposed transition state[29b] of the l-
fucosyltransferase-catalyzed reaction.
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The suspension was gently stirred at room temperature during 1 h, and the
suspension was kept at 4 8C overnight. The reaction mixture was gently
sonicated for 40 s and cooled down on ice (4� ) to decrease viscosity.
DNase (10 mggÿ1 cells) and MgCl2 (0.95 mg mLÿ1) were added, and the
mixture was refrigerated for 20 min. The mixture was then centrifuged for
30 min at 13000 g to separate the soluble proteins.


b) B-PER (bacterial protein extraction reagent): One gram of cells was
suspended in 20 mL of B-PER reagent and stirred for 10 min. The mixture
was then centrifuged for 15 min at 13000 g to separate the soluble proteins.


a-1,6-FucT activity assay : The enzymatic activity of a-1,6-FucT was assayed
with a coupled enzymatic system, in which the decrease of NADH
absorbance at 340 nm is directly proportional to the release of GDP during
the fucosyltransferase-catalyzed reaction.[38] The activity was measured at
25 8C for 15 min in a final volume of 1 mL, containing Hepes (12 mm,
pH 7.7), MnCl2 (13 mm), KCl (50 mm), MgCl2 (6.5 mm), PEP (0.7 mm),
NADH (0.2 mm), pyruvate kinase (7.6 U), lactate dehydrogenase (18 U),
chitobiose (105 mm), and GDP-Fucose (52 mm). The acceptor was omitted
for the blank run. The assay was initiated upon addition of 50 mL of the a-
1,6-FucT preparation and the decrease in the absorbance at 340 nm was
monitored. For the study of the acceptor specificity chitobiose was
substituted by compounds 4 ± 16. One unit of enzyme activity is defined
as the amount that catalyzes the transfer of 1 mmol of fucose from GDP-Fuc
to chitobiose per min.


Inhibition studies : Inhibition by polyhydroxylated indolizidines was
studied using the activity assay described above. Compounds 17 ± 21 were
included in the reaction mixture before the addition of the a-1,6-FucT.
Three different concentrations (0.01 mm, 0.1 mm, and 1.0 mm) of each
compound were assayed to calculate the IC50. Before performing these
experiments, we proved that the polyhydroxylated indolizidines did not
inhibited the pyruvate kinase or the lactate dehydrogenase.


Synthesis of b-d-GlcNAc(1! 4)-[a-l-Fuc-(1! 6)]-d-GlcNAc (3): Crude
a-1,6-FucT (1.4 mL, 93 mU), prepared by method a) was added to a
solution of N,N'-diacetyl chitobiose (6 mg, 0.014 mmol), GDP-Fucose
(10 mg, 0.014 mmol), MnCl2 (5 mg, 0.025 mmol) in Hepes (3 mL, 15 mm,
pH 7.7). Aliquots (200 mL) were removed at different times and analyzed
by GC. The samples were heated at 100 8C during 10 min to stop the
reaction. After lyophilization, the residue was treated with pyridine (5 mL)
containing benzyl b-d-xylopyranoside (1mm) as internal standard, trim-
ethylsilylimidazole (5 mL) and heating at 60 8C for 30 min. GC analysis was
carried out on a Hewlett ± Packard 5890 Series II, with an FID detector,
using a SPB-1 capillary column (3 m, 0.25 mm ID, 0.25 mm film); temper-
ature program: initial temperature 195 8C during 5 min; rate 15 8C minÿ1;
final temperature 260 8C. When the reaction was finished, the mixture was
concentrated and passed through a Sephadex G-10 column using water as
eluent. The fractions containing the trisaccharide were pooled out and
dried to give 3 as a white powder (6.8 mg, 84 %). 1H NMR (500 MHz, D2O):
d� 5.16 (d, J(1,2)� 2.8 Hz, <1 H, H-1 a), 4.90 (d, J(1'',2'')� 4.2 Hz, 1H;
H-1''), 4.71 (d, J(1,2)� 8 Hz, <1H; H-1 b), 4.62 (d, J(1',2')� 8.0 Hz, 1H;
H-1'), 4.10 (m, 1H; H-5''), 2.06/2.01 (2s, 3H each; 2NHCOCH3), 1.19/1.18
(2d, J(5'',6'')� 6.6 Hz, 3H; H-6''); 13C NMR (100 MHz, D2O): d� 102.4
(C-1'), 100.6/100.8 (C-1''), 96.2 (C-1 b), 91.7 (C-1 a), 23.1/23.4
(2NHCOCH3), 16.5/16.5 (CH3).
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Effects of Dimerization on Protein Electron Transfer
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Abstract: In order to investigate the
relationship between the rate of pro-
tein ± protein electron transfer and the
structure of the association complex, a
dimer of the blue copper protein azurin
was constructed and its electron ex-
change properties were determined.
For this purpose, a site for covalent
cross-linking was engineered by replac-
ing the surface-exposed asparagine 42
with a cysteine. This mutation enabled
the formation of disulfide-linked homo-
dimers of azurin. Based on NMR line-
broadening experiments, the electron
self-exchange (e.s.e.) rate constant for
this dimer was determined to be
4.2(�0.7)� 105mÿ1sÿ1, which is a seven-
fold decrease relative to wild-type azur-
in. This difference is ascribed to a less


accessible hydrophobic patch in the
dimer. To discriminate between intra-
molecular electron transfer within a
dimer and intermolecular electron trans-
fer between two dimers, the e.s.e. rate
constant of (Cu ± Cu)-N42C dimers was
compared with that of (Zn ± Cu)- and
(Ag ± Cu)-N42C dimers. As Zn and Ag
are redox inactive, the intramolecular
electron transfer reaction in these latter
dimers can be eliminated. The e.s.e. rate
constants of the three dimers are the
same and an upper limit for the intra-
molecular electron transfer rate of 10 sÿ1


could be determined. This rate is com-
patible with a Cu ± Cu distance of 18 �
or more, which is larger than the Cu ± Cu
distance of 15 � observed in the wild-
type crystal structure that shows two
monomers that face each other with
opposing hydrophobic patches. Model-
ling of the dimer shows that the Cu ± Cu
distance should be in the range of
17 �< rCu±Cu < 28 �, which is in agree-
ment with the experimental findings. For
efficient electron transfer, it appears
crucial that the two molecules interact
in the proper orientation. Direct cross-
linking may disturb the formation of
such an optimal electron transfer com-
plex.


Keywords: azurin ´ copper ´ dime-
rization ´ electron transfer ´ NMR
spectroscopy


Introduction


Many biological redox processes depend on protein-mediated
electron transfer. In contrast to chemical reactions, which are
strongly localized in space, electron transfers can take place
over large distances (up to 20 �) in the living cell. The
importance of distance in controlling the rate of electron
transfer in proteins is illustrated by the remarkable exponen-
tial relationship between rate and distance that covers about


12 orders of magnitude in the rate and about 20 � in
distance.[1] Besides distance, parameters such as thermody-
namic driving force, reorganization energy, and donor ± ac-
ceptor orientation also influence the rate of electron transfer.
The Marcus theory[2] is often applied to analyze these
parameters. Normally, a distance between two redox centers
of less than �20 � will provide for electron tunneling that is
sufficiently fast within a biological context.[1] Therefore, the
redox centers that participate in inter-protein electron trans-
fers have to be close to the edge of the protein; in general,
they should be within 9 � of the surface. On the other hand,
the redox centers should be well protected by sufficient
protein medium to prevent accidental aspecific electron
exchange with exogenous redox partners. Within the reaction
complex, the proteins should be oriented in such a way that
the electron transfer rate is optimized.


Cross-linking has been used as a method to gain insight into
the relative orientation of proteins in such short-lived com-
plexes. Generally, cross-linking is achieved by using chemical
reagents[3±16] such as 1-ethyl-3-[3-(dimethylamino)propyl]car-
bodiimide (EDC) or by engineered disulfide formation.[17, 18]
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Both methods produce so-called ªzero-lengthº linkers, in
which the proteins are directly linked without the introduction
of connecting atoms. Often, it is found that the electron
transfer rate decreases drastically by linking two proteins,
which indicates that the complexes that are formed are not
favourable for electron transfer; for example, in cross-linked
complexes of cytochrome f and plastocyanin[14] and cytochro-
me c and cytochrome c peroxidase.[18] This observation is in
agreement with the proposal that, in many cases, a rearrange-
ment step is needed[7, 12, 19±23] after the formation of the
association complex for electron transfer to occur. This means
that, in the association complex in the first instance, the
position and orientation of the partners with respect to each
other is less productive for electron transfer. The first step
must be followed, then, by rearrangement to a more
ªproductiveº orientation before electron transfer can occur.
These observations suggest that fast electron transfer between
proteins requires subtle and precise positioning and orienta-
tion of the two redox partners with respect to each other.


To better understand this phenomenon, we studied electron
transfer in a well-defined cross-linked complex. For this
purpose, a site for covalent cross-linking was engineered in
azurin, a so-called blue copper protein that has been
extensively characterized, structurally as well as mechanisti-
cally.[24±31] The 14 kD redox protein has a so-called type-1
copper site that is positioned about 7 � beneath the protein
surface and is coordinated by three strong ligands (Nd-s of
His117 and His46, and Sg of Cys112) that are arranged in a
planar configuration around the metal. Two weakly interact-
ing groups (Sd of Met121 and the carbonyl oxygen of Gly45)
are located in axial positions. The copper ligand His117 is
positioned in the middle of a hydrophobic patch, which is the
surface area that is involved in electron transfer, including the
electron self-exchange (e.s.e.) reaction.[29, 32±34] In the crystal
structure of wild-type azurin, the hydrophobic patches of two
azurin molecules face each other with a Cu ± Cu distance of
15 � (see Figure 1). The dimer packing shows two water
molecules that connect the monomers by hydrogen
bonds.[26, 27] Although no dimers are observed in solution,
the very high e.s.e. rate constant (�106mÿ1sÿ1)[35±37] suggests
that the association complex may have a similar structure in
solution.[38] With the goal of obtaining a covalent azurin dimer
in solution that resembles the non-covalent dimer in the
crystal structure, a site for cross-linking was engineered at
residue 42 (asparagine). With the introduction of a cysteine at
this position, it was thought that it would be possible to form a
disulfide bridge with retention of the orientation of the two
azurin molecules with respect to each other (see Figure 1).
The e.s.e. rate can then be used to monitor the influence of
conformational flexibility around the Cys ± Cys link on the
intramolecular e.s.e. reaction. Formation of azurin dimers that
followed this scheme was successful and the electron transfer
characteristics could be studied in detail. In this way, we could
determine an upper limit for the intramolecular electron
transfer rate in the N42C dimer. The findings are discussed in
terms of the structure of the dimer in solution.


Electron self-exchange rate : The electron transfer properties
of azurin were studied by looking at the e.s.e. reaction, that is,


Figure 1. A) Two azurin molecules that face each other with opposing
hydrophobic patches as observed in the crystal structure of azurin from P.
aeruginosa (5azu.pdb).[26] The copper atoms are represented by spheres. B)
Enlargement of region around position 42 that covers part of the interface
between the two molecules. The heavy atoms of the asparagines at position
42 are in ball-and-stick representation. C) Asparagines 42 have been
replaced by cysteines, which have been modelled to form a disulfide bond.
The model is based on the crystal structure of wild-type azurin. Pictures are
generated by MOLSCRIPT.[49]


the electron exchange reaction between identical redox
partners [see Eq. (1)].


Ar�Ao )*
k1


kÿ1


Ao�Ar (1)


Here, Ar and Ao represent the reduced and oxidized partners,
respectively. Although e.s.e. reactions may not be of physio-
logical relevance in the case of azurin, theoretically they are of
interest, because DG 0� 0, and k1� kÿ1 � kese (electron self-
exchange rate constant), which simplifies the analysis of
experimental data. The e.s.e. rate constant can be determined
from the broadening of NMR signals of the nuclei that are
close to the redox site when a small amount of oxidized
(paramagnetic) azurin is introduced into a solution of the
reduced protein. The broadening, DT2


ÿ1, is caused by the
magnetic pulses that the protons experience during the brief
periods when the azurin is paramagnetic as the result of an
electron transfer event. As long as the ªstrong pulseº or ªslow
exchangeº condition applies for the NMR experiments, kese


can be obtained by using Equation (2):[37]


DT2
ÿ1� kobs� kese [Ao] (2)


In the case of a partly oxidized solution of covalent dimers,
four different species can be distinguished: ArAr, ArAo, AoAr


and AoAo. Since we shall be dealing with solutions in which
the degree of oxidation is less than 8.5 %, the last species can
be neglected for practical purposes. To analyze the effect of
the electron exchange reaction on the NMR signals of the
reduced species, we consider the fate of a particular monomer,
which is denoted by an asterisk (A*). From the point of view
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of NMR line-broadening, Ar*Ao plus AoAr* and Ar*Ar


represent populations with different kinetic characteristics.
Under our experimental conditions, the signals from the
diamagnetic species (Ar*) in the Ar*Ao plus AoAr* population
represent less than 15 % of the total signals from the Ar*
species (the other 85 % are derived from the Ar*Ar popula-
tion). Therefore, the contribution of the Ar*Ao plus AoAr*
population is negligible. The diamagnetic lifetime of Ar* in
Ar*Ar depends on two processes, a and b, as depicted
schematically in Figure 2 [Eq. (3)]:


a) Ar*Ar�ArAo )*
k1


kÿ1


Ao*Ar�ArAr (3a)


b) Ar*Ar�ArAo )*
k1


kÿ1


Ar*Ao�ArAr (3b)
# ki


Ao*Ar


Figure 2. Schematic representation of possible hole transfer routes in
N42C azurin dimers. a) Subunit A* of dimer I becomes oxidized by
intermolecular hole transfer from dimer II to dimer I with rate constant
kese. b) Subunit A* of dimer I is oxidized by two consecutive steps,
a) intermolecular hole transfer from dimer II to subunit A of dimer I at
rate constant kese, b) intramolecular hole transfer within dimer I from
subunit A to subunit A* at rate ki . The arrows denote the flow of the
unpaired spin, the transfer of the electron occurs in the opposite direction.


The line-broadening, from which the rate constants are
deduced, is determined by the probability of the CuI site to
become oxidized, which causes the nearby proton spin to
loose its phase coherence before it is lost due to relaxation
mechanisms. Once the Ar* moiety has become oxidized, back
reactions are irrelevant for the broadening process. The
overall rate, kobs, by which Ar*Ar is converted into Ao*Ar, is
now the sum of the contributions from the processes (a) and
(b), which are given by Equation (4):


ka� kese [AoAr] (4a)


kb�kese [AoAr] ´
ki


kese �ArAr� � ki


� �
(4b)


The overall rate is given by Equation (5):


kobs� ka�kb� kese[AoAr] ´ 1� ki


kese�ArAr� � ki


� �
(5)


The symbols kese and ki represent the inter- and intramolecular
electron transfer rate constant, respectively.


To discriminate between the intra- and intermolecular
electron transfer, the e.s.e. rate constant was determined not
only for (Cu ± Cu) azurin dimers, but also for azurin dimers


that contain one Zn and one Cu ion. In the latter case,
intramolecular electron transfer is absent, because ZnII is
redox-inactive. Therefore, the intermolecular rate constant,
kese, for this (ZnII ± Cu)-N42C dimer can be calculated using
Equation (4a), and is identical to the intermolecular electron
transfer rate constant for (Cu ± Cu)-azurin dimers. A possible
charge effect of the metals in the azurin dimer on the rate
constant has been examined by determining the electron
transfer properties of (AgI ± Cu)-N42C dimers as well. Finally,
an upper limit for the intramolecular rate constant, ki , can be
derived by measuring kobs at different total protein concen-
trations while the percentage of oxidized protein is kept fixed.


Results


(Cu ± Cu)-N42C Azurin dimerÐIsolation, characterization,
and dimer formation : The mutated azurin, N42C, was grown
and isolated as described in the Experimental Section. An
average 7 mg of apo-N42C azurin per liter of culture was
obtained. Compared with the yields that are normally
obtained for wild-type azurin (15 ± 30 mg Lÿ1), this yield is
low. This is probably due to the reactivity of the cysteine
introduced at position 42 and the formation of aggregates with
other components in the cell lysate. Increasing the concen-
tration of dithiotreitol (DTT) during the isolation did not
improve the yields, however.


Holo-N42C azurin was obtained by adding a slight excess of
Cu(NO3)2 after the removal of DTT, which resulted in the
appearance of the characteristic blue color of azurin. The
copper was partially reduced, because of the formation of
disulfide bonds, which resulted in a 75 % conversion of the
mutant into dimer. The addition of a small excess of potassium
ferricyanide resulted in the conversion to 100 % dimer and re-
oxidation of the copper. The presence of the (Cu ± Cu)-N42C
dimer was confirmed by gel filtration and electrospray mass
spectrometry (results not shown). The experimentally deter-
mined mass of the holo-N42C azurin dimer was 27 983 (�8),
while the calculated mass is 27 990. In addition, SDS-PAGE,
native and iso-electric focussing (IEF) electrophoresis con-
firmed the appearance of the (Cu ± Cu)-N42C azurin dimer
(see Figure 3).


Figure 3. IEF gel electrophoresis of (N42C) azurin samples. Lane 1: pI
marker proteins; lane 2: (CuI ± CuI)-N42C azurin dimer; lane 3: (ZnII ±
CuI)-N42C azurin dimer that is obtained by reduction of the (ZnII ± CuII)-
N42C azurin dimer with ascorbate; lane 4: (ZnII ± ZnII)-N42C azurin dimer;
lane 5: ZnII- and CuI-N42C azurin monomers obtained by reduction of the
(ZnII ± CuII)-N42C azurin dimer with DTT; lane 6: (ZnII ± CuII)-N42C
azurin dimer; lane 7: (CuII ± CuII)-N42C azurin dimer; lane 8: CuII wild-
type azurin. In lanes 6, 7 and 8, partial back-reduction has occurred in the
gel.
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The number of free thiol groups was determined with the
use of Ellman�s reagent (5,5'-dithiobis-(2-nitrobenzoic acid),
DTNB).[39] The results are listed in Table 1. Under native
conditions, no free cysteines were detected in the N42C holo-
dimer, whereas, in the apo-monomer, one cysteine was


reactive to DTNB. The holo-monomer, which was obtained
by reaction of the dimer with DTT followed by removal of
excess DTT, showed only 0.6 (�0.1) free thiol groups.
Presumably, monomer was partially re-oxidized to dimer
during sample preparation. Wild-type azurin, used as a
control, did not exhibit any free thiol groups in either its
apo- or its holo-form under native conditions. When the
proteins were denatured in 6m guanidinium chloride, in the
presence of EDTA (10 mm) to prevent copper-induced
dimerization, 1.5 (�0.1) free cysteines (per dimer) were
determined in the N42C holo-dimer. For the apo- and holo-
monomer, 1.6 (�0.1) and 1.2 (�0.1) cysteines, respectively,
were titratable in the denatured form. In wild-type azurin, one
thiol group (Cys112) was reactive towards DTNB under
denaturing conditions. From these observations, it can be
concluded that, in the monomeric N42C azurin, surface-
exposed Cys42 is reactive towards DTNB under native
conditions, whereas, under denaturing conditions, Cys112
also becomes exposed in both the monomeric and dimeric
form and reacts with DTNB.


The UV/Vis absorption spectrum as well as the EPR
spectrum of oxidized N42C azurin dimer are identical to those
of wild-type azurin (lmax� 628 nm, e628� 5.7 mmÿ1 cmÿ1; gk �
2.26, g?� 2.05 and Ak � 57� 10ÿ4 cmÿ1), which indicates that
no structural changes around the copper site have occurred.
The one dimensional 1H NMR spectrum of N42C dimer is
very similar to that of wild-type azurin, except for some line
broadening (3 ± 4 Hz) as a result of the larger rotational
correlation time of the dimer (see Figure 4).


(Zn ± Cu)-N42C Azurin dimerÐIsolation, characterization,
and dimer formation : Zn-N42C azurin was isolated as a by-
product of the isolation of apo-N42C azurin. Typically, 4.5 mg
of Zn-azurin was obtained per liter of cell culture. (Zn ± Cu)-
dimers of N42C azurin were obtained by the oxidation of a
solution that contains a 1:1 mixture of Cu- and Zn-N42C


Figure 4. Electron self-exchange (e.s.e.) measurements. Region of the
600 MHz 1H NMR spectra at T� 313 K and pH* 8.5 of A) wild-type azurin,
B) (Cu ± Cu)-N42C azurin dimer, C) (Zn ± Cu)-N42C azurin dimer and
D) (Ag ± Cu)-N42C dimer, that shows the His46 Cd2H signal at d� 5.89
(arrow) used for determining the line-broadening as a function of the
concentration of oxidized azurin (in mm). The total protein concentration is
1mm. (*) denotes the His46 resonance for Zn- and Ag-sites in the (Zn ±
Cu)- and (Ag ± Cu)-dimers, respectively.


monomers as described in the Experimental Section. The
formation of (Zn ± Cu)-dimers was followed by IEF electro-
phoresis (Table 2 and Figure 3). The pI of the (ZnII ± CuI)-
azurin dimer was determined to be 5.16 (Figure 3, lane 3),
which is the average of the pI of (CuI ± CuI)-azurin and (ZnII ±
ZnII)-azurin, 4.87 and 5.49, respectively (Table 2 and Figure 3,
lanes 2 and 4). The pI values of the apo-, (Cu ± Cu)- and (Zn ±
Zn)-N42C dimers are the same as the pI values of the apo-,
Cu- and Zn-wild-type monomers, respectively. This is shown
for the CuII case in Figure 3, lanes 7 and 8. Oxidized (ZnII ±
CuII)-azurin dimer (lane 6) has a pI of 5.56, which is between
the pI of (ZnII ± ZnII)-azurin and (CuII ± CuII)-azurin (5.49 and
5.65, respectively). Mild reduction of the (ZnII ± CuII) dimer


Table 1. Cysteine reactivity of wild-type and N42C azurin.


Reactive cysteine/azurin [mol/mol][a]


Native[b] Denatured[c]


wild-type
apo 0 1.0
Cu 0 0.9


N42C
apo-monomer 1.0 1.6
Cu-monomer 0.6 1.2
Cu-dimer 0 1.5


[a] Protein concentrations were calculated from A280 with the use of e280�
9.8mmÿ1 cmÿ1 and varied from 10 ± 50mm. A 100-fold excess of DTNB was
used. Errors in reactive cysteine/azurin are �0.1. [b] Reactions were
performed in 20 mm HEPES, pH 7. [c] Reactions were performed in 6m
guanidinium chloride, 10mm EDTA.


Table 2. pI values of different forms of wild-type and N42C azurin.[a]


pI[b]


Wild-type N42C


apo 5.90 (0.02) 5.90 (0.02)
CuII( ± CuII) 5.65 (0.03) 5.65 (0.03)
CuI( ± CuI) 4.87 (0.03) 4.87 (0.03)
ZnII( ± ZnII) 5.49 (0.02) 5.49 (0.02)
ZnII ± CuI ± 5.16 (0.03)
ZnII ± CuII ± 5.56 (0.04)
AgI ± CuII ± 5.16 (0.03)
AgI ± CuI ± 4.87 (0.03)


[a] IEF was performed with polyacrylamide gels (PhastGel) with a pH
gradient of 4 ± 6.5. [b] pI values were determined from a comparison with
marker proteins from Pharmacia.
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with an equimolar amount of ascorbic acid converts the dimer
into the reduced (ZnII ± CuI) form (Figure 3, lane 3). Reduc-
tion with DTT results in the breakage of the disulfide bond,
which is shown by the formation of separate ZnII and CuI


monomers (Figure 3, lane 5).
The (ZnII ± CuI)-dimer was separated from the other


components with the use of anionic exchange chromatogra-
phy as described in the Experimental Section. Five peaks were
obtained, most of which were well resolved. The first two
peaks, one as a shoulder on a third peak, were monomer
fractions that were not further used. The next three major
peaks, which contain (ZnII ± ZnII)-dimer, (ZnII ± CuI)-dimer
and (CuI ± CuI)-dimer, respectively, were well resolved from
each other. Fractions were pooled, concentrated and analyzed
by IEF. The (Zn ± Cu)-dimer was >95 % pure as judged by
IEF, a spectral A628/A280 ratio of 0.28 and gel filtration.


The one-dimensional 1H NMR spectrum of (Zn ± Cu)-
N42C dimer shows the doubling of several resonances as
compared with the spectrum of (Cu ± Cu)-N42C dimer,
among which the Cd2H resonance of the Cu ligand His46
(see Figure 4C). This is the consequence of the two histidines
46 in the (Zn ± Cu)-dimer no longer being equivalent, that is
one His46 is close to CuI, while the other is close to ZnII, which
results in different chemical shifts for the His46 resonances.[40]


(Ag ± Cu)-N42C Azurin dimerÐIsolation, characterization,
and dimer formation : The (Ag ± Cu)-N42C dimer was ob-
tained as described in the Experimental Section. The protein
was >95 % pure as judged by IEF (pI 5.16 for (AgI ± CuII)-
N42C azurin) and the spectral A628/A280 ratio of 0.28. The one-
dimensional 1H NMR spectrum also shows doubling of
several resonances compared with that of (Cu ± Cu)-N42C
dimer as can be seen in Figure 4D. However, the effect is less
pronounced than in the (Zn ± Cu)-dimer.


Electron self-exchange measurements : The e.s.e. rate con-
stants of wild-type, (Cu ± Cu)-, (Zn ± Cu)- and (Ag ± Cu)-
N42C azurin were determined from the line-broadening
(DT2


ÿ1) of the Cd2H resonance of the Cu-ligand His46 (d�
5.89) in the NMR spectra of the reduced protein as a function
of the CuII azurin concentration in the sample, as illustrated in
Figures 4 and 5. The position of the His46 Cd2H resonance
depends on pH, that is d� 5.55 at low pH and d� 5.89 at high
pH. This variation in peak position is due to a local
conformational change of the protein that is connected with
the deprotonation of His35,[31, 36] and is not relevant for our
study. It has been previously shown that pH variations do not
significantly affect the e.s.e. rate constant of P. aeruginosa
azurin.[36] Therefore, we chose to measure at pH 8.5; at this
pH, the His46 Cd2H resonance is well resolved from other
resonances. Upon addition of small amounts of oxidized
protein, the resonance of His46 which coordinates to the
copper is affected by the paramagnetism of CuII, which results
in conspicuous line-broadening, especially for wild-type
azurin (see Figure 4). When plotting the linewidth against
concentration of oxidized azurin, kese can be obtained from
the slope (see Equation 2 and Figure 5). The data are
summarized in Table 3. The e.s.e. rate constants for the
dimers [(Cu ± Cu), (Zn ± Cu) and (Ag ± Cu)] are seven times


Figure 5. Line-broadening, DT2
ÿ1 (in rad sÿ1), of the His46 Cd2H resonance


as a function of the concentration of oxidized azurin (mm). Measurements
were performed at pH* 8.5, T� 313 K and total protein concentrations of
1mm. ^�wild-type azurin, &� (Cu ± Cu)-N42C azurin dimer, *� (Zn ±
Cu)-N42C azurin dimer, *� (Ag ± Cu)-N42C dimer.


smaller than the kese of wild-type azurin, that is 4.2(�0.7)�
105mÿ1 sÿ1, 4.2(�1.0)� 105mÿ1 sÿ1, and 4.5(�1.0)� 105mÿ1 sÿ1,
respectively, versus 28(�5)� 105mÿ1 sÿ1 for wild-type azurin.
The similarity of the kese rate constants of (Cu ± Cu)-, (Zn ±
Cu)- and (Ag ± Cu)-N42C dimers shows that the contribution
from process b to the overall e.s.e. rate of the (Cu ± Cu)-
dimers is small. In addition, the similarity between the rates
demonstrates that the effect of the metal�s charge is negligible.


In order to determine an upper limit for ki in (Cu ± Cu)-
dimers, the total protein concentration was varied. While the
ratio of oxidized to total protein was kept fixed at 0.08, line
broadening (�kobs) was measured at different total protein
concentrations. Figure 6 shows how the calculated value of
kobs/(kese [ArAo]) [see Eq. (6)] varies as a function of [ArAr] for
values of ki that range from 0 to 103 sÿ1.


k'� kobs


kese�ArAo�
� 1� ki


kese�ArAr� � ki


(6)


The experimental data in Figure 6 show that ki< 10 sÿ1.


Modelling studies : In order to obtain more insight into the
relative orientation of the two monomers and the Cu ± Cu
distance, modelling studies were performed with the use of
X-PLOR 3.1.[41] As mentioned in the Introduction, the azurin
molecules are packed two by two with their hydrophobic
patches facing each other in the crystal. The packing is such
that the residues at position 42 in the hydrophobic patch can
almost make van der Waals contact. Modelling was started by


Table 3. Electron self-exchange rate constants of wild-type and N42C azurins.


kese (105mÿ1sÿ1)[a]


[Azu] (mm) Wild-type (Cu ± Cu)-N42C (Zn ± Cu)-N42C (Ag ± Cu)-N42C


1.0 28 (5) 4.2 (0.7) 4.2 (1.0) 4.5 (1.0)
0.7 29 (6) 4.1 (0.5) 4.2 (0.5) n.d.[b]


0.5 25 (7) 3.9 (0.5) 4.2 (0.7) n.d.
0.3 23 (10) 3.6 (0.6) 4.5 (1.1) n.d.


[a] Conditions: 25mm potassium phosphate in D2O, pH* 8.5, T� 313 K.
[b] n.d.� not determined.
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Figure 6. Determination of an upper limit for the intramolecular electron
transfer rate in the (Cu ± Cu)-N42C azurin dimer. k' (�kobs/(kese[ArAo])) is
plotted versus the concentration of reduced azurin, [ArAr] (in mm), for
ki� 1000 (±±±), 100 (****), 10 (*±*±) and 0 (ÐÐ) sÿ1 using Equation (6).
&� experimental values of k' for the (Cu ± Cu)-N42C dimer at pH* 8.5,
T� 313 K; the degree of oxidation equals 8 %.


taking the coordinates of two azurin molecules, which we shall
denote as A and B, from the crystal structure and building a
Cys ± Cys link at positions 42 in the amino acid chain. As there
are then five covalent bonds that connect the amino acid chain
of azurin molecule A with the chain of molecule B, there are
five dihedral angles, which specify the orientation of mole-
cule A with respect to B.


We wished to know which combinations of dihedral angles
would have no steric hindrance between A and B. To sample
the ªdihedral angle spaceº spanned by these five dihedrals,
the five bonds that connect the two cysteines from Ca (Cys42,
subunit A) to Ca (Cys42, subunit B) were systematically
rotated over angles of 60, 180 and 300 degrees, while the rest
of the protein was kept unchanged. This resulted in 108 non-
symmetry related rotamer structures, for which the van der
Waals energy between the two ªmonomersº was calculated.
From these structures, those with severe backbone collisions
between the monomers were eliminated, as were those that
demonstrated van der Waals overlap between the atoms of
the Cys42 residues. The remaining 40 structures were energy-
minimized to relieve minor steric collisions. In the calcula-
tions, the coordinates of the Cys42 residues were fixed to
maintain the relative orientation of the monomers. Figure 7
illustrates the correlation between the residual van der Waals
energy and the Cu ± Cu distance of these 40 minimized
rotamers. In Figure 8, the structures are grouped in a histo-
gram that counts the number of structures that correspond
with a particular Cu ± Cu distance �0.5 �.


From these figures, it can be seen that all of the generated
structures have a Cu ± Cu distance >17 �, and most of them
>20 �. The Cu ± Cu distance in the minimized structures is
not significantly changed relative to the rotamers before
minimization, as can be seen in Figure 7 as well. Rotamers
with a relatively short Cu ± Cu distance are more affected by
minimization than those with a larger Cu ± Cu distance. This is
also reflected in the root-mean-square difference (RMSD)
between the heavy atoms before and after minimization:
Rotamers with a relative short Cu ± Cu distance have a
relative high RMSD value. These effects illustrate the


Figure 7. Correlation between the Cu ± Cu distance of N42C azurin dimers
and the residual van der Waals energy (a. u.) of 40 rotamer structures that
were minimized for the contact between monomers generated by X-PLOR.
Left scale: the residual van der Waals energy (a. u.) (&); right scale: change
in Cu ± Cu distance in � after minimization (*); RMSD value in � between
the heavy atoms before and after minimization (�).


Figure 8. Histogram of 40 energy minimized structures of the N42C dimer
in order of their Cu ± Cu distance. The solid line represents the correlation
given by Equation (7) between the predicted intramolecular electron
transfer rate ki (sÿ1) and the Cu ± Cu distance. The experimental upper limit
for the intramolecular electron exchange of 10 sÿ1 is indicated by a dotted
line. This value corresponds with a Cu ± Cu distance of 18 �. All 40
minimised structures comply with this distance. The arrow denotes the
Cu ± Cu distance in the crystal structure of wild-type azurin.


relatively large steric overlap in the structures with small Cu ±
Cu distances before minimization. To minimize this overlap,
the monomers move away from each other during the
minimization process.


Discussion


The measured intermolecular e.s.e. rate constants of wild-type
azurin and N42C azurin dimers are summarized in Table 3.
The previously determined rate constant of 2.1(�0.1)�
106mÿ1 sÿ1 measured for wild-type azurin at comparable
conditions (20 mm potassium phosphate, pH 9, T� 309 K)[36]


agrees with the value of wild-type azurin reported herein
(25 mm potassium phosphate, pH 8.5, T� 313 K). The differ-
ence in the intermolecular e.s.e. rate constant between wild-
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type azurin (28(�5)� 105mÿ1 sÿ1) and the N42C dimer
(4.2(�0.7)� 105mÿ1 sÿ1) is ascribed to a less accessible hydro-
phobic patch in the dimer, which is due to steric hindrance as a
result of the introduction of the covalent link between the two
patches. Still, this relatively high rate constant of 4.2�
105mÿ1 sÿ1 indicates that the hydrophobic patch is accessible
for inter-protein electron transfer. Thus, the monomers are
not tightly packed with their hydrophobic patches facing each
other.


The similarity of the intermolecular e.s.e. rate constants of
the (Cu ± Cu)-, (Zn ± Cu)- and (Ag ± Cu)-N42C dimers is
accompanied by a very slow intramolecular electron transfer
rate of ki< 10 sÿ1 as determined in the dilution experiment. It
is interesting to compare this upper limit with that predicted
for ki from a semi-empirical equation [see Eq. (7)] for non-
adiabatic electron transfer in proteins:[42]


log ket� 15ÿ 0.6Rÿ 3.1(DG� l)2/l (7)


The distance between the redox centers, R, is expressed in �,
the free energy, DG, and the reorganization energy, l, are in
eV.


Equation (7) is in agreement with a large body of exper-
imental data albeit that the spread of the experimental points
around the correlation line presented by Equation (7) equals
two orders of magnitude. Strictly speaking, moreover, Equa-
tion (7) applies to intra-protein electron transfer, while we are
considering electron transfer events in which the solvent may
play a role. In the case of azurin, it has been pointed out that
the pathway of the e.s.e. reaction may involve two water
molecules that are connected by hydrogen bridges and link
the Ne atoms of the His117 side chains in the hydrophobic
patches of the molecules in the association complex. The
His117 imidazole moiety directly coordinates to the Cu. The
two water molecules have been identified in the crystal
structure.[26, 27] For complexes of this type, it is thought that
Equation (7) can still be used to analyze electron transfer
data.


Using DG� 0, a Cu ± Cu distance of 15 �, as found in the
crystal structure of wild-type azurin, and an estimated value
for l of 1 eV (99.4� 5 kJ molÿ1),[43] we calculate a ket of
approximately 800 sÿ1. An increase of the Cu ± Cu distance by
a few angstroms dramatically decreases the electron transfer
rate. For example, a 5 � increase in R leads to a 1000-fold
decrease in the electron transfer rate. This suggests that the
two copper centers in a N42C azurin dimer are, on average,
further apart than in the crystal structure of wild-type azurin
(>18 � versus 15 �), and that the introduction of a covalent
disulfide bond between the two subunits hinders the forma-
tion of a complex with fast intramolecular electron transfer,
despite the apparently favourable position of N42C for dimer
formation in the crystal structure (Figure 1). Furthermore, the
conformation of the dimer may no longer allow for an
electronic coupling pathway that involves a few bridging
water molecules, thus weakening the electronic coupling and
lowering the e.s.e. rate.


The alternative explanation that the two azurin molecules
keep the same orientation as in the crystal structure, but that
the reorganization energy has increased, is less likely. To be


compatible with a decrease by a factor of 103 in rate, the
reorganization energy would have to increase from 1.0 eV to
2.0 eV. This is outside the range of l values encountered for
electron transfer reactions of blue copper proteins. Exper-
imental work has established, for example, that the reorgan-
ization energy of Pseudomonas aeruginosa azurin is
�0.7 eV.[44]


The modelling studies reported in Figure 7 support these
conclusions, that is an increase of the distance between the
two coppers is found in comparison with the crystal structure
of wild-type azurin. In Figure 8, the correlation given by
Equation (7) is presented by a solid line. The arrow indicates
the point where R � 15 �, the Cu ± Cu distance found in the
crystal structure of wild-type azurin. It is clear from this figure
that an upper limit of ki< 10 sÿ1 (dotted line) is compatible
with structures in which the Cu ± Cu distance is larger than
18 �. All accessible rotamers fall in this category.


Further support for this analysis comes from X-ray
diffraction studies. Crystals of the N42C dimer could be
obtained and an X-ray data set that extends to 2.6 �
resolution was collected with synchrotron radiation at DESY
in Hamburg. The molecular replacement method using
program AMoRe[45] and one azurin molecule as search model
provided one prominent solution. The solution shows the
N42C dimers arranged in the crystal as two dimers, not in a
head-to-head fashion as one would expect, but in an oblique
manner. The Cu ± Cu distance in the dimer is approximately
25.9 � (X-ray structure analysis, O. Einsle and A. Messer-
schmidt, unpublished results), in accordance with our data.


Conclusion


The work presented herein deals with the electron transfer
kinetics of azurin dimers that were constructed by introducing
a well-defined site for covalent cross-linking into the azurin
structure. A seven-fold decrease in the bimolecular e.s.e. rate
constant of (Cu ± Cu)-, (Zn ± Cu)- and (Ag ± Cu)-N42C azurin
dimers was found compared with the rate constant of wild-
type azurin, which is ascribed to a less accessible hydrophobic
patch in the dimers. An upper limit for the intramolecular
electron transfer in (Cu ± Cu)-dimers was determined to be
10 sÿ1, which means that the predominant conformation(s) of
the two azurin moieties in the dimer must be different from
the mutual orientation that two azurin molecules display in
the crystal structure of wild-type azurin. Apparently, the
introduction of the Cys42 ± Cys42 disulfide bond causes the
two azurin molecules to adopt a conformation around the
Cys ± Cys link that weakens the electronic coupling between
the redox centers as compared with the association complex
of two azurin monomers in solution. Modelling studies as well
as X-ray structure analysis are in agreement with an increase
of the distance between the two coppers when compared with
the crystal structure of wild-type azurin. The results show that
electron transfer in protein ± protein complexes depends
crucially on subtle structural details and, for efficient electron
transfer, it is vitally important that the molecules form a
complex with the proper conformation. The present study
shows that cross-linking with short linkers (e.g. an engineered
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disulfide bond) may result in the fixation of protein complexes
whose conformations have no physiological relevance.


Experimental Section


Bacterial strains and plasmids : Escherichia coli strain JM109 was used for
cloning and expression of the Pseudomonas aeruginosa azu gene. The
plasmid pGK22 was a kind gift from Dr. B. G. Karlsson (Chalmers
University of Technology, Gothenburg, Sweden), and was used for the
mutagenesis and over-expression of the azu gene under the control of the
lac promoter. The plasmid was slightly modified resulting in plasmid pIA01
in order to generate a unique SalI site that could be used for cloning.


Site-directed mutagenesis : The Asn42!Cys mutation was introduced into
the azu gene by the three-step PCR mutagenesis protocol as described by
Picard et al.[46] The oligonucleotide used for construction of the Asn42!
Cys mutation was 5'-CCTGCCGAAGTGCGTCATGGGTCA-
CAACTGGG-3'. (Bold TG represents the double mismatch necessary
for the mutation and single bold T indicates a silent mutation, introduced
for screening purposes, i.e., HaeIII deletion). The downstream and
upstream primers were chosen to be close to the unique KpnI and SalI
site of pIA01, respectively. These restriction sites were used to insert the
KpnI/SalI digested PCR fragment into the pIA01 plasmid, and thus to
replace part of the wild-type azu gene, which generates plasmid pIA02.
Screening was performed by restriction analysis that used HaeIII as a
restriction enzyme. Finally, sequence analysis of the complete azu gene
confirmed the mutation.


Protein isolation, purification, and characterization : Wild-type and N42C
azurin were isolated from E. coli JM109 cells, and transformed with
plasmids pGK22 and pIA02, respectively. Cells were grown overnight and
diluted 1:100 in 30 L of Luria-Bertani (LB) medium supplemented with
100 mgmLÿ1 ampicillin and 27 mgmLÿ1 isopropyl-b-thiogalactopyranoside
(IPTG) in a 40 L fermentor (MPP40; New Brunswick Scientific, Edison,
NJ). The cells were harvested directly at the end of the exponential growth
phase by filtration with the use of a Pellicon cassette filter (Millipore).
Wild-type azurin was isolated as previously described.[47] A few modifica-
tions were introduced in the purification procedure for N42C azurin. It was
isolated in the apo-form, and no CuII or K3[Fe(CN)6] was added after the
osmotic shock. Instead, dithiotreitol (DTT, 3 ± 5 mm) was added. DTT was
also added in all further isolation and purification steps to prevent
aggregation with other proteins and small molecules that contained sulfide.


(Cu ± Cu)-N42C Azurin dimers were rapidly formed when the apo-form
was incubated with CuII, which acts as a catalyst for disulfide formation.
Typically, 1.1 molar equivalents of a Cu(NO3)2 solution and an excess (5
molar equivalents) of K3[Fe(CN)6] were added to an apo-N42C azurin
solution in 20mm HEPES, pH 7, to obtain 100 % of the (CuII ± CuII)-dimer.
Free thiol groups were assayed with Ellman�s reagent (5,5'-dithiobis-(2-
nitrobenzoic acid), DTNB, purchased from Aldrich) by monitoring the
absorbance at 412 nm of thionitrobenzoate. Moles of free -SH were
calculated from the molar extinction coefficient of thionitrobenzoate
(e412� 13700mÿ1 cmÿ1 in 6m guanidine hydrochloride and 14 150mÿ1 cmÿ1 in
its absence).[39] Absorption spectroscopy was performed either on a
Shimadzu UV 2101PC or a Perkin ± Elmer Lambda 18 spectrophotometer.


(Zn ± Cu)-N42C Azurin dimers were prepared by mixing monomeric Cu-
N42C and monomeric Zn-N42C azurin in a 1:1 ratio in the presence of
10mm DTT. Zn-N42C azurin was obtained as a by-product of the apo-
N42C azurin preparation.[47, 48] To allow the formation of dimers by
oxidation in air, DTT was slowly removed by dialysis. The different dimers
(CuI ± CuI, ZnII ± CuI and ZnII ± ZnII) and small amounts of monomer that
were still present were separated with the use of a Q-sepharose column that
was connected to an FPLC system (Pharmacia). The difference in the
charge of the components made it possible to separate the (ZnII ± CuI)-
N42C dimer from the other components. A small amount of ascorbic acid,
low enough to prevent the conversion of dimer into monomer, was added to
keep the copper in its reduced state before loading the sample onto the
Q-sepharose column. Subsequently, the column was eluted with a salt
gradient from 0 ± 45 mm NaCl in 20 mm Tris, pH 8, at a rate of 6 mL minÿ1.


(Ag ± Cu)-N42C Dimers were obtained in a similar way as (Zn ± Cu)-N42C
dimers, except for the anion exchange chromatography, which in this case


was performed under oxidizing conditions to enable the separation of the
different dimers (CuII ± CuII, AgI ± CuII and AgI ± AgI). Ag-N42C azurin was
produced by incubating apo-N42C azurin with a small excess of Ag(NO)3.


Gel filtration on a Superdex 75 column (length 60 cm, Æ1.6 cm) connected
to an FPLC system (Pharmacia) was used as a purification step as well as
for qualitative analysis. A buffer solution that contained 20mm HEPES,
0.15m NaCl at pH 7 was used. The purity of the proteins was determined by
their optical A628/A280 ratios (�0.55 for (Cu ± Cu)-N42C dimers and 0.27
� ratio� 0.30 for (Zn ± Cu)- and (Ag ± Cu)-N42C dimers) as well as from
IEF (Pharmacia PhastSystem), sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) and native gel electrophoresis.


Gel electrophoresis : Denaturing SDS-PAGE was performed with 15%
polyacrylamide gels (Laemmli system) that used a mini-vertical electro-
phoresis system of BIORAD. Samples were dissolved in standard buffer
solutions and heated for five minutes prior to loading the gel. Native gel
electrophoresis was performed as SDS-PAGE, but in the absence of SDS
and b-mercaptoethanol and without heating the samples. IEF was
performed with polyacrylamide gels (PhastGel) in which a pH gradient
of 4 ± 6.5 was established with the use of a Pharmacia PhastSystem
(Amersham Pharmacia Biotech, Uppsala, Sweden). pI values were
determined from a comparison with marker proteins from Pharmacia.


Protein samples for NMR : For the e.s.e. rate constant determinations, the
protein was exchanged into 99.9 % deuterated 25 mm potassium phosphate
buffer, pH* 8.5 with the use of Amicon ultrafiltration equipment. The pH
was not corrected for the deuterium isotope effect, and is denoted as pH*.
Samples were typically 1 mm in total protein concentration. Reduced
protein samples were obtained by incubation with one equivalent of
ascorbic acid, which was subsequently removed by repeated concentration
and dilution with the use of an Amicon ultrafiltration cell. Argon was
passed through all buffers and protein solutions prior to use to prevent
reoxidation. Partially oxidized samples were obtained by adding small
amounts of CuII protein to the reduced protein (both at the same stock
concentrations). The concentration of oxidized protein in the samples was
measured with a special sample holder, which was designed such that the
absorbance of the protein solution could be measured at 628 nm in the
NMR tube on a Perkin ± Elmer Lambda 18 spectrophotometer that used
optical fibers (Hellma, Müllheim/Baden, Germany). The concentration of
oxidized azurin, expressed as the concentration of oxidized copper sites,
[CuII], was measured before and after recording the NMR spectrum that
used e628� 5.7 mmÿ1 cmÿ1. The average of the two values was used in the
calculations. Values of T2


ÿ1 for the Cd2H resonance of His46 (at d� 5.89)
were obtained by multiplying the peak width at half height by p (T2


ÿ1�
pn1/2) and were plotted against the concentration of oxidized protein in the
sample. From the slope of this plot, the self-exchange rate constant was
determined. The dependence of the e.s.e. reaction on the concentration of
reduced protein was investigated with the use of an approximately 8%
oxidized protein sample in the case of the dimers and a 2% oxidized sample
for the wild-type monomeric azurin. Protein solutions were diluted in steps
that started at 1mm up to 0.7mm, 0.5mm and 0.3mm, subsequently. The
broadening of the Cd2H resonance of His46 was measured relative to its
width in a fully reduced sample.


NMR spectroscopy : 1H NMR spectra were acquired on a Bruker Avance
DMX 600 MHz spectrometer at 313 K. The spectral width was 12.98 ppm.
Free induction decays were accumulated in 4 K memory and Fourier-
transformed with the use of a QSINE window function. The chemical shifts
were calibrated with the use of sodium 3-(trimethylsilyl)propionate (TSP,
200 mm) as an internal reference.


Modelling : In the crystal structure of wild-type azurin, two azurin
molecules face each other with opposing hydrophobic patches. Using
INSIGHT II, the asparagines 42 in this structure were replaced by
cysteines, which enabled the introduction of a disulfide bond. The dimer
structure was used as the starting point for the modelling studies. With
X-PLOR 3.1[41] the five bonds that connect the two cysteines from Ca


(Cys42, subunit A) to Ca (Cys42, subunit B) were rotated systematically
over angles of 60, 180 and 300 degrees, while keeping the rest of the protein
unchanged. Energy minimization was performed on rotamer structures that
showed no or small steric overlap between the two separate monomers or
within the Cys42 residues, as determined by visual inspection. The
coordinates of the Cys42 residues were fixed to maintain the relative
orientation of the monomers with respect to each other. Minimization was
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carried out in 100 steps with the use of the repel function in X-PLOR 3.1
(Powell minimization option). In the analysis, the Van der Waals energy
was calculated between the monomer subunits only.
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Expanded Phthalocyanine Analogues: Synthesis and Characterization of New
Triazole-Derived Annulenes Containing Six Heterocyclic Subunits


M. SalomeÂ Rodríguez-Morgade, Beatriz CabezoÂ n, Sagrario Esperanza, and
TomaÂs Torres*[a]


Dedicated to Professor Fred Wudl on occasion of his 60th birthday


Abstract: A series of heteroannulenes 3 a ± f containing four subunits of isoindole,
two 1,2,4-triazole moieties, and six aza bridges have been synthesized by dimerization
of the corresponding metallated, three-unit intermediates 5 a ± f. All these 28 p-
electron triazolephthalocyanine derivatives coordinate two metal ions within their
central cavity and are the first examples of expanded heterophthalocyanines.
Spectroscopic properties of these macrocycles show evidence for extended conjuga-
tion and antiaromaticity. The nature of the metal ions plays a definite role in the
electronic properties of these derivatives.


Keywords: annulenes ´ expanded
macrocycles ´ nickel ´ phthalocya-
nines ´ triazoles ´ zinc


Introduction


The unique electrical, optical, and liquid crystalline properties
of some unsaturated metallomacrocycles like porphyrins[1]


and phthalocyanines,[2] together with their high thermal,
optical, and chemical stability, are some of the main reasons
for their development over the last few decades.[3] Among
them, phthalocyanines, which have commonly been used as
pigments and dyes, are to be noted owing to their singular
electronic and physicochemical features.[2±4] They show in-
tense absorption bands in the visible region at 650 ± 700 nm
(Q-band) corresponding to HOMO ± LUMO p!p* transi-
tions, and the position of this Q-band may be modulated by
varying the nature of the central metal atom, its oxidation
state, or by increasing p conjugation.[5]


The search for new molecular materials[6] has stimulated
research towards new structurally modified polypyrrolic
systems with potential applications in semiconductors tech-
nology and optoelectronics.[7] A very promising trend in the
development of improved porphyrinic and azaporphyrinic
systems is the variation of the number of pyrrole moieties that
constitute the macrocycle. Thus, for example, subphthalocya-
nines[8] are aromatic macrocycles consisting of three subunits
of isoindole with a boron atom within their central cavity.


With respect to larger systems, a big effort has been devoted
to the area of ªexpanded porphyrinsº,[9] and consequently a
large diversity of substances such as sapphyrins,[10] tetraoxa-
porphyrins,[11a±c] hexaphyrins,[11d±g] and others[12] have been
reported. In contrast, few examples of ªexpanded phthalo-
cyaninesº have appeared to date, and they have only been
focused on the so-called superphthalocyanines,[13] which are
structures made up of five isoindole subunits that are able to
complex the bulky uranyl cation within their central binding
core.


Expanded macrocycles possess not only a larger cavity than
that of the corresponding phthalocyanine or porphyrin, but
also an increased degree of conjugation; this results, in many
cases, in a bathochromic shift in wavelength of their corre-
sponding Q-band.[9] This fact is very advantageous since it
allows the tuning of some physical properties of these
compounds in order to obtain, for example, third-order
nonlinear optical materials[14, 7b, 7c] and infrared-absorbing
chromophores suitable to be used in areas such as digital
data storage,[15] security marking, or optical limiting.[16] More
recently, research on these systems has also been focussed on
their biomedical applications, especially in photodynamic
therapy (PDT), for which absorption of light at wavelengths
greater than 630 nm are necessary,[17] and in soft tissue
imaging with computer image enhancement.[18] From a differ-
ent point of view, the study and characterization of different
expanded macrocycles also renders a detailed understanding
on questions of ring size, aromaticity, and factors controlling
effective macrocyclic stability.[9]


Our interest in the design and synthesis of new phthalo-
cyanine analogues has led us to develop several classes of
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molecules by the introduction of other coordinating hetero-
cycles to replace one or two isoindole moieties in the
phthalocyanine structure. Thus, we have prepared a variety
of the nonaromatic hemiporphyrazines[19, 20] (1) and studied
their electric,[19, 21] optical,[22] and liquid crystal[23] properties.


Furthermore, we have described binuclear phthalocya-
nines,[24] heterobinuclear phthalocyanine ± hemiporphyrazine
hybrids,[24, 25] and heterotrinuclear phthalocyanine ± hemipor-
phyrazine ± phthalocyanine hybrids[25] , the Q-bands of which,
are shifted to longer wavelengths into the red region, as a
consequence of the increased conjugation.


In addition, we reported for the first time the formal
replacement of an isoindole ring in the phthalocyanine
skeleton, by a 1,2,4-triazole subunit, to afford a fully
conjugated 18 p-electron macrocycle,[26] which has been called
triazolephthalocyanine (2), and we have studied its supra-
molecular organization[27] as well as the electric and optical
properties[28] of these derivatives.


Now, we report on the synthesis and characterization of a
new type of phthalocyanine analogue 3 that consists of four
subunits of isoindole and two triazole moieties and which is


able to coordinate two metal ions within its central binding
core. To the best of our knowledge this is the only reported
example of an expanded heterophthalocyanine derivative.


Results and Discussion


In a previous paper[20] we described the synthesis of 1,3-bis[(3'-
imino-1'-isoindolinylidene)amino]-1,2,4-triazole (4 a) and its
nickel complex 5 a, obtained by metallation of the free base.
Now, we have prepared the substituted three-unit intermedi-
ates 4 b and c, the nickel complex 5 b, and the novel three-unit
zinc complexes 5 d and e by using a similar procedure to that
reported for the nickel derivatives.[20] In contrast with their
respective free bases 4, which undergo thermal cleavage
affording the corresponding hemiporphyrazines 1 as final
products when heated at 135 8C in 2-ethoxyethanol,[20] the
metallated compounds 5 do not split under heating. On the
contrary, they self-condense through their ªouterº iminic
double bond. Therefore, expanded analogues 3 a ± f were
achieved by dimerization of the corresponding three-unit
intermediates 5 a ± f in 2-ethoxyethanol at reflux temperature
(Scheme 1).


Compounds 5 c and f turned out to be quite reactive and
could not be isolated, since mixtures of them and the
corresponding macrocycles 3 c and f were obtained in the
metallation step of 4 c. No explanation has been found for the
higher reactivity of 5 c and f in comparison with that of 5 a, b,
d, and e.


A common feature of macrocycles 3 is their instability in
strong acid media denoting their Schiff base character, and
whereas red is the color exhibited by the bisnickel compounds
3 a ± c, zinc complexes 3 d ± f were collected as orange
crystalline solids.


Peripherally substituted derivatives 3 b, c, e, and f were
obtained as mixtures of the theoretical seven structural
isomers and their purification was carried out by chromatog-
raphy on silica gel, previously deactivated with 1 % triethyl-
amine. Under these conditions yields of 28 ± 59 % were
gained, and all spectroscopic data were taken from mixtures
of isomers. Moreover, it was possible to isolate the major
isomer of 3 f (inferred from the 13C NMR spectrum of the
mixture of structural isomers) by standard column chroma-
tography. Unsubstituted compounds 3 a and d, which are
scarcely soluble in organic solvents, were obtained in 81 %
and 69 % yield, respectively, after purification by triturating in
2-ethoxyethanol and then hot methanol. Further recrystalli-
zation from a-chloronaphthalene afforded analytical samples.


The expanded analogues 3 may also be prepared by
condensation of a suitable 1,3-diiminoisoindolenine with 3,5-
diamino-1,2,4-triazole (guanazole) in stoichiometric ratio in
the presence of the appropriate metal acetate in acetonitrile at
70 8C. However, this one-step method is not very convenient ,
since mixtures of 3 and triazolephthalocyanines of type 2 are
obtained, thus making the isolation step more difficult.
Indeed, in most of the cases yields are significantly lower
than the overall yield of the stepwise procedure, due to the
arduous purification process. Thus, for example, the one-step
method affords 12 % of macrocycle 3 b,whereas the yield for


Abstract in Spanish: Se ha sintetizado una serie de hetero-
anulenos 3a ± f que contienen cuatro unidades de isoindol, dos
agrupaciones 1,2,4-triazol y seis puentes aza, por reaccioÂn de
dimerizacioÂn de los correspondientes intermedios metalados
de tres unidades 5a ± f. Todos estos derivados de triazolofta-
locianina con 28 electrones p, coordinan dos iones metaÂlicos en
su cavidad central y son los primeros ejemplos de heterofta-
locianinas expandidas. Las propiedades espectroscoÂpicas de
estos macrociclos evidencian su conjugacioÂn extendida y
antiaromaticidad, mientras que la naturaleza de los iones
metaÂlicos juega un papel decisivo en las propiedades electroÂ-
nicas de estos derivados.
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the same compound (with respect to the iminoisoindolenine
precursor) obtained through the stepwise method is 20 %.


The symmetry, as well as the extended conjugated 28 p-
electron system and antiaromatic character of these expanded
macrocycles are particularly evidenced by their spectroscopic
properties. Hence, all compounds show intensive isotopic
clusters in FAB or MALDI TOF MS at [M�H]� which
corroborate their structures. Moreover, two groups of bands
at 1650 ± 1550 cmÿ1 and 1525 ± 1454 cmÿ1 assignable to C�N
and C�C stretching vibrations, respectively, dominate the
infrared spectra.


Their 1H NMR spectra show the expected characteristic
signals for every type of proton, pointing out the paratropic
antiaromatic character of the ring system. Interestingly,
aromatic protons of the macrocycles 3 b (d� 6.6 ± 7.7) appear
at the same range (d� 6.8 ± 7.8) as those of their related
hemiporphyrazine analogue 1 a (M�Ni, R�OC8H17 and
R'�C12H25),[29] and this is also observed for the aliphatic
OCH2 protons of 3 b (d� 3.90) and 1 a (d� 3.96). This fact
reveals the low degree of p-electron delocalization for these
expanded analogues, whose magnitude seems to be similar to
that exhibited by hemiporphyrazines.[19] The small decrease of
diatropicity with respect to the isoindolenine precursors
(upfield shift of about 0.2 ± 1.0 ppm) is understandable taking
into account the electron-withdrawing character of the
triazole moiety compensating the shielding effect of the
paramagnetic ring current. Besides, a distortion of the macro-
cycles along with interference in overlap between atomic
orbitals in the p system could be responsible for the low
antiaromaticity observed.[30]


13C NMR spectra of macrocycles 3 are in good agreement
with the proposed structure. Assignments were performed on
the basis of DEPT experiments and by comparison with
related derivatives previously reported.[20, 31] Therefore, eight
groups of signals corresponding to the macrocyclic skeleton
are discernible for compound 3 c, while compounds 3 b and f
exhibit the expected nine sets of signals, in accordance to their
structural pattern, in addition to either seven sets of peaks due
to the octyloxy substituents of 3 b, or two sets assignable to the
tert-butyl moieties of 3 c and f.


Compound 3 e had a larger tendency to aggregate in
solution and gave a badly resolved 1H NMR spectrum,


whereas only aliphatic signals
could be observed in the
13C NMR spectrum. In contrast,
the tert-butyl substitution of
compound 3 f permitted the
isolation of the major isomer,[32]


to which either structure A or B
(Figure 1) has been assigned,
on the basis of its spectroscopic
features.[33]


Therefore, 13C NMR spec-
trum of this single isomer re-
vealed the presence of a system
with a high degree of symmetry
and which exhibited eight sig-
nals corresponding to the mac-
rocyclic backbone. A detailed


analysis of the 13C NMR spectrum of the 3 f mixture of
isomers, showed three signals at d� 158.2, 156.2, and 155.1
assignable to the triazole carbons, together with seven differ-
ent signals at d� 174.8, 174.7, 169.6, 169.3, 163.7, 162.0, and
161.7 that correspond to the iminic carbons, as well as three


different signals for the quaternary tert-butyl carbons at d�
35.6, 35.5, 35.4. The single isomer 3 f exhibited only one signal
for the triazole carbon at d� 158.2, in addition to one signal
for the iminic carbon C-38 and another one corresponding to
C-5 at d� 169.6 and 169.3, respectively, along with a solitary
signal for the quaternary tert-butyl carbon at d� 35.6. More-
over, the 1H NMR spectrum of this compound showed a
unique kind of isoindole ring with two different doublets at
d� 7.74 and 7.85 (J� 7.6 Hz), together with a broad singlet at
d� 7.78, whereas the 1H NMR spectrum corresponding to the
mixture of isomers exhibited in the aromatic region a complex
set of signals at d� 8.1 ± 7.7.


Scheme 1. Synthesis of expanded phthalocyanine analogues 3.


Figure 1. Proposed structures for the major isomer of 3 f.
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The electronic spectra of the expanded derivatives 3 are
dominated by an intense band in the 271 ± 279 nm region
(Figure 2), followed by a less intense (50 ± 75 % as intense as
the highest energy transition) Soret-like band at 338 ± 402 nm,
and the lowest energy bands (HOMO ± LUMO p!p*


Figure 2. UV/Vis spectra of 1a (6.98� 10ÿ6m), 2a (1.80� 10ÿ5m) and 3b
(1.10� 10ÿ5m) in chloroform.


transitions), which are significantly red-shifted relative to
hemiporphyrazines 1. This last feature is diagnostic of their
28 p-electron extended conjugation.


The exact position of the Q-like bands is strongly influ-
enced by the nature of the coordinating metal atoms. Hence,
the UV-visible spectra of compounds 3 d ± f with two zinc ions
within the central cavity show bands at 470 ± 489 nm, that is,
45 ± 64 nm red-shifted with respect to the lowest energy band
of hemiporphyrazine 1 a (M�Ni, R�OC8H17, R'�
C12H25).[29] This effect is especially pronounced in nickel-
metallated analogues 3 a ± c for which bathochromic shifts of
134 ± 148 nm toward longer wavelengths (Figure 3) with
respect to compound 1 a are observed. On the other hand
Q-like bands of expanded analogues are blue-shifted when
compared to the related 18 p-electron triazolephthalocyanine
2 a (M�Ni, R�OC8H17). This fact may be attributed to the
lack of aromaticity of 3.


The reason for the striking red shift of the bands in nickel
complexes is not clear. Most porphyrin and phthalocyanine
researchers interpret bathochromic shifts in the electronic
spectra as a sign of macrocycle nonplanarity,[34] and some
authors have determined the factors that control nonplanar
distortions in porphyrins and porphyrazines.[35] In addition to
the inherently different tendency to ruffle of every class of
macrocycle, other factors like nature of the axial ligands,[35]


core size and M ± N distance,[36] peripheral substituents,[37]


crystal packing,[38] or metal ion size[35] have been found
responsible for the observed nonplanarity of several macro-
cycles. In our case, no substantial effect seems to arise from
the peripheral substitution. Based on the studies mentioned


above, it appears possible that the observed differences in the
UV-visible spectra of nickel and zinc expanded analogues 3
are the result of a larger nonplanar distortion of the bisnickel
derivatives with respect to the zinc complexes. Similar metal-
ion effects have been found recently for NiII hydroporphyrins
and NiII meso-tetrakis(perfluoroalkyl)porphyrins, these met-
allomacrocycles being more ruffled than analogous ZnII


hydroporphyrins and ZnII meso-tetrakis(perfluoroalkyl)por-
phyrins, respectively.[34a, 36]


In conclusion, 28 p-electron triazolephthalocyanine ana-
logues have been prepared. These Schiff base derived
compounds constitute the highest order expanded hetero-
phthalocyanines characterized to date. The general and
stepwise character of the preparative method provides an
entry to other expanded analogues including less symmetric
systems.


Experimental Section


Melting points were determined with a Büchi 504392 S apparatus and are
uncorrected. UV/Vis spectra were recorded with Perkin ± Elmer Lambda6
and Hewlett ± Packard 8453 instruments. IR spectra were recorded with
Philips PU 9716 and Bruker Vector 22 spectrophotometers. FAB ± MS and
HRMS spectra were determined on a VG AutoSpec instrument. MALDI-
TOF MS were recorded with a Bruker Reflex III spectrometer. NMR
spectra were recorded with Bruker WM 200 SY, AC300, and DRX500
instruments. Elemental analyses were performed with a Perkin ± Elmer
2400 apparatus. Column chromatographies were carried out on silica gel
Merck-60 (230 ± 400 mesh, 60 �), and TLC on aluminum sheets precoated
with silica gel 60F254 (Merck). Gel-permeation chromatography was carried
out on Biobeads SX-3. Chemicals were purchased from Aldrich and used as
received without further purification.


N3-[(1'Z)-5'(6')-octyloxy-3'-amino-1H-isoindol-1'-ylidene]-N5-[(1''Z)-
5''(6'')-octyloxy-3''-imino-2'',3''-dihydro-1H-isoindol-1''-ylidene]-4H-1,2,4-
triazole-3,5-diamine (4 b): A mixture of 5-octyloxy-1,3-diiminoisoindoline
(5 g, 18.28 mmol) and 3,5-diamino-1,2,4-triazole (0.91 g, 9.14 mmol) in dry
methanol (50 mL) was heated under reflux for 4 d. The precipitate was
filtered and repeatedly triturated in hot methanol to afford the three-unit
intermediate 4 b as an orange solid (4.80 g, 85%). M.p. 170 8C (decomp);
1H NMR (200 MHz, [D]TFA): d� 8.2 ± 7.5 (3 m, 6H; H-arom), 4.3 (m, 4H;
OCH2), 2.0 (m, 4 H; OCH2CH2), 1.5 (s, 20H; CH2), 0.9 (m, 6H; CH3);
13C NMR (50 MHz, [D]TFA): d� 169.7, 167.7, 167.0, 166.2 (C-1', C-3', C-1'',
C-3''), 157.6, 157.2, 156.9 (C-3, C-5), 138.0, 130.8, 129.3 125.0, 123.2, 118.5,
112.3 (C-3a', C-4', C-5', C-6', C-7', C-7a', C-3a'', C-4'', C-5'', C-6'', C-7'',
C-7a''), 71.7 (OCH2), 32.9, 30.3, 29.8, 26.8, 23.6 (CH2), 14.0 (CH3); IR
(KBr): nÄ � 3400 ± 3000 (NÿH), 2920, 2860 (CÿH), 1690, 1620 1540 (C�N),
1490, 1420, 1290, 1230, 1060, 750 cmÿ1; MS (70 eV, EI): m/z (%): 611 (2)
[M]� , 355 (100) [Mÿ 2C8H16O]� ; elemental analysis calcd (%) for
C34H45N9O2 (611.79): C 66.75, H 7.41, N 20.61; found C 66.40, H 7.12, N
20.73.


N3-[(1'Z)-5'(6')-tert-butyl-3'-amino-1H-isoindol-1'-ylidene]-N5-[(1''Z)-
5''(6'')-tert-butyl-3''-imino-2'',3''-dihydro-1H-isoindol-1''-ylidene]-4H-1,2,4-
triazole-3,5-diamine (4c): A solution of 5-tert-butyl-1,3-diiminoisoindoline
(200 mg), 1.0 mmol) and guanazole (40 mg, 0.4 mmol) in a mixture of
acetonitrile (10 mL) and methanol (1 mL) was heated at 70 8C for 3 d. The
precipitate was filtered and repeatedly triturated in diethyl ether to afford
4c as an orange solid (150 mg, 80 %). M.p. >250 8C; 1H NMR (200 MHz,
CDCl3): d� 8.5 ± 7.5 (4m, 6H; H-arom), 1.30 (s, 9 H; CCH3), 1.20 (s, 9H;
CCH3); 13C NMR (50 MHz, CDCl3): d� 163.9 (C-3', C-3''), 156.6, 155.2 (C-
1', C-1'' C-3, C-5), 130.1, 129.7, 128.7, 123.4, 123.0, 122.6, 121.8, 120.1, 119.4,
119.1 (C-3a', C-4', C-5', C-6', C-7', C-7a', C-3a'', C-4'', C-5'', C-6'', C-7'',
C-7a''), 35.8 (C(CH3)3), 31.7 (C(CH3)3); IR (KBr): nÄ � 3211 (NÿH), 2963,
1638 (C�N), 1540, 1456, 1406, 1365, 1326, 1262, 1141, 1083, 880, 841,
767 cmÿ1; MS (FAB, m-NBA): m/z : 468 [M�H]� ; elemental analysis calcd
(%) for C26H29N9 (467.57): C 66.79, H 6.25, N 26.96; found C 66.45, H 6.12,
N 26.67.
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N3-[(1'Z)-5'(6')-octyloxy-3'-amino-1H-isoindol-1'-ylidene]-N5-[(1''Z)-
5''(6'')-octyloxy-3''-imino-2'',3''-dihydro-1H-isoindol-1''-ylidene]-3,5-diami-
no-4H-1,2,4-triazolatonickel(ii) (5b): Compound 4b (200 mg, 0.33 mmol)
and Ni(AcO)2 ´ 4H2O (81 mg, 0.33 mmol) were stirred in 2-ethoxyethanol
(20 mL) at room temperature for 24 h. After filtration, the solid was
washed with methanol to yield 5b as a dark reddish solid (220 mg, 65%).
M.p. >250 8C; IR (KBr): nÄ � 3144, 3065 (NÿH), 2924, 2854 (CÿH), 1637,
1616 (C�N), 1487, 1468, 1389, 1366, 1285, 1242, 1084, 831, 781 cmÿ1; MS
(FAB, 3-NOBA � TFA): m/z : 668, 670 [M�H]� ; HRMS (FAB) calcd for
C34H44N9NiO2: 668.2971, found 668.3001.


N3-[(1'Z)-3'-amino-1H-isoindol-1'-ylidene]-N5-[(1''Z)-3''-imino-2'',3''-dihy-
dro-1H-isoindol-1''-ylidene]-3,5-diamino-4H-1,2,4-triazolatozinc(ii) (5d):
A mixture of 4 a[20] (500 mg, 1.41 mmol) and Zn(OAc)2 ´ 2 H2O (309 mg,
1.41 mmol) in 2-ethoxyethanol (40 mL) was stirred at room temperature
for 24 h. After centrifugation and removal of the liquid phase, the solid was
triturated in hot methanol, filtered and dried to give 5 d as a dark orange
solid (512 mg, 87 %). M.p. >250 8C; IR (KBr): nÄ � 3296 (NÿH), 2926
(CÿH), 1610, 1559 (C�N), 1470, 1413, 1333, 1228, 1187, 1117, 766, 710 cmÿ1;
MS (FAB, m-NBA � TFA): m/z : 418 ± 422 [M�H]� ; HRMS (FAB) calcd
for C18H12N9Zn: 418.0507, found 418.0495.


N3-[(1'Z)-5'(6')-octyloxy-3'-amino-1H-isoindol-1'-ylidene]-N5-[(1''Z)-
5''(6'')-octyloxy-3''-imino-2'',3''-dihydro-1H-isoindol-1''-ylidene]-3,5-diami-
no-4H-1,2,4-triazolatozinc(ii) (5e): A mixture of 4b (200 mg, 0.33 mmol)
and Zn(OAc)2 ´ 2H2O (72 mg, 0.33 mmol) in 2-ethoxyethanol (15 mL) was
stirred at room temperature for 24 h. The precipitate was filtered, washed
with methanol, and dried to give 5e as a dark orange solid (105 mg, 48%).
M.p. >250 8C; IR (KBr): nÄ � 3294, 3165, 3067 (NÿH), 2925, 2855 (CÿH),
1670, 1616, 1603, 1551 (C�N), 1489, 1466, 1414, 1328, 1287, 1243, 1121, 1086,
1060, 1017, 769 cmÿ1; MS (FAB, m-NBA � TFA): m/z : 674 ± 679 [M�H]� .
HRMS (FAB) calcd for C34H44N9O2Zn: 674.2909; found 674.2906.


5,38:14,17:19,24:33,36-Tetraimino-[7,12:26,31]-dinitrilotetrabenzo[f,k,t,y]-
[1,2,4,9,14,16,17,19,24,29]decaazacyclotriacontanato(4-)-
N39,N40,N41,N42,N43,N44-dinickel(ii) (3 a): A suspension of 5 a (250 mg,
0.62 mmol) in 2-ethoxyethanol (30 mL) was heated under reflux for 48 h.
The precipitate was filtered, washed with hot 2-ethoxyethanol, and
repeatedly triturated in boiling methanol to yield 3 a as a dark red solid
(221 mg, 81 %). An analytical sample was recrystallized from a-chloro-
naphthalene. M.p. >250 8C; IR (KBr): nÄ � 3057, 2924 (CÿH), 1620, 1600,
1550 (C�N), 1526, 1497, 1470, 1394, 1325, 1290, 1088, 752, 721 cmÿ1; MS
(FAB, 3-NOBA�TFA): m/z : 789 ± 793 [M�H]� ; HRMS (FAB) calcd for
C36H17N16Ni2: 789.053; found 789.054; UV/Vis (a-chloronaphthalene): lmax


(log e)� 349 (5.15), 485 (4.77), 523 (4.84), 564 nm (4.78); elemental analysis
calcd (%) for C36H16N16Ni2 ´ 5H2O: (880.08): C 49.13, H 2.98, N 25.46;
found C 49.68, H 2.72, N 25.13.


2(3),9(10),21(22),28(29)-Tetraoctyloxy-[5,38:14,17:19,24:33,36]-tetraimi-
no-[7,12:26,31]-dinitrilotetrabenzo[f,k,t,y][1,2,4,9,14,16, 17,19,24,29]deca-
azacyclotriacontanato (4-)-N39,N40,N41,N42,N43,N44-dinickel(ii) (3 b): A sus-
pension of 5b (220 mg, 0.33 mmol) in 2-ethoxyethanol (11 mL) was heated
under reflux for 36 h. The solid was filtered and triturated in boiling
methanol. Column chromatography on silica gel (eluent: CH2Cl2/MeOH/
Et3N 15:1:0.2) and further recrystallization from CH2Cl2/MeOH afforded
3b as a red solid (85 mg, 37 %). M.p.: 241 8C; 1H NMR (200 MHz,CDCl3):
d� 7.7, 7.4, 7.3 (3m, 4H; H-arom), 7.2, 7.0, 6.9 (3br s, 4H; H-arom), 6.6 (m,
4H; H-arom), 3.9 (m, 8 H; OCH2), 1.8 (m, 8H; OCH2CH2), 1.3 (s, 40H;
CH2), 0.9 (m, 12 H; CH3); 13C NMR (125 MHz, CDCl3): d� 165.9, 163.3,
163.1 (C-5, C-7, C-12, C-19, C-24, C-26, C-31, C-38), 156.1, 155.9, 155.7 (C-
14, C-17, C-33, C-36), 139.7, 139.3, 138.8, 136.5, 135.9, 135.8, 129.2, 129.1,
129.0, 125.3, 124.8, 123.8, 119.3, 110.0, 107.8, 107.2 (C-1, C-2, C-3, C-4, C-4a,
C-7a, C-8, C-9, C-10, C-11, C-11a, C-19a, C-20, C-21, C-22, C-23, C-23a,
C-26a, C-27, C-28, C-29, C-30, C-30a, C-38a), 69.2, 69.0, 68.9 (OCH2), 32.3
(OCH2CH2), 30.1, 30.0, 30.0, 29.75, 29.72, 26.5, 23.1 (CH2), 14.5 (CH3); IR
(KBr): nÄ � 2920, 2850, (CÿH) 1650, 1600 (C�N), 1500, 1480, 1460, 1380,
1360, 1330, 1290, 1240, 1090, 830, 760 cmÿ1; MS (FAB, 3-NOBA � TFA):
m/z : 1302 ± 1306 [M�H]� , 1188 ± 1192 [MÿC8H17]� , 1076 ± 1080 [Mÿ
2C8H17�H]� ; MS (FD, CH2Cl2): m/z : 1302 ± 1306 [M�H]� ; UV/Vis
(CHCl3): lmax (log e)� 279 (4.94), 350 (sh), 402 (4.47), 530 (4.26), 573 nm
(4.19); elemental analysis calcd (%) for C68H80N16O4Ni2 ´ 5H2O (1392.94):
C 58.63, H 6.51, N 16.09; found C 58.79, H 6.04, N 15.62.


2(3),9(10),21(22),28(29)-Tetra-tert-butyl-[5,38:14,17:19,24:33,36]-tetraimi-
no-[7,12:26,31]-dinitrilotetrabenzo[f,k,t,y][1,2,4,9,14,16,17,19,24,29]deca-


azacyclotriacontanato (4-)-N39,N40,N41,N42,N43,N44-dinickel(ii) (3c): A mix-
ture of 4 c (114 mg, 0.24 mmol) and Ni(OAc)2 ´ 4 H2O (57 mg, 0.24 mmol) in
MeOH (20 mL) was heated under reflux for 4 d. After evaporation of the
methanol, the solid was resuspended in water, filtered, and washed with the
same solvent. Column chromatography on silica gel (eluent: CH2Cl2/
MeOH/Et3N 15:1:0.2) afforded 3 c as a red solid (37 mg, 28%). M.p.:
>250 8C; 1H NMR (300 MHz,CDCl3): d� 8.1, 8.0, 7.9, 7.7, 7.5 (5m, 12H;
H-arom), 1.47 (br s, 36H; C(CH3)3); 13C NMR (75 MHz, CDCl3): d� 166.3,
163.0, 162.9 (C-5, C-7, C-12, C-19, C-24, C-26, C-31, C-38), 156.5, 156.1,
155.4 (C-14, C-17, C-33, C-36), 136.7, 134.2, 134.1, 134.0 (C-2, C-4a, C-7a,
C-10, C-11a, C-19a, C-21, C-23a, C-26a, C-29, C-30a, C-38a), 129.3, 128.4,
122.8, 122.6, 122.0, 121.9, 120.2, 119.1, 119.0 (C-1, C-3, C-4, C-8, C-9, C-11,
C-20, C-22, C-23, C-27, C-28, C-30), 35.3, 35.1 (C(CH3)3), 31.0, 30.9
(C(CH3)3); IR (KBr): nÄ � 2962, 2870 (CÿH), 1687 (C�N), 1569, 1481, 1462,
1418, 1365, 1318, 1286, 1196, 1126, 1097, 767, 679 cmÿ1; MS (MALDI-TOF,
dithranol): m/z : 1013 ± 1017 [M�H]� ; HRMS (FAB) calcd for
C52H49N16Ni2: 1013.3033; found 1013.3012; UV/Vis (CHCl3): lmax (log
e)� 271 (4.17), 360 (3.89), 519 (3.53), 559 nm (3.46); elemental analysis
calcd (%) for C52H48N16Ni2 ´ 5H2O (1104.51): C 56.55, H 5.29, N 20.29;
found C 56.42, H 5.48, N 20.13.


[5,38:14,17:19,24:33,36]-Tetraimino-[7,12:26,31]-dinitrilotetrabenzo[f,k,t,y]-
[1,2,4,9,14,16,17,19,24,29]decaazacyclotriacontanato(4-)-
N39,N40,N41,N42,N43,N44-dizinc(ii) (3d): The three-unit intermediate 5 d
(100 mg, 0.24 mmol) was heated under reflux in 2-ethoxyethanol (12 mL)
for 2 d. The suspension was centrifuged, and after removal of the liquid
phase the solid was resuspended in methanol, filtered, and repeatedly
triturated in boiling methanol to yield 3 d as a dark orange solid (76 mg,
69%). M.p. >250 8C; IR (KBr): nÄ � 1639, 1620 (C�N), 1580, 1471, 1372,
1311, 1288, 1187, 1120, 1110, 1073, 770, 721 cmÿ1; MS (FAB, m-NBA �
TFA): m/z : 801 ± 808 [M�H]� ; UV/Vis (a-chloronaphthalene): lmax (log
e)� 361 (5.32), 377 (5.32), 441 (5.04), 472 nm (4.89); elemental analysis
calcd (%) for C36H16N16Zn2 ´ 6H2O: (911.48): C 47.44, H 3.10, N 24.59;
found C 47.83, H 3.08, N 24.20.


2(3),9(10),21(22),28(29)-Tetraoctyloxy-[5,38:14,17:19,24:33,36]-tetraimi-
no-[7,12:26,31]-dinitrilotetrabenzo[f,k,t,y][1,2,4,9,14,16,17,19,24,29]deca-
azacyclotriacontanato (4-)-N39,N40,N41,N42,N43,N44-dizinc(ii) (3 e): A suspen-
sion of 5e (126 mg, 0.186 mmol) in 2-ethoxyethanol (8 mL) was heated
under reflux for 36 h. The solid was filtered and triturated in boiling
methanol and then in THF. Recrystallization from pyridine afforded 3e as a
reddish orange solid (72 mg, 54%). M.p.: >250 8C; 1H NMR (300 Mhz,
368 K, [D5]pyridine): d� 8.15, 8,10, 7.84 (3m, 12H; H-arom), 4.17 (m, 8H;
OCH2), 1.8 (m, 8 H; OCH2CH2), 1.5 ± 1.3 (m, 40H; CH2), 1.1 ± 0.9 (m, 12H;
CH3); 13C NMR (75 MHz, [D5]pyridine): d� 68.7 (OCH2), 32.3, 32.1, 31.9
(OCH2CH2), 30.1, 30.0, 29.8, 29.6, 29.5, 29.4, 26.3, 23.1, 22.9, 22.8, 22.7
(CH2), 14.3, 14.2 (CH3); IR (KBr): nÄ � 2924, 2854 (CÿH), 1620, 1615, 1605
(C�N), 1503, 1454, 1383, 1322, 1279, 1239, 1227, 1187, 1057, 833, 770 cmÿ1;
MS (FAB, m-NBA � TFA): m/z : 1313 ± 1321 [M�H]� , 1201 ± 1208 [Mÿ
C8H17�H]� ; UV/Vis (CHCl3): lmax (log e)� 276 (5.66), 344 (5.52), 439
(5.38), 489 nm (5.26); elemental analysis calcd (%) for C68H80N16O4Zn2 ´
6H2O (1424.33): C 57.34, H 6.51, N 15.73; found C 57.22, H 6.61, N 15.62.


2(3),9(10),21(22),28(29)-Tetra-tert-butyl-[5,38:14,17:19,24:33,36]-tetraimi-
no-[7,12:26,31]-dinitrilotetrabenzo[f,k,t,y][1,2,4,9,14,16,17,19,24,29]deca-
azacyclotriacontanato (4-)-N39,N40,N41,N42,N43,N44-dizinc(ii) (3 f), mixture
of isomers : A suspension of 4c (100 mg, 0.20 mmol) and Zn(OAc)2 ´ 2H2O
(40 mg, 0.20 mmol) was stirred in 2-ethoxyethanol at room temperature for
24 h and then refluxed in the same solvent for 48 h. Afterwards the solvent
was evaporated at reduced pressure, and the crude product was resus-
pended in water, filtered, and washed with the same solvent. Column
chromatography on silica gel (eluent: CH2Cl2/MeOH/Et3N 15:1:0.2) and
further gel-permeation chromatography on Biobeads SX-3 (eluent: chloro-
form) afforded 3 f as a dark orange solid (67 mg, 59%). M.p.: >250 8C;
1H NMR (300 MHz, [D6]dmso): d� 8.1, 8.0, 7.8 ± 7.7 (3 m, 12H; H-arom),
1.44, 1.33, 1.22 (3 s, 36H; C(CH3)3); 13C NMR (75 MHz, [D6]DMSO): d�
174.8, 174.7, 169.6, 169.3, 163.7, 162.0, 161.7 (C-5, C-7, C-12, C-19, C-24,
C-26, C-31, C-38), 158.2, 156.2, 155.1 (C-14, C-17, C-33, C-36), 139.1, 139.0,
138.7, 136.5, 136.1, 133.1, 131.8, 130.3 (C-2, C-4a, C-7a, C-10, C-11a, C-19a,
C-21, C-23a, C-26a, C-29, C-30a, C-38a), 131.4, 130.0, 128.9, 123.0, 122.3,
119.8, 118.9 (C-1, C-3, C-4, C-8, C-9, C-11, C-20, C-22, C-23, C-27, C-28,
C-30), 35.6, 35.5, 35.4 (C(CH3)3), 31.3, 31.0 (C(CH3)3); IR (KBr): nÄ � 2960,
2929, 2866, (CÿH) 1719, 1647, 1623, 1584 (C�N), 1482, 1363, 1312, 1193,
1119, 1091 cmÿ1; MS (FAB, m-NBA): m/z : 1025 ± 1033 [M�H]� ; HRMS
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(FAB) calcd for C52H49N16Zn2: 1025.2909; found 1025.2866; UV/Vis
(CHCl3): lmax (log e)� 275 (4.58), 346 (4.46), 441 (4.34), 469 nm (4.24);
elemental analysis calcd (%) for C52H48N16Zn2 ´ 6 H2O (1135.91): C 54.98, H
5.32, N 19.73; found: C 54.54, H 5.49, N 19.93.


2(3),9(10),21(22),28(29)-Tetra-tert-butyl-[5,38:14,17:19,24:33,36]-tetraimi-
no-[7,12:26,31]-dinitrilotetrabenzo[f,k,t,y][1,2,4,9,14,16, 17,19,24,29]deca-
azacyclotriacontanato (4-)-N39,N40,N41,N42,N43,N44-dizinc (ii) (3 f), single
isomer : A single isomer of 3 f was isolated by column chromatography of
the crude mixture of isomers on silica gel with CH2Cl2/MeOH 7:1, and then
on Biobeads SX-3 (eluent: chloroform). M.p.: >250 8C; 1H NMR
(300 MHz,[D6]dmso): d� 7.85 (dd, J� 7.6 Hz, 4 H; H-arom), 7.78 (br s,
4H; H-1, H-11, H-20, H-30 of A or H-4, H-8, H-23, H-27 of B), 7.74 (dd, J�
7.6 Hz, 4 H; H-arom), 1.33 (s, 36H; C(CH3)3); 13C NMR (75 MHz,
[D6]dmso): d� 169.6, 169.3 (C-5, C-7, C-12, C-19, C-24, C-26, C-31, C-38),
158.2 (C-14, C-17, C-33, C-36), 133.1, 130.3 (C-2, C-4a, C-7a, C-10, C-11a,
C-19a, C-21, C-23a, C-26a, C-29, C-30a, C-38a), 131.5, 123.0, 119.8 (C-1,
C-3, C-4, C-8, C-9, C-11, C-20, C-22, C-23, C-27, C-28, C-30), 35.6
(C(CH3)3), 31.0, (C(CH3)3); IR (KBr): nÄ � 2964, 2919, 2860 (CÿH) 1558
(C�N), 1483, 1417, 1129, 842, 770, 684 cmÿ1; MS (FAB, m-NBA): m/z :
1025 ± 1033 [M�H]� ; HRMS (FAB) calcd for C52H49N16Zn2: 1025.2909;
found 1025.2907; UV/Vis (CHCl3): lmax (log e)� 268 (4.37), 285 sh (4.29),
338 (4.13), 440 (4.07), 470 nm (3.94).
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Supramolecular Organometallic Polymer Chemistry:
Multiple Morphologies and Superstructures from the Solution Self-Assembly
of Polyferrocene-block-Polysiloxane-block-Polyferrocene Triblock Copolymers


Rui Resendes, Jason A. Massey, Karen Temple, Lan Cao, K. Nicole Power-Billard,
Mitchell A. Winnik,* and Ian Manners*[a]


Abstract: The solution self-assembly of
an organometallic ± inorganic triblock co-
polymer, poly(ferrocenyldimethylsilane)-
block-poly(dimethylsiloxane)-block-poly-
(ferrocenyldimethylsilane) (PFDMS-b-
PDMS-b-PFDMS, 3 b ; block ratio
1:13:1; Mn� 2.88� 104 g molÿ1, polydis-
persity (PDI)� 1.43 (gel permeation
chromatography, GPC)) was studied in
n-hexane, a PDMS block selective sol-
vent. Transmission electron microscopy
(TEM), atomic force microscopy
(AFM), and TEM with negative staining
analysis of these micellar solutions after
solvent evaporation revealed the pres-
ence of multiple micellar morphologies
including spheres, cylinders, and novel
flower-like supramolecular aggregates.
TEM analysis of samples fractionated by
ultracentrifugation and preparative size-
exclusion chromatography suggest that
the formation of multiple morphologies


is a consequence of compositional vari-
ations. When micellar solutions were
prepared at 50 8C (above the glass tran-
sition of the PFDMS core-forming
block) flower-like micellar aggregates
similar to those present in micellar
solutions prepared at room temperature
also formed. However, after solvent
evaporation, TEM analysis of micellar
solutions prepared in decane at about
150 8C, above the melt temperature of
the PFDMS core (ca. 120 ± 145 8C), re-
vealed the presence of spherical micelles
(when decane solutions at 150 8C were
rapidly cooled to room temperature)
and rod-like cylindrical micelles (when


decane solutions at 150 8C were slowly
cooled to room temperature). In con-
trast, poly(ferrocenylmethylethylsilane)-
block-poly(dimethylsiloxane)-block-poly-
(ferrocenylmethylethylsilane) (PFMES-
b-PDMS-b-PFMES, 4 ; block ratio
1:16:1; Mn� 2.90� 104 g molÿ1, PDI�
1.42 (GPC)) and poly(ferrocenylmethyl-
phenylsilane)-block-poly(dimethylsilox-
ane)-block-poly(ferrocenylmethylphen-
ylsilane) (PFMPS-b-PDMS-b-PFMPS,
5 ; block ratio 1:15:1; Mn� 3.00�
104 g molÿ1, PDI� 1.38 (GPC)), which
possess completely amorphous organo-
metallic core-forming blocks, formed
only spherical micelles in hexane at
room temperature. These observations
indicate that crystallinity of the insolu-
ble polyferrocenylsilane block is a crit-
ical factor in the formation of the non-
spherical micelle morphologies.


Keywords: micelles ´ nanostruc-
tures ´ organometallic polymers ´
polyferrocene ´ self-assembly ´
triblock copolymers


Introduction


The aggregation of amphiphilic block copolymers in block
selective solvents to yield well-defined micellar structures is of
considerable current interest. Typically, such aggregates are
spherical with a dense core comprising the insoluble block
surrounded by a solvent swollen corona of the soluble
block.[1, 2] Until recently, the observation of nonspherical
morphologies has been rare, and even now our understanding
of them remains limited.[3, 4]


The most well-studied class of block copolymer amphi-
philes are the AB diblock copolymers. Materials of this type
are typically synthesized through the use of sequential, living
anionic polymerization routes as this affords well-defined
block copolymers with narrow molecular weight distribu-
tions.[5] The self-assembly of the resulting polymers provides
an attractive and potentially powerful route to nanostructured
materials as illustrated by recent studies of block copolymer
films and solution micelles containing metal or semiconductor
nanoparticles in desired domains.[6]


Compared to the effort directed at understanding the self-
assembly of amphiphilic AB block copolymers, amphiphilic
triblock copolymers are much less studied. The triblock
materials, poly(ethylene oxide)-block-poly(propylene oxide)-
block-poly(ethylene oxide) (PEO-b-PPO-b-PEO, known
commercially as Pluronics) are perhaps the most well-inves-
tigated triblock copolymer amphiphiles and currently find
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uses in a variety of biomedical applications.[7] In a similar
manner to AB diblock copolymers, ABA and ABC triblock
copolymers generally self-assemble into well-defined spher-
ical micelles in the presence of block-selective solvents,
whereas nonspherical morphologies are rare.[8, 9] Triblock
copolymers of the type ABA can also be viewed as telechelic
homopolymers. Theoretically, in a specific solvent for the B
block, at low concentrations self-assembly into two different
types of spherical micelles can occur (Figure 1). In type A


Figure 1. Schematic representations of the two extreme scenarios for
spherical micelles derived from ABA triblock copolymers. a) In type A
micelles, only one of the core forming blocks of a triblock copolymer chain
participates in the micellar core. b) In type B micelles, both of the core
forming blocks are present in the micellar core.


(open flower) spherical micelles only one of the insoluble
blocks participates in the micelle core, while the other block
remains in solution. In type B (closed flower) spherical
micelles both of the insoluble blocks participate in the micelle
core at the entropic expense of the folded soluble block.
Which type of spherical micelle forms depends on the strength
of the interaction between the solvent and core-forming block
and the flexibility of the soluble block (a highly flexible
soluble block would allow the formation of type B mi-
celles).[10±13] Importantly, type A spherical micelles could
potentially allow intermicellar core cross-linking to occur by
acting as tie molecules; this could lead to the formation of
interesting supramolecular aggregates.


Recently there has been a significant effort aimed at the
incorporation of electroactive polymer segments into amphi-
philic block copolymer architectures. Within the realm of
triblock copolymers, recent studies focussing on the incorpo-
ration of polythiophene, poly(p-phenylene vinylene), and
polysilane blocks into triblock copolymers have been report-
ed.[14±16] In addition, Schmidt and co-workers have recently
synthesized an ABC triblock copolymer, with a hole-trans-
porting, a chromophore-containing, and an electron-trans-
porting block; this polymer functions as an electrolumines-
cent material.[17]


The discovery that strained silicon-bridged [1]ferroceno-
phanes undergo living anionic ring-opening polymerization
(ROP) has made possible the synthesis of well-defined


amphiphilic block copolymers that incorporate polyferrocene
blocks.[18, 19] As part of our work in this area, we have recently
reported studies of the self-assembly of poly(ferrocenyldi-
methylsilane)-block-poly(dimethylsiloxane) (PFDMS-b-PDMS,
1; PFDMS:PDMS block ratio of 1:6, Mn� 3.75� 104 g molÿ1,


Fe


SiBu


Me


Me


Si


Me


Me


O SiMe3


n


PFDMS-b-PDMS


1


m


PDI� 1.10) in the solid state and in solution. Thin films of this
material self-assemble to form a hexagonal array of PFDMS
cylinders within a PDMS matrix, whereas in n-hexane, a
solvent selective for the PDMS block, cylindrical micelles are
formed with a core of PFDMS surrounded by a sheath of
solvent swollen PDMS.[20, 21] Phase separation results in highly
metal-rich nanodomains; since the redox active PFDMS
homopolymer becomes semiconducting on oxidative doping
and functions as a precursor to magnetic ceramics, these
structures represent intriguing prospective precursors to
semiconducting or magnetic nanowires.[22±25]


In light of the interesting potential applications of poly-
ferrocene block copolymers, it would be desirable to find a
less experimentally demanding route to these materials. In
1998, we reported the synthesis of polyferrocene multiblock
copolymer architectures through a facile transition-metal-
catalyzed ROP approach in which polyferrocene blocks are
ªgrownº from terminal SiÿH functionalities.[26, 27] This very
convenient methodology simply requires the addition of the
[1]ferrocenophane monomer, 2 (R�R'�Me), to commer-
cially available SiÿH end-functionalized poly(dimethylsilox-
ane) in the presence of a Pt0 (Karstedt�s) catalyst (Scheme 1).
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Scheme 1. Synthesis of polymers 3a and 3b.
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Recently, we described prelimi-
nary studies of the solution self-
assembly of an amphiphilic
PFDMS-b-PDMS-b-PFDMS
triblock polymer, 3 b, prepared
by this route.[28] In this paper,
we now report full details on
the solution self-assembly of
3 b, and our studies aimed at
understanding the factors
which govern this process.


Results and Discussion


Synthesis and structural charac-
terization of PFDMS-b-PDMS-
b-PFDMS triblock copolymers
3 a and 3 b : The PFDMS-b-
PDMS-b-PFDMS block co-
polymers 3 a and 3 b were pre-
pared through the transition-
metal-catalyzed ROP of 2 (R�
R'�Me) in the presence of SiÿH end-functionalized PDMS.
A low molecular weight PFDMS-b-PDMS-b-PFDMS block
copolymer, 3 a, was initially prepared as a model to confirm
the triblock structure. Polymer 3 a was isolated as an orange
powder and 1H and 29Si NMR spectroscopy confirmed the
proposed structure. The 1H NMR spectrum of 3 a (in C6D6)
revealed two broad resonances centered at d� 4.26 and 4.09,
attributable to the a and b protons of the Cp rings, as well
as singlet resonances at d� 0.54 and 0.28 due to the Me
groups of the PFDMS and PDMS blocks, respectively.
1H NMR integration indicated that 3 a possessed a
PFDMS:PDMS:PFDMS block ratio of approximately 1:7:1
and gel permeation chromatographic (GPC) analysis of this
material revealed a molecular weight of Mn� 8.14�
103 g molÿ1 with a polydispersity (PDI) of 1.45. Of note in
the 29Si NMR of 3 a are the singlet resonances at d�ÿ6.4 and
ÿ21.4 that correspond to the interior silicon environments of
the PFDMS and PDMS blocks, respectively. Additionally,
singlet resonances were also observed at d� 0.7 and ÿ18.2
that correspond to the Me2SiOÿfc (fc� ferrocene) switching
groups and the fcÿSiMe2H end groups of polymer 3 a,
respectively (Figure 2). These observations, in addition to
the absence of a 1H NMR resonance at d� 4.95 and a 29Si
NMR resonance d at�ÿ6.50 (Figure 2 inset), attributable to
the ÿOSiMe2H end group of the initial PDMS telechelic,
confirmed the ABA triblock structure of polymer 3 a as that
depicted in Scheme 1. Contamination by PFDMS homopol-
ymer was not detected as the molecular weight of this material
when formed by Pt-catalyzed ROP in the absence of a SiÿH-
capping reagent is 105 ± 106, and a bimodal molecular weight
distribution would be anticipated which was not observed. As
the SiÿH bonds of the PDMS telechelic are expected to be
very reactive, a triblock product would be expected. Although
contamination by AB diblock was below the NMR detection
limit, the presence of small amounts of this material cannot be
ruled out.


In an effort to obtain a PFDMS-b-PDMS-b-PFDMS tri-
block copolymer that would self-assemble in a PDMS block-
selective solvent, a higher molecular weight triblock copoly-
mer (3 b) with greater PDMS content was prepared
(Scheme 1). Polymer 3 b was isolated as an orange gum after
precipitation of the crude reaction mixture into methanol. 1H
and 29Si NMR (in C6D6) analysis of polymer 3 b confirmed the
ABA triblock structure to be analogous to that depicted in
Scheme 1. 1H NMR integration indicated a PFDMS:PDMS:
PFDMS block ratio of 1:13:1, and GPC analysis revealed a
molecular weight of Mn� 2.88� 104 g molÿ1 with a PDI of
1.43. The 29Si NMR spectrum of 3 b revealed two singlet
resonances at d�ÿ6.4 and ÿ21.4, which correspond to the
interior silicon environments of the PFDMS and PDMS
blocks of 3 b, respectively. No end groups or switching groups,
like those observed for polymer 3 a, were apparent in the 29Si
NMR of polymer 3 b ; this is expected owing to the substan-
tially higher molecular weight, hence, the lower concentration
of end groups and switching groups, possessed by this material
(cf. 3 a). Differential scanning calorimetry (DSC) analysis
revealed thermal transitions close to those of the constituent
homopolymers, consistent with phase separation in the solid
state. Specifically, the glass transition temperatures (Tg) and
melting temperatures (Tm) for both the PFDMS (Tg� 26 8C,
Tm� 130 8C) and PDMS (Tg�ÿ123 8C, Tm�ÿ44 8C) blocks
were observed in addition to the crystallization (Tcryst�
ÿ103 8C) of the PDMS block (Figure 3). In addition, wide-
angle X-ray scattering (WAXS) experiments revealed that the
triblock copolymer in the bulk was semicrystalline, with peaks
consistent with those observed for bulk PFDMS.[29]


Solution aggregation of PFDMS-b-PDMS-b-PFDMS triblock
copolymers 3 a and 3 b : Although the observed molecular
weight distributions for 3 a and 3 b obtained through this
transition-metal-catalyzed ROP methodology are broader
than those typically observed through living anionic polymer-


Figure 2. 29Si NMR spectrum (C6D6) of 3 a revealing switching groups between the PFDMS and PDMS blocks.
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ization routes (PDI typically >1.3 compared with <1.3) we
were particularly encouraged by recent studies of an amphi-
philic polysilane/PEO-alternating multiblock copolymer
(Mn� 2.7� 104 g molÿ1). This demonstrated that despite a
fairly broad molecular weight distribution (PDI� 1.6) well-
defined supramolecular vesicular aggregates were formed in
water.[30]


We were unable to prepare solutions of 3 a in n-hexane. This
observation is consistent with the lower PDMS content
present in polymer 3 a when compared with that present in
polymer 3 b. In contrast, polymer 3 b forms micellar solutions
in n-hexane, a good solvent for PDMS and a precipitant for
PFDMS. A micellar solution was prepared by first dissolving
3 b in THF, a good solvent for both blocks, and subsequently
adding n-hexane slowly until the resulting solution became
turbid. The onset of solution turbidity was taken as an
indication of micelle formation. The resulting solution was
then dialyzed against pure n-hexane to remove the THF.
Dynamic light scattering (DLS) analysis of the resulting
micellar solutions revealed the presence of large aggregates
(>3 mm) in solution. TEM analysis of these aggregates after
solvent evaporation revealed three main, co-existent mor-
phologies. Specifically, 3 b was found to assemble into
spherical micelles, cylindrical micelles, and novel, flower-like
aggregates (Figure 4).[31] Careful examination of Figure 4
suggests that these flower-like structures (which are to be
distinguished from the flower-like micelles in Figure 1) are in
fact supramolecular aggregates of individual cylindrical
micelles. These superstructures are approximately 3 ± 5 mm
in diameter, consistent with DLS data, and each individual
micellar ªarmº is approximately 15 ± 17 nm in diameter. The
average diameter of the individual cylindrical micelles is in
good agreement with that observed by TEM for the cylin-
drical micelles found in micellar solutions of amphiphilic


Figure 4. TEM micrograph obtained by aerosol spraying a dilute, dialyzed
solution of 3b from n-hexane onto a thin carbon film supported on mica. It
was not necessary to stain the sample as the iron-rich domains provided
sufficient contrast. The micrograph revealed three distinct and coexistent
micellar morphologies.


diblock copolymer 1 (ca. 20 nm).[20, 21] As TEM relies on
contrast provided by electron-density differences, this techni-
que allowed the selective imaging of the iron-containing
PFDMS cores. Analysis of the dialyzed n-hexane solution of
3 b by atomic force microscopy (AFM) allowed both the
PFDMS core and the PDMS corona to be visualized, and
showed the presence of supramolecular flower-like aggregates
consistent in size and shape with the flower-like cores imaged
by TEM (Figure 5). Interestingly, the average diameter of the
individual cylindrical micelles was found to be approximately
70 nm, that is, about 55 nm greater than that observed by
TEM. This observation is consistent with the fact that AFM


Figure 3. Differential scanning calorimetry (DSC) thermogram of 3 b. The Tm for the PFDMS block is shown in the inset (obtained in a separate
experiment). The Tg (26 8C) is present, but not shown.
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Figure 5. AFM micrograph (phase image) of flower-like micelles of 3b
(from a dialyzed solution in n-hexane).


measurements image the whole of the micellar assembly as
opposed to only the iron-rich PFDMS cores imaged by TEM.


In order to further investigate the structures of the supra-
molecular aggregates imaged by TEM and AFM, a negative
stain TEM (NSTEM) experiment was undertaken. In
NSTEM, the sample and substrate are treated with dodeca-
tungstophosphoric acid (H3PO4 ´ 12 WO3 ´ x H2O); this results
in the substrate (i.e., the carbon film) becoming selectively
stained, while leaving the micellar aggregates unaltered.[32] In
such a measurement, the whole of the micellar assembly is
imaged, unlike in normal TEM samples in which only the
iron-rich PFDMS cores are visualized. Therefore, like AFM,
NSTEM images the whole of the micellar assembly. Hence,
when NSTEM analysis of micellar solutions of 3 b was
undertaken, supramolecular flower-like aggregates with par-
ticle diameters of approximately 3 ± 5 mm were observed
(Figure 6), consistent with those seen by TEM and AFM.
Interestingly, the average diameter of the individual cylin-
drical micelles making up the supramolecular aggregates, was
found to be about 63 nm. This value is not as high as
determined by AFM (ca. 70 nm) and is consistent with the
broadening of micellar dimensions in AFM images known to
occur due to tip deconvolution effects.[33]


Composition and molecular weight dependence on the
observed micellar morphology of 3 b : The relatively large
PDI value of polymer 3 b (PDI� 1.43) introduces a significant
amount of compositional variation. In order to investigate the
influence of this variable on the observed morphology,
fractionation was performed. Centrifugation (1.5� 104 rpm
for 20 min) of the dialyzed n-hexane solution of 3 b resulted in
the formation of a two-phase system with a very light, amber
supernatant solution and a yellow precipitate. Preliminary
TEM analysis of the supernatant, after solvent evaporation,
showed it to be composed almost entirely of spherical
micelles. However, subsequent TEM studies of this fraction


Figure 6. TEM micrograph of micellar solution of 3b, after solvent
evaporation, obtained from NSTEM. Unlike normal TEM experiments,
which only image the electron-rich PFDMS cores, the NSTEM experiment
images the entire micellar morphology.


revealed that in fact two separate morphologies were present,
namely spherical micelles which were approximately 20 ±
40 nm in diameter in addition to significantly larger (ca.
100 ± 150 nm) compound micelles (Figure 7 top). 1H NMR
integration of this fraction gave an approximate PFDMS:
PDMS:PFDMS block ratio of 1:60:1, indicative of a much
smaller PFDMS content relative to the unfractionated
sample; GPC analysis (in THF) revealed this fraction to be
of lower molecular weight (Mn� 2.52� 104 gmolÿ1, PDI� 1.50).


The yellow precipitate obtained by centrifugation could be
redispersed in hexane. TEM analysis after solvent evapora-
tion showed the presence of flower-like aggregates and short
cylindrical micelles (Figure 7 bottom). 1H NMR integration of
this sample revealed a PFDMS:PDMS:PFDMS block ratio of
approximately 1:6:1 consistent with a significantly larger
PFDMS content relative to that found for the unfractionated
sample. GPC analysis of this fraction revealed a higher
molecular weight (Mn� 3.97� 104 g molÿ1, PDI� 1.37) rela-
tive to that found for unfractionated 3 b. These initial
observations suggest that, in contrast to the polysilane-b-
PEO multiblock system mentioned above, the variation in the
block ratios present in unfractionated 3 b plays a key role in
the formation of multiple micellar morphologies. Thus, the
component with short PFDMS blocks appear to give rise to
the spherical structures, whereas longer PFDMS blocks allow
cylinders and flower-like aggregates to be formed.


In order to investigate how the morphology varies with
molecular weight a sample of 3 b was fractionated by
preparative size-exclusion chromatography in THF, and three
fractions were isolated (Table 1) The three isolated fractions
had mean molecular weights and polydispersities of Mn�
2.60� 104 g molÿ1, PDI� 1.31; Mn� 3.88� 104 g molÿ1,
PDI� 1.23; and Mn� 6.10� 104 g molÿ1, PDI� 1.18 (Fig-
ure 8). The PDI values were significantly smaller than for
the unfractionated polymer (PDI� 1.43). Interestingly,
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1H NMR analysis of these fractions revealed that despite the
significant differences in molecular weights, the overall
composition (PFDMS:PDMS:PFDMS) of each fraction was
1:14:1 (cf. unfractionated 3 b, where PFDMS:PDMS:
PFDMS� 1:13:1; see Table 1). When n-hexane solutions of
fractions 1 ± 3 were studied by TEM, after aerosol spraying,
similar flower-like aggregates to those observed for n-hexane
solutions of unfractionated 3 b were observed. Given that the
molecular weights of each fraction were quite different and
that the overall compositions measured in each case were very
similar to that for unfractionated 3 b, the observation of
flower-like aggregates from n-hexane solutions of frac-
tions 1 ± 3 suggests that for the molecular weights studied,
the overall block ratio and not the molecular weight
influences the observed micellar morphology.


Figure 8. GPC traces of 3b fractionated with preparative size exclusion
column. a) Mn� 6.10� 104 gmolÿ1, PDI� 1.18; b) Mn� 3.88� 104 gmolÿ1,
PDI� 1.23; and c) Mn� 2.60� 104 g molÿ1, PDI� 1.31.


Micellization behavior of 3 b above the Tg of the PFDMS
block : In the experiments reported to this point the micelli-
zation was performed at room temperature (22 8C). The Tg of
the PFDMS homopolymer is 33 8C[24] and, as noted earlier, the
Tg of the PFDMS block in 3 b is 26 8C. As the micellization is
taking place below the Tg of the PFDMS block, it is possible
that the observed flower-like aggregates are kinetic structures
that form as a consequence of the glassy micellar cores.


In order to explore the possible dependence of the observed
micellar morphologies on whether micellization is performed
below or above the Tg of the PFDMS block, self-assembly of
3 b in hexane was performed at 50 8C. In addition, samples
were prepared at three different concentrations (initially
50 mg mLÿ1, 100 mg mLÿ1, and 250 mgmLÿ1 in THF) in order
to investigate any concentration dependence. When the
micellar solutions of 3 b prepared at 50 8C were examined by
TEM after solvent evaporation, flower-like aggregates similar
to those seen for n-hexane solutions of 3 b prepared at room
temperature were observed at every concentration. This
observation suggests that whether micellization is performed
below or above the glass transition temperature of the
PFDMS core-forming block does not play a significant role
determining the micellar morphologies formed.


Micellization behavior of 3 b above the Tm of the PFDMS
blockÐevidence for the influence of crystallinity of the
polyferrocenylsilane block on the observed micellar morphol-
ogies : Previous work has shown that PFDMS homopolymers
will crystallize at Tm� 120 ± 145 8C.[24,29] Earlier in this paper
we reported evidence from DSC and WAXS analysis that the
PFDMS blocks also crystallize in bulk samples of 3 b. In order
to investigate the influence of the crystallinity of the PFDMS
block on the micellar morphology, micellar solutions
(6.6 mg mLÿ1) were prepared by heating samples of 3 b in
decane (a PDMS selective solvent) above the Tm of the
PFDMS block. First, for comparison purposes, decane sol-
utions of 3 b were prepared at room temperature by dissolving
3 b in THF (100 mg mLÿ1) and slowly adding decane until
micellization had occurred. When these samples were inves-
tigated by TEM, similar flower-like aggregates to those
formed in n-hexane were observed. Samples were then
prepared by heating 3 b in decane at 150 8C for 1 h followed
by rapid cooling in an ice bath. Analysis by TEM after
aerosol-spraying the solution onto carbon films showed the
presence of only spherical micelles which were approximately
40 ± 60 nm in diameter (Figure 9 top). No flower-like assem-


Table 1. Summary of molecular weights and relative compositions ob-
tained for 3 b through preparative size exclusion chromatography.


Fraction Mn (�104) PDI PFDMS:PDMS:PFDMS[a]


1 6.10 1.18 1:14:1
2 3.88 1.23 1:14:1
3 2.60 1.31 1:14:1


[a] Determined by 1H NMR spectroscopy.


Figure 7. TEM micrograph of spherical and compound (see inset) micelles
present in the supernatant (top) and redissolved precipitate (bottom)
obtained from the fractionation of 3 b.







FULL PAPER I. Manners, M. Winnik et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0711-2420 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 112420


Figure 9. TEM micrographs of micellar solutions of 3 b, after solvent
evaporation, prepared in decane at 150 8C followed by rapid cooling to
room temperature (top) and slow cooling to room temperature (bottom).


blies were observed in any of the samples studied. Interest-
ingly, when the micellar solutions of 3 b prepared in decane at
150 8C for 1 h were allowed to cool to room temperature
slowly (over a period of ca. 2 h), TEM analysis showed the
presence of cylindrical micelles which were about 15 ± 20 nm
in diameter. These are similar in dimension to the individual
cylindrical micelles found in the flower-like aggregates (Fig-
ure 9 bottom). Moreover, some segments of the cylindrical
micelles were found to be comprised of individual spherical
micelles which have presumably linked together to give a
ªpearl necklaceº type of morphology (see Figure 9 bottom,
inset). Since the micellar solutions prepared at 150 8C were at
temperatures significantly higher than the Tm of the PFDMS
block, the observation of spherical micelles on rapid cooling
and cylindrical micelles on slow cooling suggests that crystal-
lization of the PFDMS block may be critical to the assembly
of 3 b into flower-like superstructures.


We note that the spherical aggregates present in micellar
solutions of 3 b prepared in decane at 150 8C followed by rapid
cooling are significantly larger (ca. 40 ± 60 nm in diameter)
than the spherical micelles present in micellar solutions (in n-


hexane, prepared at 25 8C) obtained from fractionated
samples of 3 b (PFDMS:PDMS:PFDMS block ratio of
1:60:1, Mn� 2.52� 104 g molÿ1, PDI� 1.50) which were ap-
proximately 20 ± 40 nm in diameter. This observation is
consistent with the fact that the PFDMS content of fraction-
ated 3 b is significantly lower than that found in unfraction-
ated 3 b (PFDMS:PDMS:PFDMS block ratio of 1:13:1, Mn�
2.88� 104 g molÿ1, PDI� 1.43). The average diameter is also
greater than that of the cylinders formed on slow cooling (15 ±
20 nm, Figure 9, bottom). We have no detailed explanation for
this observation as yet, but we feel that it underlines how
kinetic factors are critical to the determination of the micellar
size and structure in this triblock system.


In order to further understand these phenomena, two
additional ABA triblock copolymers, poly(ferrocenylmethyl-
ethylsilane)-block-poly(dimethylsiloxane)-block-poly(ferro-
cenylmethylethylsilane) (PFMES-b-PDMS-b-PFMES, 4) and
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poly(ferrocenylmethylphenylsilane)-block-poly(dimethylsil-
oxane)-block-poly(ferrocenylmethylphenylsilane) (PFMPS-
b-PDMS-b-PFMPS, 5) were prepared. Triblock copolymers
4 and 5 possess completely amorphous PFMES (Tg� 15 8C)[34]


and PFMPS (Tg� 90 8C)[24] core-forming blocks, respectively,
and were expected to provide further insight into the influence
of crystallinity on the observed micellar morphology.


Synthesis and solution self-assembly of PFMES-b-PDMS-b-
PFMES and PFMPS-b-PDMS-b-PFMPS triblock copoly-
mers 4 and 5 : Triblock copolymers 4 and 5 were synthesized
by employing the same transition-metal-catalyzed method-
ology used in the synthesis of copolymers 3 a and 3 b.
Specifically, ROP of 2 (R�Me, R'�Et) and 2 (R�Me,
R'�Ph) in the presence of SiÿH end-functionalized PDMS
resulted in the isolation of triblock copolymers 4 (Mn� 2.90�
104 g molÿ1, PDI� 1.42) and 5 (Mn� 3.00� 104 g molÿ1, PDI�
1.38), respectively. 1H and 29Si NMR (in C6D6) analysis of
polymers 4 and 5 confirmed the ABA triblock structure and
1H NMR integration revealed copolymers 4 and 5 to possess
polyferrocene:PDMS:polyferrocene block ratios of 1:16:1
and 1:15:1, respectively. Due to the presence of different
substituents on the silicon centers of the polyferrocene blocks,
the 1H NMR spectra of both 4 and 5 exhibit four unique Cp
resonances. The 29Si NMR spectra for polymers 4 and 5 show
resonances for the interior Si environments of the PFMES
(d�ÿ4.3) and PFMPS (d�ÿ11.3) blocks as well as reso-
nances for the interior Si environments of the PDMS blocks
(for 4 : d�ÿ21.8, for 5 : d�ÿ21.9). As the molecular weights
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of polymers 4 and 5 were quite high, 29Si NMR resonances due
to end groups or switching groups could not be detected.


Micellar solutions of 4 and 5 were prepared by first
dissolving samples of polymers 4 or 5 in THF (a good solvent
for both the PFMES/PFMPS and PDMS blocks) followed by
the slow addition of n-hexane until the onset of turbidity.
Dialysis of these micellar solutions against pure n-hexane
removed the remaining THF. TEM analysis of the contents of
the micellar solutions of 4, after solvent evaporation, revealed
the presence of spherical micelles which were found to possess
average core diameters ranging from 20 ± 30 nm (Figure 10
top). In all subsequent TEM measurements, only spherical


Figure 10. TEM micrographs of micellar solutions of 4 (top) and 5
(bottom) in n-hexane, after solvent evaporation.


micelles were observed with no evidence for the formation of
flower-like superstructures.


TEM analysis of micellar solutions of 5 after solvent
evaporation also revealed the presence of spherical micelles


(Figure 10 bottom). As for the case of 4, no cylindrical
micelles or any higher order supramolecular aggregates were
observed. The spherical micelles of 5 possess average core
diameters ranging from 20 ± 30 nm, which are similar to those
observed for 4.


These observations lend further support to the concept that
crystallization of the PFDMS block plays a key role in the
morphologies formed in the solution self-assembly of 3 b.


WAXS analysis of micelles and superstructures from 3 bÐ
evidence for crystallization of PFDMS blocks : The results of
our studies of the solution self-assembly of 3 b, 4, and 5 suggest
that crystallization of the PFDMS block plays a key role in the
formation of the multiple morphologies and superstructures
from 3 b. In order to confirm the presence of crystallinity in
the latter, micellar aggregates were prepared in n-hexane at
room temperature and were analyzed by WAXS after solvent
evaporation. The WAXS pattern (Figure 11) showed discrete
reflections at 7.41 � and 6.58 � similar to those present in
bulk samples of 3 b.[29]


This result indicates that significant crystallinity is indeed
present in the micelles and superstructures formed by the self-
assembly of 3 b.


Morphology evolution with timeÐcrystallization directed
self-assembly : An intriguing question is: How do the flower-
like superstructures form? The cylindrical micelles of 3 b
prepared in decane at 150 8C followed by slow cooling to 25 8C
possessed diameters ranging from 15 ± 20 nm, similar to those
for the individual micellar ªarmsº of the flower-like aggre-
gates obtained from 3 b below the Tm of the PFDMS block.
Furthermore, the observation of ªpearl necklaceº/cylindrical
micelle hybrid structures (Figure 9 bottom, inset) suggest that
the cylindrical micelles observed in micellar solutions of 3 b
prepared in decane at 150 8C followed by slow cooling may be
the result of a slow transition from spherical to cylindrical
micelles.


To provide further insight, we carried out preliminary
investigations of the time evolution of the morphology of 3 b
in hexane at ambient temperatures. When 3 b was self-
assembled in hexane and the resulting aggregates immedi-
ately analyzed by TEM only spherical micelles of diameter
40 ± 70 nm were observed. Subsequent TEM analysis after
2 min showed the presence of flower-like assemblies similar to
those discussed previously. Although clearly further detailed
studies are needed, these observations tentatively suggest that
the formation of flower-like supramolecular assemblies is a
multistage process and that these superstructures evolve from
spherical micelles.


Another very interesting question that remains is: How
does the PFDMS crystallization direct micellization and
superstructure formation? This is a complex issue and at this
stage our explanation is limited. However, we note that the
WAXS pattern for the flower-like aggregates (Figure 11) is
similar to that for the PFDMS homopolymer[29] and is
analogous to that for single crystals of the corresponding
linear pentamer.[35] Based on the structure of the latter,
crystallization should lead to a preferred parallel arrangement
of the PFDMS chains in the block copolymer; this in turn
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Figure 11. WAXS pattern of a micellar solution of 3b (in n-hexane) after
solvent evaporation.


should favor the formation of structures with low curvature
(e.g., cylinders versus spheres).[36] This is consistent with the
appearance of the flower-like superstructures which suggests
that cylindrical micelles are a major component. In addition,
the ability of triblock copolymers to act as ªtieº molecules
between domains would be expected to play a key role in
superstructure formation.


Finally, we return to the observation that the block
copolymer composition also influences the observed mor-
phology. Specifically fractionation of 3 b yielded a sample with
longer PFDMS blocks, which also formed flower like super-
structures, and another sample with very short PFDMS blocks
which did not (see above). We believe in the latter case the
PFDMS blocks are so short that either formation of crystal-
lites of substantial size is impeded or that the preference for
spherical structures caused by the dramatic block asymmetry
is so strong that low curvature structures are not formed.


Conclusions


Studies of the self-assembly of a polyferrocene triblock
copolymer, 3 b, obtained by a facile transition-metal-catalyzed
ROP methodology, have illustrated the reproducible forma-
tion of multiple morphologies and, in particular, the forma-
tion of novel flower-like superstructures. The observation of
coexisting multiple morphologies in diblock and triblock
copolymer systems of narrow polydispersity has been pre-
viously reported,[3, 4] whereas, as mentioned above, recent
work has provided examples of systems in which well-defined
aggregates are formed despite significant polydispersities
(PDI� 1.6).[30] In our particular case, fractionation experi-
ments suggest that the compositional variations associated
with the polydispersity of 3 b (PDI� 1.43) play a key role in
the formation of multiple micellar morphologies. Preparation
and subsequent TEM analysis of the aggregates present in
micellar solutions of 3 b in n-hexane at 50 8C also revealed the
presence of flower-like micellar aggregates suggesting that the
glassy regions of the PFDMS core do not significantly
influence the observed morphology. However, TEM analysis
of micellar solutions prepared in decane at 150 8C, above the
melt transition for the PFDMS block, showed no evidence for
the formation of flower-like aggregates. This observation


suggests that the ability of the PFDMS core-forming block to
crystallize is critical in directing the formation of flower-like
supramolecular aggregates. Furthermore, the study of the
solution self-assembly of triblock copolymers 4 and 5, which
possess amorphous polyferrocene blocks, revealed only the
presence of spherical micelles. This observation further
suggests that crystallinity is an important factor governing
the formation of nonspherical micelles from 3 b, and this
concept is likely to be a result of broad significance to other
block copolymer systems.[36]


Experimental Section


Equipment and materials : All reactions were carried out under an
atmosphere of prepurified nitrogen by using either Schlenk techniques or
an inert-atmosphere glovebox (MBraun). Hexanes and THF were dried
over Na/benzophenone and distilled immediately prior to use. The silicon-
bridged [1]ferrocenophane monomers were synthesized according to
literature procedures.[24, 34] Karstedt�s catalyst (a divinyltetramethyldisilox-
aneplatinum(0) complex) was purchased from Gelest Chemical Co. as a 3%
by weight solution in xylenes. All other chemicals were purchased from
Aldrich unless otherwise noted. 1H NMR (400 MHz), 13C NMR
(100.5 MHz), and 29Si NMR (79.5 MHz) spectra were recorded on a Varian
Unity 400 spectrometer. Molecular weights were estimated by gel perme-
ation chromatography (GPC) by using a Waters Associates liquid
chromatograph equipped with a Model 510 HPLC pump, a Model U6 K
injector, Ultrastyragel columns with pore sizes of 103 ± 105 �, and a
differential refractometer as the detector. A flow rate of 1.0 mL minÿ1 was
used, and the eluent was a solution of 0.1% tetra-n-butylammonium
bromide in THF. Polystyrene standards purchased from American Polymer
Standards were used for calibration purposes. Transmission electron
micrographs were obtained on a Hitachi Model 600 electron microscope.
AFM images were obtained using a Nanoscope III microscope (Digital
Instruments) in tapping mode with a silicon cantilever with a resonance
frequency of 300 ± 380 kHz. Dynamic light scattering experiments were
carried out on a variable-angle light-scattering photometer from Brook-
haven Instruments Corporation. A 5 mW vertically polarized He-Ne laser
from Spectra Physics was the light source. The solution was filtered through
a disposable 0.8 mm filter from Millipore into a glass scattering cell. WAXS
diffraction analysis was obtained on a Siemens D5000 q/2q diffractometer
with a CuKa source operating at 50 KV, 35 mA in step scan mode. The
second beam was monochromatized by a Kevex solid state detector.


Synthesis of triblock copolymer PFDMS-b-PDMS-b-PFDMS (3a): Kar-
stedt�s catalyst in xylenes (43 mL of a 0.3% by weight solution) was added
to a solution of 2 (R�R'�Me) (1.16 g, 4.79 mmol) and SiÿH-terminated
PDMS (1.44 g, 0.24 mmol, Mw� 6.02� 103 gmolÿ1, PDI� 1.24) in toluene
(20 mL). After stirring for 24 h, the deep orange solution was precipitated
into methanol (150 mL). The orange precipitate was washed with methanol
(3� 100 mL) and dried under vacuum. Yield: 1.95 g (75 %); GPC: Mn�
8.14� 103 g molÿ1, PDI� 1.45; 1H NMR (400 MHz, C6D6): d� 0.28 (s, 21H;
SiOMe2), 0.54 (s, 6H; fcSiMe2), 4.09 (m, 4 H; C5H4), 4.26 (m, 4 H; C5H4),
5.08 (br, 1H; SiMe2H); 29Si{1H} NMR (79.5 MHz, C6D6, DEPT J� 51 Hz):
d�ÿ21.4 (s, OSiMe2), ÿ18.2 (s, fcSiMe2H), ÿ6.4 (s, fcSiMe2), 0.7 (s,
Me2SiO-fc).


Synthesis of triblock copolymer PFDMS-b-PDMS-b-PFDMS (3 b): Kar-
stedt�s catalyst in xylenes (64 mL of a 0.3% by weight solution) was added
to a solution of 2 (R�R'�Me) (1.73 g, 7.14 mmol) and SiÿH-terminated
PDMS (5.0 g, 0.25 mmol, Mw� 2.00� 104 g molÿ1, PDI� 1.60) in toluene
(40 mL). After stirring for 24 h, the deep orange solution was precipitated
into methanol (250 mL). The adhesive orange gum was washed with
methanol (3� 200 mL) and dried under vacuum. Yield: 4.80 g (71 %);
GPC: Mn� 2.88� 104 gmolÿ1, PDI� 1.43; 1H NMR (400 MHz, C6D6): d�
0.28 (s, 39H; SiOMe2), 0.55 (s, 6 H; fcSiMe2), 4.10 (m, 4 H; C5H4), 4.27 (m,
4H; C5H4); 29Si{1H} NMR (79.5 MHz, C6D6, DEPT J� 51 Hz): d�ÿ21.4
(s, OSiMe2), ÿ6.4 (s, fcSiMe2).


Synthesis of triblock copolymer PFMES-b-PDMS-b-PFMES (4): Kar-
stedt�s catalyst in xylenes (37 mL of a 0.3% by weight solution) was added
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to a solution of 2 (R�Me, R'�Et; 1.00 g, 3.91 mmol) and SiÿH-
terminated PDMS (2.73 g, 0.14 mmol, Mw� 2.00� 104 g molÿ1, PDI�
1.60) in toluene (30 mL). After stirring for 24 h, the deep orange solution
was precipitated into methanol (250 mL). The tacky orange gum was
washed with methanol (3� 200 mL) and dried under vacuum. Yield: 2.95 g
(79 %); GPC: Mn� 2.90� 104 g molÿ1, PDI� 1.42; 1H NMR (400 MHz,
C6D6): d� 0.28 (s, 48 H; OSiMe2O), 0.55 (s, 3 H; fcSiMeEt), 1.00 (br m, 2H;
fcSiMe(CH2CH3)), 1.17 (br m, 3H; fcSiMe(CH2CH3)), 4.10 (s, 2H; C5H4),
4.12 (s, 2H; C5H4), 4.28 (br, 4H; C5H4); 13C NMR (100 MHz, C6D6): d�
ÿ3.27 (s, fcSiMe(CH2CH3)), ÿ2.60 (s, fcSiMe(CH2CH3)), 1.35 (s, OSi-
Me2O), 8.39 (s, fcSiMe(CH2CH3)), 70.8 (s, ipso-C5H4), 71.7 (s, C5H4), 71.8 (s,
C5H4), 73.8 (s, C5H4), 73.9 (s, C5H4); 29Si{1H} NMR (79.5 MHz, C6D6): d�
ÿ21.8 (s, OSiMe2O), ÿ4.3 (s, fcSiMeEt).


Synthesis of triblock copolymer PFMPS-b-PDMS-b-PFMPS (5): Kar-
stedt�s catalyst in xylenes (37 mL of a 0.3% by weight solution) was added
to a solution of 2 (R�Me, R'�Ph; 1.00 g, 3.29 mmol) and SiÿH-
terminated PDMS (1.84 g, 0.10 mmol), Mw� 2.00� 104 g molÿ1, PDI�
1.60 (GPC) in toluene (20 mL). After stirring for 24 h, the resulting
polymer was isolated by precipitation into methanol (ca. 200 mL) as a tacky
orange gum. Yield: 2.10 g (73 %); GPC: Mn� 3.00� 104 g molÿ1, PDI�
1.38; 1H NMR (400 MHz, C6D6): d� 0.28 (s, 46 H; OSiMe2O), 0.75 (m,
3H; fcSiMePh), 3.98 ± 4.26 (m, 8 H; C5H4), 7.25 (br m, 3H; fcSiMePh), 7.71
(br d, 2H; fcSiMePh); 13C NMR (100 MHz, C6D6): d�ÿ3.31 (m,
fcSiMePh), 1.35 (s, OSiMe2O), 70.2 (m, ipso-C5H4), 71.9 (s, C5H4), 72.4 (s,
C5H4), 74.2 (s, C5H4), 74.5 (s, C5H4), 129.3 (s, fcSiMePh), 134.6 (s,
fcSiMePh), 138.8 (s, fcSiMePh); 29Si NMR (79.5 MHz, C6D6): d�ÿ21.9
(s, OSiMe2O), ÿ11.3 (s, fcSiMePh).


Preparation of samples for TEM and AFM : Micellar solutions were
prepared by slowly adding n-hexane to a THF solution of triblock
copolymer (ca. 100 mg mLÿ1) until micellization had occurred. Subse-
quently, additional n-hexane was added until the solution contained 95%
(by volume) of n-hexane (total volume� 15 mL). The remainder of the
THF was removed by dialyzing against pure n-hexane (Mw cutoff�
14000 g molÿ1). Thin carbon films (ca. 5 �) were grown on mica as a
support, then 25 mL of a dilute solution of the block copolymer in hexane
(ca. 0.2%) was aerosol-sprayed onto the carbon film. Each carbon film was
floated off the mica support in water and deposited onto a 300 mesh Gilder
copper grid. The sample was air-dried before introduction into the electron
microscope. No staining of the sample was necessary. Negative staining
TEM experiments were conducted with TEM samples stained with about
10 mL of dodecatungstophosphoric acid (H3PO4 ´ 12WO3 ´ xH2O) dissolved
in water to make a 0.3 wt % solution, followed by neutralization with a
KOH solution of pH 6.5. Samples for AFM were prepared in an analogous
manner to TEM samples, except that the solution was aerosol sprayed
directly onto a freshly cleaved mica surface which was then mounted for
imaging.
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Metallocyclic Receptors with ReI/OsII-Based Moieties:
Molecular Photophysics and Selective Molecular Sensing


Dengfeng Xu, Kay T. Khin, Wytze E. van der Veer, Joseph W. Ziller, and Bo Hong*[a]


Abstract: New metallocyclic ReI and
OsII complexes with polyphosphane/poly-
yne spacers, including dimers [{Re(CO)3-
Cl(C2nP2)}2] (n� 1, 1; 2, 2) and tetramers
[{Re(CO)3Cl(C2nP2)}4] (n� 1, 3 ; 2, 4,
C2P2�Ph2PÿC�CÿPPh2, C4P2�Ph2Pÿ
C�CÿC�CÿPPh2), as well as the
mixed-metal [{Re(CO)3Cl}2{Os-
(bpy)2}2(C2P2)4](PF6)4 (6, bpy� 2,2'-bi-
pyridine) and its precursor [Os-
(bpy)2(C2P2)2](PF6)2 (5) have been syn-
thesized. Characterization has been car-
ried out using 31P{1H} NMR, FAB/MS,
ESI/MS, IR spectroscopy, elemental
analysis (EA), and X-ray single crystal
structure determination. These new


metallocyclic complexes are found to
be emissive, with a characteristic ReI-
based emission at 505 ± 525 nm (life-
times of 3.4 ± 6.8 ns) and an OsII-based
emission at 600 ± 605 nm (lifetimes of
650 ± 675 ns). High quantum yields of
0.25 and 0.17 were observed for 5 and 6,
which were representative of the few
most emissive species reported with OsII


centers. Efficient energy transfer from
the ReI donor to the OsII acceptor was


also found. In addition, a host ± guest
study was performed using emissive
metallocycle 6, and host ± guest binding
constants of 775mÿ1, 1580mÿ1, and
1680mÿ1 were obtained for the guests
anisole, 1,4-dimethoxybenzene, and
1,3,5-trimethoxybenzene, respectively.
The correlation between the guest mol-
ecule size, cavity dimension, and the
host ± guest binding constant is dis-
cussed. Furthermore, the relationship
between the p-acceptor ability of the
nonchromophoric phosphanes, the en-
ergy gap between the ground and excit-
ed state, and the nonradiative decay rate
constant (knr) is also explored.


Keywords: host ± guest systems ´
macrocycles ´ osmium ´ photolumi-
nescence ´ rhenium


Introduction


The construction and study of well-defined metal-containing
macrocyclic molecular systems (metallocyclic receptors or
inorganic cyclophanes) constitute one of the current research
areas in modern supramolecular chemistry.[1±7] Recent interest
in this area has intensified due to the multifaceted character-
istics of these metallocycles, including versatile structural
features and various desirable functional properties such as
redox activity,[2d, 4a] photoluminescence,[1d, 3, 4, 6, 7] chirality,[1e]


and magnetism.[2f] With a judicious choice of metal-based
moieties and rigid spacers, the distance between metal centers
and the cavity size can be controlled and fine-tuned. As a
result, it is then possible to probe the selective molecular
sensing and host ± guest chemistry using metallocycles as hosts
or receptors and organic guest molecules with various sizes.[5]


The degree of electronic communication and redox interac-
tion between metal centers can also be studied, and further-
more, with suitable combinations of donor/acceptor pairs, the


efficiency and rate constant of intramolecular electron/energy
transfer within macrocyclic platforms can be investigated.


We have recently become interested in the design and study
of metallocyclic species that contain ditopic phosphane
spacers with sp carbon chains and various photo- and redox-
active metal-based moieties. Using RuII(tpy)-based dimeric
and trimeric macrocycles with a Ph2PÿC�CÿC�CÿPPh2


(C4P2) spacer[4a] and PdII/PtII macrocyclic dimers with Ph2Pÿ
C�CÿPPh2 (C2P2),[4b] we have studied the dual capability of
these systems in molecular recognition through host ± guest
interactions and electronic communication between multiple
redox centers within a macrocyclic platform. As a relatively
new type of spacer unit, polyphosphane/polyyne spacers such
as C2P2 and C4P2 provide important rigidity and structural
control of cavity sizes in our new macrocyclic complexes.


In this paper, we report the synthesis, purification, and
characterization of new metallocyclic species with ReI and
OsII centers, including the dimeric [{Re(CO)3Cl(C2nP2)}2]
(n� 1, 1; n� 2, 2), tetrameric [{Re(CO)3Cl(C2nP2)}4] (n� 1,
3 ; n� 2, 4), and the mixed-metal species [{Re(CO)3Cl}2{Os-
(bpy)2}2(C2P2)4](PF6)4 (6). One molecular precursor, [Os-
(bpy)2(C2P2)2](PF6)2 (5), was also prepared and reported
herein. Their electronic absorption, steady-state and time-
resolved emission spectroscopy, and quantum yields are
investigated and compared here. The photoluminescent


[a] Prof. Dr. B. Hong, D. Xu, K. T. Khin,
Dr. W. E. van der Veer, Dr. J. W. Ziller
Department of Chemistry, University of California
Irvine, CA 92697-2025 (USA)
Fax: (�1)949-824-3168
E-mail : bhong@uci.edu


FULL PAPER


Chem. Eur. J. 2001, 7, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0711-2425 $ 17.50+.50/0 2425







FULL PAPER B. Hong et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0711-2426 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 112426


quantum yields (QY) of complexes 5 and 6 with OsII centers
are found to be much higher than those of the well-known
complexes [M(bpy)3](PF6)2


[8] (M�RuII or OsII). In addition, a
guest-inclusion study using mixed-metal receptor 6 has been
performed using different guests with increasing molecular
sizes: anisole, 1,4-dimethoxybenzene, and 1,3,5-trimethoxy-
benzene. The size dependence of the host ± guest binding
constant (Kb) for these guest molecules will be addressed and
compared with other macrocyclic receptors containing differ-
ent metal centers.


Results and Discussion


Synthesis and purification : Homometallic 1 ± 4 compounds
were made by reactions between the suitable spacer C2nP2


(n� 1, 2) and [Re(CO)5Cl] (1:1 ratio) in a refluxing THF/
toluene solvent mixture (4:1 v/v, Scheme 1). The final
products contain both dimeric and tetrameric metallocycles.
The dimers 1 and 2 were separated from the tetramers 3 and 4
using silica gel chromatography with different ratios of
CH2Cl2/hexanes mixtures as eluants. Since the dimers and
tetramers with ReI centers are neutral molecules and they also
have relatively low solubility in common organic solvents, up
to three cycles of column chromatography were needed, and
this resulted in relatively low separation yields (10 ± 20 % after
separation). The monometallic precursor 5 was prepared from
[Os(bpy)2(CO3)] using an excess amount of C2P2. Since C2P2 is
a ditopic ligand and capable of further binding to the second
metal center, the yield of the desired monometallic product 5
was 30 % after the chromatographic separation. From the
reaction between 5 and [Re(CO)5Cl] (1:1 ratio, Scheme 2) the


heterometallic macrocyclic complex 6 was synthesized. Re-
peated attempts have been made to prepare the monometallic
precursor [{Os(bpy)2(C4P2)}2](PF6)2 in a similar way with a
longer spacer. However, a bimetallic product with two
terminal OsII centers was found to be the favored product,
which has a 31P NMR singlet at approximately d� 30. In
addition, the 31P NMR study reveals that these complexes
with ditopic phosphanes are stable in air, and no oxidized
species are observed.


Scheme 2. Synthesis of heterometallic complex 6.


Characterization : X-ray quality crystals of the dimeric com-
plex 1 were obtained by slow evaporation of THF at low
temperature (4 8C), and the crystal structure is shown in
Figure 1a. Crystallographic data and data collection param-
eters are provided in Table 1. Selected bond lengths and bond
angles are given in Table 2. The molecule is located about an
inversion center, with two THF molecules present per dimeric
formula unit. The molecule is slightly distorted, with P1ÿRe1ÿ
P2 as 90.15(2)8, C25ÿP1ÿRe1 as 115.04(9)8, and C26ÿP2ÿRe1
as 113.95(9)8. The angles of C25'ÿC26ÿP2 and C26'ÿC25ÿP1
are not linear but slightly bent with similar angles of 175.7(2)
and 175.6(2)8, respectively. A 10-member ring is formed with
two ReI centers and two central C2P2 spacers. The distance
between Re1 and Re2 is 7.466 �, and the average distance of
P ´´ ´ P (e.g. P1 to P2) is 3.494 �. In addition, these molecules


are found to align very well on
top of each other (Figure 1b),
and the solvent THF molecules
locate between stacks of dimer-
ic molecules. As a comparison,
similar structural features have
also been observed for [{Pt-
(dppm)(C2P2)}2](OTf)4,[4b] with
the observed Pt ´´´ Pt and P ´´´ P
distances of 7.2 and 3.5 �, re-
spectively.


A molecular modeling study
was also performed to estimate
the cavity dimension. All model
structures were minimized us-
ing the Spartan builder, and theScheme 1. General synthesis of homometallic species (n� 1, 2 in C2nP2).
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Figure 1. a) ORTEP of 1; b) Stacking of molecules of 1 in one dimension.


representative stick-and-ball diagrams of metallocyclic com-
plexes 3, 4, and 6 are shown in Figure 2. Interestingly, the
homometallic tetramers 3 and 4 adopt ªsquare-likeº struc-
tures with the average Re ´´´ Re edge distance of 7.4 and 9.3 �,
and the average diagonal Re ´´ ´ Re distances of 9.3 and 9.9 �,
respectively. But the heterometallic 6 has an elongated
ªrhombic-shapedº structure with a longer Os ´´´ Os distance
of 13.8 � and a compressed Re ´´ ´ Re diagonal distance of
7.7 �. Presumably the structural difference in 6 is caused by
the presence of bulkier bpy ligands on OsII centers. Another
notable feature is that all Cl ligands are located ªinsideº
toward the cavity in the structures or models obtained from
the molecular modeling study and the aforementioned crystal


structure determination. Possible isomers may exist, where Cl
ligands may point ªinsideº and/or ªoutsideº, especially in
complexes with two or four ReI centers, however, this is not
observed in the crystal structure of 1 and the molecular
modeling study. This may partially be due to the fact that the
ReÿCl unit is shorter or smaller than the ReÿCO unit, and a
less crowded structure may be obtained when the Cl ligands
locate ªinsideº. However, we are not completely certain
about what isomers we have for all our new complexes
without crystallographic data, and we also cannot exclude the
possibility that other isomers may indeed form but are lost
during the chromatographic separation or crystallization
procedures.


A 31P{1H} NMR study gave one peak for each ReI-based
homometallic compound: d�ÿ9.0 for 1, ÿ12.9 for 2, ÿ14.5
for 3, andÿ15.6 for 4. These results suggest that all P atoms in
each complex are in the identical environment. The precur-
sor 5 has two peaks: d�ÿ9.8 for the OsIIÿPPh2 unit and
ÿ30.9 for the free ÿPPh2 unit. Complex 6 was also found to


Table 1. Crystallographic data and data collection parameters for 1.


formula C66H56Cl2O8P4Re2 (1�2THF)


Mr 1544.29
T 158 K
l 0.71073 �
crystal system, space group monoclinic, P21/n
unit cell dimensions a� 12.8700(7) � a� 908


b� 10.2006(5) � b� 99.0640(10)8
c� 23.2767(12) � g� 908


crystal size 0.30� 0.10� 0.07 mm
volume, Z 3017.6(3) �3, 2
density (calculated) 1.700 mgmÿ 3


absorption coefficient 4.258 mmÿ 1


F (000) 1520
goodness-of-fit on F 2 1.036[a]


final R indices [I> 2s(I)] R1� 0.0226, wR2� 0.0472[a]


largest diff. peak and hole 0.968 and ÿ0.603 e �ÿ 3


[a] R1�SkFo;j ÿ jFck /SjFoj ; wR2� [SwjFo;j ÿ jFcj2/SwjFoj2]1/2, w� 1/s2jFoj ;
goodness-of-fit� [SwjFoj2ÿ jFcj2)2/(nÿ p)]1/2, where n is the number of
reflections and p is the total number of parameters refined.


Table 2. Selected bond lengths [�] and angles [8] for 1.


Re1ÿC28 1.959(3) P1ÿC1 1.823(3)
Re1ÿC29 1.964(3) P1ÿC7 1.828(3)
Re1ÿC27 1.984(3) P2ÿC26 1.767(3)
Re1ÿP2 2.4593(7) P2ÿC19 1.818(3)
Re1ÿP1 2.4761(7) P2ÿC13 1.834(3)
Re1ÿCl1 2.4762(7) C25ÿC26 1.196(4)
P1ÿC25 1.769(3)
C28ÿRe1ÿC29 89.71(11) C28ÿRe1ÿP1 177.34(8)
C28ÿRe1ÿC27 86.71(11) C29ÿRe1ÿP1 88.66(8)
C29ÿRe1ÿC27 89.00(11) C27ÿRe1ÿP1 95.37(8)
C28ÿRe1ÿP2 91.33(8) P2ÿRe1ÿP1 90.15(2)
C29ÿRe1ÿP2 175.72(8) C28ÿRe1ÿCl1 91.87(8)
C27ÿRe1ÿP2 95.20(8) C29ÿRe1ÿCl1 89.04(8)
P2ÿRe1ÿCl1 86.77(2) C29ÿRe1ÿCl1 89.04(8)
P1ÿRe1ÿCl1 86.00(2) C27ÿRe1ÿCl1 177.59(8)
C26ÿP2ÿRe1 113.95(9) C25ÿP1ÿRe1 115.04(9)
C25'ÿC26ÿP2 175.7(2) C26'ÿC25ÿP1 175.6(2)
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Figure 2. Molecular modeling study of complexes: a) 3 ; b) 4 ; c) 6.


have two 31P NMR signals: d�ÿ8.3 for two ReI-binding PPh2


and d�ÿ9.1 for two OsII-binding PPh2. In addition, satisfac-
tory elemental analysis data were obtained for all complexes.
Specifically, the presence of water molecules was observed in
the two complexes with OsII centers, 5 and 6, since they were
initially precipitated out of the aqueous KPF6 solution.


Both FAB/MS and ESI/MS methods prove to be successful
in the identification of all new metallocyclic complexes.
Several representative features arise when we compare the
data.
1) All fragments observed in the FAB/MS analysis have a �1


charge, while fragments with multiple charges are ob-
served in the ESI/MS analysis, especially for complex 6
with the presence of OsII centers. As a comparison,
FAB/MS provided two high molecular weight frag-
ments for 6 : m/z : 3354 [6ÿ 3PF6�O]� and 2479
[6ÿRe(CO)3Cl(C2P2)2ÿ 2COÿPF6]� . However, ESI/MS
analysis gave very strong multiple charged peaks: [6ÿ
3PF6ÿCl]2� at m/z : 1650.5 and [6ÿ 4PF6ÿCl]3� at
1051.7 (Figure 3). The inset of Figure 3 displays a close
match between the simulated and observed isotope
patterns for the fragment [6ÿ 4PF6ÿCl]3�, where the
isotope peaks are separated by 0.3 ± 0.4 m/z units.


2) Although the fragments observed in the FAB and ESI
analyses of each complex are different, the loss of CO, Cl,
Ph, as well as the counteranion PF6


ÿ in ReI/OsII species
is common, in addition to the observation of molec-
ular ions. For example, complexes 1 and 2 gave the
molecular ion peaks [M]� at m/z : 1401 and 1449, respec-
tively, and the subsequent fragments at m/z : 1365
[1ÿCl]� , 1337 [1ÿClÿCO]� , or 1421 [2ÿCO]� and


1385 [2ÿCOÿCl]� . The corresponding FAB/MS analysis
of 3 and 4 gave the highest molecular fragment as [Mÿ
Cl]� and the subsequent loss of Ph and/or CO groups.


3) The addition of O and Na units was also observed.
Previously in the mass spectral study of the molecular
systems with polyphosphane spacers or ligands, the
addition of extra O and Na also occurred.[9, 10] These peaks
are attributed to the strong complexing properties of the
fragments with alkali metal cations and oxygen.


IR spectroscopy has been used to analyze the complexes
with [Re(CO)3Cl] moieties. Complexes 1 ± 4 and 6 display the
same three peaks pattern within the CO stretching region
1904 ± 2038 cmÿ1: 2034, 1961, 1906 cmÿ1 for 1; 2035, 1959,
1905 cmÿ1 for 2 ; 2032, 1958, 1904 cmÿ1 for 3 ; 2038, 1959,
1907 cmÿ1 for 4 ; 2037, 1965, 1918 cmÿ1 for 6. Previously,
monomeric complexes of the type fac-[{Re(CO)3Cl(phos-
phane)}2] were also reported to have similar three peaks
patterns.[11a] In the aforementioned X-ray crystal structure of
the dimeric complex 1, it was observed that each ReI center
independently possessed Cs symmetry with the three carbonyl
ligands in a facial arrangement, one carbonyl trans to the
chlorine atom, and the other two trans to the two phosphanes
(Figure 1). Three IR-active nCO modes (2A'�A'') are expected
for the ReI centers that contain the local Cs symmetry.[11b, c]


Here, the highest energy peaks between 2032 ± 2038 cmÿ1


represent the stretching of CO trans to the chlorine atom;
the two lower energy peaks between 1904 ± 1965 cmÿ1 are
from the other two CO groups trans to PPh2 units. Since the
phosphanes are more electron-donating than Clÿ, stronger p-
backbonding from the ReI center to the CO trans to PPh2


results in a lower bond order within the CO units that causes


Figure 3. ESI mass spectrum for 6 : Inset is the comparison of the simulated
and observed isotope pattern for the fragment [6ÿ 4PF6ÿCl]3�.
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nCO to shift to lower energies.[11d, e] Hence, the IR study, in
addition to the X-ray structure determination, confirms the
facial arrangement of the three CO ligands on each ReI


center.


Electronic absorption : Metallocyclic complexes 1 ± 4 exhibit
two strong absorption peaks at 311 ± 317 nm (e� 8340 ±
19 820 cmÿ1mÿ1) and 340 ± 346 nm (e� 3070 ± 8310 cmÿ1mÿ1,
Table 3). Specifically, 1 and 3 have similar absorption spectra,


as well as 2 and 4, and the tetramers have extinction
coefficients that are approximately twice that of the dimers
with the same spacers. Previously, [ReCl(CO)5],[12a] [Re-
Cl(CO)4(PPh3)],[12b, c] and [ReCl(CO)3(PPh3)2][11a] were re-
ported to have two absorption peaks within 290 ± 370 nm: one
is ligand-centered absorption (LC) and the other is ligand-
field absorption (LF). Such assignment in the literature was
made based on the fact that these monometallic complexes
did not have low-lying p-antibonding orbitals to participate in
the MLCT (Metal-to-Ligand Charge Transfer) transition, and
their low extinction coefficients (<20mÿ1 cmÿ1) were consis-
tent with a spin forbidden d ± d transition. In our current
system with C2nP2 spacers, the first stronger peak at 311 ±
317 nm is assigned to the LC state. However, the second
band (340 ± 346 nm) is ascribed to the 1MLCT transition (ReI


to C2P2 or C4P2 charge transfer) instead of a LF transition.
This assignment of the lower energy absorption band is based
on the fact that this band has relatively high extinction
coefficients of 3070 ± 8310mÿ1 cmÿ1 which contradicts the
assignment of a forbidden d ± d transition in this system. The
parent complex, [Re(CO)5Cl], was also known to be lumi-
nescent from a d ± d state.[12a] However, upon replacement of
two CO ligands with polypyridines (e.g. bipyridine or o-
phenanthroline), the lowest excited state was reported as a
metal-to-ligand charge transfer state.[11a, 12a, 13] The polyphos-


phane/polyyne spacers used in this study, similar to polypyr-
idyl ligands, most likely possess low-lying rings and polyyne p-
antibonding orbitals that are capable of participation in
charge-transfer interactions. Hence, a MLCT state is assigned
as the emitting excited state based on the literature study and
the observed extinction coefficients. Similarly a ReI! phos-
phane charge-transfer band was also observed in our recent
study on one-dimensional systems with polyphosphane/cu-
mulene spacers.[13c]


Monomeric precursor 5 and 6
have three absorption peaks
between 400 ± 800 nm: the ones
at 420 ± 424 nm (e� 7480 ±
14 095mÿ1 cmÿ1) and 470 nm
(e� 2850 ± 5220mÿ1 cmÿ1) are
assigned to the bands of ReI


and OsII 1MLCT absorption.
The third one at 560 ± 565 nm
(e� 1550 ± 2800mÿ1 cmÿ1) was
assigned to the 3MLCT absorp-
tion. In addition, one higher
energy band at 289 ± 291 nm is
also observed, which can be
ascribed to the mixture of LC
bands from both ReI and OsII


centers. Overall the peak posi-
tions in the absorption spectra
of 3, 4, and 6 are very similar to
those of 1, 2, and 5, respectively,
but with approximately doubled
extinction coefficients, which
are indicative of a chromo-
phore summation effect.[10a, 14]


Molecular photophysics : A steady-state luminescence
study at room temperature resulted in emission at lem� 525,
510, 525, and 505 nm for 1, 2, 3, and 4, respectively, upon
excitation at 450 nm (Table 3). At excitation wavelengths 350
and 400 ± 488 nm, the same emission peak was observed. The
parent complex [Re(CO)5Cl] was reported to have emission
from a d ± d state at a maximum of 19 900 cmÿ1 (502 nm).[12]


The emission bands for [Re(CO)4Cl(P)] and [Re(CO)3Cl(P)2]
complexes (P� phosphanes, e.g. PPh2Me) were also assigned
to the ligand-field d ± d transition.[11a, 12] However, since the
lowest excited state in 1 ± 4 is assigned to the MLCT band as
discussed previously, the nature of the observed emission here
is therefore attributed to the ReI!C2nP2 (n� 1, 2) charge-
transfer band.


The lifetimes, quantum yields, radiative and nonradiative
rate constants (kr and knr, respectively) are measured or
calculated as in Table 3. While short lifetimes of 3.4 ± 6.8 ns
were observed for the ReI-based excited states, much longer
lifetimes of 650 ± 675 ns were found for the OsII metal-to-
ligand charge-transfer band (triplet in nature). Interestingly,
both the lifetime and quantum yield of the OsII centers in the
heterometallic tetramer 6 are smaller than those of the
monomeric precursor 5. No steady-state and time-resolved
emission from the ReI-based excited state in 6 can be detected
using our current setups with a measurable range of lifetime as


Table 3. Photophysical data for 1 ± 4 in CH2Cl2 and 5 ± 6 in CH3CN.


labs (e) nm [cmÿ1mÿ1] lem [nm] t [ns, �5%] F �104 [�10 %] kr
[e] [sÿ1] knr


[f] [sÿ1]


1 311 (8340) 525[a] 3.4[b] 3.8[c] 1.1� 106 2.9� 108


340 (3070)
2 317 (9005) 510[a] 6.8[b] 4.5[c] 6.6� 105 1.5� 108


345 (4265)
3 311 (18 670) 525[a] 3.8[b] 6.8[c] 1.8� 106 2.6� 108


341 (8280)
4 317 (19 820) 505[a] 3.0[b] 8.4[c] 2.8� 106 3.3� 108


346 (8310)
5 289 (34 820) 605[d] 675[d] 2500[d] 3.8� 105 1.1� 106


424 (7480)
470 (2850)
565 (1550)


6 291 (72 020) 600[d] 650 1700[d] 2.7� 105 1.3� 106


420 (14 095) (Os*)[d]


470 (5220)
560 (2800)


[a] The same emission maximum was obtained when lex� 350, 400 ± 488 nm. [b] lex� 488 nm, obtained on a SLM-
Aminco 48000 MHF Fourier Transform Spectrofluorometer. [c] lex� 400 nm, referenced to a dilute quinine
sulfate water solution with H2SO4 (0.2m) (F� 0.55 at 293 K).[21] [d] lex� 470 nm, referenced to [Ru(bpy)3](PF6)2


(F� 0.062 in CH3CN at 293 K).[8a] [e] Radiative decay rate kr�F/t.[8d] [f] Nonradiative decay rate knr�
1/tÿ kr .[8d]
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short as 200 ps. From the lifetime and quantum yield of each
complex, the radiative and nonradiative decay constants can
be calculated using kr�F/t and knr� 1/tÿ kr .[8d, f] Notably the
ReI excited-state decay is dominated by the nonradiative
decay with knr of 1.5 ± 3.3� 108 sÿ1, while much lower knr values
of 1.1 ± 1.3� 106 sÿ1 were observed for the OsII excited state.


Previously the monomeric OsII complexes with phosphanes,
such as PPh2Me and dppm (dppm�Ph2PCH2PPh2), have
been studied to probe the relationship of knr versus emission
energy.[8c, f] As compared in Table 4, a systematic trend exists


in which the quantum yield and lifetime of the OsII excited
state increase significantly as the 3MLCT emission energy
increases in a series of OsII species with auxiliary bpy ligands
and various phosphanes. To the best of our knowledge,
compound 6 represents the first type of luminescent OsII


heterometallocyclic complex with extraordinarily strong pho-
toluminescence. Specifically, remarkable quantum yields as
high as 0.25 (ca. four times of QY of [Ru(bpy)3(PF6)2][8a] and
54 times of [Os(bpy)3(PF6)2][8c, d, f]) and 0.17 (2.7 times of
[Ru(bpy)3(PF6)2] and 37 times of [Os(bpy)3(PF6)2]) were
observed for 5 and 6, respectively. These QY values are also
much higher than the other OsII species with phosphanes as
listed in Table 4. It appears that the role of ligands in
determining the excited-state lifetimes and quantum yields is
in its electronic effect on the metal, and the replacement of
one of the bpy groups by various phosphanes with p-accepting
ability significantly affects the excited-state property.[8c] Based
on the observed data in this study and in the literature, we
may evaluate the p-acceptor ability in the following order:[8, 15]


bipyridine< [CH3(CH2)3]3P< [p-CH3C6H4]3P�CH3Ph2P<
PPh2CH2PPh2 (dppm)<PPh2CH2CH2PPh2 (dppe)< 1,2-(PPh2)2-
C6H4 (dppb)< cis-Ph2PCH�CHPPh2 (dppene)<Ph2PÿC�Cÿ
PPh2 (C2P2). As the p-acceptor ability of phosphanes increases,
the energy gap between the ground and excited state increases,
and this results in blue-shifted emission energy. As a consequence,
the coupling between these two states decreases, and a lower
nonradiative decay constant, knr, is observed (Table 4).


Previously the ªenergy-gap lawº predicted that nonradia-
tive decay rate constants for a series of related excited states
based on the same chromophores are predominately deter-
mined by vibrational overlap between the ground and excited


states.[8f] Specifically, using the expression derived by Engl-
man and Jortner[16] and at the low temperature, weak vibra-
tional coupling limit (S� 1), the value of knr can be expressed
approximately as Equation (1).[16]


knr�
2pV2


�h


 !
1


2p�hwMDE


� �1=2


exp(ÿS)exp
ÿgDE


�hwM


� �
(1)


In this equation DE is the internal energy gap between the
upper and lower states, wM is the frequency of the deactivation
mode or modes, V is the electron-tunneling matrix element,
and the terms g and S are defined in Equations (2) and (3).[8f]


When the deactivating mode or modes remain common and if
variations in V and S are relatively small, as is the case for the
[Os(bpy)2(L)2]2� type of complexes,[8f, 18] then Equation (1)
can be written as Equation (4), on the assumption that DE�
Eem and Dj is the dimensionless fractional replacement
between the equilibrium nuclear configuration of the ground
and excited state for the complex�s jth normal mode.[8f, 17]
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If all the assumptions above are valid a linear relationship
should exist between lnknr and Eem. Indeed from the plot of
lnknr versus Eem (Figure 4) a linear fit is obtained, which is


Figure 4. Plot of Eem versus ln(knr), where Eem is the emission energy, and
knr is the nonradiative decay rate constant.


indicative of good agreement between the theory and experi-
ments. From this linear fit a slope of (ÿ0.82� 0.04)� 103 cmÿ1


and an intercept of (27.6� 0.3) are obtained for the series of
OsII complexes with phosphanes, including complexes 5 and 6
from this study. These values are consistent with those
previously found for polypyridyl RuII and OsII complexes, in
which the change of Eem was caused by replacing the
nonchromophoric ligands.[8c, d, f] Therefore we may conclude
that: a) The fact that the data of both complexes 5 and 6 fit in
with the other [Os(bpy)2(P)2] or [Os(bpy)2(PP)] (P�mono-
phosphanes, PP� biphosphanes) types of complex suggests
that the emitting excited states of these complexes share a


Table 4. Comparison of photophysical data of OsII species with
phosphanes.


Complexes[a] Eem [cmÿ1]t [ns]F knr [sÿ1]


[Os(bpy)3(PF6)2][8c±e, 8f] 13 423 60 0.00461.7� 107


[Os(bpy)2(PPh2Me)2](PF6)2
[8f] 15 106 260 0.026 3.7� 106


[Os(bpy)2(dppm)](PF6)2
[8c, d] 15 528 304 0.056 3.1� 106


[Os(bpy)2(dppe)](PF6)2
[8f] 15 625 462 0.055 2.0� 106


[Os(bpy)2(dppb)](PF6)2
[8d, 15b] 15 723 344 0.049 2.8� 106


[Os(bpy)2(dppene)](PF6)2
[8c, d] 15 873 500 0.070 1.9� 106


[Os(bpy)2(C2P2)2](PF6)2 (5) 16 529 675 0.25 1.1� 106


[{Re(CO)3Cl}2{Os(bpy)2}2(C2P2)4](PF6)4 (6)16 667 650 0.17 1.3� 106


[a] bpy� 2,2'-bipyridine, dppm�Ph2PCH2PPh2, dppe�Ph2PCH2CH2-
PPh2, dppb� 1,2-(PPh2)2C6H4, dppene� cis-Ph2PCH�CHPPh2, C2P2�
Ph2PC�CPPh2.
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common deactivation mode or modes, b) A clear trend exists
in Table 4 that as knr decreases both the lifetime and quantum
yield increase. The aforementioned discussion has stated that
the replacement of one bpy ligand by various phosphanes with
different p-accepting ability increases the energy gap between
the excited and ground state which results in a decrease in knr


values. Although the same phosphane C2P2 is employed in
both 5 and 6, the attachment of [Re(CO)3Cl] units at the
opposite termini may cause changes in the electronic effect
and p-acceptor property of the phosphane. Hence, the
difference in the emission maxima and quantum yields
between 5 and 6 may be ascribed to the changes in the
structures and, as a consequence, changes in the p-acceptor
ability of phosphanes and nonradiative decay constant of the
emitting excited state.


Energy transfer : When we compare the emission maxima of
complexes 5 and 6, observed at 605 and 600 nm, both
originated from the OsII 3MLCT excited state. In addition,
excitation at wavelengths of 350 and 400 ± 550 nm results in
the same emission peak. The absence of emission from the
[Re(CO)3Cl(P)2] type of chromophore in heterometallic 6
suggests possible energy transfer from the ReI unit to the OsII


center. When we compared the absorption and emission
spectra of complex 6, substantial overlap was observed as in
Figure 5. In addition, the emission of ReI chromophores (ca.
505 ± 525 nm) used in this series of complexes also has


Figure 5. Overlap of the absorption and emission spectra of 6.


substantial overlap with the absorption of the OsII chromo-
phore in the visible range (ca. 420 ± 565 nm). Furthermore,
following the conventional assumptions,[19] the driving force
for the energy transfer, DG�ÿ, can be estimated using the
spectroscopic energies of the donor and acceptor emission,
DG�ÿ� lem(donor)ÿ lem(acceptor). The DG�ÿ value thus cal-
culated is ÿ2520 cmÿ1 or ÿ0.31 eV, which is indicative of a
thermodynamically favored energy-transfer process. Since the
lifetime of the ReI donor was not detected using our current
setups with a measurable lifetime as low as 200 ps, we may
estimate the energy-transfer rate constant as >4.7� 109 sÿ1


using Equation (5).[19, 20]


ken� 1/tÿ 1/tm (5)


Here t is the quenched lifetime of the ReI energy donor in 6
(<200 ps), and tm is the lifetime of model complex 3 (3.8 ns).
All the evidence and calculations suggest an efficient energy
transfer from the ReI-based donor to the OsII-based acceptor.


Host ± guest chemistry : As shown in the aforementioned
X-ray structure determination and molecular modeling study,
the metallocyclic species have cavity sizes that are different if
metal corner units and spacers are changed. However, the
ReI-based complexes have relatively low emission efficiency,
and the change in emission intensity, upon addition of a guest
molecule, was not significant. Hence, only the host ± guest
study using heterometallic species 6 is reported here, using
anisole, 1,4-dimethoxybenzene, and 1,3,5-trimethoxybenzene
as the guest molecules. Experimentally when the guest was
added quantitatively to the host solution (total volume change
is <5 %), the decrease of emission intensity at 600 nm was
monitored and recorded (Figure 6).


Figure 6. Emission intensity changes of 6 versus the concentrations of
three guests: anisole, 1,4-dimethoxybenzene, and 1,3,5-trimethoxybenzene.
Concentration of the host is 6.2� 10ÿ5m in MeCN.


To obtain the host ± guest binding constant, the change of
emission intensity is fitted as a function of the guest
concentration to Equation (6).[1d]


I� Io�DI*K*b C/(1�K*b C) (6)


Here Io and DI are the initial emission intensity of the host
molecule and the extrapolated maximum intensity change,
and C is the concentration of the guest. This binding constant
expression is valid when the guest concentration is signifi-
cantly higher than the concentration of the host, and the
binding molecularity and stoichiometry are both 1:1.[1d] The
calculated values of Kb for anisole, 1,4-dimethoxybenzene,
and 1,3,5-trimethoxybenzene are 775mÿ1, 1580mÿ1, and
1680mÿ1, respectively. A direct relationship between the guest
molecular size and the host ± guest binding constant is
observed here, and Kb increases as the guest size increases.
Furthermore, when compared with the host ± guest binding
constants in the previous guest-inclusion study using the
molecules anisole and 1,4-dimethoxybenzene as guests and
different host molecules such as macrocyclic dimer [{Pt-
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(dppm)}2(C2P2)2](OTf)4,[4b] dimer [{Ru(tpy)Cl}2(C4P2)2]-
(PF6)2,[4a] and trimer [{Ru(tpy)Cl}3(C4P2)3](PF6)3


[4a] (Table 5,
C4P2�Ph2PÿC�CÿC�CÿPPh2, C2P2�Ph2PÿC�CÿPPh2), the
binding constant Kb was found to be susceptible to a change of
cavity dimensions. Interestingly, for the macrocyclic dimer
and trimer with [Ru(tpy)(P)2Cl] units, the host emission
intensity (I) increased upon addition of guest anisole or 1,4-
dimethoxybenzene.[4a] However, for metallocycles with ReI/
OsII or PtII centers, the opposite changes were observed that
the I value decreased as guest concentration increased.
Furthermore, a comparison of the Kb values for an anisole
guest in Table 5 reveals the trend of an initial increase and
then a decrease in Kb as the cavity size is increased. Despite
the structural and charge differences in these complexes, the
largest Kb value (2370mÿ1) suggests a best match between the
host cavity of [{Ru(tpy)Cl}3(C4P2)3](PF6)3 with an anisole
molecule. For the larger 1,4-dimethoxybenzene, Kb increases
as a function of cavity size, which is indicative of a better
match of this molecule with the larger cavity in the hetero-
metallic complex 6. Such correlation between the cavity size,
guest molecular size, and the host ± guest binding constant
(Kb) may suggest the inclusion of guest molecules within the
host cavities.


Conclusion


We have found that rigid ditopic phosphanes with short
polyyne chains are excellent spacers in the construction of
photoactive metallocyclic supramolecules. Specifically, the
strongly luminescent molecules with octahedral ReI/OsII


corners can be prepared, with the lowest excited state
assigned as the 1MLCT for ReI and 3MLCT for OsII. All ReI


macrocycles 1 ± 4 have two strong LC and MLCT absorption
peaks, and complexes 5 and 6 with OsII centers exhibit
additional characteristic MLCT bands for OsII centers. In
addition, a chromophore summation effect is also observed in
the extinction coefficients of the absorption bands in these
new complexes; the effect is indicated by the amount of
chromophores in the tetramer which is double that in the
dimer. Emission maxima of 1 ± 4 were found to be very blue-
shifted when compared with those of 5 and 6, and their shorter
lifetimes and low quantum yields result from the singlet
MLCT excited states with a high nonradiative decay constant
of 1.5 ± 3.3� 108 sÿ1. In contrast, significantly high quantum
yields of 0.25 and 0.17 were measured for 5 and 6. In addition,
energy transfer from ReI to OsII is also evidenced with an


estimated driving force DG�ÿof approximatelyÿ0.31 eVand a
rate constant of >4.7� 109 sÿ1. A guest inclusion study using
macrocyclic receptor 6 reveals a dependence of binding
constant (Kb) on the size of guest molecules, with larger Kb


values observed for larger guests when a series of molecules,
anisole, 1,4-dimethoxybenzene, and 1,3,5-trimethoxybenzene,
was used. When compared with other reported systems[4]


using the same rigid polyphosphane spacers such as Ph2Pÿ
C�CÿPPh2 or Ph2PÿC�CÿC�CÿPPh2, we found that the
cavity sizes can be tuned in the metallocyclic receptors with
various metal centers such as PdII


, PtII, ReI, RuII, and/or OsII.
The binding constants for guest inclusion are also found to be
sensitive to the cavity size. Such ability to modulate the cavity
size by structural modification and consequently the tuning of
binding constants and host ± guest interaction is important for
the design of this type of supramolecules for host ± guest
chemistry and selective molecular sensing.


Experimental Section


General methods : All experiments were performed under a nitrogen
atmosphere using standard glove box and Schlenk techniques.


Materials : [Re(CO)5Cl] (Strem), C2P2 (Strem), NH4PF6 (Acros), and KPF6


(Acros) were purchased. C4P2
[4a] and [Os(bpy)2(CO3)][8b] were synthesized


according to the literature methods. Tetrahydrofuran (THF) was distilled
under nitrogen from solutions containing sodium benzophenone ketyl.
Ethylene glycol and toluene were dried over 4 � molecular sieves for at
least 24 h and deoxygenated by degassing with dry N2 for 20 min or longer
prior to use. All spectrophotometric grade solvents and ACS grade solvents
were purchased from Acros (Fisher) and used without further purification.


Physical measurements


NMR, EA, IR, and MS measurements : 31P{1H} NMR spectra were obtained
on an Omega 500 MHz spectrometer, referenced to a solution of H3PO4


(85 %) in D2O. Combustion analysis data (C, H) of complexes 1 ± 5 were
collected from a Carlo Erba Instruments Fisions Elemental Analyzer. For
complex 6, the elemental analysis was done by Atlantic Microlab Inc.
Infrared absorption spectra were recorded using a Nicolet Impact
Model 410 FT-IR with a DTGS (deuterated triglyme sulfate) detector.
Fast atom bombardment mass spectral analysis (FAB/MS) data were
obtained on a Micromass (Altrincham, UK) Autospec mass spectrometer
at UCI Mass Spectral Facility. Cesium ions at 25 kV were the bombarding
species, and the matrix was meta-nitro benzylalcohol (m-NBA). Electro-
spray mass spectra (ESI/MS) were recorded on a Finnigan LCQ API mass
spectrophotometer at Finnigan Corp. or on a Micromass LCTAPI-TOF
mass spectrometer in UCI mass spectral facility.


Photophysical measurements : Absorption spectra were recorded on a
Hewlett-Packard 8453 diode array spectrophotometer. Room temperature
steady-state emission spectra were obtained on a Hitachi 4500 fluorescence
spectrometer. Luminescence quantum yields (QY) of 1 ± 4 were measured


Table 5. Binding constants using guest molecules anisole and 1,4-dimethoxybenzene.


Complex[a] Kb, anisole [mÿ1] [�5 %] Kb, 1,4-dimethoxybenzene [mÿ1] [�5%] Cavity dimension[b] [�]


[{Re(CO)3Cl}2{Os(bpy)2}2(C2P2)4](PF6)4 (6) 775 1580 13.8 (av. OsÿOs)
7.7 (av. ReÿRe)
8.1 (av. OsÿRe)


[{Ru(tpy)Cl}3(C4P2)3](PF6)3
[4a] 2370 1390 8.9 (av. RuÿRu)


[{Ru(tpy)Cl}2(C4P2)2](PF6)2
[4a] 220 250 7.2 (av. RuÿRu)


5.0 (av. PÿP)
[Pt(dppm)(C2P2)]2(OTf)4


[4b] 310 60 7.2 (av. PtÿPt)
3.5 (av. PÿP)


[a] C2P2�Ph2PÿC�CÿPPh2, C4P2�Ph2PÿC�CÿC�CÿPPh2, dppm�Ph2PCH2PPh2, tpy� 2,2';6',2''-terpyridine, and bpy� 2,2'-bipyridine. [b] Cavity
dimension is determined using molecular modeling or crystal structure determination.
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using dilute quinine sulfate water solution with H2SO4 (0.2m) as reference
(F� 0.55 at 293 K[21]), and QYs of 5 and 6 were standardized using
[Ru(bpy)3](PF6)2 (F� 0.062 in CH3CN at 293 K[8a]).


The time-resolved emission spectroscopic studies were performed on a
nanosecond laser flash photolysis unit equipped with a Continuum
Surelite II-10 Q-switched Nd:YAG laser and a Surelite OPO (optical
parametric oscillator) tunable visible source, a LeCroy 9350A Oscilloscope,
and a Spex 270 MIT-2x-FIX high-performance scanning and imaging
spectrometer. Only lifetimes longer than 6 ns were measured accurately
with this setup. Lifetimes shorter than 6 ns were measured on a SLM-
Aminco 48000 MHF Fourier Transform Spectrofluorometer. As a light
source, the 488 nm line of a Coherent Innova 90 Argon ion laser was used.
The laser beam was modulated with a comb function with an interval
spacing of 5 MHz, with a maximum frequency of 250 MHz. The resulting
beam was imaged on the sample; the resulting fluorescence was detected
with a photomultiplier with a Schott filter (OG 515). The phase and
intensity of each component of the comb function were determined; the
required reference signal was obtained by the utilization of a small portion
of the incident beam. The resulting signals were fitted with a single
exponential, which obtained the best fit with respect to both the recorded
phase and intensity information. For each sample a series of five measure-
ments was obtained, each consisting of 1000 scans. The optical density
(O.D.) used for the measurements was approximately 0.1 ± 0.5.


Molecular modeling : Molecular modeling was performed on Silicon
Graphics Indigo2 XZ workstations at UCI Molecular Modeling Facility,
using Spartan V. 5.1.1-62 for IRIX developed by Wavefunction, Inc. All
model structures were minimized using the Spartan builder. No solvent
molecules or stacks of the metallocyclic molecules were used in the
modeling study.


General preparation of dimeric (1, 2) and tetrameric (3, 4) ReI complexes
with C2P2 and C4P2 : A solution of 1:1 ratio of [Re(CO)5Cl] and C2nP2 (n� 1,
2) in THF/toluene (125 mL, 4:1 v/v) was heated to reflux for two days. The
light yellow mixture was cooled down to room temperature. The solvent
was removed under reduced pressure using a cold finger, and the solid
residue was re-dissolved in an minimum amount of THF and added
dropwise to hexanes (100 mL) under vigorous stirring. The precipitate
(white solids for complexes with C2P2, and light yellow solids for the species
with C4P2) was collected by filtration and dried in vacuo. Before separation
by silica gel (70 ± 230 mesh) chromatography using a CH2Cl2/hexanes
mixture as eluant (1:2 v/v for 1 and 2, and 2:1 v/v for 3 and 4), the total yield
of the 1 and 3 mixture is 95%, and the 2 and 4 mixture is 91 %. The yields of
the individual compounds after column separation are recorded below.
White needle crystals of 1 were obtained after slow evaporation of solvent
THF at 4 8C. One of the crystals was used in the X-ray structure
determination of 1.


[{Re(CO)3Cl(C2P2)}2] (1): Yield: 20%. 31P{1H} NMR (202 MHz, CH2Cl2/
C6D6, 25 8C): d�ÿ9.0 (s); FAB/MS: (m/z): 1401 [M]� , 1365 [MÿCl]� ,
1337 [MÿClÿCO]� ; ESI/MS: (m/z): 1423 [M�Na]� , 1365 [MÿCl]� , 1337
[MÿClÿCO]� ; FT-IR: nÄCO� 2034, 1961, 1906 cmÿ1; elemental analysis
calcd (%) for C58H40O6P4Cl2Re2 (1400.13): C 49.76, H 2.88; found C 49.54,
H 3.19.


[{Re(CO)3Cl(C4P2)}2] (2): Yield: 12%. 31P{1H} NMR (202 MHz, CH2Cl2/
C6D6, 25 8C): d�ÿ12.9 (s); FAB/MS: (m/z): 1449 [M]� , 1421 [MÿCO]� ,
1385 [MÿClÿCO]� ; ESI/MS: (m/z): 1471 [M�Na]� , 1412 [MÿCl]� , 1231
[MÿClÿCOÿ 2Ph]� ; FT-IR: nÄCO� 2035, 1959, 1905 cmÿ1; elemental
analysis calcd (%) for C62H40O6P4Cl2Re2 (1448.18): C 51.42, H 2.78; found
C 51.81, H 2.84.


[{Re(CO)3Cl(C2P2)}4] (3): Yield: 10%. 31P{1H} NMR (202 MHz, CH2Cl2/
C6D6, 25 8C): d�ÿ14.5 (s); FAB/MS: (m/z): 2765 [MÿCl]� , 2687 [Mÿ
ClÿPh]� , 2651 [Mÿ 2ClÿPh]� ; ESI/MS: (m/z): 2823 [M�Na]� , 2550
[Mÿ 2ClÿCOÿ 2Ph]� ; FT-IR: nÄCO� 2032, 1958, 1904 cmÿ1; elemental
analysis calcd (%) for C116H80O12P8Cl4Re4 (2800.27): C 49.76, H 2.88; found
C 49.82, H 2.75.


[{Re(CO)3Cl(C4P2)}4] (4): Yield: 15%. 31P{1H} NMR (202 MHz, CH2Cl2/
C6D6, 25 8C): d�ÿ15.6 (s); FAB/MS: (m/z): 2862 [MÿCl]� , 2785 [Mÿ
ClÿPh]� , 2757 [MÿClÿPhÿCO]� ; ESI/MS: (m/z): 2920 [M�Na]� , 2645
[Mÿ 2ClÿCOÿ 2Ph]� ; FT-IR: nÄCO� 2038, 1959, 1907 cmÿ1; elemental
analysis calcd (%) for C124H80O12P8Cl4Re4 (2896.35): C 51.42, H 2.78; found
C 51.53, H 2.95.


Synthesis of [Os(bpy)2(C2P2)2](PF6)2 (5): A suspension of [Os(bpy)2(CO3)]
and C2P2 (1:2.5 ratio) in ethylene glycol/THF (30 mL, 1:2 v/v) was refluxed
for 2 h. An excess amount of NH4PF6 (200 ± 300 mg) was then added, and
the mixture was refluxed for an additional 48 h. The solution was cooled
down to room temperature. THF was removed, and the remaining solution
in ethylene glycol was added dropwise to a saturated solution of KPF6 in
H2O (60 mL). The precipitate thus formed was collected by vacuum
filtration, washed with H2O (3� 10 mL) and diethyl ether (3� 10 mL), and
then dried in vacuo. The brown product was purified by basic alumina
column chromatography using a CH3CN/toluene mixture (1:2 v/v) as
eluant. The desired product was isolated as the first portion (yield 30%).
The second portion was identified as the bimetallic side product.
31P{1H} NMR (202 MHz, CD3CN, 25 8C): d�ÿ9.8 (s, OsIIÿPPh2), ÿ30.9 (s,
free PPh2); FAB/MS: (m/z): 1436 [MÿPF6]� , 1289 [Mÿ 2PF6]� ; ESI/MS:
(m/z): 1437.0 [MÿPF6]� , 645.5 [Mÿ 2PF6]2� ; elemental analysis calcd (%)
for C72H58ON4P6F12Os (1599.29): C 54.07, H 3.66; found C 54.53, H 3.25.


Synthesis of heterometallic [{Re(CO)3Cl}2{Os(bpy)2}2(C2P2)4](PF6)4 (6): A
solution of [Re(CO)5Cl] and 5 (1:1 ratio) in ethylene glycol/THF (100 mL,
1:9 v/v) was refluxed for three days. The solution was then cooled down to
room temperature. THF was removed, and the residue was added dropwise
to a saturated solution of KPF6 in H2O (60 mL). The brown precipitate was
collected by vacuum filtration, washed with H2O (3� 10 mL) and diethyl
ether (3� 10 mL), and then dried in vacuo. The product was then purified
by basic alumina column chromatography using acetonitrile and methanol
as eluants. The desired product was isolated as the second portion using
methanol eluant (yield 25 %).
31P{1H} NMR (202 MHz, CD3CN, 258C): d�ÿ8.3 (s, ReÿP),ÿ9.1 (s, OsÿP);
FAB/MS: (m/z): 3354 [Mÿ 3PF6�O]� , 2479 [MÿRe(CO)3Cl(C2P2)2ÿ
2COÿPF6]� ; ESI/MS: (m/z): 1650.5 [Mÿ 3PF6ÿCl]2�, 1051.7 [Mÿ
4PF6ÿCl]3� ; FT-IR: nÄCO� 2037, 1965, 1918 cmÿ1; elemental analysis calcd
(%) for C150H120O10N8Cl2P12F24Re2Os2 (3845.96): C 46.85, H 3.29; found C
46.35, H 3.15.


X-ray structure determination : A colorless crystal of [{Re(CO)3Cl(C2P2)}2]
with dimensions 0.07� 0.10� 0.30 mm was mounted on a glass fiber and
transferred to a SiemensCCD platform diffractometer. The SMART
program package[22a] was used to determine the unit-cell parameters and for
data collection (30 sec/frame scan time for a hemisphere of data). The raw
frame was processed using SAINT[22b] and SADABS[22c] to yield the
reflection data file. Subsequent calculations were carried out using the
SHELXTL[22d] program. The diffraction symmetry was 2/m, and the
systematic absences were consistent with the centrosymmetric monoclinic
space group P21/n ; this was later determined to be correct.


The structure was solved by direct methods and refined on F 2 by full-matrix
least-squares techniques. The analytical scattering factors[22e] for neutral
atoms were used throughout the analysis. The molecule was a dimer and
located about an inversion center. There were two molecules of THF solvent
present per dimeric formula unit. Hydrogen atoms were located from a
difference-Fourier map and refined (x, y, z, and Uiso). The hydrogen atoms
associated with the THF solvent were included using a refine model. At
convergence, R1� 0.0316, wR2� 0.0496, and GOF� 1.036 for 451 vari-
ables refined against 7171 unique data. As a comparison for refinement on
F, R1� 0.0226 and wR2� 0.0472 were obtained for those 6127 data with
I> 2.0s(I). Crystallographic data and data collection parameters are
provided in Table 1. Selected bond lengths and bond angles are given in
Table 2.


Crystallographic data (excluding structure factors) for the structure (1)
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-149 655.
Copies of the data can be obtained free of charge on application to CCDC,
12 Union Road, Cambridge CB2 1EZ, UK (fax: (�44) 1223-336-033;
e-mail : deposit@ccdc.cam.ac.uk.
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endo-Selective Intramolecular Pauson ± Khand Reactions of
g-Oxygenated-a,b-unsaturated Phenylsulfones


Javier Adrio, Marta Rodríguez Rivero, and Juan C. Carretero*[a]


Abstract: A wide variety of 1,6-enynes
and 1,7-enynes incorporating g-oxygen-
ated-a,b-unsaturated phenylsulfone
moieties have readily been prepared by
piperidine-promoted condensation of
the corresponding alkynyl aldehyde with
phenylsulfonyl-(p-tolylsulfinyl)methane
and further protection of the hydroxyl
group. Despite the enduring claim con-
cerning the unsuitability of electroni-
cally deficient olefins in Pauson ± Khand
reactions, we report that these 1-sulfo-


nylated enynes are excellent substrates
in intramolecular Pauson ± Khand reac-
tions under both thermal and amine N-
oxide-promoted conditions. Moreover,
in contrast with the usual exo-selective
Pauson ± Khand cyclization of allylic
substituted enynes, the reactions of these


1-sulfonylated-3-oxygenated enynes oc-
cur with a moderate or high endo
selectivity. The evaluation of the chem-
ical and stereochemical scope of the
process in comparison with the Pauson ±
Khand cyclization of non-sulfonylated
enynes, its application to the stereo-
selective preparation of optically pure
C6-substituted bicyclo[3.3.0]oct-1-en-3-
ones, and the interpretation of the
stereochemical outcome are also dis-
cussed.


Keywords: allylic compounds ´
enynes ´ Pauson ± Khand reaction ´
stereoselectivity ´ sulfones


Introduction


During the last decade, the progress achieved in the applica-
tion of transition metal mediated reactions in the field of
organic synthesis has been impressive. One such reaction is
the cobalt-mediated carbonylative co-cyclization of an alkyne
and an alkene, known as the Pauson ± Khand (PK) reaction,
which is nowadays one of the most efficient and convergent
methods of synthesis of cyclopentenones.[1] In particular,
intramolecular PK reactions of 1,6-enynes and 1,7-enynes
have been by far the most studied, and the resulting
bicyclo[3.3.0]octenones and bicyclo[4.3.0]nonenones have
been widely applied to the synthesis of structurally complex
natural and non-natural compounds.[2]


As far as the stereoselectivity of the intramolecular PK
reaction is concerned, it has been known since the pioneering
studies of Magnus[3] that enynes possessing substituents at the
allylic or propargylic positions give rise predominantly to the
exo adducts.[4] This usual exo selectivity in the intramolecular
PK reaction was attributed to unfavorable steric interactions
between the endo allylic or propargylic groups and the


substituent at the alkyne terminus in the endo-cobaltacycle
intermediate.[3, 4]


Despite the general assumption that electron-deficient
alkenes are unsuitable substrates in PK reactions,[5] recent
publications have shown that this is not always the case.[6] For
instance, Cazes et al. have reported several examples of N-
oxide-promoted intermolecular PK reactions of methyl acryl-
ate and phenyl vinyl sulfone.[7] On the other hand, we have
reported that 1-sulfinyl-1,6-enynes can undergo intramolecu-
lar PK reaction in an efficient and stereoselective manner.[8]


In the context of our current interest in the use of g-
oxygenated-a,b-unsaturated sulfones as versatile starting
materials in stereoselective synthesis,[9] we wish to report that
1,6-enynes and 1,7-enynes with g-oxygenated-a,b-unsaturated
phenylsulfones as olefinic partners are not only excellent
substrates in PK reactions, but also that their cyclizations tend
to be endo-selective[10] rather than exo-selective, especially in
the case of the 1,6-enynes. As these sulfonylated enynes are
readily available in both racemic and enantiopure forms, and
as the sulfonyl group can easily be removed in the cyclo-
pentenone products, this methodology constitutes an efficient,
stereocomplementary Pauson ± Khand approach to the asym-
metric synthesis of C6-substituted bicyclo[3.3.0]oct-1-en-3-
ones.[11]


Results and Discussion


PK reactions of 1-phenylsulfonylhept-1-en-6-yn-3-ol and
derivatives : To check the viability of g-oxygenated-a,b-
unsaturated sulfones in intramolecular PK reactions, the
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Supporting information (characterization data of the non-sulfonylated
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model 1,6-enyne 1 a was readily prepared, in 84 % yield, by
condensation of 5-hexynal with phenylsulfonyl-(p-tolylsulfi-
nyl)methane in the presence of piperidine.[12] To complement
this, in order to study the effect of the electronic and steric
nature of the g-oxygenated substituent in the chemical
efficiency and stereoselectivity of the cyclization, the hydroxyl
group of 1 a was derivatized to give the ethoxymethyl ketal
(1 b), the TIPS and TBDMS silyl ethers (1 c and 1 d), the
acetate (1 e), and the methyl ether (1 f), following straightfor-
ward procedures[13] (Scheme 1). With this series of 1-sulfony-
lated enynes 1 in hand, we proceeded to study their reactivity
under typical PK reaction conditions.


CHO SO2Ph


HO


SO2Ph


RO
protection


1a: 84% 1b-f


1b: R = CH2OEt (ClCH2OEt, DIPEA, CH2Cl2, RT), 90%


1c: R = TIPS (TIPSOTf, 2,6-lutidine, CH2Cl2, RT), 98%


1d: R = TBDMS (TBDMSCl, imidazole, CH2Cl2, RT), 97%


1e: R = Ac (Ac2O, pyridine, RT), 95%
1f: R = Me (Me3O+BF4


-, 1,8-bis(dimethylamino)naphthalene, CH2Cl2, RT), 70%


a


Scheme 1. Synthesis of model enynes 1. a) PhSO2CH2SOpTol, piperidine,
CH3CN, 0 8C.


A solution of the corresponding enyne 1 in CH2Cl2 was
treated with a slight excess of [Co2(CO)8] at RT until
disappearance (by TLC) of the starting material, and the
resulting hexacarbonyldicobalt complex was treated under
either thermal (CH3CN, 808C; conditions A) or trimethyl-
amine N-oxide-promoted conditions (7 equiv Me3NO ´ 2 H2O,
CH2Cl2, RT; conditions B). The results of these cobalt-
mediated reactions are summarized in Table 1.


With the exception of the alcohol 1 a, which was recovered
unaltered under both sets of experimental conditions, in the


rest of the cases complete reaction was observed after 2 ± 3 h.
Interestingly, despite the electron-poor character of the
double bond in the enynes 1, the possible formation of 1,3-
dienes[5] was not detected and only the PK cyclopentenones
were observed by 1H NMR after Celite filtration of the cobalt
by-products. Good yields of the pure bicyclo[3.3.0]octenones
9 were uniformly obtained, regardless of the activation
method and the nature of the g-substituent (65 ± 76 % yield
after flash chromatography). However, the most outstanding
feature concerns the stereoselectivity of the PK reaction: In
contrast to the usual behavior of allylic substituted 1,6-enynes,
the cyclization proved in all cases to be endo-selective rather
than exo-selective. In particular, very high endo selectivities
were observed in the case of the enynes 1 c (Table 1, entries 4
and 5), 1 d (Table 1, entry 6) and, especially, 1 b which
effectively afforded a single isomer (endo/exo�>98/< 2,
Table 1, entries 2 and 3). In contrast with the significant
dependence of the stereoselectivity on the substitution at the
g-position, the course of the cyclization was hardly affected by
the reaction conditions and almost identical results were
obtained under both thermal and N-oxide-promoted condi-
tions (see the pairs of entries 2/3, 4/5, and 7/8). From a
practical point of view, it is important to note that, with the
exception of the acetate derivatives 9 e, the endo�exo
mixtures of PK products 9 were readily separable by simple
flash chromatography.


The endo/exo configuration of the bicyclo[3.3.0]octenones 9
was unequivocally established by a combination of NMR
studies and chemical correlations. In the 1H NMR spectra of
compounds 9, the values of J5,6 and d6 were particularly useful
diagnostic criteria (Figure 1). Thus, as in other reported
6-substituted bicyclo[3.3.0]octenones,[3, 4] J5,6 is significantly
lower in the endo isomer (J5,6� 2.9 ± 4.6 Hz, H5/H6 in cis
arrangement) than in the exo isomer (J5,6� 7.5 ± 7.7 Hz, H5/H6


in trans arrangement), and d6 is higher in the endo isomer than
in the exo isomer (d6,endoÿ d6,exo� 0.33 ± 0.65 ppm). Concern-
ing the configuration at C4/C5, the stereospecificity of the PK
reaction with regard to substitution at the double bond and


Abstract in Spanish: Una amplia variedad de 1,6-eninos y 1,7-
eninos con estructura de fenilsulfona a,b-insaturada-g-oxige-
nada han sido faÂcilmente sintetizados mediante condensacioÂn
del correspondiente alquinil-aldehído con p-tolilsulfinil-fenil-
sulfonil-metano en presencia de piperidina y posterior protec-
cioÂn del grupo hidroxilo. En contra de la extendida creencia
acerca de la escasa reactividad de olefinas pobres en electrones
en reacciones de Pauson ± Khand, en este artículo se describe
que estos eninos 1-sulfonilados se comportan como excelentes
sustratos en reacciones intramoleculares de Pauson ± Khand
tanto en condiciones teÂrmicas como catalizadas por N-oÂxidos
de aminas. Por otra parte, a diferencia de la habitual
selectividad exo exhibida en las ciclaciones de Pauson ±
Khand de eninos sustituidos en posicioÂn alílica, las reacciones
de estos eninos 1-sulfonilados-3-oxigenados tienen lugar con
moderada o elevada selectividad endo. Se aborda, igualmente,
la determinacioÂn del alcance químico y estereoquímico del
proceso en comparacioÂn con la ciclacioÂn de Pauson ± Khand
de eninos no sulfonilados, la aplicacioÂn a la síntesis estereo-
selectiva de biciclo[3.3.0]octenonas C6-sustituidas enantiopu-
ras y la interpretacioÂn mecanística de los resultados obtenidos.


Table 1. Pauson ± Khand reactions of model 1,6-enynes 1.


SO2Ph


RO


O


SO2PhHRO


O


SO2PhHRO


+


endo exo


a) [Co2(CO)8] 
    CH2Cl2, RT


b) Conditions
A or B[a]


Entry Enyne R Product Condition Yield[b] [%] endo/exo[c]


1 1a H 9a A or B ± ±
2 1b CH2OEt 9b A 76 > 98/< 2
3 1b CH2OEt 9b B 74 > 98/< 2
4 1c TIPS 9c A 75 90/10
5 1c TIPS 9c B 74 92/8
6 1d TBDMS 9d B 79 91/9
7 1e Ac 9e A 68 54/46
8 1e Ac 9e B 65 57/43
9 1 f Me 9 f B 70 60/40


[a] Conditions A : CH3CN, 80 8C, conditions B : Me3NO ´ 2H2O (7 equiv),
CH2Cl2, RT. [b] Overall yield endo�exo. Both isomers were separated by
flash chromatography. [c] Determined by 1H NMR after removal of the
cobalt by-products by filtration through Celite.
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O


SO2PhHRO


O


SO2PhHROH
H H


H


endo 9a-f exo 9a-f


 J5, 6 = 2.9-4.6 Hz


 J4, 5 = 2.7-4.6 Hz


456


 J5, 6 = 7.5-7.7 Hz


 J4, 5 = 2.8-2.9 Hz


 ∆δ6 = δ6, endo-δ6,exo = 0.33-0.65 ppm (in CDCl3)


Figure 1. Relevant 1H NMR data for the stereochemical endo/exo assign-
ment.


the uniform values of J4,5 (2.7 ± 4.6 Hz) prove the trans
relationship of H4 and H5. At the same time, the NOESY
spectra of endo-9 c and exo-9 c corroborated these stereo-
chemical assignments. Thus, important NOE correlations
were observed between H5, H6 and the ortho protons of the
phenylsulfonyl group in endo-9 c, whereas a strong cross-peak
between H4 and H6 was present in exo-9 c (Figure 2).


Figure 2. Relevant NOESY correlations in stereoisomers 9c.


As chemical correlations, the nearly quantitative depro-
tection of the hydroxyl group in the ketal endo-9 b (HCl, THF,
H2O) and in the silyl ethers endo-9 c and endo-9 d (Bu4NF,
THF) afforded the same alcohol endo-9 a (which could not be
obtained by PK reaction of 1 a), proving the structural
homogeneity of all these compounds (Scheme 2). Finally,
the X-ray crystal structure analysis of endo-9 c (Figure 3)
unambiguously proved all these stereochemical assign-
ments.[14]


O


SO2PhHRO


O


SO2PhHHO


endo-9a, 98-100%


9c: R = TIPS
9b: R = CH2OEt


9d: R = TBDMS


b (R = TIPS, TBDMS)


a (R = CH2OEt) or


endo-9


Scheme 2. Deprotection of derivatives endo-9. a) 3m HCl, THF, RT;
b) nBu4NF, THF, RT.


Synthetic scope : In order to ascertain the scope of the endo
selectivity in the PK reactions of g-oxygenated-a,b-unsatu-
rated phenylsulfones, three additional series of 1,6-enynes,
with varying substitution at the chain and alkyne terminus
(compounds 3, 5 and 7), were prepared. The parent alcohols
3 a and 5 a were prepared, as in the case of 1 a, by the one-step,
piperidine-promoted condensation of the corresponding al-


Figure 3. Structure of endo-9 c in the crystal.


dehydes[15] with phenylsulfonyl-(p-tolylsulfinyl)methane
(81 % and 78 % yields, respectively). On the other hand, the
enyne 7 a, with a phenyl group at the alkyne terminus, was
synthesized in 81 % yield by means of a Sonogashira reaction
between 5 a and iodobenzene [Pd(OAc)2, CuI, PPh3, Et3N,
C6H6, 80 8C]. Furthermore, in order to evaluate the precise
effect of the sulfonyl group in the reactivity and stereo-
selectivity of the PK reaction, the corresponding substituted
3-oxygenated-1,6-enynes, but without the phenylsulfonyl
group at C-1 (enynes 2, 4, 6 and 8), were readily prepared
by addition of vinylmagnesium bromide to the appropriate
aldehyde[15] and further simple methylation or phenylation of
the alkyne moiety (Scheme 3).


CHO SO2Ph


RO


Me


SO2Ph
HO


SO2Ph
RO


Ph


b
c


CHO SO2Ph


RO


H


O


RO


RO


RO


RO


O


H


Me


Ph


b
c


b
c


b
c


b
c b


c


Me


5a


7a:  R = H, 81%


7c: R = TIPS,  96%


3a: R= H, 81%


3c: R = TIPS, 97%


5a: R = H, 78%


5c: R = TIPS, 96%


3b: R = CH2OEt, 91%


5b: R = CH2OEt, 93%


7b: R = CH2OEt, 94%


2a: R = H,  73%


2c: R = TIPS, 82%


2b: R = CH2OEt, 85% 4b: R = CH2OEt, 72%


4c: R = TIPS, 75%


6a:  R= H,  60%


6c: R= TIPS, 80%


6b: R= CH2OEt, 80%


8a:  R= H, 70%


8c: R= TIPS, 95%


8b: R= CH2OEt, 93%


a


a


d


fe


e d


Scheme 3. Synthesis of 1,6-enynes 2 ± 8. a) PhSO2CH2SOpTol, piperidine,
CH3CN, 0 8C; b) ClCH2OEt, DIPEA, CH2Cl2, RT; c) TIPSOTf, 2,6-
lutidine, CH2Cl2, RT; d) 10 mol % Pd(OAc)2, 10 mol % CuI, 20 mol %
PPh3, Et3N, PhI, benzene, RT; e) vinylmagnesium bromide, THF, ÿ78 8C;
f) 1) nBuLi, THF, ÿ78 8C; 2) MeI, ÿ78 8C.
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Finally, in view of the fact that in the model series 1 the best
stereoselectivities were obtained when the hydroxyl group
was protected as ethoxymethyl ketal and TIPS derivatives, the
alcohols 2 a ± 8 a were also converted into these derivatives
(substrates b and c, respectively). With the 1,6-enynes 2 ± 8 in
hand, we undertook the study of their PK reactions under N-
oxide-promoted conditions. For comparatives purposes, the
results obtained from 1 b and 1 c are shown again in Table 2.


Good yields of PK products were obtained from the
1-sulfonylated enynes 1, 3, 5 and 7 (70 ± 80 % yields), some-
what higher even than those usually obtained from the
corresponding non-sulfonylated enynes 2, 4, 6 and 8 (45 ± 75 %
yields). This result clearly shows that the phenylsulfonyl group
has no significant deleterious effect on the efficiency of the
process. However, in the cases of the reactions of the enynes
5 a and 7 a ± c we required the use of a combination of Me3NO
and molecular sieves[16] as promoter in order to ensure the
complete conversion of the starting material.


As regards the diastereoselectivity of the process, as
expected for enynes substituted at the allylic position, the
PK reaction of the enynes 2 and 6 was moderately exo-
selective,[4] and, in accordance with Magnus� model[3] (which
predicts a higher exo selectivity with increasing steric bulk of
the substituent at the alkyne terminus), the PK reactions of
the alkyne-substituted series 4 and 8 proved to be somewhat
more exo-selective (especially in the case of enynes 8) than


those of the corresponding terminal alkynes 2 and 6,
respectively.


Notably, the opposite behavior was generally observed
from the 1-sulfonylated enynes: with the exception of 5 c, the
PK reactions of the enynes 1, 3, 5 and 7 were endo-selective in
all cases (values in bold in Table 2), even in the alkyne-
substituted series 3 (entries 5 and 7) and 7 (entries 15, 17 and
19), revealing the strong capability of the phenylsulfonyl
group to reverse the ªnaturalº exo selectivity of the process. In
the four series, therefore, complete (Table 2, entry 1) or high
(entries 5, 9 and 19) levels of endo diastereoselectivity were
achieved, this reversal of stereoselectivity being especially
pronounced in the case of the pairs of enynes 1 b/2 b (Table 2,
entries 1 and 2), 3 b/4 b (entries 5 and 6) and 7 c/8 c (entries 19
and 20).


From an experimental point of view, it is to be noted that
the endo�exo mixtures of C-4 sulfonylated bicyclo[3.3.0]oc-
tenones can usually be separated by simple flash chromatog-
raphy. Interestingly enough, the resulting major endo adduct
can be efficiently desulfonylated by simple treatment with
activated zinc (NH4Cl, THF, H2O).[17] For instance, reductive
desulfonylation of endo-9 b, endo-9 c, endo-13 b and endo-13 c
furnished excellent yields of endo-10 b (94 %), endo-10 c
(93 %), endo-14 b (89 %) and endo-14 c (91%), respectively
(Scheme 4). Furthermore, this chemical correlation between


O


SO2PhHR3O


O


HR3O
R2


R2


R1
R1


R2


R2


endoendo


9b: R1 = H, R2 = H, R3 = CH2OEt 10b: 94%


9c: R1 = H, R2 = H, R3 = TIPS 10c: 93%


13b: R1 = H, R2 = Me, R3 = CH2OEt


13c: R1 = H, R2 = Me, R3 = TIPS


14b: 89%


14c: 91%


a


Scheme 4. Desulfonylation of endo 4-phenylsulfonylbicyclo[3.3.0]octe-
nones. a) Zn, sat. NH4Cl, THF/H2O 1:1, RT.


the sulfonylated and the non-sulfonylated series enabled us to
confirm the stereochemical assignments previously establish-
ed on the basis of NMR criteria, and makes evident the role of
the phenylsulfonyl group as a temporary endo stereochemical
controller of the intramolecular PK reactions of 3-oxygenat-
ed-1,6-enynes (sequential PK reaction and desulfonylation).


Staying with our goal of establishing the scope of the
intramolecular PK reaction of g-oxygenated-a,b-unsaturated
phenyl sulfones, we extended the study to the case of
1-sulfonylated 1,7-enynes. Again, the new parent alcohols
17 a and 18 a were synthesized by condensation of the
corresponding aldehyde[15] with phenylsulfonyl-(p-tolylsulfi-
nyl)methane in the presence of a secondary amine (piperidine
or morpholine). Further protection of alcohols 17 a and 18 a as
ethoxymethyl and TIPS derivatives afforded 1,7-enynes 17 b,
17 c, 18 b and 18 c, respectively (Scheme 5). The results
obtained in their N-oxide-promoted PK reactions are collect-
ed in Table 3.


Table 2. Pauson ± Khand reactions of 1,6-enynes 1 ± 8.


X


R3O


R2


R2 R1
O


XHR3O


R2


R2
O


XHR3O


R2


R2


R1 R1


+


endo exo


a) [Co2(CO)8] 
     CH2Cl2, RT


 b) Me3NO·2H2O
      CH2Cl2, RT


Entry Enyne X R1 R2 R3 Product endo/exo[a] Yield[b] [%]
(endo[c] [%])


1 1 b SO2Ph H H CH2OEt 9b > 98/< 2 76 (76)
2 2 b H H H CH2OEt 10b 28/72 72 (20)
3 1 c SO2Ph H H TIPS 9 c 92/8 74 (66)
4 2 c H H H TIPS 10 c 46/54 54 (25)
5 3 b SO2Ph Me H CH2OEt 11b 93/7 77 (71)
6 4 b H Me H CH2OEt 12b 25/75 38 (9)
7 3 c SO2Ph Me H TIPS 11 c 91/9 73 (63)
8 4 c H Me H TIPS 12 c 32/68 46 (15)
9[e] 5 a SO2Ph H Me H 13 a 80/20 60[d]


10 6 a H H Me H 14 a 36/64 50[d]


11 5 b SO2Ph H Me CH2OEt 13b 67/33 74 (47)
12 6 b H H Me CH2OEt 14b 20/80 79 (16)
13 5 c SO2Ph H Me TIPS 13 c 39/61 71 (25)
14 6 c H H Me TIPS 14 c 10/90 63 (6)
15[e] 7 a SO2Ph Ph Me H 15 a 76/24 75[d]


16 8 a H Ph Me H 16 a 17/83 42 (7)
17[e] 7 b SO2Ph Ph Me CH2OEt 15b 87/13 79[d]


18 8 b H Ph Me CH2OEt 16b 16/84 46 (7)
19[e] 7 c SO2Ph Ph Me TIPS 15 c 94/6 78[d]


20 8 c H Ph Me TIPS 16 c < 2/> 98 45


[a] Determined by 1H NMR after filtration of the cobalt by-products. [b] Over-
all yield (endo�exo) after flash chromatographic separation. [c] Yield of pure
endo product after chromatography in brackets. [d] The endo and exo adducts
could not be separated. [e] Reaction conditions: Me3NO ´ 2 H2O (7 equiv),
molecular sieves (4 �), toluene, RT.
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PhO2S SOp-Tol
X


SO2Ph


RO


X


O


H


bc


bc


+


18a: X = O, R = H, 66%


18b: X = O, R = CH2OEt, 84%


18c: X = O, R = TIPS, 90%


17b: X = CH2, R = CH2OEt,  93%


17c: X = CH2, R = TIPS,  97%


17a: X = CH2, R = H,  84%


a


Scheme 5. Synthesis of 1,7-enynes 17 and 18. a) piperidine (X�CH2) or
morpholine (X�O), CH3CN, 0 8C; b) ClCH2OEt, DIPEA, CH2Cl2, RT;
c) TIPSOTf, 2,6-lutidine, CH2Cl2, RT.


Two main differences may be deduced from comparison of
the data collected in Table 2 and Table 3. Firstly, the PK
reactions of the 1,7-enynes 17 and 18 are less favorable than
those of the 1,6-enynes 1, 3, 5 and 7, as is shown by the lower
isolated yields obtained from the former (40 ± 50 % instead of
70 ± 80 % from the 1,6-enynes) and the necessity in several
cases of using the combination of Me3NO and molecular
sieves as promoter (see Table 3, entries 5/6 and 7/8). Secondly,
although the endo isomer is again the major isolated
diastereomer (Table 3, except entry 4), the endo selectivity
of the cyclization of the 1,7-enynes is much lower (de� 4 ±
58 %) than that observed from the 1,6-enynes (Table 2). In
fact, nearly equimolecular mixtures of endo- and exo-bicy-
clo[4.3.0]nonenones 19 ± 20 were obtained in many cases
(Table 3, entries 1, 2, 3 and 9). These diastereomeric endo�exo
mixtures were separated by flash chromatography and their
stereochemical assignments established by NMR analysis as
previously outlined for the case of the endo/exo bicy-
clo[3.3.0]octenones [as shown in Figure 1, for instance, J5,6 is
much higher in the exo isomers (9.1 ± 10.2 Hz) than it is in the
endo isomers (3.2 ± 3.6 Hz)].


Finally, we examined the effect of substitution at the double
bond. The cis g-oxygenated-a,b-unsaturated sulfones 21 a and
21 b were prepared from the trans g-hydroxy-a,b-unsaturated
sulfone 5 a by oxidation to the enone (PCC, CH2Cl2; 77 %
yield), quantitative photochemical trans/cis isomerization[18]


(150 W Hg lamp, 24 h) and Luche carbonyl reduction
(NaBH4, CeCl3; 89 % yield). As a second type of substrate,
the trisubstituted a,b-unsaturated sulfone 22 b was prepared
in one step from 1 b by double deprotonation (2 equiv nBuLi)
and further methylation (MeI, 79 % yield) (Scheme 6).
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Scheme 6. Synthesis of substituted 1,6-enynes 21 and 22. a) PCC, CH2Cl2,
Celite, RT; b) hnÄ (Hg, 150 W), RT; c) NaBH4, CeCl3, MeOH, RT;
d) ClCH2OEt, DIPEA, CH2Cl2, RT; e) 1) [Co2(CO)8], CH2Cl2, RT,
2) Me3NO ´ 2H2O, RT; f) 1) nBuLi (2 equiv), THF, ÿ78 8C; 2) MeI
(2 equiv), ÿ78 8C.


Unfortunately, all attempts to perform PK reactions on the
enynes 21 a, 21 b and 22 b, under a variety of conditions
(thermal activation, or N-oxide and N-oxide and molecular
sieves as promoters), were unsuccessful. We did not observe
the formation of any bicyclic product and we recovered the
starting enynes in all cases. These results strongly suggest that,
probably as a result of the great sensitivity of the PK reaction
to steric hindrance around the double bond, the intramolec-
ular PK reaction of a,b-unsaturated phenylsulfones is limited
to the case of the trans-disubstituted alkenes.


Application to the synthesis of enantiopure endo 6-substitut-
ed bicyclo[3.3.0]octenones : As a final synthetic point of
interest, the application of the results shown in Table 1,
Table 2 and Table 3 to the synthesis of enantiopure 6-oxy-
genated endo-bicycloalkenones would only require the prep-
aration of the starting enynes in enantiomerically pure form.
Some years ago, we described a practical, lipase-mediated
kinetic resolution of a structurally wide variety of (�)-g-
hydroxy-a,b-unsaturated sulfones on the basis of their highly
R-enantioselective acetylation catalyzed by lipase PS (Pseu-
domonas cepacia lipase) in an organic solvent.[19] Pleasingly,
under these conditions the reaction of (�)-1 a stopped at 50 %
conversion (48 h in toluene as solvent), affording 49 % of the
alcohol (S)-1 a and 46 % of the acetate (R)-1 e after flash
chromatography, both in very high degrees of optical purity
[98.5% ee for (S)-1 a (HPLC, Chiralpak AS) and>96 % ee for
(R)-1 e [1H NMR, Pr(hfc)3]]. Protection of (S)-1 a as ketal (S)-
1 b and subsequent PK cyclization afforded (4R,5R,6S)-9 b as
the only isolated product (72 % yield). Finally, the zinc-


Table 3. Pauson ± Khand reactions of 1,7-enynes 17 ± 18.


X
O


RO H SO2Ph


X
O


RO
H SO2Ph


SO2Ph


OR


X
+


a) [Co2(CO)8]


b) Conditions 
    B or C[a]


endo exo


Entry Enyne X R Conditions Product endo/exo[b] Yield[c] [%]
(endo[d] [%])


1 17a CH2 H B 19a 59/41 49 (29)
2 17a CH2 H C 19a 59/41 48 (28)
3 17b CH2 CH2OEt B 19b 52/48 49 (25)
4 17c CH2 TIPS B 19c 34/66 62 (21)
5 18a O H B 20a ± ±
6 18a O H C 20a 79/21 14 (11)
7 18b O CH2OEt B 20b ± ±
8 18b O CH2OEt C 20b 66/34 50 (33)
9 18c O TIPS B 20c 58/42 50[e]


[a] Conditions B : Me3NO ´ 2H2O (7 equiv), CH2Cl2, RT; conditions C :
Me3NO ´ 2H2O (7 equiv), molecular sieves, toluene, RT. [b] Determined by
1H NMR after filtration of the cobalt by-products. [c] Overall yield
(endo�exo) after flash chromatography. [d] Yield of pure endo product
after flash chromatographic separation in brackets. [e] The endo and exo
products could not be separated by chromatography.
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mediated reductive desulfonylation furnished the endo-sub-
stituted cyclopentenone (5R, 6S)-10 b in 94 % yield and in
very high optical purity (98.5 % ee, HPLC, Chiralcel OD)
(Scheme 7).


SO2Ph


HO


O


SO2PhHEtOCH2O


O


HEtOCH2O


(±)-1a
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+ (R)-1e: 46%,  96% ee
(4R, 5R, 6S)-9b (5R, 6S)-10b 


  98.5% ee


94%72%


Scheme 7. Application to the enantioselective synthesis of endo 6-oxy-
genated bicyclo[3.3.0]octenones. a) Lipase PS, vinyl acetate, molecular
sieves (4 �), toluene, RT; b) ClCH2OEt, DIPEA, CH2Cl2, RT; c) 1) [Co2-
(CO)8], CH2Cl2, RT; 2) Me3NO ´ 2 H2O, RT; d) Zn, NH4Cl, THF/H2O, RT.


Mechanistic interpretation of the diastereoselectivity of the
PK reactions : Although the generally assumed multistep
mechanism of the PK reaction, involving at least five reaction
intermediates, makes any attempt to rationalize the stereo-
chemical outcome rather difficult, there are usually two main
factors invoked to explain diastereoselective intramolecular
PK reactions: the conformational preferences of the starting
enyne prior to metallacycle formation[10a,b] and the presumed
thermodynamic stability of the putative key intermediates,
the diastereomeric cis-cobaltacycles.[3, 20] We postulate that, in
the case of the trans 3-oxygenated 1-sulfonylated enynes, both
effects might operate in the same direction, providing a
reasonable explanation for the unusual endo selectivity
exhibited in the PK reactions of these substrates.


If the conformational ground state arguments are analyzed
first, it is well established that in unsubstituted or trans-
substituted allylic alcohols (and derivatives) the two most
stable conformations around the Cb,g-bond are the conforma-
tions A (Ha and OR in a 1,3-parallel arrangement) and B (Ha


and Hg in a 1,3-parallel arrangement). Conformation A is
usually the most stable in the case of trans-allylic alcohols
substituted with electron-withdrawing groups, such as trans g-
oxygenated a,b-unsaturated esters[21] (Scheme 8).
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Scheme 8. Conformational analysis of allylic alcohols.


On the other hand, the relative degree of participation of
each conformation can be qualitatively deduced from the
value of Jb,g, since Jb,g should be low in A (Hb and Hg in gauche
configuration) and high in B (Hb and Hg in anti configuration).
In view of the fact that, in the case of the enynes 1 ± 8, the
formation of the endo product would require the participation
of a conformation type A, and that the conformation B would
be involved in the formation of the exo product, the values (in
CDCl3) of Jb,g in the enynes 1, 2, 5 and 6 and their observed
endo/exo diastereomeric ratios are listed in Table 4, to identify


any possible correlation between conformational preferences
in the starting enynes and the product ratio.


As can be observed, there is a pleasing qualitative
correlation between Jb,g in the enynes and the endo/exo
product ratio. Thus, the enynes with the lowest Jb,g values
(Table 4, entries 2, 3, 4 and 9), and hence the highest A
populations, gave rise to the best endo selectivities, while the
PK reactions of the enynes with the highest Jb,g values
(Table 4, entries 7 and 11 ± 14), and thus a predominance of
conformer B, afforded the highest exo selectivities. It should
be noted that this simple conformational argument provides a
reasonable explanation for the fact that any 1-sulfonylated
enyne (1, 3, 5 and 7) always gives a higher amount of the endo
adduct than the corresponding non-sulfonylated enyne (2, 4, 6
and 8, respectively) does, in accordance with the lower value
of Jb,g in the former (compare, for instance, the pairs of entries
2/7, 3/8, 9/12, 10/13 and 11/14). If the same conformational
principles were applied, it would be possible to explain why
the PK cyclizations of the acetate 1 e (Jb,g� 5.7 Hz; Table 4,
entry 5) and the methyl ether 1 f (Jb,g� 5.1 Hz; entry 6) are
less endo-selective than those of the close derivative ketal 1 b
(Jb,g� 3.9 Hz; entry 2) and the silyl ethers 1 c and 1 d (Jb,g�
3.7 Hz and Jb,g� 4.3 Hz; entries 3 and 4). Similarly, the lower
endo/exo ratios obtained from the C-4 gem-dimethyl-substi-
tuted enynes 5 and 6, in comparison with the corresponding
C-4-unsubstituted enynes 1 and 2, are in agreement with the
higher populations of the conformer B in the enynes 5 and 6,
as may be deduced from their much higher Jb,g values
(compare, for instance, the pairs of entries 2/10, 3/11, 7/13
and 8/14).


If the accepted mechanism of the PK reaction is now taken
into account, the stereochemically decisive step (and presum-
ably the rate-determining step, too) would be the formation of
the putative cis-cobaltacycle after insertion of the CÿCo bond
of the hexacarbonyldicobalt complex into the C�C double


Table 4. Correlation between Jb,g in the starting enynes and endo/exo ratios
in the Pauson ± Khand products.


XRO


A B


X


OR


R' R'


α
βγ endo 9-16


exo 9-16α
γ


β
R' R'


Entry Enyne R R' X Jb,g(Hz)[a] Prod. endo/exo[b]


1 1a H H SO2Ph 3.5 9a ±[c]


2 1b CH2OEt H SO2Ph 3.9 9 b > 98/< 2
3 1c TIPS H SO2Ph 3.7 9c 92/8
4 1d TBDMS H SO2Ph 4.3 9 d 91/9
5 1e Ac H SO2Ph 5.7 9e 57/43
6 1 f Me H SO2Ph 5.1 9 f 60/40
7 2b CH2OEt H H 7.0 10 b 28/72
8 2c TIPS H H 6.5 10c 46/54
9 5a H Me SO2Ph 3.9 13a 80/20


10 5b CH2OEt Me SO2Ph 6.6 13 b 67/33
11 5c TIPS Me SO2Ph 7.5 13c 39/61
12 6a H Me H 7.0 14a 36/64
13 6b CH2OEt Me H 8.1 14 b 20/80
14 6c TIPS Me H 8.6 14c 10/90


[a] Values in CDCl3. [b] Under Me3NO ´ 2 H2O-promoted conditions.
[c] No reaction was observed.
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bond. If we now consider the presumed stability of both
plausible diastereomeric cis-cobaltacycles C and D, then the
intermediate D, which would lead to the exo product, might
present a serious steric interaction between the OR and
SO2Ph groups, due to their 1,3-parallel arrangement. Such
interaction would not appear in the intermediate C, involved
in the formation of the endo adduct, in which the OR and
SO2Ph groups are located on opposite sides of the bicyclic
structure (Scheme 9). This kind of steric effect would
reinforce the endo selectivity based on the previously
discussed conformational preferences about the allylic posi-
tion in the sulfonylated enynes 1, 3, 5 and 7.
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Scheme 9. Mechanistic hypothesis for the observed endo selectivity.


On the other hand, the relative stability of the diastereo-
meric cis-cobaltacycle intermediates could also explain the
drop in endo diastereoselectivity observed in the PK cycliza-
tions of the 1-sulfonyl-1,7-enynes (17 and 18), compared with
the behavior of the 1-sulfonyl-1,6-enynes (1, 3, 5 and 7), since
in the case of the 1,7-enynes the cis-cobaltacycle intermedi-
ates would be less rigid and, therefore, the steric interaction
between both OR and SO2Ph groups in the cobaltacycle type
D could be partly relieved.


Conclusion


In summary, despite the presence of a strongly electron-poor
alkene, the readily available trans g-oxygenated-a,b-unsatu-
rated phenylsulfones are excellent substrates in intramolec-
ular PK reactions. Yields of around 70 ± 80 % were obtained in
the case of 1,6-enynes and of 50 ± 60 % in that of 1,7-enynes.
Interestingly, in contrast with the well known stereochemical
behavior of allylic substituted enynes, which undergo exo-
selective PK reactions, the PK cyclizations of differently
substituted trans-3-oxygenated-1-phenylsulfonylenynes occur
with moderate to high endo selectivity, especially in the case
of the 1,6-enynes. As the endo isomers may readily be
separated by column chromatography and the sulfonyl groups
can be efficiently removed by reductive cleavage with zinc,
this two-step process (PK reaction and desulfonylation)
demonstrates the role of the phenylsulfonyl group as a
temporary stereochemical endo-director of the cyclization.


From a synthetic point of view, this procedure constitutes a
novel, stereocomplementary Pauson ± Khand approach to the
synthesis of C6-substituted bicyclo[3.3.0]octenones and bicy-
clo[4.3.0]nonenones. Moreover, the procedure can equally
well be applied to the synthesis of enantiomerically pure
compounds, since the starting g-hydroxy-a,b-unsaturated
sulfones can readily be resolved by lipase-mediated methods.


Experimental Section


General : All reagents were obtained from commercial suppliers and were
used without further purification. THF was distilled from sodium/
benzophenone, dichloromethane was distilled from P2O5. All reactions
involving the use of nBuLi, LDA and [Co2(CO)8] (Fluka or Strem) were
carried out in flame-dried or oven-dried glassware under inert argon
atmospheres, using anhydrous solvents. Reactions were monitored by thin-
layer chromatography, carried out on 0.25 mm Merck silica gel coated
aluminum plates (Merck-60 230 ± 400 mesh). Merck-60 230 ± 400 mesh
silica gel was used for flash column chromatography. NMR spectra were
recorded on Bruker AC-200 or AC-300 instruments and calibrated using
residual undeuterated solvent as internal reference. Optical rotations were
recorded on a Perkin ± Elmer 241C polarimeter. Mass spectra (MS) were
recorded on a Hewlett ± Packard HP-5985 mass spectrometer at 70 eV
ionising voltage or under fast atom bombardment (FAB) conditions.
Elemental analyses were performed with a Perkin ± Elmer II 2400 CNH
instrument by the ªServicio Interdepartamental de InvestigacioÂ nº (Uni-
versidad AutoÂ noma de Madrid). Melting points were determined in open-
end capillary tubes on a GallemKamp apparatus. HPLC analyses were
performed on a HPLC Perkin ± Elmer Integral 400 instrument, using
Daicel Chiralpak AS and Chiralcel OD columns. Phenylsulfonyl-(p-tolyl-
sulfinyl)methane[12b] and 3,3-dimethyl-5-hexynal[15] were prepared as de-
scribed in the literature.


Preparation of (E)-g-hydroxy-a,b-unsaturated phenyl sulfones


(E)-1-(Phenylsulfonyl)hept-1-en-6-yn-3-ol (1 a): Piperidine (0.33 mL,
3.42 mmol) and 5-hexynal(252 mg, 2.62 mmol) were added sequentially
to a solution of phenylsulfonyl-(p-tolylsulfinyl)methane (503 mg,
1.71 mmol) in CH3CN (10 mL), cooled at 0 8C. After having been stirred
for 5 h at 0 8C, the reaction mixture was quenched by the addition of 5%
HCl (10 mL). The mixture was extracted with CH2Cl2 (15 mL), and the
organic layer was washed with saturated aqueous NH4Cl (2� 15 mL), dried
(Na2SO4) and evaporated. The residue was purified by flash chromatog-
raphy (hexane/ethyl acetate 4:1) to afford 1 a (359 mg, 84%, white solid).
M.p. 136 ± 137 8C; 1H NMR (200 MHz, CDCl3): d� 7.91 ± 7.85 (m, 2H,
ArH), 7.65 ± 7.49 (m, 3 H, ArH), 7.03 (dd, J� 3.5, 14.9 Hz, 1 H, H2), 6.65 (dd,
J� 1.9, 14.9 Hz, 1 H, H1), 4.51 (m, 1H, H3), 2.41 (m, 2H, H5), 2.01 (t, J�
2.7 Hz, 1H, H7), 1.95 ± 1.63 (m, 2 H, H4); 13C NMR (50 MHz CD3OD): d�
150.2, 142.1, 134.7, 130.9, 130.5, 128.6, 84.0, 70.2, 69.4, 35.9, 15.2; elemental
analysis calcd (%) for C13H14O3S (250.3): C 62.38, H 5.64, S 12.87; found: C
62.39, H 5.46, S 13.02.


(E)-1-(Phenylsulfonyl)oct-1-en-6-yn-3-ol (3a): Through the same proce-
dure, treatment of phenylsulfonyl-(p-tolylsulfinyl)methane (450 mg,
1.53 mmol) with 5-heptynal (218 mg, 1.98 mmol) and piperidine (302 mL,
3.06 mmol) afforded, after chromatographic purification (hexane/ethyl
acetate 4:1), 3a (327 mg, 81 %, colourless oil). 1H NMR (300 MHz, CDCl3):
d� 7.97 ± 7.85 (m, 2H, ArH), 7.70 ± 7.40 (m, 3H, ArH), 6.99 (dd, J� 4.1,
14.9, 1H, H2), 6.63 (dd, J� 2.1, 14.8, 1 H, H1), 4.56 (m, 1 H, H3), 2.31 (m,
2H, H5), 1.77 (t, J� 1.8 Hz, 3H, H8), 1.76 ± 1.59 (m, 2H, H4); 13C NMR
(75 MHz, CDCl3): d� 147.8, 140.0, 133.3, 129.6, 129.2, 127.5, 77.6, 69.5, 69.3,
34.7, 14.9, 4.8; HRMS (EI� ): calcd for: 264.0820; found: 264.0813 [M]� .


(E)-4,4-Dimethyl-1-(phenylsulfonyl)hept-1-en-6-yn-3-ol (5a): Through the
same procedure, treatment of phenylsulfonyl-(p-tolylsulfinyl)methane
(1.37 g, 4.66 mmol) with 3,3-dimethyl-5-hexyn-1-al (754 mg, 6.08 mmol)
and piperidine (0.92 mL, 9.37 mmol) afforded, after chromatographic
purification (hexane/ethyl acetate 4:1), 5a (0.99 g, 78%, white solid). M.p.
78 ± 79 8C; 1H NMR (300 MHz, CDCl3): d� 7.88 ± 7.84 (m, 2H, ArH), 7.63 ±
7.49 (m, 3 H, ArH), 7.05 (dd, J� 4.1, 15.0 Hz, 1 H, H2), 6.62 (dd, J� 1.6,
14.9 Hz, 1H, H1), 4.30 (m, 1 H, H3), 2.24 (dd, J� 1.9, 13.8 Hz, 1 H, H5), 2.09
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(dd, J� 1.8, 13.8 Hz, 1 H, H5), 2.02 (t, J� 1.9 Hz, 1 H, H7), 1.01 (s, 3H,
CH3), 0.92 (s, 3H, CH3); 13C NMR (75 MHz, CDCl3): d� 145.5, 140.1,
133.4, 131.6, 129.3, 127.5, 81.3, 75.5, 71.2, 38.6, 28.9, 23.5, 22.2; elemental
analysis calcd (%) for C15H18O3S (278.3): C 64.72, H 6.52, S 11.52; found: C
64.34, H 6.37, S 11.01.


(E)-1-(Phenylsulfonyl)oct-1-en-7-yn-3-ol (17 a): Through the same proce-
dure, treatment of phenylsulfonyl-(p-tolylsulfinyl)methane (430 mg,
1.46 mmol) with 6-heptynal (209 mg, 1.90 mmol) and piperidine (0.29 mL,
2.92 mmol) afforded, after chromatographic purification (hexane/ethyl
acetate 4:1), 17a (324 mg, 84%, white solid). M.p. 72 ± 75 8C; 1H NMR
(200 MHz, CDCl3): d� 7.89 ± 7.83 (m, 2H, ArH), 7.63 ± 7.52 (m, 3H, ArH),
6.98 (dd, J� 3.8, 15.1 Hz, 1 H, H2), 6.61 (dd, J� 1.6, 15.1 Hz, 1H, H1), 4.43
(m, 1 H, H3), 2.46 (m, 1H, OH), 2.31 ± 2.21 (m, 2 H, H6), 1.97 (t, J� 2.7 Hz,
1H, H8), 1.79 ± 1.57 (m, 4H, H4, H5); 13C NMR (75 MHz, CDCl3): d�
148.4, 139.8, 133.3, 129.3, 129.2, 127.3, 83.6, 69.3, 68.9, 34.7, 23.7, 17.8;
elemental analysis calcd (%) for C14H16O3S (264.3): C 63.61, H 6.10, S
12.13; found: C 63.10, H 6.19, S 12.21.


(E)-1-Phenylsulfonyl-5-oxa-oct-1-en-7-yn-3-ol (18 a): Through the same
procedure, treatment of phenylsulfonyl-(p-tolylsulfinyl)methane (808 mg,
2.74 mmol) with 3-(2-propynyloxy)propanal (400 mg, 3.57 mmol) and
morpholine (0.48 mL, 5.49 mmol) afforded, after chromatographic purifi-
cation (hexane/diethyl ether 1:1), 18a (482 mg, 66%, colourless oil).
1H NMR (200 MHz, CDCl3): d� 7.91 ± 7.87 (m, 2H, ArH), 7.67 ± 7.50 (m,
3H, ArH), 6.96 (dd, J� 3.2, 15.1 Hz, 1 H, H3), 6.73 (dd, J� 1.1, 15.1 Hz,
1H, H4), 4.59 (m, 1 H, H2), 4.20 (t, J� 2.7 Hz, 2H, OCH2CCH), 3.73 (dd,
J� 3.5, 9.5 Hz, 1H, H1), 3.46 (dd, J� 7.3, 9.4 Hz, 1 H, H1), 2.61 (d, J�
4.3 Hz, 1 H, OH), 2.48 (t, J� 2.7 Hz, 1H, OCH2CCH); 13C NMR (75 MHz,
CDCl3): d� 144.0, 139.8, 133.4, 131.2, 129.2, 127.5, 78.8, 75.3, 72.0, 69.0,
58.4; HRMS (FAB� ): calcd for: 267.0691; found: 267.0700 [M�H]� .


(E)-4,4-Dimethyl-7-phenyl-1-(phenylsulfonyl)hept-1-en-6-yn-3-ol (7a):
Pd(OAc)2 (3 mg, 0.015 mmol), PPh3 (19 mg, 0.3 mmol), CuI (2 mg,
0.015 mmol) and iodobenzene (33 mg, 0.16 mmol) were added sequentially
to a solution of the sulfone 5a (41 mg, 0.15 mmol) in benzene (6 mL). The
resulting mixture was stirred for 2 h at RT, filtered through Celite and
evaporated. The residue was purified by flash chromatography (hexane/
ethyl acetate 4:1) to afford 7a (52 mg, 81 %, colourless oil). 1H NMR
(200 MHz, CDCl3): d� 7.96 ± 7.85 (m, 2H, SO2ArH), 7.71 (m, 3H,
SO2ArH), 7.60 ± 7.36 (m, 5H, ArH), 7.25 (dd, J� 4.0, 14.9, 1 H, H2), 6.69
(dd, J� 2.0, 39.0 Hz, 1H, H1), 4.40 (m, 1H, H3), 2.55/2.34 (AB system, J�
16.9 Hz, 2H, H5), 2.16 (d, J� 5.2 Hz, 1H, OH), 1.10 (s, 3H, CH3), 1.00 (s,
3H, CH3); 13C NMR (50 MHz, CDCl3): d� 145.5, 140.3, 133.3, 131.6, 131.4,
129.2, 128.2, 127.8, 127.5, 123.2, 86.7, 83.4, 75.7, 39.1, 30.0, 23.7, 22.3; HRMS
(FAB� ): calcd for: 355.1367; found: 355.1357 [M�H]� .


(Z)-4,4-Dimethyl-1-(phenylsulfonyl)hept-1-en-6-yn-3-ol (21 a): The sul-
fone 5a (311 mg, 1.12 mmol) was added to a suspension of PCC (365 mg,
1.70 mmol) and Celite (365 mg) in CH2Cl2 (10 mL) at RT, and the resulting
mixture was stirred for 4 h. The solvent was removed under reduced
pressure, and the residue was diluted with Et2O (50 mL), filtered over
Celite and concentrated to afford (E)-4,4-dimethyl-1-(phenylsulfonyl)-
hept-1-en-6-yn-3-one (238 mg, 77%). The residue was used directly in the
next reaction. 1H NMR (300 MHz, CDCl3): d� 7.96 ± 7.91 (m, 2H, ArH),
7.75 (m, 1H, ArH), 7.66 ± 7.55 (m, 2 H, ArH), 7.18/7.05 (AB system, J�
15.3 Hz, 2H, H1, H2), 2.59 (m, 2H, H5), 1.95 (t, J� 2.7 Hz, 1 H, H7), 1.29 (s,
6H, C(CH3)2).


A solution of (E)-4,4-dimethyl-1-(phenylsulfonyl)hept-1-en-6-yn-3-one
(276 mg, 1.0 mmol) in CH2Cl2 (7 mL) was irradiated (Hg lamp, 150 W)
for 2 d. The reaction mixture was concentrated to afford (Z)-4,4-dimethyl-
1-(phenylsulfonyl)hept-1-en-6-yn-3-one (274 mg, 99 %). The residue was
used directly in the next reaction. 1H NMR (300 MHz, CDCl3): d� 8.02 ±
7.96 (m, 2H, ArH), 7.68 ± 7.56 (m, 3 H, ArH), 6.88/6.45 (AB system, J�
10.1 Hz, 2H, H1, H2), 2.56 (m, 2H, H5), 1.99 (t, J� 2.7 Hz, 1 H, H7), 1.40 (s,
3H, CH3), 1.11 (s, 3H, CH3); 13C NMR (75 MHz, CDCl3): d� 206.8, 140.3,
133.9, 133.7, 129.5, 128.4, 127.3, 80.8, 71.3, 47.1, 29.1, 23.9.


NaBH4 (12 mg, 0.31 mmol) and CeCl3 (372 mg, 0.31 mmol) in MeOH
(5 mL) were added to a solution of (Z)-4,4-dimethyl-1-(phenylsulfonyl)-
hept-1-en-6-yn-3-one (71 mg, 0.26 mmol) in MeOH (3 mL). After having
been stirred for 10 min, the reaction mixture was quenched with water and
extracted with CH2Cl2 (2� 15 mL). The combined organic layers were
washed with saturated aqueous NH4Cl (2� 15 mL), dried (Na2SO4) and
evaporated. The residue was purified by flash chromatography (hexane/


ethyl acetate 1:1) to afford 21 a (65 mg, 89 %, colourless oil). 1H NMR
(300 MHz, CDCl3): d� 7.96 ± 7.93 (m, 2H, ArH), 7.67 ± 7.53 (m, 3H, ArH),
6.44 ± 6.36 (m, 2 H, H1, H2), 5.10 (m, 1 H, H3), 2.77 (m, 1 H, OH), 2.33 (dt,
J� 2.4, 7.1 Hz, 2 H, H5), 2.03 (t, J� 2.2 Hz, 1 H, H7), 1.01 (s, 3 H, CH3), 0.96
(s, 3 H, CH3); 13C NMR (75 MHz, CDCl3): 143.7, 140.7, 133.7, 132.5, 129.3,
127.5, 81.8, 70.7, 70.6, 37.6, 28.5, 23.0, 21.3; HRMS (EI� ): calcd for:
278.0976; found: 278.0977 [M]� .


Preparation of (ethoxymethoxy)enynes (enynes b)


(E)-3-Ethoxymethoxy-1-(phenylsulfonyl)hept-1-en-6-yne (1b): N,N-Diiso-
propylethylamine (0.22 mL, 1.30 mmol) and chloromethyl ethyl ether
(0.23 mL, 2.60 mmol) were added sequentially to a solution of 1a (163 mg,
0.65 mmol) in dry CH2Cl2 (12 mL). The solution was stirred for 12 h at RT,
and saturated aqueous NH4Cl (10 mL) was then added. The organic layer
was separated, washed with saturated aqueous Na2CO3 (2� 10 mL), dried
(Na2SO4) and evaporated. The residue was purified by flash chromatog-
raphy (hexane/ethyl acetate 8:1) to afford 1 b (180 mg, 90%, colourless oil).
1H NMR (200 MHz, CDCl3): d� 7.92 ± 7.89 (m, 2H, ArH), 7.71 ± 7.49 (m,
3H, ArH), 6.92 (dd, J� 3.9, 15.0 Hz, 1 H, H2), 6.55 (dd, J� 1.4, 14.9 Hz,
1H, H1), 4.64 (m, 2H, OCH2O), 4.48 (m, 1 H, H3), 3.60 (m, 2 H,
CH3CH2O), 2.30 (m, 2 H, H5), 1.93 (t, J� 2.0 Hz, 1H, H7), 1.82 (m, 2H,
H4), 1.19 (t, J� 6.9 Hz, 3H, CH3CH2O); 13C NMR (50 MHz, CDCl3): d�
145.4, 140.1, 133.4, 131.2, 129.3, 127.5, 93.8, 82.7, 73.2, 69.4, 63.8, 33.2, 14.8,
14.2; HRMS (FAB� ): calcd for: 309.1160; found: 309.1157 [M�H]� .


When alcohol (S)-1a was used instead of (�)-1 a, (S)-1 b was obtained,
[a]D�ÿ3.5 (c� 1.8, CHCl3).


(E)-3-Ethoxymethoxy-1-(phenylsulfonyl)oct-1-en-6-yne (3b): Through the
same procedure, treatment of 3 a (74 mg, 0.28 mmol) with N,N-diisopro-
pylethylamine (95 mL, 0.56 mmol) and chloromethyl ethyl ether (106 mL,
1.10 mmol) afforded, after chromatographic purification (hexane/ethyl
acetate 8:1), 3b (82 mg, 91%, colourless oil). 1H NMR (300 MHz, CDCl3):
d� 7.89 ± 7.86 (m, 2H, ArH), 7.62 ± 7.51 (m, 3H, ArH), 6.94 (dd, J� 4.3,
14.9 Hz, 1H, H2), 6.55 (dd, J� 1.2, 15.2 Hz, 1H, H1), 4.61 (q, J� 7.7 Hz,
2H, OCH2O), 4.44 (m, 1H, H3), 3.60 (m, 2 H, OCH2CH3), 2.35 (m, 2H,
H5), 1.75 (s, 3H, H8), 1.73 (m, 2H, H4), 1.12 (t, J� 7.7 Hz, 3 H, OCH2CH3);
13C NMR (75 MHz, CDCl3): d� 145.8, 140.2, 133.4, 130.9, 129.3, 127.6, 93.9,
76.8, 74.1, 73.3, 63.8, 33.8, 14.9, 14.6, 3.4; MS (70 eV, EI): m/z (%): 319 (1),
197 (6), 125 (35), 107(14), 91 (17), 77(36), 59 (100); HRMS (FAB� ): calcd
for: 323.1317; found: 323.1303 [M�H]� .


(E)-4,4-Dimethyl-3-ethoxymethoxy-1-(phenylsulfonyl)hept-1-en-6-yne
(5b): Through the same procedure, treatment of 5 a (100 mg, 0.30 mmol)
with N,N-diisopropylethylamine (0.10 mL, 0.60 mmol) and chloromethyl
ethyl ether (0.14 mL, 1.50 mmol) afforded, after chromatographic purifi-
cation (hexane/ethyl acetate 8:1), 5 b (92 mg, 93%, colourless oil). 1H NMR
(300 MHz, CDCl3): d� 7.89 ± 7.86 (m, 2H, ArH), 7.64 ± 7.50 (m, 3H, ArH),
6.93 (dd, J� 6.3, 15.1 Hz, 1 H, H2), 6.55 (dd, J� 1.2, 15.2 Hz, 1H, H1), 4.57
(q, J� 7.1 Hz, 2 H, OCH2O), 4.16 (m, 1 H, H3), 3.61 (m, 2H, CH3CH2O),
2.28 (dd, J� 2.5, 16.4 Hz, 1H, H5), 2.07 (dd, J� 2.7, 16.6 Hz, 1H, H5), 1.93
(t, J� 2.3 Hz, 1H, H7), 1.12 (t, J� 7.1 Hz, 3H, CH3CH2O), 0.95 (s, 6H,
C(CH3)2); 13C NMR (75 MHz, CDCl3): d� 143.6, 140.4, 133.4, 133.0, 129.3,
127.5, 94.3, 81.1, 80.0, 71.0, 64.0, 38.4, 29.0, 23.4, 22.4, 14.8; elemental
analysis calcd (%) for C18H24O4S (336.1): C 64.26, H 7.19, S 9.53; found: C
63.90, H 6.91, S 10.07.


(E)-4,4-Dimethyl-3-ethoxymethoxy-7-phenyl-1-(phenylsulfonyl)hept-1-
en-6-yne (7b): Through the same procedure, treatment of 7a (100 mg,
0.30 mmol) with N,N-diisopropylethylamine (95 mL, 0.56 mmol) and chloro-
methyl ethyl ether (105 mL, 1.12 mmol) afforded, after chromatographic
purification (hexane/ethyl acetate 8:1), 7b (109 mg, 94%, colourless oil).
1H NMR (300 MHz, CDCl3): d� 7.88 ± 7.85 (m, 2H, ArH), 7.61 ± 7.48 (m,
3H, ArH), 7.39 (m, 2 H, ArH), 7.33 (m, 3H, ArH), 6.94 (dd, J� 6.2, 15.1 Hz,
1H, H2), 6.55 (dd, J� 1.2, 15.2 Hz, 1 H, H1), 4.55 (q, J� 7.7 Hz, 2H,
OCH2O), 4.21 (d, J� 6.3 Hz, 1 H, H3), 3.55 (m, 2H, OCH2CH3), 2.51/2.28
(AB system, J� 17.1 Hz, 2H, H5), 1.06 (t, J� 7.7 Hz, 3H, OCH2CH3), 0.99
(s, 6 H, C(CH3)2); 13C NMR (75 MHz, CDCl3): d� 143.7, 140.3, 133.4, 133.0,
131.5, 129.3, 128.2, 127.7, 127.5, 123.5, 94.3, 86.8, 83.2, 80.3, 64.1, 39.0, 30.0,
23.6, 22.5, 14.8; HRMS (FAB� ): calcd for: 412.1708; found: 412.1721
[M�H]� .


(E)-3-Ethoxymethoxy-1-(phenylsulfonyl)oct-1-en-7-yne (17 b): Through
the same procedure, treatment of 17a (61 mg, 0.23 mmol) with N,N-
diisopropylethylamine (80 mL, 0.46 mmol) and chloromethyl ethyl ether
(0.11 mL, 1.15 mmol) afforded, after chromatographic purification (hex-
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ane/ethyl acetate 8:1), 17 b (69 mg, 93 %, colourless oil). 1H NMR
(200 MHz, CDCl3): d� 7.91 ± 7.86 (m, 2 H, ArH), 7.67 ± 7.49 (m, 3 H,
ArH), 6.91 (dd, J� 5.4, 15.0 Hz, 1 H, H2), 6.52 (dd, J� 1.1, 15.0 Hz, 1H,
H1), 4.64/4.58 (AB system, J� 7.0 Hz, 2H, OCH2O), 4.29 (m, 1 H, H3), 3.56
(m, 2 H, OCH2CH3), 2.22 (td, J� 2.7, 7.0 Hz, 2 H, H6), 1.95 (t, J� 2.5 Hz,
1H, H8), 1.66 (m, 4 H, H4, H5), 1.13 (t, J� 7.3 Hz, 2 H, OCH2CH3);
13C NMR (75 MHz, CDCl3): d� 145.8, 140.2, 133.4, 130.9, 129.2, 127.5, 93.6,
83.4, 74.1, 68.9, 63.7, 33.2, 23.6, 18.1, 14.8; HRMS (FAB� ): calcd for:
323.1317; found: 323.1306 [M�H]� .


(E)-3-Ethoxymethoxy-1-phenylsulfonyl-5-oxa-oct-1-en-7-yne (18 b):
Through the same procedure, treatment of 18 a (99 mg, 0.37 mmol) with
N,N-diisopropylethylamine (0.13 mL, 0.74 mmol) and chloromethyl ethyl
ether (0.17 mL, 1.86 mmol) afforded, after chromatographic purification
(hexane/ethyl acetate 3:1), 18b (101 mg, 84 %, colourless oil). 1H NMR
(200 MHz, CDCl3): d� 7.90 ± 7.87 (m, 2H, ArH), 7.65 ± 7.49 (m, 3H, ArH),
6.98 (dd, J� 4.3, 15.1 Hz, 1H, H3), 6.64 (dd, J� 2.1, 15.1 Hz, 1H, H4), 4.73/
4.64 (AB system, J� 7.0 Hz, 2H, OCH2O), 4.49 (m, 1H, H2), 4.16 (d, J�
2.7 Hz, 2 H, OCH2CCH), 3.69 ± 3.43 (m, 4 H, H1, OCH2CH3), 2.44 (t, J�
2.2 Hz, 1 H, OCH2CCH), 1.12 (t, J� 7.3 Hz, 3 H, OCH2CH3); 13C NMR
(75 MHz, CDCl3): d� 143.2, 140.0, 133.3, 131.6, 129.1, 127.4, 94.0, 78.8, 75.0,
73.4, 70.6, 63.6, 58.3, 14.7; HRMS (FAB� ): calcd for: 325.1110; found:
325.1110 [M�H]� .


(Z)-4,4-Dimethyl-3-ethoxymethoxy-1-(phenylsulfonyl)hept-1-en-6-yne
(21 b): Through the same procedure, treatment of 21a (50 mg, 0.15 mmol)
with N,N-diisopropylethylamine (52 mL, 0.30 mmol) and chloromethyl
ethyl ether (70 mL, 0.75 mmol) afforded, after chromatographic purifica-
tion (hexane/ethyl acetate 8:1), 21b (48 mg, 95 %, colourless oil). 1H NMR
(300 MHz, CDCl3): d� 7.98 ± 7.95 (m, 2H, ArH), 7.63 ± 7.48 (m, 3H, ArH),
6.91 (m, 1H, H2), 6.55 (m, 1H, H1), 5.45 (d, J� 11.1 Hz, 1 H, H3), 4.63 (q,
J� 7.1 Hz, 2 H, OCH2O), 3.60 (m, 2 H, OCH2CH3), 2.32 (m, 2H, H5), 1.94
(t, J� 2.1 Hz, 1H, H7), 1.14 (t, J� 7.7 Hz, 2 H, OCH2CH3), 1.05 (s, 3H,
CH3), 0.99 (s, 3H, CH3); 13C NMR (75 MHz, CDCl3): d� 142.5, 140.9,
134.7, 132.5, 129.2, 128.1, 94.6, 81.8, 70.7, 63.8, 38.0, 28.7, 23.5, 22.1, 15.1;
HRMS (FAB� ): calcd for: 291.1054; found: 291.1048 [MÿC2H5O]� .


(E)-5-Ethoxymethoxy-7-(phenylsulfonyl)oct-6-en-1-yne (22 b): nBuLi
(0.44 mL, 1.07 mmol, 2.4m in hexane) was added under argon atmosphere
to a solution of 1b (163 mg, 0.53 mmol) in THF (9 mL), cooled to ÿ78 8C.
The resulting mixture was stirred for 30 min and MeI (107 mL, 1.07 mmol)
was added. After having been stirred for 1 h atÿ78 8C, the reaction mixture
was quenched with saturated aqueous NH4Cl (10 mL). The mixture was
extracted with CH2Cl2 (2� 15 mL) and the combined organic layers were
dried (Na2SO4) and evaporated. The residue was purified by chromatog-
raphy (hexane/ethyl acetate 5:1) to afford 22 b (141 mg, 79%, colourless
oil). 1H NMR (300 MHz, CDCl3): d� 7.87 ± 7.84 (m, 2H, ArH), 7.62 ± 7.50
(m, 3 H, ArH), 6.59 (dq, J� 1.1, 8.0 Hz, 1H, H2), 4.59 (q, J� 6.4 Hz, 2H,
OCH2O), 4.55 (m, 1 H, H3), 3.59 (m, 2 H, OCH2CH3), 2.31 (m, 2 H, H5),
1.91 (d, J� 1.2 Hz, 3H, H1), 1.81 (m, 1 H, H5), 1.74 (t, J� 2.4 Hz, 3 H, H7),
1.71 (m, 1H, H5), 1.60 (t, J� 6.5 Hz, 3 H, OCH2CH3); 13C NMR (75 MHz,
CDCl3): d� 140.1, 139.8, 133.3, 129.7, 128.1, 126.4, 93.3, 77.6, 75.9, 70.8, 63.5,
33.7, 15.0, 14.7, 11.9, 3.3; HRMS (FAB� ): calcd for 291.1054; found:
291.1049 [MÿC2H5O]� .


Preparation of the (triisopropylsiloxy)enynes (enynes c)


(E)-1-Phenylsulfonyl-3-(triisopropylsiloxy)hept-1-en-6-yne (1 c): 2,6-Luti-
dine (82 mL, 0.60 mmol) and TIPSOTf (0.13 mL, 0.48 mmol) were added
sequentially to a solution of 1a (100 mg, 0.40 mmol) in dry CH2Cl2 (5 mL).
After having been stirred for 6 h at RT, the reaction mixture was quenched
with a saturated aqueous solution of NH4Cl (5 mL). The organic layer was
separated, the aqueous layer was extracted with CH2Cl2 (2� 10 mL) and
the combined organic layers were dried (Na2SO4) and evaporated. The
residue was purified by flash chromatography (hexane/ethyl acetate 9:1) to
afford 1c (159 mg, 98%, colourless oil). 1H NMR (200 MHz, CDCl3): d�
7.91 ± 7.83 (m, 2 H, ArH), 7.65 ± 7.49 (m, 3 H, ArH), 7.03 (dd, J� 3.5, 14.9 Hz,
1H, H2), 6.65 (dd, J� 1.8, 14.9 Hz, 1H, H1), 4.71 (m, 1H, H3), 2.41 (m, 2H,
H5), 2.01 (t, J� 2.7 Hz, 1 H, H7), 1.95 ± 1.63 (m, 2 H, H4), 1.10 (m, 21H,
TIPS); 13C NMR (50 MHz, CDCl3): d� 147.5, 140.1, 133.2, 130.4, 129.0,
127.3, 83.0, 69.6, 69.2, 35.5, 17.7, 17.5, 13.2, 12.2, 12.1; elemental analysis
calcd (%) for C22H34O3SSi (406.6): C 64.98, H 8.43, S 7.89; found: C 65.24, H
8.81, S 7.72.


(E)-1-Phenylsulfonyl-3-(triisopropylsiloxy)oct-1-en-6-yne (3c): Through
the same procedure, treatment of 3 a (137 mg, 0.52 mmol) with 2,6-lutidine


(75 mL, 0.63 mmol) and TIPSOTf (0.28 mL, 1.04 mmol) afforded, after
chromatographic purification (hexane/ethyl acetate 9:1), 3 c (212 mg, 97%,
colourless oil). 1H NMR (300 MHz, CDCl3): d� 7.88 ± 7.86 (m, 2 H, ArH),
7.63 ± 7.50 (m, 3 H, ArH), 7.04 (dd, J� 5.0, 13.8 Hz, 1 H, H2), 6.55 (dd, J�
1.9, 13.8 Hz, 1 H, H1), 4.65 (m, 1 H, H3), 2.33 (m, 2H, H5), 1.86 (m, 2H,
H4), 1.79 (s, 3H, H8), 0.65 (s, 21H, TIPS); 13C NMR (75 MHz, CDCl3): d�
148.9, 140.5, 133.3, 130.2, 129.2, 127.5, 77.9, 71.5, 70.1, 36.5, 17.9, 13.9, 12.2,
3.4; HRMS (FAB� ): calcd for: 377.1606; found: 377.1611 [MÿC3H7]� .


(E)-4,4-Dimethyl-1-phenylsulfonyl-3-(triisopropylsiloxy)hept-1-en-6-yne
(5c): Through the same procedure, treatment of 5 a (53 mg, 0.19 mmol)
with 2,6-lutidine (33 mL, 0.28 mmol) and TIPSOTf (100 mL, 0.38 mmol)
afforded, after chromatographic purification (hexane/ethyl acetate 9:1), 5 c
(79 mg, 96%, colourless oil). 1H NMR (300 MHz, CDCl3): d� 7.89 ± 7.86
(m, 2H, ArH), 7.65 ± 7.52 (m, 3H, ArH), 7.04 (dd, J� 7.4, 15.3 Hz, 1H, H2),
6.55 (dd, J� 1.5, 13.8 Hz, 1H, H1), 4.30 (d, J� 7.2 Hz, 1 H, H3), 2.23 (m,
2H, H5), 1.96 (t, J� 2.7 Hz, 1 H, H7), 0.95 (s, 27H, C(CH3)2, TIPS);
13C NMR (75 MHz, CDCl3): d� 146.1, 140.5, 136.8, 133.7, 132.5, 129.7,
128.0, 81.1, 70.8, 39.6, 30.1, 28.9, 23.6, 22.6, 18.1, 12.2; MS (70 eV, EI): m/z
(%): 391 (40) [Mÿ iPr]� , 354 (34), 255 (100), 249 (55), 191 (54), 149 (70),
103 (45), 75 (78); HRMS (FAB� ): calcd for: 435.2389; found: 435.2382
[M�H]� .


(E)-4,4-Dimethyl-7-phenyl-1-phenylsulfonyl-3-(triisopropylsiloxy)hept-1-
en-6-yne (7c): Through the same procedure, treatment of 7a (46 mg,
0.13 mmol) with 2,6-lutidine (20 mL, 0.17 mmol) and TIPSOTf (70 mL,
0.26 mmol) afforded, after chromatographic purification (hexane/ethyl
acetate 9:1), 7 c (64 mg, 96%, colourless oil). 1H NMR (300 MHz, CDCl3):
d� 7.88 ± 7.86 (m, 2H, ArH), 7.63 ± 7.50 (m, 3H, ArH), 7.40 ± 7.12 (m, 5H,
ArH), 6.95 (dd, J� 6.7, 15.1 Hz, 1H, H2), 6.55 (dd, J� 1.5, 15.1 Hz, 1H,
H1), 4.42 (d, J� 6.0 Hz, 1H, H3), 2.51/2.30 (AB system, J� 16.0 Hz, 2H,
H5), 0.95 (m, 27 H, C(CH3)2, TIPS); 13C NMR (75 MHz, CDCl3): d� 145.8,
140.3, 137.4, 133.4, 131.9, 130.2, 129.2, 128.2, 127.4, 123.2, 87.2, 83.2, 76.5,
40.1, 29.5, 23.3, 22.5, 18.0, 14.2; HRMS (FAB� ): calcd for: 467.2076;
found: 467.2071 [MÿC3H7]� .


(E)-1-Phenylsulfonyl-3-(triisopropylsiloxy)oct-1-en-7-yne (17 c): Through
the same procedure, treatment of 17a (137 mg, 0.52 mmol) with 2,6-
lutidine (91 mL, 0.78 mmol) and TIPSOTf (0.42 mL, 1.55 mmol) afforded,
after chromatographic purification (hexane/ethyl acetate 9:1), 17 c (212 mg,
97%, colourless oil). 1H NMR (200 MHz, CDCl3): d� 7.90 ± 7.85 (m, 2H,
ArH), 7.61 ± 7.48 (m, 3H, ArH), 6.96 (dd, J� 4.3, 15.1 Hz, 1 H, H2), 6.53
(dd, J� 1.1, 15.1 Hz, 1H, H1), 4.57 (m, 1H, H3), 2.18 (td, J� 2.7, 7.0 Hz,
2H, H6), 1.94 (t, J� 2.7 Hz, 1H, H8), 1.82 ± 1.25 (m, 4H, H4, H5), 0.96 (s,
21H, TIPS); 13C NMR (75 MHz, CDCl3): d� 148.3, 140.3, 133.1, 130.1,
129.0, 127.3, 83.4, 70.3, 68.7, 35.6, 22.4, 18.2, 17.7, 11.9; HRMS (FAB� ):
calcd for: 421.2233; found: 421.2227 [M�H]� .


(E)-1-Phenylsulfonyl-3-triisopropylsiloxy-5-oxa-oct-1-en-7-yne (18 c):
Through the same procedure, treatment of 18 a (33 mg, 0.12 mmol) with
2,6-lutidine (22 mL, 0.19 mmol) and TIPSOTf (100 mL, 0.37 mmol) afford-
ed, after chromatographic purification (hexane/ethyl acetate 20:1), 18 c
(47 mg, 90%, colourless oil). 1H NMR (200 MHz, CDCl3): d� 7.89 ± 7.86
(m, 2 H, ArH), 7.61 ± 7.47 (m, 3H, ArH), 7.08 (dd, J� 3.8, 15.1 Hz, 1 H, H3),
6.62 (dd, J� 1.6, 15.1 Hz, 1 H, H4), 4.62 (m, 1H, H2), 4.13 (d, J� 2.7 Hz,
2H, OCH2CCH), 3.62 (dd, J� 5.4, 9.1 Hz, 1H, H1), 3.46 (dd, J� 6.5,
9.1 Hz, 1 H, H1), 2.42 (t, J� 2.5 Hz, 1 H, OCH2CCH), 0.97 (s, 21H, TIPS);
13C NMR (75 MHz, CDCl3): d� 146.7, 140.4, 133.3, 130.9, 129.2, 127.6, 79.1,
75.0, 73.1, 70.3, 58.5, 17.8, 12.1; HRMS (FAB� ): calcd for: 379.1399; found:
379.1392 [MÿC3H7]� .


(E)-3-tert-Butyldimethylsiloxy-1-(phenylsulfonyl)hept-1-en-6-yne (1d):
Imidazole (43 mg, 0.63 mmol) and TBDMSCl (63 mg, 0.42 mmol) were
added sequentially to a solution of 1a (53 mg, 0.21 mmol) in CH2Cl2


(8 mL), cooled at 0 8C under argon atmosphere. After having been stirred
for 4 h at RT, the reaction mixture was quenched with saturated aqueous
NH4Cl (5 mL). The mixture was extracted with CH2Cl2 (2� 15 mL) and the
combined organic layers were dried (Na2SO4) and evaporated. The residue
was purified by chromatography (hexane/ethyl acetate 10:1) to afford 1d
(74 mg, 97%, colourless oil). 1H NMR (200 MHz, CDCl3): d� 7.93 ± 7.88
(m, 2H, ArH), 7.66 ± 7.46 (m, 3H, ArH), 6.97 (dd, J� 4.3, 15.1 Hz, 1H, H2),
6.52 (dd, J� 1.7, 15.0 Hz, 1H, H1), 4.49 (m, 1H, H3), 2.33 (m, 2H, H5), 1.91
(t, J� 2.4 Hz, 1 H, H7), 1.77 (m, 2 H, H4), 0.81 (s, 9 H, tBu), 0.05 (s, 3H,
SiCH3),ÿ0.08 (s, 3H, SiCH3); 13C NMR (50 MHz, CDCl3): d� 147.9, 140.5,
133.2, 130.1, 129.4, 127.3, 83.1, 69.3, 35.4, 25.5, 18.1, 14.0, ÿ4.7, ÿ5.1;
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elemental analysis calcd (%) for C19H28O3SSi (364.5): C 62.59, H 7.74, S
8.80; found: C 62.81, H 8.06, S 9.12.


(E)-3-Acetoxy-1-phenylsulfonyl-hept-1-en-6-yne (1e): Ac2O (228 mL,
2.4 mmol) was added at RT to a solution of 1a (61 mg, 0.24 mmol) in
pyridine (3 mL). After the solution was stirred for 5 h, the reaction mixture
was diluted with CH2Cl2 (10 mL) and cooled to 0 8C, and saturated aqueous
NaHCO3 was then slowly added until a basic pH value was reached. The
organic layer was separated, dried (Na2SO4) and evaporated. The residue
was purified by chromatography (hexane/ethyl acetate 2:1) to afford 1e
(66 mg, 95%, colourless oil). 1H NMR (200 MHz, CDCl3): d� 7.90 ± 7.85
(m, 2 H, ArH), 7.65 ± 7.51 (m, 3H, ArH), 6.92 (dd, J� 5.7, 16.1 Hz, 1 H, H2),
6.55 (dd, J� 1.6, 15.1 Hz, 1 H, H1), 5.59 (m, 3H, H3), 2.25 (m, 2H), 2.08 (s,
3H), 1.93 (m, 2H); 13C NMR (50 MHz, CDCl3): d� 169.5, 142.6, 139.7,
133.6, 131.3, 129.3, 127.6, 82.1, 70.2, 69.8, 32.1, 20.7, 14.2; elemental analysis
calcd (%) for C15H16O4S (292.3): C 61.62, H 5.52, S 10.97; found: C 61.57, H
5.70, S 11.26.


(E)-3-Methoxy-1-(phenylsulfonyl)hept-1-en-6-yne (1 f): Me3OBF4 (47 mg,
0.31 mmol) and 1,8-bis(dimethylamino)naphthalene (89 mg, 0.42 mmol)
were added sequentially to a solution of 1a (53 mg, 0.21 mmol) in CH3CN
(3 mL). After the solution was stirred for 4 d at RT, the reaction mixture
was quenched with saturated aqueous NH4Cl (5 mL). The mixture was
extracted with CH2Cl2 (2� 15 mL) and the combined organic layers were
dried (Na2SO4) and evaporated. The residue was purified by flash
chromatography (hexane/ethyl acetate 6:1) to afford 1 f (39 mg, 70%,
white solid). M.p. 127 ± 129 8C; 1H NMR (200 MHz, CDCl3): d� 7.90 ± 7.88
(m, 2 H, ArH), 7.66 ± 7.52 (m, 3 H, ArH), 6.90 (dd, J� 5.1, 15.1 Hz, 1 H, H2),
6.55 (dd, J� 1.3, 15.1 Hz, 1H, H1), 4.02 (m, 1H, H3), 3.31 (s, 3H, OMe),
2.30 (m, 2 H, H5), 1.96 (t, J� 2.6 Hz, 1H, H7), 1.72 (m, 2H, H4); 13C NMR
(50 MHz, CDCl3): d� 145.2, 140.1, 133.4, 131.3, 129.2, 127.6, 82.9, 69.3, 57.7,
32.9, 17.7, 14.2.


Enantioselective acetylation of g-hydroxy-a,b-unsaturated phenyl sulfones


(1E,3S)-1-(Phenylsulfonyl)hept-1-en-6-yn-3-ol [(S)-1 a] and (1E,3R)-3-
(acetoxy)-1-(phenylsulfonyl)hept-1-en-6-yne [(R)-1 e]: Vinyl acetate
(774 mg, 9.01 mmol), Lipase PS (Pseudomonas cepacia, Amano company,
25 mgmLÿ1) and molecular sieves (4 �, 50 mgmLÿ1) were added
sequentially to a solution of the racemic alcohol 1a (450 mg, 1.80 mmol)
in toluene. After having been stirred vigorously at RT for 48 h (50 % of
conversion by 1H NMR) the resulting mixture was filtered and evaporated.
The residue was purified by chromatography (hexane/ethyl acetate 4:1) to
afford (S)-1 a (225 mg, 49%) and (R)-1 e (242 mg, 46%).


(S)-1a : [a]D��28 (c� 1, CHCl3); ee� 98.5 % (HPLC, Daicel Chiralpak
AS column, hexane/isopropanol 85:15, 0.5 mL minÿ1, tR� 52.9 and 58.0).
The spectral data were identical to those described for (�)-1a. (R)-1e :
[a]D��5.1 (c� 1, CHCl3); ee >96% [1H NMR, Pr(hfc)3, 0.4 equiv). The
spectral data were identical to those described for (�)-1e.


Typical Pauson ± Khand reactions


6-Ethoxymethoxy-4-(phenylsulfonyl)bicyclo[3.3.0]oct-1-en-3-one (9b)


Thermal reaction in acetonitrile (method A): A solution of the enyne 1b
(98 mg, 0.32 mmol) in dry CH2Cl2 (5 mL) was added to a flask containing
solid [Co2(CO)8] (136 mg, 0.40 mmol). The resulting solution was stirred
until TLC analysis showed that formation of the complex was complete,
and the solvent was then removed under reduced pressure. The residue was
diluted with CH3CN (7 mL) and the resulting solution was heated at reflux
until complete disappearance of the complex. The reaction mixture was
filtered through a pad of Celite, which was washed with diethyl ether
(30 mL). The combined organic solvents were evaporated and the residue
was purified by chromatography (hexane/ethyl acetate 5:1) to afford endo-
9b (68 mg, 76%, white solid). M.p. 73 ± 74 8C; 1H NMR (200 MHz, CDCl3):
d� 7.99 ± 7.96 (m, 2 H, ArH), 7.70 ± 7.55 (m, 3 H, ArH), 5.92 (m, 1H, H2),
4.69/4.59 (AB system, J� 7.1, 27.9 Hz, 2H, OCH2O), 4.28 (t, J� 4.1 Hz, 1H,
H6), 4.23 (d, J� 4.4 Hz, 1H, H4), 3.59 (m, 1 H, H5), 3.51 (m, 2H,
OCH2CH3), 2.71 (m, 2 H, H8), 2.24 (m, 2H, H7), 1.21 (t, J� 7.0 Hz, 3H,
OCH2CH3); 13C NMR (50 MHz, CDCl3): d� 198.1, 185.0, 138.6, 134.0,
129.2, 129.1, 125.0, 93.8, 76.3, 68.3, 63.7, 53.2, 32.5, 24.3, 15.1; elemental
analysis calcd (%) for C17H20O5S (336.4): C 60.70, H 5.99, S 9.53; found: C
60.46, H 6.42, S 9.92. Compound (4R,5R,6S)-9b was obtained from (S)-1b,
[a]D��241 (c� 0.4 in CHCl3).


Amine N-oxide-promoted reaction (method B): A solution of enyne (S)-1b
(187 mg, 0.61 mmol) in CH2Cl2 (5 mL) was added dropwise, under argon
atmosphere at RT, to a stirred solution of [Co2(CO)8] (250 mg, 0.73 mmol)


in CH2Cl2 (5 mL). The solution was stirred for 10 min and Me3NO ´ 2H2O
(407 mg, 3.66 mmol) was added in one portion. The resulting solution was
stirred for 3 h at RT and filtered through a pad of Celite, which was washed
with diethyl ether (30 mL). The combined solvents were evaporated and
the residue was purified by flash chromatography (hexane/ethyl acetate
5:1) to afford endo-9 b (151 mg, 74%).


Reaction promoted by amine N-oxide and molecular sieves (method C): The
procedure was identical to method B but with the addition of molecular
sieves (4 �, 800 % of the weight of the starting enyne) to the initial solution
of [Co2(CO)8] in toluene.


4-Phenylsulfonyl-6-(triisopropylsiloxy)bicyclo[3.3.0]oct-1-en-3-one (9 c):
When method A was used, treatment of 1c (111 mg, 0.27 mmol) with
[Co2(CO)8] (116 mg, 0.34 mmol) afforded, after chromatographic purifica-
tion (hexane/ethyl acetate 8:1), endo-9 c (77 mg, 67%, white solid) and exo-
9c (7 mg, 7 %, colourless oil). When method B was used, treatment of 1 c
(130 mg, 0.32 mmol) with [Co2(CO)8] (120 mg, 0.35 mmol) and Me3NO ´
2H2O (249 mg, 2.24 mmol) afforded, after chromatographic purification
(hexane/ethyl acetate 8:1), endo-9c (91 mg, 66%) and exo-9 c (9 mg, 7%).


endo-9c : M.p. 109 ± 110 8C; 1H NMR (200 MHz, CDCl3): d� 7.96 ± 7.90 (m,
2H, ArH), 7.69 ± 7.54 (m, 3H, ArH), 5.90 (m, 1H, H2), 4.62 (t, J� 3.6 Hz,
1H, H6), 4.11 (d, J� 4.1 Hz, 1H, H4), 3.61 (m, 1H, H5), 2.71 (m, 2 H, H8),
2.39 (m, 1H, H7), 2.15 (m, 1H, H7), 1.15 (s, 21H, TIPS); 13C NMR
(50 MHz, CDCl3): d� 197.6, 184.9, 138.9, 134.1, 128.7, 127.9, 126.5, 71.8,
68.2, 54.1, 36.1, 23.9, 17.8, 12.5; elemental analysis calcd (%) for
C23H34O4SSi (434.6): C 63.55, H 7.88, S 7.38; found: C 63.23, H 7.98, S 7.80.


exo-9c : 1H NMR (200 MHz, CDCl3): d� 7.94 ± 7.90 (m, 2H, ArH), 7.66 ±
7.51 (m, 3 H, ArH), 5.87 (m, 1H, H2), 3.97 (q, J� 7.5 Hz, 1 H, H6), 3.85 (d,
J� 2.8 Hz, 1 H, H4), 2.84 (m, 1 H, H5), 2.61 (m, 2 H, H8), 2.30 (m, 2 H, H7),
1.15 (s, 21 H, TIPS); 13C NMR (50 MHz, CDCl3): d� 197.5, 185.2, 138.5,
133.9, 128.2, 127.8, 75.4, 71.5, 54.8, 35.1, 25.3, 18.1, 12.5.


6-tert-Butyldimethylsiloxy-4-(phenylsulfonyl)bicyclo[3.3.0]oct-1-en-3-one
(9d): When method B was used, treatment of 1 d (33 mg, 0.09 mmol) with
[Co2(CO)8] (37 mg, 0.10 mmol) and Me3NO ´ 2 H2O (148 mg, 1.33 mmol)
afforded, after chromatographic purification (hexane/ethyl acetate 8:1),
endo-9d (25 mg, 72 %, white solid) and exo-9d (2 mg, 6 %, colourless oil).


endo-9d : M.p. 139 ± 140 8C; 1H NMR (300 MHz, CDCl3): d� 7.96 ± 7.88 (m,
2H, ArH), 7.70 ± 7.55 (m, 3H, ArH), 5.91 (m, 1H, H2), 4.40 (t, J� 3.4 Hz,
1H, H6), 3.99 (d, J� 4.6 Hz, 1H, H4), 3.55 (m, 1H, H5), 2.69 (m, 2 H, H8),
2.31 (m, 1H, H7), 2.05 (m, 1H, H7), 0.80 (s, 9H, tBu), 0.31 (s, 6H,
Si(CH3)2); 13C NMR (75 MHz, CDCl3): d� 198.2, 187.3, 138.7, 133.9, 129.1,
129.0, 125.1, 76.5, 70.1, 68.6, 54.4, 35.9, 25.6, 24.3, 17.9; elemental analysis
calcd (%) for C20H28O4SSi (392.6): C 61.19, H 7.19, S 8.17; found: C 61.06, H
7.07, S 8.50.


exo-9d : 1H NMR (300 MHz, CDCl3): d� 7.95 ± 7.92 (m, 2 H, ArH), 7.67 ±
7.55 (m, 3 H, ArH), 5.87 (m, 1H, H2), 3.85 (q, J� 7.7 Hz, 1 H, H6), 3.77 (d,
J� 2.8 Hz, 1 H, H4), 3.67 (m, 1 H, H5), 2.85 (m, 1 H, H8), 2.59 (m, 1 H, H8),
2.20 (m, 2H, H7), 0.81 (s, 9H, tBu), 0.30 (s, 3H, SiCH3), 0.21 (s, 3 H, SiCH3).


6-Acetoxy-4-(phenylsulfonyl)bicyclo[3.3.0]oct-1-en-3-one (9e): When
method A was used, treatment of 1 e (65 mg, 0.22 mmol) with [Co2(CO)8]
(94 mg, 0.27 mmol) afforded, after chromatographic purification (hexane/
ethyl acetate 2:1), endo-9e and exo-9e (48 mg, 68%) as an inseparable
endo/exo mixture (54:46). When method B was used, treatment of 1e
(53 mg, 0.18 mmol) with [Co2(CO)8] (80 mg, 0.23 mmol) and Me3NO ´
2H2O (140 mg, 1.26 mmol) afforded endo-9e and exo-9 e (38 mg, 65%)
as an inseparable diastereoisomeric mixture (57:43). 1H NMR (200 MHz,
CDCl3): d� 7.99 ± 7.91 (m, 4H, ArH, endo�exo), 7.75 ± 7.47 (m, 6H, ArH,
endo�exo), 5.71 (m, 1 H, H2 endo), 5.69 (m, 1 H, H2 exo), 5.19 (t, J�
2.1 Hz, 1H, H6 endo), 4.98 (m, 1H, H6 exo), 4.35 (d, J� 2.2 Hz, 1H, H4
exo), 3.95 (d, J� 2.2 Hz, 1 H, H4 endo), 3.70 (m, 1H, H5 endo), 3.50 (m, 1H,
H5 exo), 2.73 ± 2.20 (m, 8 H, endo�exo), 2.01 (s, 6 H, endo�exo); 13C NMR
(75 MHz, CDCl3): d� 197.4, 185.3, 182.6, 171.5, 169.8, 138.6, 138.2, 134.2,
133.9, 129.1, 126.6, 125.5, 74.3, 72.3, 72.0, 68.2, 52.3, 51.8, 33.3, 31.5, 30.1,
24.7, 24.3, 20.9; HRMS (FAB� ): calcd for: 321.0796; found: 321.0785
[M�H]� .


6-Methoxy-4-(phenylsulfonyl)bicyclo[3.3.0]oct-1-en-3-one (9 f): When
method B was used, treatment of 1 f (119 mg, 0.45 mmol) with [Co2(CO)8]
(184 mg, 0.54 mmol) and Me3NO ´ 2H2O (299 mg, 2.70 mmol) afforded,
after chromatographic purification (hexane/ethyl acetate 6:1), endo-9 f
(55 mg, 42%, colourless oil) and exo-9 f (37 mg, 28 %, colourless oil).
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endo-9 f : 1H NMR (300 MHz, CDCl3): d� 8.03 ± 7.95 (m, 2H, ArH), 7.77 ±
7.52 (m, 3H, ArH), 5.88 (m, 1H, H2), 4.22 (d, J� 2.9 Hz, 1H, H6), 3.80 (t,
J� 2.7 Hz, 1 H, H4), 3.55 (m, 1 H, H5), 3.25 (s, 3 H, OMe), 2.63 (m, 2 H, H8),
2.28 (m, 1 H, H7), 2.13 (m, 1H, H7); 13C NMR (50 MHz, CDCl3): d� 198.1,
186.6, 138.5, 133.9, 129.1, 129.0, 124.8, 77.8, 67.9, 56.4, 53.2, 30.4, 24.3.


exo-9 f : 1H NMR (300 MHz, CDCl3): d� 7.99 ± 7.91 (m, 2H, ArH), 7.77 ±
7.55 (m, 3 H, ArH), 5.90 (m, 1H, H2), 3.92 (d, J� 2.8 Hz, 1H, H6), 3.50 (m,
2H, H4, H5), 3.38 (s, 3H, OMe), 2.83 (m, 1H, H8), 2.60 (m, 1 H, H8), 2.36
(m, 1H, H7), 2.14 (m, 1 H, H7); 13C NMR (75 MHz, CDCl3): d� 197.0,
185.1, 138.1, 134.0, 129.3, 128.8, 125.8, 83.0, 72.1, 57.5, 52.7, 31.3, 25.0.


6-Ethoxymethoxy-2-methyl-4-(phenylsulfonyl)bicyclo[3.3.0]oct-1-en-3-
one (11 b): When method B was used, treatment of 3 b (69 mg, 0.21 mmol)
with [Co2(CO)8] (81 mg, 0.24 mmol) and Me3NO ´ 2H2O (162 mg,
1.47 mmol) afforded, after chromatographic purification (hexane/ethyl
acetate 5:1), endo-11 b (54 mg, 71%, colourless oil) and exo-11b (3 mg,
5%, colourless oil).


endo-11b : 1H NMR (300 MHz, CDCl3): d� 8.00 ± 7.94 (m, 2 H, ArH), 7.75
(m, 3H, ArH), 4.70/4.61 (AB system, J� 6.9 Hz, 2H, OCH2O), 4.31 (m,
1H, H6), 4.19 (d, J� 4.0 Hz, 1 H, H4), 3.52 (m, 3H, H5, OCH2CH3), 2.48
(m, 2H, H8), 2.26 (m, 2 H, H7), 1.68 (s, 3H, CH3), 1.24 (t, J� 7.0 Hz, 3H,
OCH2CH3); 13C NMR (50 MHz, CDCl3): d� 198.3, 179.2, 138.7, 133.9,
132.9, 132.7, 129.1, 128.9, 93.7, 74.5, 67.7, 63.6, 50.8, 32.3, 23.2, 15.0.


exo-11b : 1H NMR (300 MHz, CDCl3): d� 8.02 ± 7.94 (m, 2 H, ArH), 7.75
(m, 3 H, ArH), 4.80/4.66 (AB system, J� 7.2 Hz, 2 H, OCH2O), 3.86 (d, J�
3.0 Hz, 1 H, H4), 3.79 (m, 1H, H6), 3.50 (m, 3H, H5, OCH2CH3), 2.70 (m,
1H, H5), 2.55 (m, 1H, H8), 2.33 (m, 1 H, H8), 2.26 (m, 1 H, H7), 1.55 (s, 3H,
CH3), 1.21 (t, J� 7.0 Hz, 3H, OCH2CH3); HRMS (FAB� ): calcd for:
351.1266; found: 351.1254 [M�H]� .


2-Methyl-4-phenylsulfonyl-6-(triisopropylsiloxy)bicyclo[3.3.0]oct-1-en-3-
one (11 c): When method B was used, treatment of 3 c (59 mg, 0.14 mmol)
with [Co2(CO)8] (55 mg, 0.16 mmol) and Me3NO ´ 2H2O (108 mg,
0.98 mmol) afforded, after chromatographic purification (hexane/ethyl
acetate 10:1), endo-11c (39 mg, 63%, colourless oil) and exo-11c (4 mg,
7%, colourless oil).


endo-11c : 1H NMR (300 MHz, CDCl3): d� 7.98 ± 7.95 (m, 2H, ArH), 7.69 ±
7.55 (m, 3 H, ArH), 4.61 (m, 1H, H6), 4.05 (d, J� 4.2 Hz, 1H, H4), 3.50 (m,
1H, H5), 2.50 (m, 2H, H8), 2.21 (m, 2H, H7), 1.69 (s, 3H, CH3), 0.99 (s,
21H, TIPS); 13C NMR (50 MHz, CDCl3): d� 198.7, 180.2, 138.8, 133.8,
132.9, 129.2, 128.8, 70.8, 67.8, 52.2, 35.9, 23.1, 17.9, 12.3; MS (70 eV, EI): m/z
(%): 405 (100), 265 (2), 255 (2), 191 (3), 125 (8), 91 (4), 77 (9); HRMS
(FAB� ): calcd for: 449.2181; found: 449.2182 [M�H]� .


exo-11c : 1H NMR (300 MHz, CDCl3): d� 7.99 ± 7.94 (m, 2 H, ArH), 7.67 ±
7.54 (m, 3 H, ArH), 4.61 (m, 1H, H6), 4.11 (m, 1H, H4), 3.55 (m, 1 H, H5),
2.64 (m, 2 H, H8), 2.22 (m, 2H, H7), 1.66 (s, 3H, CH3), 1.01 (s, 21 H, TIPS);
13C NMR (50 MHz, CDCl3): d� 199.0, 180.2, 138.5, 133.9, 131.9, 129.2,
128.9, 70.9, 67.9, 52.3, 35.7, 23.2, 18.0, 12.3; MS (70 eV, EI): m/z (%): 405
(100), 391 (48), 265 (3), 255 (3), 191 (4), 91 (6), 77 (14); HRMS (FAB� ):
calcd for: 449.2181; found: 449.2175 [M�H]� .


7,7-Dimethyl-6-hydroxy-4-(phenylsulfonyl)bicyclo[3.3.0]oct-1-en-3-one
(13 a): When method C was used, treatment of 5a (50 mg, 0.18 mmol) with
[Co2(CO)8] (68 mg, 0.20 mmol), Me3NO ´ 2H2O (140 mg, 1.26 mmol) and
4 � molecular sieves (400 mg) afforded endo-13a and exo-13a (33 mg,
60%) as an inseparable endo/exo mixture (80/20). 1H NMR (200 MHz,
C6D6): d� 8.23 (m, 2 H, ArH), 8.17 (m, 2 H, ArH), 7.00 (m, 6H, ArH), 5.56
(m, 1H, H2 endo), 5.44 (m, 1H, H2 exo), 4.38 (d, J� 4.5 Hz, 1H, H6 endo),
4.04 (m, 1 H, H5 endo), 3.66 (m, 1 H, H6 exo), 3.51 (m, 1 H, H4 endo), 3.46
(d, J� 5.0 Hz, 1 H, H5 exo), 3.10 (m, 1H, H4 exo), 1.75 (m, 4 H, H8
endo�exo), 0.90 (s, 3H, CH3), 0.85 (s, 3 H, CH3), 0.71 (s, 3H, CH3), 0.69 (s,
3H, CH3); 13C NMR (50 MHz, CDCl3): d� 197.8, 196.5, 186.6, 182.1, 138.5,
137.6, 134.4, 134.0, 129.5, 129.2, 129.0, 125.8, 125.2, 82.0, 77.1, 73.9, 78.5, 53.0,
52.2, 46.1, 43.5, 41.7, 39.8, 29.6, 28.1, 23.6, 23.3; HRMS (FAB� ): calcd for:
307.1004; found: 307.1014 [M�H]� .


7,7-Dimethyl-6-ethoxymethoxy-4-(phenylsulfonyl)bicyclo[3.3.0]oct-1-en-
3-one (13 b): When method B was used, treatment of 5 b (67 mg,
0.20 mmol) with [Co2(CO)8] (75 mg, 0.22 mmol) and Me3NO ´ 2H2O
(155 mg, 1.40 mmol) afforded, after chromatographic purification (hex-
ane/ethyl acetate 6:1), endo-13b (34 mg, 47 %, colourless oil) and exo-13b
(18 mg, 25%, colourless oil).


endo-13b : 1H NMR (300 MHz, CDCl3): d� 8.01 ± 7.95 (m, 2H, ArH),
7.71 ± 7.55 (m, 3 H, ArH), 5.85 (m, 1H, H2), 4.72/4.63 (AB system, J�
6.6 Hz, 2H, OCH2O), 4.24 (d, J� 4.2 Hz, 1H, H6), 3.93 (m, 1H, H5), 3.71
(d, J� 4.5 Hz, 1 H, H4), 3.56 (q, J� 6.9 Hz, 2H, OCH2CH3), 2.49 (m, 2H,
H8), 1.24 (s, 3H, CH3), 1.19 (t, J� 6.9 Hz, 3 H, OCH2CH3), 1.15 (s, 3H,
CH3); 13C NMR (75 MHz, CDCl3): d� 197.7, 186.2, 138.7, 133.9, 129.2,
125.2, 96.8, 85.4, 69.1, 64.4, 51.7, 46.4, 40.3, 29.4, 24.3, 15.0.


exo-13b : 1H NMR (300 MHz, CDCl3): d� 8.05 ± 7.99 (m, 2H, ArH), 7.71 ±
7.57 (m, 3H, ArH), 5.88 (m, 1H, H2), 4.96/4.69 (AB system, J� 7.6 Hz, 2H,
OCH2O), 3.96 (d, J� 3.1 Hz, 1H, H6), 3.79 (m, 1H, H5), 3.68 (m, 1H,
OCH2CH3), 3.47 (d, J� 9.7 Hz, 1H, H4), 2.67/2.45 (AB system, J� 18.2 Hz,
2H, H8), 1.26 (s, 3H, CH3), 1.25 (t, J� 6.9 Hz, 3H, OCH2CH3), 1.12 (s, 3H,
CH3); 13C NMR (75 MHz, CDCl3): d� 196.9, 182.6, 139.2, 134.0, 129.3,
126.2, 94.3, 85.2, 63.6, 51.2, 41.8, 28.8, 24.7, 15.0.


7,7-Dimethyl-4-phenylsulfonyl-6-(triisopropylsiloxy)bicyclo[3.3.0]oct-1-
en-3-one (13 c): When method B was used, treatment of 5c (48 mg,
0.11 mmol) with [Co2(CO)8] (51 mg, 0.15 mmol) and Me3NO ´ 2H2O
(85 mg, 0.77 mmol) afforded, after chromatographic purification (hexane/
ethyl acetate 10:1), endo-13c (15 mg, 25%, colourless oil) and exo-13 c
(22 mg, 43%, colourless oil).


endo-13c : 1H NMR (200 MHz, CDCl3): d� 8.00 ± 7.94 (m, 2H, ArH), 7.78 ±
7.54 (m, 3H, ArH), 5.85 (m, 1 H, H2), 4.25 (m, 1 H, H6), 3.99 (m, 2H, H4,
H5), 2.48 (m, 2H, H8), 1.08 (m, 27 H, C(CH3)2, TIPS); 13C NMR (75 MHz,
CDCl3): d� 197.2, 184.5, 138.1, 134.0, 129.3, 126.0, 82.2, 71.3, 52.9, 44.2, 41.8,
28.7, 24.5, 18.3, 13.5; MS (70 eV, EI): m/z (%): 419 (100), 321 (6), 277 (4),
219 (2), 149 (15), 121, (12), 77 (22), 57 (34).


exo-13c : 1H NMR (200 MHz, CDCl3): d� 7.97 ± 7.81 (m, 2 H, ArH), 7.76 ±
7.55 (m, 3H, ArH), 5.89 (m, 1H, H2), 3.86 (m, 1H, H6), 3.67 (d, J� 7.9 Hz,
1H, H4), 3.55 (m, 1 H, H5), 2.43 (m, 2 H, H8), 1.13 (s, 27 H, C(CH3)2, TIPS);
13C NMR (75 MHz, CDCl3): d� 198.1, 184.5, 138.7, 134.5, 129.2, 128.9,
124.9, 80.0, 68.7, 52.6, 47.1, 40.0, 29.3, 24.8, 18.3, 13.8; HRMS (FAB� ):
calcd for: 463.2338; found: 463.2328 [M�H]� .


7,7-Dimethyl-6-hydroxy-2-phenyl-4-(phenylsulfonyl)bicyclo[3.3.0]oct-1-
en-3-one (15 a): When method C was used, treatment of 7 a (88 mg,
0.25 mmol) with [Co2(CO)8] (92 mg, 0.27 mmol), Me3NO ´ 2H2O (194 mg,
1.75 mmol) and molecular sieves (4 �, 704 mg) afforded, after chromato-
graphic purification (hexane/ethyl acetate 1:1), endo-15 a and exo-15a
(71 mg, 75%) as an inseparable endo/exo mixture (76/24). 1H NMR
(300 MHz, CDCl3): d� 8.19 ± 7.95 (m, 4 H, ArH, endo�exo), 7.87 ± 7.21 (m,
6H, ArH, endo�exo), 4.44 (d, J� 3.5 Hz, 1H, H6 endo), 4.08 (m, 1H, H6
exo), 3.92 (m, 1H, H4 endo), 3.91 (m, 1 H, H5 endo), 3.86 (m, 1 H, H4 endo),
3.77 (m, 1 H, H8 exo), 3.59 (m, 1 H, H8 endo), 3.40 (m, 1H, H5 exo), 2.90 (m,
2H, H8 exo), 1.70 (m, 2H endo), 1.34 ± 1.15 (m, endo�exo); 13C NMR
(75 MHz, CDCl3): d� 196.3, 194.9, 180.3, 176.8, 138.5, 136.1, 135.5, 132.0,
134.9, 134.3, 133.9, 130.4, 129.5, 129.0, 128.9, 128.6, 128.4, 128.2, 128.1, 127.2,
81.9, 76.7, 74.4, 68.9, 50.9, 50.1, 46.0, 44.3, 43.4, 41.1, 28.9, 28.0, 23.5, 23.4;
HRMS (FAB� ): calcd for: 383.1317; found: 383.1305 [M�H]� .


7,7-Dimethyl-6-ethoxymethoxy-2-phenyl-4-(phenylsulfonyl)bicy-
clo[3.3.0]oct-1-en-3-one (15 b): When method C was used, treatment of 7b
(30 mg, 0.07 mmol) with [Co2(CO)8] (27 mg, 0.08 mmol), Me3NO ´ 2H2O
(54 mg, 0.49 mmol) and molecular sieves (4 �, 240 mg) afforded, after
chromatographic purification (hexane/ethyl acetate 4:1), endo-15 b and
exo-15b (25 mg, 79%) as an inseparable endo/exo mixture (87:13). 1H NMR
(300 MHz, CDCl3): d� 8.09 ± 8.00 (m, 3 H, ArH endo�exo), 7.77 ± 7.55 (m,
3H, ArH endo�exo), 7.44 ± 7.16 (m, 5 H, ArH endo�exo), 4.77 (m, 4H,
OCH2O endo�exo), 4.45 (d, J� 4.1 Hz, 1 H, H6 endo), 4.15 (m, 1 H, H6
exo), 4.05 (m, 1H, H5 endo), 3.83 (d, J� 4.2 Hz, 1 H, H4 endo), 3.70 (d, J�
4.0 Hz, 1 H, H4 exo), 3.66 (m, 5 H, OCH2CH3 endo�exo, H5 exo), 2.85/2.83
(AB system, J� 16.0 Hz, 2H, H8 endo), 2.70 (m, 2 H, H8 exo), 1.35 ± 1.10
(m, 18 H, endo�exo); 13C NMR (75 MHz, CDCl3): d� 196.3, 195.3, 180.0,
177.1, 138.8, 134.9, 134.0, 130.1, 129.3, 128.9, 128.3, 128.1, 96.8, 95.1, 85.1,
84.5, 70.3, 69.6, 64.5, 63.2, 49.6, 48.0, 46.5, 41.7, 37.5, 29.7, 29.5, 24.4, 15.0;
HRMS (FAB� ): calcd for: 441.1735; found: 441.1747 [M�H]� .


7,7-Dimethyl-2-phenyl-4-phenylsulfonyl-6-(triisopropylsiloxy)bicy-
clo[3.3.0]oct-1-en-3-one (15 c): When method C was used, treatment of 7 c
(63 mg, 0.12 mmol) with [Co2(CO)8] (46 mg, 0.13 mmol), Me3NO ´ 2H2O
(93 mg, 0.84 mmol) and molecular sieves (4 �, 504 mg) afforded, after
chromatographic purification (hexane/ethyl acetate 8:1), endo-15c and
exo-15c (51 mg, 78%) as an inseparable endo/exo mixture (94/6). 1H NMR
(300 MHz, CDCl3): d� 8.04 ± 8.00 (m, 4 H, ArH endo�exo), 7.87 ± 7.55 (m,
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6H, ArH endo�exo), 7.48 ± 7.20 (m, 10 H, ArH endo�exo), 4.36 (d, J�
3.8 Hz, 1H, H6 endo), 4.29 (m, 1H, H6 exo), 4.19 (d, J� 3.7 Hz, 1H, H4
endo), 4.10 (m, 3 H, H5 endo, H4/H5 exo), 2.79/2.84 (AB system, J�
16.9 Hz, 2 H, H8 endo), 2.31 (m, 2H, H8 exo), 1.27 ± 0.99 (m, 58H,
C(CH3)2, TIPS endo�exo); 13C NMR (75 MHz, CDCl3): d� 205.9, 181.1,
140.0, 136.1, 134.0, 131.2, 129.3, 128.9, 128.3, 128.2, 128.1, 79.8, 69.0, 50.6,
47.2, 41.1, 24.9, 22.6, 18.1, 13.8; HRMS (FAB� ): calcd for: 539.2651; found:
539.2644 [M�H]� .


5-Hydroxy-7-(phenylsulfonyl)bicyclo[4.3.0]non-1(9)-en-8-one (19 a):
When method B was used, treatment of 17 a (82 mg, 0.31 mmol) with
[Co2(CO)8] (138 mg, 0.40 mmol) and Me3NO ´ 2H2O (241 mg, 2.17 mmol)
afforded, after chromatographic purification (hexane/ethyl acetate 2:1),
endo-19a (27 mg, 29%, white solid) and exo-19a (18 mg, 20%, white solid).
When method C was used, treatment of 17 a (45 mg, 0.17 mmol) with
[Co2(CO)8] (75 mg, 0.22 mmol), Me3NO ´ 2H2O (131 mg, 1.18 mmol) and
molecular sieves (4 �, 360 mg) afforded, after chromatographic purifica-
tion (hexane/ethyl acetate 2:1), endo-19a (14 mg, 28 %) and exo-19a
(10 mg, 20%).


endo-19a : M.p. 152 ± 153 8C; 1H NMR (200 MHz, CDCl3): d� 7.93 ± 7.89
(m, 2 H, ArH), 7.71 ± 7.52 (m, 3H, ArH), 5.87 (m, 1H, H9), 4.34 (m, 1H,
H5), 4.16 (d, J� 3.2 Hz, 1 H, H7), 3.43 (m, 1H, H6), 2.80 (m, 1H, H2), 2.32
(m, 1H, H2), 2.00 ± 1.73 (m, 4H, H3, H4); 13C NMR (75 MHz, CDCl3): d�
196.3, 179.7, 137.8, 134.1, 129.2, 129.0, 128.2, 68.8, 68.2, 48.3, 31.9, 30.5, 19.6;
HRMS (FAB� ): calcd for: 293.0848; found: 293.0849 [M�H]� .


exo-19a : M.p. 161 ± 162 8C; 1H NMR (200 MHz, CDCl3): d� 7.97 ± 7.90 (m,
2H, ArH), 7.75 ± 7.55 (m, 3 H, ArH), 5.86 (m, 1H, H9), 3.97 (d, J� 2.7 Hz,
1H, H7), 3.47 ± 3.26 (m, 2H, H5, H6), 2.80 (m, 1 H, H2), 2.43 ± 1.30 (m, 5H,
H2, H3, H4); 13C NMR (75 MHz, CDCl3): d� 195.3, 179.9, 137.2, 134.5,
129.5, 129.1, 127.6, 75.0, 71.9, 51.4, 34.1, 30.0, 23.5; HRMS (FAB� ): calcd
for: 293.0848; found: 293.0837 [M�H]� .


5-Ethoxymethoxy-7-(phenylsulfonyl)bicyclo[4.3.0]non-1(9)-en-8-one
(19 b): When method B was used, treatment of 17b (78 mg, 0.24 mmol)
with [Co2(CO)8] (107 mg, 0.32 mmol) and Me3NO ´ 2H2O (188 mg,
1.69 mmol) afforded, after chromatographic purification (hexane/ethyl
acetate 3:1), endo-19b (21 mg, 25 %, white solid) and exo-19b (20 mg,
24%, white solid).


endo-19b : M.p. 108 ± 109 8C; 1H NMR (200 MHz, CDCl3): d� 7.93 ± 7.90
(m, 2 H, ArH), 7.72 ± 7.53 (m, 3 H, ArH), 5.86 (m, 1 H, H9), 4.66/4.58 (AB
system, J� 7.0 Hz, 2 H, OCH2O), 4.16 (m, 1 H, H5), 4.09 (d, J� 3.2 Hz, 1H,
H7), 3.50 (q, J� 7.0 Hz, 2H, CH3CH2O), 3.45 (m, 1 H, H6), 2.82 (m, 1H,
H2), 2.41 ± 1.59 (m, 5 H, H2, H3, H4), 1.17 (t, J� 7.0 Hz, 3H, CH3CH2O);
13C NMR (75 MHz, CDCl3): d� 196.0, 179.5, 138.1, 134.1, 129.1, 129.0,
127.9, 94.3, 74.6, 68.8, 64.0, 47.8, 30.4, 28.8, 20.0, 15.0; HRMS (FAB� ):
calcd for: 351.1266; found: 351.1263 [M�H]� .


exo-19b : M.p. 112 ± 114 8C; 1H NMR (200 MHz, CDCl3): d� 7.90 ± 7.87 (m,
2H, ArH), 7.71 ± 7.51 (m, 3H, ArH), 5.87 (m, 1 H, H9), 4.68/4.59 (AB
system, J� 7.0 Hz, 2H, OCH2O), 3.87 (m, 1H, H7), 3.71 ± 3.50 (m, 2H,
CH3CH2O), 3.34 ± 3.15 (m, 2H, H5, H6), 2.77 (m, 1H, H2), 2.32 ± 2.03 (m,
3H, H2, H4), 1.66 ± 1.35 (m, 2H, H3), 1.18 (t, J� 7.0 Hz, 3H, CH3CH2O);
13C NMR (75 MHz, CDCl3): d� 196.1, 180.5, 138.0, 134.0, 129.3, 128.9,
127.6, 93.5, 80.2, 71.3, 63.7, 50.4, 31.4, 30.3, 24.0, 15.1; HRMS (FAB� ): calcd
for: 351.1266; found: 351.1273 [M�H]� .


7-Phenylsulfonyl-5-(triisopropylsiloxy)bicyclo[4.3.0]non-1(9)-en-8-one
(19 c): When method B was used, treatment of 17c (67 mg, 0.16 mmol) with
[Co2(CO)8] (71 mg, 0.21 mmol) and Me3NO ´ 2 H2O (124 mg, 1.11 mmol)
afforded, after chromatographic purification (hexane/ethyl acetate 5:1),
endo-19c (15 mg, 21%, white solid) and exo-19 c (29 mg, 41 %, white solid).


endo-19c : M.p. 136 ± 137 8C; 1H NMR (200 MHz, CDCl3): d� 7.91 ± 7.87
(m, 2 H, ArH), 7.66 ± 7.52 (m, 3H, ArH), 5.87 (m, 1H, H9), 4.59 (m, 1H,
H5), 4.03 (d, J� 2.7 Hz, 1 H, H7), 3.48 (m, 1H, H6), 2.82 (m, 1H, H2), 2.33
(m, 1 H, H2), 2.09 ± 1.55 (m, 4H, H3, H4), 1.01 (s, 21 H, TIPS); 13C NMR
(75 MHz, CDCl3): d� 196.2, 180.4, 138.1, 134.1, 129.2, 129.0, 127.9, 70.1,
69.0, 49.2, 32.3, 30.6, 19.9, 18.1, 12.7; HRMS (FAB� ): calcd for: 449.2182;
found: 449.2184 [M�H]� .


exo-19c : M.p. 151 ± 153 8C; 1H NMR (200 MHz, CDCl3): d� 7.88 ± 7.72 (m,
2H, ArH), 7.71 ± 7.51 (m, 3H, ArH), 5.84 (m, 1 H, H9), 3.92 (m, 1 H, H7),
3.48 ± 3.35 (m, 2H, H5, H6), 2.74 (m, 1 H, H2), 2.36 ± 1.20 (m, 5 H, H2, H3,
H4), 1.08 (s, 21H, TIPS); 13C NMR (75 MHz, CDCl3): d� 197.2, 181.5,
138.0, 134.2, 129.6, 129.1, 127.4, 77.7, 71.4, 52.8, 35.6, 30.6, 24.6, 18.4, 13.1;


elemental analysis calcd (%) for C24H36O4SSi (420.7): C 64.24, H 8.09, S
7.15; found: C 64.06, H 7.92, S 7.15.


5-Hydroxy-7-phenylsulfonyl-3-oxabicyclo[4.3.0]non-1(9)-en-8-one (20 a):
When method C was used, treatment of 18 a (80 mg, 0.30 mmol) with
[Co2(CO)8] (133 mg, 0.39 mmol), Me3NO ´ 2H2O (234 mg, 2.10 mmol) and
molecular sieves (4 �, 640 mg) afforded, after chromatographic purifica-
tion (hexane/ethyl acetate 1:1), endo-20a (10 mg, 11 %, colourless oil) and
exo-20a (3 mg, 3%, colourless oil).


endo-20a : 1H NMR (200 MHz, CDCl3): d� 7.97 ± 7.93 (m, 2H, ArH), 7.71 ±
7.56 (m, 3H, ArH), 6.03 (m, 1 H, H9), 4.68 (d, J� 13.4 Hz, 1H, H2), 4.31 (m,
1H, H5), 4.23 (d, J� 3.8 Hz, 1H, H7), 4.20 ± 4.04 (m, 2H, H2, H4), 3.83 (d,
J� 11.8 Hz, 1H, H4), 3.71 (m, 1H, H6); 13C NMR (75 MHz, CDCl3): d�
195.4, 169.9, 137.8, 134.4, 129.2, 129.1, 128.8, 71.3, 68.0, 67.9, 67.0, 46.3.


exo-20a : 1H NMR (200 MHz, CDCl3): d� 8.00 ± 7.96 (m, 2 H, ArH), 7.74 ±
7.59 (m, 3H, ArH), 5.97 (m, 1 H, H9), 4.64 (d, J� 14.0 Hz, 1H, H2), 4.20 (m,
1H, H4), 4.15 (d, J� 14.5 Hz, 1 H, H2), 3.99 (d, J� 3.8 Hz, 1 H, H7), 3.69
(m, 1 H, H5), 3.48 (m, 1H, H6), 3.40 (dd, J� 10.2, 11.3 Hz, 1 H, H4);
13C NMR (75 MHz, CDCl3): d� 194.2, 171.1, 136.8, 134.8, 129.6, 129.3,
127.4, 72.4, 71.7, 71.4, 66.1, 49.2.


5-Ethoxymethoxy-7-phenylsulfonyl-3-oxabicyclo[4.3.0]non-1(9)-en-8-one
(20 b): When method C was used, treatment of 18b (33 mg, 0.10 mmol)
with [Co2(CO)8] (45 mg, 0.13 mmol), Me3NO ´ 2H2O (79 mg, 0.71 mmol)
and molecular sieves (4 �, 264 mg) afforded, after chromatographic
purification (hexane/ethyl acetate 4:1), endo-20b (12 mg, 33 %, colourless
oil) and exo-20 b (6 mg, 17%, colourless oil).


endo-20b : 1H NMR (300 MHz, CDCl3): d� 7.95 ± 7.92 (m, 2 H, ArH), 7.70 ±
7.57 (m, 3H, ArH), 5.96 (s, 1H, H9), 4.77/4.69 (AB system, J� 7.0 Hz, 2H,
OCH2O), 4.69 (d, J� 14.1 Hz, 1H, H2), 4.28 (d, J� 13.7 Hz, 1 H, H2), 4.24
(d, J� 3.6 Hz, 1 H, H7), 4.20 (dd, J� 2.2, 12.9 Hz, 1H, H4), 4.06 (m, 1H,
H5), 3.71 (m, 2 H, H4, H6), 3.62 ± 3.51 (m, 2H, OCH2CH3), 1.18 (t, J�
7.0 Hz, 3 H, OCH2CH3); 13C NMR (75 MHz, CDCl3): d� 195.2, 170.9, 137.9,
134.3, 129.2, 129.1, 127.8, 94.6, 73.5, 68.5, 67.8, 66.5, 64.0, 45.1, 14.9.


exo-20b : 1H NMR (300 MHz, CDCl3): d� 7.91 ± 7.88 (m, 2 H, ArH), 7.70 ±
7.56 (m, 3H, ArH), 6.00 (s, 1H, H9), 4.65/4.62 (AB system, J� 7.3 Hz, 2H,
OCH2O), 4.58 (d, J� 12.9 Hz, 1 H, H2), 4.17 (m, 1H, H4), 4.10 (d, J�
13.3 Hz, 1H, H2), 3.91 (d, J� 1.6 Hz, 1H, H7), 3.68 ± 3.41 (m, 5 H, H4, H5,
H6, OCH2CH3), 1.20 (t, J� 7.0 Hz, 3 H, OCH2CH3); 13C NMR (75 MHz,
CDCl3): d� 195.5, 171.9, 137.6, 134.3, 129.3, 129.0, 128.2, 94.7, 78.1, 70.9,
70.2, 66.1, 63.9, 48.4, 15.0.


7-Phenylsulfonyl-5-triisopropylsiloxy-3-oxabicyclo[4.3.0]non-1(9)-en-8-
one (20 c): When method B was used, treatment of 18c (50 mg, 0.12 mmol)
with [Co2(CO)8] (53 mg, 0.15 mmol) and Me3NO ´ 2H2O (92 mg,
0.83 mmol) afforded, after chromatographic purification (hexane/ethyl
acetate 6:1), endo-20 c and exo-20c (27 mg, 50 %, white solid) as an
inseparable endo/exo mixture (58/42). 1H NMR (200 MHz, CDCl3): d�
7.91 ± 7.82 (m, 4 H, ArH, endo�exo), 7.71 ± 7.54 (m, 6H, ArH, endo�exo),
5.94 (m, 2 H, H9 endo, H9 exo), 4.65 (d, J� 13.7 Hz, 1H, H2 endo), 4.53 (d,
J� 12.9 Hz, 1 H, H2 exo), 4.40 (m, 1H, H5 endo), 4.26 (d, J� 14.1 Hz, 1H,
H2 endo), 4.16 (d, J� 3.2 Hz, 1 H, H7 endo), 4.09 (d, J� 10.1 Hz, 1 H, H2
exo), 4.07 (dd, J� 4.0, 11.3 Hz, 1H, H4 exo), 4.01 (dd, J� 2.2, 12.9 Hz, 1H,
H4 endo), 3.90 (d, J� 1.6 Hz, 1 H, H7 exo), 3.75 (d, J� 11.7 Hz, 1H, H4
endo), 3.69 ± 3.61 (m, 2 H, H6 endo, H5 exo), 3.55 (m, 1 H, H6 exo), 3.43 (dd,
J� 9.3, 11.2 Hz, 1 H, H4 exo), 1.08 (s, 21 H, TIPS endo), 1.00 (s, 21H, TIPS
exo); 13C NMR (75 MHz, CDCl3): d� 196.3, 195.6, 172.5, 172.1, 138.0, 137.5,
134.2, 129.4, 129.2, 129.1, 129.0, 128.0, 127.6, 74.2, 72.5, 71.0, 70.7, 69.3, 68.0,
66.4, 66.1, 50.8, 46.8, 18.0, 17.9, 12.7, 12.6; HRMS (FAB� ):calcd for:
451.1974; found: 451.1984 [M�H]� .


Reductive desulfonylation


endo-6-(Ethoxymethoxy)bicyclo[3.3.0]oct-1-en-3-one (endo-10b): Satu-
rated aqueous NH4Cl (7 mL) and a solution of endo-9 b (37 mg, 0.11 mmol)
in THF (3 mL) were sequentially added to a vigorously stirred suspension
of powdered activated Zn (442 mg) in THF (7 mL). The resulting mixture
was stirred at RT for 1 h. The reaction mixture was filtered through Celite
and washed with CH2Cl2. The combined solvents were evaporated, and the
residue was purified by flash chromatography (hexane/ethyl acetate 5:1) to
afford endo-10b (20 mg, 94%, colourless oil). 1H NMR (300 MHz, CDCl3):
d� 5.93 (m, 1H, H2), 4.76/4.59 (AB system, J� 7.1 Hz, 2H, OCH2O), 4.23
(m, 1H, H6), 3.53 (m, 2 H, CH3CH2O), 3.03 (m, 1 H, H5), 2.65 (m, 2 H, H4),
2.44 (m, 2 H, H8), 2.22 (m, 2 H, H7), 1.19 (t, J� 7.1 Hz, 3 H, CH3CH2O);
13C NMR (75 MHz, CDCl3): d� 211.3, 188.6, 125.5, 93.4, 74.8, 63.4, 60.3,
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51.5, 36.5, 32.7, 24.3, 15.0; HRMS (FAB� ): calcd for: 197.1177; found:
197.1174 [M�H]� .


When (4R,5R,6S)-9b was used (instead of the racemic), (5R,6S)-10 b was
obtained. [a]D��90.2 (c� 0.2, CHCl3); ee� 98.5 % (HPLC, Daicel
Chiralcel OD column, hexane/isopropanol 97:3, 0.5 mL minÿ1, tR� 20.8
and 25.8 min).


endo-6-(Triisopropylsiloxy)bicyclo[3.3.0]oct-1-en-3-one (endo-10 c):
Through the same procedure, treatment of endo-9c (91 mg, 0.21 mmol)
with activated Zn (844 mg) afforded, after chromatographic purification
(hexane/ethyl acetate 9:1), endo-10c (57 mg, 93%, colourless oil). 1H NMR
(300 MHz, CDCl3): d� 5.92 (m, 1H, H2), 4.42 (t, J� 3.5 Hz, 1 H, H6), 2.95
(m, 1H, H5), 2.66 ± 2.10 (m, 6H, H4, H7, H8), 1.01 (s, 21 H, TIPS); 13C NMR
(75 MHz, CDCl3): d� 212.1, 189.5, 125.4, 71.1, 53.2, 36.9, 36.5, 24.4, 18.0,
12.3; HRMS (FAB� ): calcd for: 295.2093; found: 295.2093 [M�H]� .


endo-7,7-Dimethyl-6-(ethoxymethoxy)bicyclo[3.3.0]oct-1-en-3-one (endo-
14b): Through the same procedure, treatment of endo-13 b (53 mg,
0.14 mmol) with activated Zn (570 mg) afforded, after chromatographic
purification (hexane/ethyl acetate 5:1), endo-14b (29 mg, 89%, colourless).
1H NMR (300 MHz, CDCl3): d� 5.87 (m, 1 H, H2), 4.66 (m, 2H, OCH2O),
3.66 (d, J� 4.8 Hz, 1 H, H6), 3.60 (m, 2H, OCH2CH3), 3.41 (m, 1H, H5),
2.42 (m, 4 H, H4, H8), 1.18 (m, 9 H, C(CH3)2, OCH2CH3); 13C NMR
(75 MHz, CDCl3): d� 210.9, 188.4, 125.6, 96.0, 84.0, 64.1, 50.0, 46.2, 40.4,
37.3, 29.6, 24.4, 14.9; HRMS (FAB� ): calcd for: 225.1488; found: 225.1490
[M�H]� .


endo-7,7-Dimethyl-6-(triisopropylsiloxy)bicyclo[3.3.0]oct-1-en-3-one (en-
do-14c): Through the same procedure, treatment of endo-13c (47 mg,
0.10 mmol) with activated Zn (408 mg) afforded, after chromatographic
purification (hexane/ethyl acetate 9:1), endo-14c (30 mg, 91 %). 1H NMR
(300 MHz, CDCl3): d� 5.85 (m, 1 H, H2), 4.04 (d, J� 4.8 Hz, 1H, H6), 3.36
(m, 1 H, H5), 2.42 (m, 4H, H4, H8), 1.18 (s, 3 H, CH3), 1.15 (s, 3H, CH3),
1.05 (s, 21 H, TIPS); 13C NMR (75 MHz, CDCl3): d� 211.1, 189.4, 125.1,
80.3, 51.4, 47.0, 40.6, 37.9, 29.4, 24.7, 18.2, 13.5; HRMS (FAB� ): calcd for:
323.2406; found: 323.2408 [M�H]� .
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Scheme 10. a) TMSCl, imidazole, CH2Cl2, RT; b) 1) nBuLi, THF, ÿ78 8C,
2) MeI; c) PCC, Celite, CH2Cl2, RT; d) NaOH/H2O, nBu4N�Iÿ, CH2Cl2,
DMSO, RT; e) Ph3P�CHOMe, Et2O, 0 8C; f) HCl, THF, RT; g) NaH,
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Multipeptide-Metalloporphyrin Assembly on a Dendrimer Template and
Photoinduced Electron Transfer Based on the Dendrimer Structure


Muneyoshi Sakamoto,[a] Akihiko Ueno,[a] and Hisakazu Mihara*[a, b]


Abstract: To construct an artificial pho-
tosynthetic system, peptide dendrimers
[n-(X-HLY)PAMAMs: X�R, E; Y�L,
F; n� 4, 8, 16, 32 and 64 segments], in
which amphiphilic a-helix peptides (X-
HLY: R-HLL, E-HLL and R-HLF)
were introduced at the end groups of
polyamidoamine dendrimers (PAM-
AMs), were designed and synthesized.
The peptide dendrimers 64-(X-HLY)-
PAMAMs are novel synthetic biopoly-
mers with an enormous molecular
weight, about 160 kDa, and with a
regulated amino acid sequence and
three-dimensional conformation. The


peptide dendrimers bound FeIII- or
ZnII-mesoporphyrin IX per two a-heli-
ces; this afforded a multimetallopor-
phyrin assembly similar to the natural
light-harvesting antennae in photosyn-
thetic bacteria. Circular dichroism stud-
ies and peroxidase activity measure-
ments revealed that metalloporphyrins
were coordinated to the peptide den-
drimers in a regulated manner and


packed more densely with the growth
of the dendrimer generation. Fluores-
cence quenching and photoreduction
studies with methylviologen demon-
strated that the photoinduced electron-
transfer function with the peptide den-
drimer-multi-Zn-MP was accomplished
more effectively as the dendrimer gen-
eration increased. Thus, the three-di-
mensional assembly of metalloporphy-
rins and peptides in the dendrimer was
an effective module for light-harvesting
antennae in an artificial photosynthetic
system.


Keywords: dendrimers ´ electron
transfer ´ peptides ´ photochemistry
´ porphyrinoids


Introduction


Photoinduced electron transfer performs one of the most
essential and important processes in photosynthesis. There-
fore, it has been extensively studied for construction of an
artificial photosynthetic system that uses electron transfer as
an alternative energy resource to the dwindling fossil fuels.[1]


In natural systems, the efficient electron-transfer function is
due to supramolecular systems that consist of assemblies of
peptides and functional groups. For instance, the light-
harvesting antennae (LH) of photosynthetic bacteria,[2] in
which many bacteriochlorophylls are assembled and oriented
with a-helix peptides, absorb light energy, migrate, and
transfer the energy to the reaction center where charge
separation occurs.


Numerous attempts have been made to develop such an
artificial supramolecular photosynthetic system, which has
more native-like properties and can remove the complexity of
the natural counterparts, by the construction of de novo
designed peptides[3, 4] and porphyrin-conjugated polymers.[5]


On the other hand, dendrimers have attracted much
attention in the field of polymer chemistry.[6±12] Dendrimers
are hyperbranched, artificial macromolecules with well-de-
fined three-dimensional shapes, and their end groups are
packed more densely as the number of their branch units
increases. Unlike most synthetic macromolecules of linear
chains, dendrimers directly adopt constructs of a higher-
ordered structure. Therefore, their unique structures and
functions have been exploited for molecular catalysts[8] and
functional materials.[9] Particular attention has been focused
on the possiblity of creating artificial photosynthesis modules
from some dendrimers, due to their morphological similarity
to LH.[10]


By using dendrimers as a template to combine de novo
designed protein technologies, the assembly condition of the
peptides and the functionalization may be controlled directly
and exactly. In a previous study,[11] we developed peptide
dendrimers that bound one ZnII-mesoporphyrin IX (Zn-MP)
per 2a-helix peptides equivalently, so that they formed multi-
Zn-MP arrays. From the results of fluorescence studies with
an anionic electron acceptor, naphthalene sulfonate (NSÿ),[10b]
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and a cationic one, methylviologen (MV2�),[10b, 13] it could be
seen that the electron transfer properties were expressed
more effectively with the growth of the dendrimer gener-
ations. By using MV2�, the electron was transferred from
multi-Zn-MP into the peptide dendrimers by dynamic inter-
actions.[11]


In this study, to further examine the electron-transfer
functions of the peptide dendrimer-multimetalloporphyrin
conjugates, three amphiphilic a-helical peptides (X-HLY:
R-HLL, E-HLL and R-HLF) were designed and introduced
at the end groups (4, 8, 16, 32, and 64 segments) of
polyamidoamine dendrimers (PAMAMs)[6] (Figure 1 and
Figure 2, below). The FeIII- or ZnII-mesoporphyrins IX (Fe-
MP or Zn-MP) were each coordinated between 2a-helix
peptides[4, 11] to give a multimetalloporphyrin array (Fig-
ure 1a), which should pack more densely with the growth of
the dendrimer generation. The electron transfer and the
photoreduction of MV2� were also accomplished more
effectively as the dendrimer generation increased. Addition-
ally, their reactivities, which depend on the amino acid
sequence, such as on the hydrophobicity of the porphyrin
binding site, and on the electrostatic field of the peptide-
dendrimer outer shell, were evaluated.


Results and Discussion


Design and synthesis of peptide dendrimers : Synthesis of the
peptide dendrimers was performed by using a domain-ligation


strategy[12] by which the peptide and the template were
prepared separately and then both parts were conjugated by
ligation. The 20-residue peptides (X-HLY: R-HLL, E-HLL
and R-HLF) were designed to take on an amphiphilic a-
helical structure, which should be stabilized by four sets of
Glu-Lys salt bridges (Figure 1b). X (Arg or Glu) was
introduced at the C terminus of the peptides to form an
electrostatic field through the positive guanidinium side chain
of Arg or the negative carboxylate side chain of Glu at the
outer shell of the peptide dendrimers. As an axial ligand of
metalloporphyrin, His was introduced at the tenth position of
the peptide to deploy a porphyrin parallel to the helix axis.
Four hydrophobic residues [2Leu and 2 Y (� 2 Leu or 2 Phe)]
per a helix were arranged to construct a hydrophobic pocket
surrounding the His residues as a porphyrin binding site
(Figure 1c).[4, 11] The two 2 Y (2 Leu or 2 Phe) were employed
to examine the influences of the hydrophobic residues on the
metalloporphyrin coordination and on the electron-transfer
properties through the porphyrin binding. Cys was used at the
N terminus of the peptide to ligate to the outer termini of the
template dendrimer through the thioether linkage. The
peptides, X-HLY, were synthesized by the solid-phase method
by using the Fmoc-strategy[14] and purified with reversed-
phase HPLC (RP-HPLC). The purified peptides were iden-
tified by matrix-assisted laser-desorption ionization time-of-
flight mass spectrometry (MALDI-TOFMS) and amino acid
analysis.


PAMAM dendrimers[6] [outer terminal number (genera-
tion); n� 4 (G0), 8 (G1), 16 (G2), 32 (G3), and 64 (G4)] were


selected as the dendrimer
parts, since these were easy to
handle and their amidoamine
fragments resembled polypep-
tides. To conjugate the peptide
with PAMAM, a chloroacetyl
group was introduced at each
amino terminal group of the
PAMAM, by treating the pep-
tide with N-ethyloxycarbonyl-
2-ethyloxy-1,2-dihydroquino-
line (EEDQ)[15] and chloroace-
tic acid in methanol. Perchloro-
acetylated PAMAMs (n-ClAc-
PAMAMs) were purified by
size-exclusion chromatography
(SEC, Sephadex LH-60/
MeOH) and RP-HPLC, and
identified by MALDI-
TOFMS. Then, X-HLY and n-
ClAc-PAMAMs were com-
bined by the ligation reac-
tion[16] between the thiol side
chain of Cys in X-HLY and the
chloroacetyl group of n-ClAc-
PAMAM. The peptide den-
drimers, n-(X-HLY)PAMAMs
(Figure 2), were purified by
SEC (Sephadex G-50/30 %
AcOH) and RP-HPLC, and


Figure 1. Structure of the peptide dendrimers: a) 64-(X-HLY)PAMAM and multi-M-MP-64-(X-HLY)PAMAM.
b) Amino acid sequences of X-HLY (R-HLL, E-HLL and R-HLF). c) Schematic illustration of metalloporphyrin
(M-MP) coordination to the 2a-helix of the peptide dendrimer.
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identified by MALDI-TOFMS (n� 4, 8) or ultracentrifuga-
tion (n> 8) (Table 1). The sedimentation equilibrium experi-
ments revealed that these dendrimers were dispersed in a
single species with a monomeric molecular weight. The 64-(X-
HLY)PAMAM peptide dendrimers are novel synthetic bio-
polymers with an enormous molecular weight of about
160 kDa and a regulated amino acid sequence and three-
dimensional structure.


Circular dichroism studies : Circular dichroism (CD) studies
revealed that n-(X-HLY)PAMAMs (n� 4, 8, 16, 32, and 64),
and those in the presence of Fe-MP showed a typical a-helical
pattern in a buffer (Figure 3). Table 2 shows the a-helicity of
the peptides in dendrimers estimated from the ellipticities (q)
at 222 nm.[17] The peptide dendrimers, n-(X-HLL)PAMAMs
(X�R, E), with the different generations have similar a-
helical properties (helix content, ca. 50 %) and the addition of
Fe-MP did not alter the a-helix structure (Figure 3a, b). On
the other hand, the a-helicities of n-(R-HLF)PAMAMs were
lower than those of n-(X-HLL)PAMAMs (Figure 3c, dashed
line). By addition of Fe-MP to n-(R-HLF)PAMAMs, the a-
helicities were increased to 40 ± 50 % (Figure 3c, solid line).
These results indicated that the addition of Fe-MP to n-(R-
HLF)PAMAMs stabilized their a-helix structure through the
Fe-MP binding,[4a] and that the dendrimer structure afforded a
similar a helicity so as to produce a-helical peptide dendrim-
ers with the metalloporphyrins.


The Zn-MP coordinated to the peptide dendrimers showed
strong induced CD peaks in the Soret region (Figure 4). In the


presence of the lower-generation peptide dendrimers, 4-(X-
HLY)PAMAMs, the Soret regions of Zn-MP were split into a
negative peak at a longer wavelength and a positive peak at a
shorter wavelength (Figure 4a). The crossover wavelengths
were coincident with those of the Soret absorption maxima,
and the intensities of the positive and negative peaks were
almost equal; this indicated that the induced Soret CDs were
derived from exciton coupling with (Zn-MP) ± (Zn-MP)
interactions. From the split Cotton effect, that is exciton
coupling, Zn-MP-4-(X-HLY)PAMAM conjugates were as-
sumed to form a four-helix bundle structure.[3] In the presence
of the middle generation dendrimers, 8- or 16-(X-HLY)PAM-
AMs, negative CD peaks were diminished to give CD spectra
with a symmetrical shape (Figure 4b, c). These facts suggested


that the Zn-MP molecules in
these peptide dendrimers were
in a pseudospherical environ-
ment due to the dendrimer
architecture, which affords a
more spherical structure with
increased dendrimer genera-
tion. In the presence of the
higher-generation peptide den-
drimers, 32- or 64-(X-HLY)-
PAMAMs, negative CD peaks
were generated again (Fig-


Figure 2. Illustration of the peptide dendrimers, n-(X-HLY)PAMAMs.


Table 1. Characterization of the peptide dendrimers.[a]


n-(X-HLY) R-HLL E-HLL R-HLF
PAMAM Found Calcd Found Calcd Found Calcd


Peptide alone 2281.6 2 279.7 2 254.1 2252.6 2 349.0 2347.7
n� 4 9791.6 9 792.9 9 684.0 9683.2 10 055.5 10063.6
n� 8 19900.9 19 895.6 19 770.0 19763.1 20 552.9 20523.8
n� 16 37500� 2300 40 356 44 600� 2900 39922 47 900� 8200 41444
n� 32 84800� 7700 81 108 98 900� 3700 80242 82 500� 7600 83285
n� 64 155 100� 5700 162 612 173 400� 6000 160 880 149 000� 4200 166 966


[a] The peptides and the peptide dendrimers of lower generations (n� 4, n� 8) were identified by MALDI-
TOFMS. The peptide dendrimers of higher generations (n> 8) were characterized by ultracentrifugation, since
they were difficult to detect by MALDI-TOFMS.


Figure 3. CD spectra in the amide region of 64-(X-HLY)PAMAMs:
X-HLY� a) R-HLL, b) E-HLL, c) R-HLF; alone (dashed line) and in
the presence of Fe-MP (solid line) in 20mm Tris HCl buffer, pH 7.4 at 25 8C.
[64-(X-HLY)PAMAM]� 10 mm (2a-helix conc.), [Fe-MP]� 10mm.
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ure 4d, e). It was assumed that, when the peptides and Zn-
MPs were assembled more densely in the spherical architec-
ture of the peptide dendrimers in higher generations, then the
exciton coupling with (Zn-MP) ± (Zn-MP) interactions was
partially generated again. The differences in the CD shapes
indicated that the orientation of Zn-MPs differed between the
generations. The dendrimers with Fe-MP showed similar
results to those with Zn-MP (data not shown). These results
also suggested that Zn/Fe-MPs were coordinated to the
peptide dendrimers in a regulated manner according to the
dendrimer structure, and packed more densely with the
growth of the dendrimer generation, as suggested by the
peroxidase activity measurements (described below).


UV/Vis titration of metalloporphyrins (Fe-MP binding): To
characterize Fe-MP binding with the peptide dendrimers, UV/
Vis titration of Fe-MP with n-(X-HLY)PAMAMs was carried
out in a buffer.[4] With increasing peptide concentration, an
increase in the Soret band at 404 nm and a decrease in the
band at 370 nm of Fe-MP were observed (Figure 5a). The
binding constant (Ka) was determined from the absorbance
change at 404 nm by using a single-site binding equation and
assuming 1:1 (2 a-helices in the peptide dendrimer/Fe-MP)
complexation (Figure 5a, inset).[18] Data for all the peptide
dendrimers were fitted to this single-site binding equation;
this indicated that the peptide dendrimer bound one Fe-MP
per two a-helices and that the multi-Fe-MP array was
achieved. The Ka values indicated that Fe-MP bound to the
peptide dendrimers efficiently and that the binding affinities
were almost identical at about 1 ± 2� 106mÿ1 in the different
generations of n-(X-HLL)PAMAMs (X�R, E) (Table 3). In
the series of n-(R-HLF)PAMAMs, the binding affinities of
Fe-MP were slightly larger than those of n-(X-HLL)PAM-
AMs. These results suggested that the introduction of a Phe


residue instead of Leu at the hydrophobic binding site of Fe-
MP enhanced the Fe-MP binding, probably through CH-p
interactions between the phenyl group of Phe and the pyrrole
group of porphyrin.[4a]


(Zn-MP binding): To examine the photoinduced electron trans-
fer properties, ZnII-porphyrin was selected[1, 10, 11] and UV/Vis
titration of Zn-MP with n-(X-HLY)PAMAMs was carried out


Table 2. Molar ellipticities [q] at 222 nm and a-helix contents of the peptide dendrimers and those in the presence of Fe-MP.


Molar ellipticity [q]222 [deg cm2 dmolÿ1] (a-helix content [%])[a]


n-(X-HLY) R-HLL E-HLL R-HLF
PAMAM Peptide alone with Fe-MP Peptide alone with Fe-MP Peptide alone with Fe-MP


n� 4 ÿ 16800 (53) ÿ 16000 (51) ÿ 14 300 (45) ÿ 15 700 (50) ÿ 8100 (26) ÿ 12500 (39)
n� 8 ÿ 16700 (53) ÿ 16000 (51) ÿ 16 000 (51) ÿ 15 900 (50) ÿ 10 000 (32) ÿ 12700 (40)
n� 16 ÿ 15100 (48) ÿ 14700 (47) ÿ 15 600 (49) ÿ 16 300 (51) ÿ 10 600 (34) ÿ 12800 (39)
n� 32 ÿ 14500 (46) ÿ 14100 (45) ÿ 15 200 (48) ÿ 16 000 (51) ÿ 10 100 (32) ÿ 13400 (42)
n� 64 ÿ 14500 (46) ÿ 14000 (45) ÿ 15 600 (49) ÿ 16 300 (51) ÿ 12 300 (39) ÿ 16600 (52)


[a] Molar ellipticities and a-helix contents were estimated from CD spectra; [n-(X-HLY)PAMAM]� 10mm (per 2a-helix conc.), [Fe-MP]� 10 mm.


Figure 4. CD spectra in the Soret region of Zn-MP in the presence of n-(X-HLY)PAMAMs: a) n� 4, b) n� 8, c) n� 16, d) n� 32, e) n� 64; R-HLL (solid
line), E-HLL (dotted line), R-HLF (hatched line) in 20mm Tris HCl buffer, pH 7.4 at 25 8C. [Zn-MP]� 5.0mm, [n-(X-HLY)PAMAM]� 7.0mm (2a-helix
conc.).


Figure 5. UV/Vis spectra of M-MP with increasing concentration of 64-(R-
HLL)PAMAM in 20 mm Tris HCl buffer, pH 7.4 at 25 8C. [M-MP]� 5.0 mm.
Insets: Plots of the absorbance change at the Soret absorbance maximum of
M-MP as a function of 64-(R-HLL)PAMAM. a) M�Fe, absorption
maximum� 404 nm. b) M�Zn, absorption maximum� 415 nm.
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by the same method as described for Fe-MP binding. On
addition of the peptide dendrimers, an increase in the Soret
band at 415 nm and a decrease in the band at 403 nm of Zn-
MP were observed (Figure 5b). The binding constant (Ka) was
determined from the absorbance change at 415 nm by using a
single-site binding equation and assuming a 1:1 (2 a-helices in
the peptide dendrimer/Zn-MP) complexation (Figure 5b,
inset). All the peptide dendrimers bound one Zn-MP for
each two a-helices and formed multi-Zn-MP arrays. The Ka


values indicated that Zn-MP bound to the peptide dendrimers
effectively and that the binding affinities to the peptide
dendrimers were almost identical at about 3 ± 5� 105mÿ1 in
the different generations of n-(X-HLL)PAMAMs (X�R, E)
(Table 3). In the series of n-(R-HLF)PAMAMs, the binding
affinities of Zn-MP were also higher than those of n-(X-HLL)-
PAMAMs. These results for Zn-MP coincided with those for
Fe-MP. The affinities of Fe-MP were higher than those of Zn-
MP, probably due to the difference between coordination
states of Fe-MP and Zn-MP to the peptide dendrimers. It is
possible that the stable states are 6-coordinated and 5-coor-
dinated for the Feÿ and Zn-MP, respectively.[4a]


Peroxidase-like activities : In order to examine the catalytic
activity of Fe-MP as regulated by the binding of the peptide
dendrimers, peroxidase-like activity was demonstrated by
following the oxidation reaction of 2-methoxyphenol to its
tetramer, tetraguaiacol (Scheme 1).[4a,b] This reaction is one of
the typical reactions catalyzed by peroxidase or mono-oxy-
genase in the family of hemenzymes. In the design of Fe-MP
conjugated peptides, Fe-MP was fixed in the polypeptide
three-dimensional structure by the bis-His coordination,


Scheme 1. The oxidation of 2-methoxyphenol in the presence of Fe-MP.


similar to natural b-type hemeproteins. Thus, as the peptide
binds Fe-MP more tightly, Fe-MP reacts less readily with a
substrate, such as hydrogen peroxide.[4a,b] The reaction was
initiated by the addition of hydrogen peroxide (0.5mm) to a


solution containing 2-methoxyphenol (10 mm), multi-Fe-MP-
n-(X-HLY)PAMAMs (5.0 mm of Fe-MP, 7.0 mm of the peptide
dendrimers per 2a-helix). In this condition, 80 ± 90 % (4.0 ±
4.5 mm) of Fe-MP was coordinated to the peptide dendrimer.
The determined initial rates (v0) are summarized in Figure 6.


Figure 6. Initial rates (v0) of tetraguaiacol formation catalyzed by Fe-MP
(Fe-MP alone, black) in the presence of n-(R-HLL)PAMAMs (white), n-
(E-HLL)PAMAMs (light gray) and n-(R-HLF)PAMAMs (dark gray) in
0.1m Tris HCl buffer, pH 7.4 at 25 8C. [Fe-MP]� 5.0mm, [n-(X-
HLY)PAMAM]� 7.0mm (2a-helix conc.), [2-methoxyphenol]� 10 mm,
[H2O2]� 0.5mm.


The initial rates of the reactions in the presence of the peptide
dendrimers were suppressed more with the growth of the
dendrimer generation. This result implied that Fe-MPs bound
more tightly when the packing was denser, that is, in the
higher dendrimer generations. Especially, the initial rates of
the reactions in multi-Fe-MP-n-(R-HLF)PAMAMs were
suppressed even at n� 4; this indicated that Fe-MP was
coordinated much more tightly by using Phe at the binding
site.


Fluorescence studies : To examine the photoinduced electron
transfer properties of multi-Zn-MP-n-(X-HLY)PAMAMs,
fluorescence quenching studies were performed by the
addition of methylviologen (MV2�).[10b, 11, 13] Upon excitation
at the Q-band (545 nm), multi-Zn-MP-n-(X-HLY)PAMAMs
emitted fluorescence bands at 584 and 630 nm that were
quenched by the addition of MV2� (Figure 7a). Stern ± Volmer
plots showed that the fluorescence quenching occurred more
strongly with the growth of the generation (Figure 7b).
Table 4 summarizes the Stern ± Volmer constants (KSV) for
the fluorescence quenching study, calculated from the Stern ±
Volmer equation.[19] In each generation, the relative concen-
trations of the 2a-helix and Zn-MP were constant (the
solution contained 5.0 mm of Zn-MP and 7.0 mm of n-
(R-HLL)PAMAM per 2a-helix), in which 65 % of Zn-MP
(3.2 mm) was coordinated to the peptide dendrimers. Conse-
quently, the electron-transfer property was amplified by the
designed dendrimer structure.


In the comparison of the positively charged multi-Zn-MP-
64-(R-HLY)PAMAMs (Y�L, F), the Stern ± Volmer plots
were linear, and the fluorescence quenching with multi-Zn-
MP-64-(R-HLF)PAMAM was more effectively expressed
(1.3 times) than with multi-Zn-MP-64-(R-HLL)PAMAM.
Since the Phe-containing dendrimers bound Zn-MP more


Table 3. Binding constants Ka for the peptide dendrimers with Fe-MP and
Zn-MP.


n-(X-HLY)PAMAM Ka
[a] [105mÿ1]


R-HLL E-HLL R-HLF
Fe-MP Zn-MP Fe-MP Zn-MP Fe-MP Zn-MP


n� 4 13 3.1 12 4.0 19 6.8
n� 8 14 3.5 16 3.9 29 8.6
n� 16 18 4.9 17 3.5 37 7.7
n� 32 20 5.3 21 3.5 37 9.4
n� 64 21 5.3 20 3.4 39 9.8


[a] The binding constants Ka were estimated by UV/Vis spectra titration by
using an single-site binding equation and assuming one metalloporphyrin
to 2a-helices in the peptide dendrimer, in 20 mm Tris HCl buffer, pH 7.4 at
25 8C. [Fe-MP]� [Zn-MP]� 5.0mm.
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Figure 7. a) Fluorescence spectra of multi-Zn-MP-64-(R-HLL)PAMAM
with the addition of MV2� in 20 mm Tris buffer, pH 7.4 at 25 8C. lex�
545 nm. [Zn-MP]� 5.0mm, [64-(R-HLL)PAMAM]� 7.0 mm (2a-helix
conc.), [MV2�]� 0 ± 100 mm. b) The Stern ± Volmer plots for fluorescence
quenching of multi-Zn-MP-n-(R-HLL)PAMAMs: n� 4 (^), n� 8 (^),
n� 16 (~), n� 32 (~), n� 64 (*), and those of 64-(X-HLY)PAMAMs:
E-HLL (*), R-HLF (!) by the addition of MV2� in 20 mm Tris
buffer, pH 7.4 at 25 8C. lex� 545 nm, lem� 584 nm. [Zn-MP]� 5.0 mm,
[n-(X-HLY)PAMAM]� 7.0 mm (2a-helix conc.), [MV2�]� 0 ± 100 mm.


strongly than the Leu-containing dendrimers (Table 3), the
effective Zn-MP binding to a-helix peptides affected the
efficient electron transfer within the same generation of the
dendrimers. The Stern ± Volmer plot for the negatively
charged multi-Zn-MP-64-(E-HLL)PAMAM and MV2� sys-
tem showed a highly efficient fluorescence quenching even at
a lower concentration of MV2�. In contrast, for higher


concentrations of MV2�, the fluorescence quenching was
clearly saturated. Considering the result, this saturation
behavior indicates the binding of MV2� molecules to the
negatively charged surface of the peptide dendrimer by
electrostatic forces.[10b]


To confirm the electrostatic interaction in the ground state,
UV/Vis spectra were measured when MV2� had been
added.[11] In the case of the negatively charged multi-Zn-
MP-64-(E-HLL)PAMAM, the Q-band decreased (by ca.
20 %) evidently due to the addition of MV2� ; this supported
the idea of electrostatic binding between multi-Zn-MP-64-(E-
HLL)PAMAM and MV2� in the ground state. By contrast, in
the case of the positively charged multi-Zn-MP-64-(R-HLY)-
PAMAMs (Y�L, F), UV/Vis spectra were little changed by
the addition of MV2� ; this indicated that MV2� does not have
a strong influence in the ground state of Zn-MP. Consequent-
ly, the electron-transfer mechanisms were different between
the positively charged peptide dendrimer-multi-Zn-MP and
the negatively charged one. That is, electron transfer based on
dynamic interactions occurred in the cationic peptide den-
drimer-multi-Zn-MP and MV2� system, while electron transfer
through electrostatic binding took place in the anionic one.[11]


To examine the reason for the fluorescence quenching
magnification through the dendrimer architecture, the fluo-
rescence lifetime of Zn-MP conjugated with the peptide
dendrimers was measured in the absence of the quencher
MV2�. Table 5 shows the fluorescence lifetime parameters of
Zn-MP conjugated with the peptide dendrimers, in which the
fluorescence decay profiles were analyzed by the double-
exponential equation satisfactorily.[10b] Under these condi-
tions, about 65 % of Zn-MP (3.2mm) was bound to n-(R-
HLL)PAMAMs, which corresponded to the percentage (A1)
of the short-lived species (t1). The fluorescence lifetime (t1) of
Zn-MP coordinated to n-(R-HLL)PAMAMs decreased ac-
cording to the generation increase of the dendrimers [1.8 ns
(n� 4) to 1.2 ns (n� 64)]. With the growth of the dendrimer
generation, Zn-MPs were packed more densely in the peptide
dendrimer, so that the excitation energy might migrate among
the neighboring Zn-MPs and the fluorescence lifetimes were
shortened.[20] The rate constant (kent) for the energy transfer in
the neighboring Zn-MPs and the yield of the energy transfer
(Fent) were estimated by using the equations[21] described in
Table 5. At the highest generation, n� 64, kent was 3.6�
108 sÿ1, which was faster than that of the lowest generation,
n� 4, 0.8� 108 sÿ1, this indicated that the excitation energy
was delocalized in the neighboring Zn-MPs more effectively
with the generation growth. Thus, the yields of the energy
transfer (Fent) were also enhanced by the generation growth.
This delocalization of light energy by intercomplex energy
transfer through the dendrimer architecture was assumed to
induce the effective electron transfer in a similar way to
natural LH.[2] In the case of 64-(R-HLF)PAMAM, 76 % of
Zn-MP (3.8mm) was bound; this corresponded to the fluo-
rescence decay component (t1), and the lifetime was greatly
shortened (0.7 ns, 76.8 %). The rate constant for the energy
transfer (kent� 9.5� 108 sÿ1) was much faster than that for 64-
(R-HLL)PAMAM. These results indicated that Zn-MP was
bound strongly in the Phe-peptide dendrimer, so that the
electron transfer to MV2� was improved.


Table 4. The Stern ± Volmer constants (KSV) of fluorescence quenching by the
addition of MV2� and the parameters of photoreduction of the MV� radical.


Peptide dendrimer MV2� Photoreduction parameters
multi-Zn-MP KSV


[a] [104mÿ1] v0
[b] [10ÿ6mminÿ1] [MV�]10


[c] [10ÿ6m]


Zn-MP alone 0.9 1.1 4.2
4-(R-HLL)PAMAM 0.9 1.6 5.1
8-(R-HLL)PAMAM 0.9 1.8 5.1
16-(R-HLL)PAMAM 1.2 2.2 5.8
32-(R-HLL)PAMAM 1.5 2.3 6.5
64-(R-HLL)PAMAM 1.9 2.6 8.0
64-(E-HLL)PAMAM (4.0)[d] 2.4 6.7
64-(R-HLF)PAMAM 2.4 ±[e] ±[e]


[a] The Stern ± Volmer constants KSV were calculated by the Stern ± Volmer
equation, F0/F� 1 � KSV [MV2�], from fluorescence quenching studies. [b] Initial
rates for accumulation of the MV� radical. [c] Amount of the MV� radical after
10 min irradiation. [d] The constant was estimated in a lower concentration of MV2�


(Figure 7b, dashed line), since the Stern ± Volmer plot with 64-(E-HLL)PAMAM
was saturated at the higher concentration of MV2�. [e] Data were not obtained due
to the precipitation of 64-(R-HLF)PAMAM during the deaeration.
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Photoreduction of methylviologen : In order to know that the
peptide dendrimer-multi-Zn-MP functions as a photosensi-
tizer for the artificial photosynthesis process, accumulation of
the reduced MV� radical was performed by the three-
component photoreduction system shown in Scheme 2.[22]


Scheme 2. The three-component photoreduction system: triethanolamine
as an electron donor (D), the peptide dendrimer-multi-Zn-MP as a
photosensitizer (P), and MV2� as an electron acceptor (A).


When a solution containing triethanolamine, multi-Zn-MP-n-
(X-HLL)PAMAMs (n� 4, 8, 16, 32, 64; X�R, E) and MV2�


was deaerated and irradiated, the solution turned blue
immediately; this indicated the production of MV� radicals
(Figure 8). Figure 9 shows the time-dependent accumulation
of MV� radicals, which was measured by the absorbance at
602 nm (MV� radical, e� 1.37� 104mÿ1 cmÿ1). In the case of
multi-Zn-MP-n-(R-HLL)PAMAMs, the photoreduction of


MV2� was expressed more ef-
fectively with the increase in
the dendrimer generation (Fig-
ure 9a). This result implied that
the three-dimensional assembly
of metalloporphyrin with the
peptide dendrimer functioned
as an effective photosensitizer
in the artificial photosynthetic
system. Table 4 summarizes the
parameters for the production
of MV� radicals and the Stern ±
Volmer constants (KSV) from
the fluorescence quenching
study. In the multi-Zn-MP-n-
(R-HLL)PAMAMs, the photo-
reduction parameters were
comparable to the KSV values;


this indicated that the electron transfer from the peptide
dendrimer-multi-Zn-MP to MV2� would be the rate-deter-
mining step in this system.[1] Unfortunately, the photoreduc-
tion of MV2� by using multi-Zn-MP-n-(R-HLF)PAMAMs
was difficult to estimate due to the formation of precipitates
during the deaeration. In the comparison of the positively
charged peptide dendrimer, multi-Zn-MP-64-(R-HLL)PAM-
AM, and the negatively charged one, multi-Zn-MP-64-(E-
HLL)PAMAM, the photoreduction of MV2� by using the
positive dendrimer was more effectively expressed (1.2 times)


Table 5. Fluorescence lifetimes (t) and molar fractions (A) for the peptide dendrimers-multi-Zn-MP and the
calculated parameters of inter complex energy transfer.


Peptide dendrimer- Lifetime[a] kent
[b] Fent


[c]


multi-Zn-MP t1 [ns] A1 [%] t2 [ns] A2 [%] c2 [108 sÿ1]


Zn-MP alone ± ± 2.1 100.0 1.17 ± ±
4-(R-HLL)PAMAM 1.8 63.5 2.1 36.5 0.87 0.8 0.14
8-(R-HLL)PAMAM 1.8 64.3 2.0 35.7 1.15 0.8 0.14
16-(R-HLL)PAMAM 1.5 64.6 2.3 35.4 1.15 1.9 0.29
32-(R-HLL)PAMAM 1.4 62.4 2.0 37.6 1.20 2.4 0.33
64-(R-HLL)PAMAM 1.2 67.2 2.1 32.8 1.13 3.6 0.43
64-(E-HLL)PAMAM 1.3 60.2 2.1 39.8 1.20 2.9 0.38
64-(R-HLF)PAMAM 0.7 76.8 1.9 23.2 1.02 9.5 0.67


[a] Fluorescence lifetimes were measured by using Zn-MP (5.0 mm) conjugated with n-(X-HLY)PAMAMs (7.0 mm
per 2a-helix conc.) in 20 mm Tris HCl buffer pH 7.4 at 25 8C. lex� 545 nm, lem> 570 nm. Decay profiles were
analyzed by the double exponential equation, If(t)�A1exp(-t/t1) � A2exp(-t/t2). [b] The rate constants (kent) of
energy transfer were calculated with the equation, kent� 1/t1ÿ 1/t0 , in which t0 is the lifetime of the reference
compound, Zn-MP alone (2.1 ns). [c] The yield of the energy transfer (Fent) was calculated with the equation:


Figure 8. Absorption spectra of the MV� radical with multi-Zn-MP-64-(R-
HLL)PAMAM, taken at 0, 1, 2, 3, 5, 7.5, and 10 min under steady state
irradiation in 20 mm Tris HCl buffer, pH 7.4 at 25 8C. To remove
complications, the absorbance of Zn-MP was subtracted.
[triethanolamine]� 330 mm, [Zn-MP]� 5.0 mm, [64-(R-HLL)PAMAM]�
7.0 mm (2a-helix conc.), [MV2�]� 50 mm.


Figure 9. Time-dependent accumulation of the MV� radical under steady
state irradiation: a) with multi-Zn-MP-n-(R-HLL)PAMAMs: n� 4 (^),
n� 8 (^), n� 16 (~), n� 32 (~), n� 64 (*), and Zn-MP alone (�). b) with
multi-Zn-MP-64-(X-HLL)PAMAMs: X�R (*) and X�E (*) in
20mm Tris HCl buffer, pH 7.4 at 25 8C. [triethanolamine]� 330 mm, [Zn-
MP]� 5.0mm, [n-(X-HLY)PAMAM]� 7.0 mm (2a-helix conc.), [MV2�]�
50mm.
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than that with the negative one (Figure 9b). The difference
was attributed to the influence of the electrostatic interaction
in the ground state; that is, the positively charged multi-Zn-
MP-64-(R-HLL)PAMAM does not bind MV2� strongly in the
ground state, while the negatively charged multi-Zn-MP-64-
(E-HLL)PAMAM binds MV2� by an electrostatic interaction.
This interaction maintained the negative peptide dendrimer-
multiÿZn-MP and MV2� in close proximity, so that the back
electron transfer from the reduced MV� radical to the peptide
dendrimer-multi-Zn-MP occurred more easily. These results
indicate that electron transfer based on the relatively dynamic
interaction between the cationic dendrimer and the cationic
MV2� is preferable for the effective accumulation of the
reduced MV� radical.


Conclusion


To construct an artificial photosynthetic system, peptide
dendrimers, in which amphiphilic a-helix peptides were
introduced at the end groups of polyamidoamine dendrimers,
were successfully designed and synthesized. These peptide
dendrimers are novel synthetic biopolymers with an enor-
mous molecular weight, about 160 kDa, and with a regulated
amino acid sequence and three-dimensional conformation
like large-sized proteins. The peptide dendrimers bound
metalloporphyrins per two a-helices; this formed the multi-
metalloporphyrin array. Their electron transfer functions
were accomplished more effectively with the growth of the
dendrimer generation. This magnification of the electron
transfer property was assigned to the fact that metallopor-
phyrins were packed more densely due to the dendrimer
architecture, so that the light energy was delocalized across
the neighboring metalloporphyrins, and then effective elec-
tron transfer occurred in a similar way to in the natural light-
harvesting antennae in photosynthetic bacteria.[2] Addition-
ally, by using MV2� as an electron acceptor, the fluorescence
quenching and the photoreduction with the positively charged
peptide dendrimer were superior to those with the negatively
charged one, in spite of the fact that the cationic peptide
dendrimer did not strongly interact with the cationic MV2� in
the ground state. These results demonstrated that the three-
dimensional assembly of Zn-MP with the peptide dendrimer
was effective for a light-harvesting antennae in an artificial
photosynthetic system, and that electron transfer, according
to the dynamic interaction between the peptide dendrimer-
multi-Zn-MP and viologen, was favorable for the function.
This characteristic is also beneficial to a catalytic cycle. This
approach is important in the development of an artificial
photosynthesis and a novel photo devise. Moreover, photo-
induced hydrogen evolution by using the peptide dendrimer-
multi-Zn-MP-photosynthetic system and the enzyme, hy-
drogenase, was successfully demonstrated by the growth of
the dendrimer generation.[23] Detailed studies are ongoing.


Experimental Section


Materials and methods : All chemicals and solvents were of reagent or
HPLC grade. Mesoporphyrin IX was purchased from Aldrich and was
converted to the Zinc and Ferric complexes by heating under reflux with


excess Fe(OAc)2 or Zn(OAc)2 in acetic acid.[24] Amino acid derivatives and
reagents for peptide synthesis were purchased from Watanabe Chemical
Co. (Hiroshima, Japan). Polyamidoamine dendrimers [Starburst (PA-
MAM) Dendrimers: the number of outer terminal groups (generation);
n� 4 (G0), n� 8 (G1), n� 16 (G2), n� 32 (G3) and n� 64 (G4)] were
purchased from Aldrich. MALDI-TOFMS was measured on a Shimadzu
MALDI-III mass spectrometer by using 3,5-dimethoxy-4-hydroxycinnamic
acid (Aldrich) as a matrix. Ultracentrifugation was performed with a
Beckman OptimaXL machine. Amino acid analyses were carried out by
using phenylthiocarbamyl amino acids on RP-HPLC after hydrolysis of the
peptides at 110 8C, for 24 h in a sealed tube.


Peptide synthesis : a-Helical peptides, X-HLY (R-HLL, E-HLL and
R-HLF); Ac-Cys(Trt)-Ala-Leu-Glu(tBu)-Glu(tBu)-Y-Ala-Lys (Boc)-Lys-
(Boc)-His(Trt)-Glu(tBu)-Glu(tBu)-Ala-Y-Lys(Boc)-Lys(Boc)-Leu-Ala-
Gly-X-NH-Rink Resin [X�Arg(Mtr), Glu(tBu); Y�Leu, Phe; Boc� tert-
butoxy-carbonyl; Trt� trityl ; Mtr� 4-methoxy-2,3,6-trimethyl-benzenesul-
fonyl] were synthesized by the Fmoc solid-phase method[14] by using Fmoc-
protected amino acid derivatives (3.0 equiv), benzotriazole-1-yl-oxy-tris-
(dimethylamino)phosphonium hexafluorophosphate (BOP, 3.0equiv) and
1-hydroxybenzotriazole (HOBt, 3.0equiv) on Rink amide resin (Advanced
Chemtech.). The protecting groups and the resin were removed by stirring
the dried resin with trifluoroacetic acid (TFA), m-cresol, ethanedithiol,
thioanisole, and TMSBr for 1 h at 25 8C. Crude peptides were purified by
RP-HPLC on YMC C4 Pack column (10� 250 mm) by using a linear
gradient of acetonitrile (ACN)/0.1 % TFA (1.0% minÿ1). The peptides were
identified by MALDI-TOFMS and amino acid analysis. MALDI-TOFMS:
R-HLL, 2281.6 [MH]� (calcd 2279.7); E-HLL, 2254.1 [MH]� (calcd
2252.6); R-HLF, 2349.0 [MH]� (calcd 2347.7); amino acid analysis, found
(calcd): R-HLL Ala4.00 (4), Arg1.01 (1), Glu3.69 (4), Gly1.13 (1), His1.17 (1),
Leu4.22 (4), Lys3.76 (4); E-HLL Ala4.00 (4), Glu5.35 (5), Gly1.04 (1), His1.05 (1),
Leu4.11 (4), Lys3.96 (4); R-HLF Ala4.00 (4), Arg1.05 (1), Glu4.15 (4), Gly1.24 (1),
His1.14 (1), Leu2.14(2), Lys4.05 (4), Phe2.02 (2).


Synthesis of perchloroacetylated PAMAMs (n-ClAc-PAMAMs): A so-
lution of PAMAM (number of outer terminal groups n� 4, 8, 16, 32, and
64), N-ethyloxycarbonyl-2-ethyloxy-1,2-dihydroquinoline[15] (EEDQ,
5equiv per amino group in PAMAMs), and chloroacetic acid (5equiv) in
methanol (1.0 mL) was stirred at room temperature under a nitrogen
atmosphere for 1 ± 7 days. To remove excess EEDQ and chloroacetic acid,
the reaction mixture was treated by size-exclusion chromatography (SEC,
Sephadex LH-60/MeOH, Pharmacia Biochemtech.). Then the products
were purified by RP-HPLC (YMC, C4 Pack 10� 250 mm) by using a linear
gradient of ACN/0.1 % TFA (1.0 %minÿ1) and identified by MALDI-
TOFMS. n-ClAc-PAMAM: n� 4, 823.6 [MH]� (calcd 823.6); n� 8, 2065.7
[MNa]� (calcd 2064.7); n� 16, 4483.0 [MH]� (calcd 4480.9); n� 32, 9355.3
[MH]� (calcd 9357.4); n� 64, 19 130.6 [MNa]� (calcd 19133.7).


Synthesis of peptide dendrimers : A solution of the peptides (X-HLY:
R-HLL, E-HLL and R-HLF) and corresponding n-ClAc-PAMAMs (n� 4,
8, 16, 32, and 64; peptide: n-ClAcÿPAMAM� 1.5n :1) in a 0.1m Tris HCl
buffer (pH 8.5) was stirred at room temperature for 48 h under a nitrogen
atmosphere. To remove excess peptide, the reaction mixture was chroma-
tographed by SEC (Sephadex G-50/30 % acetic acid), and then the
products were purified by RP-HPLC (YMC, C4 Pack 10� 250 mm) by
using a linear gradient of ACN/0.1 % TFA (1.0 %minÿ1) and identified by
MALDI-TOFMS or ultracentrifugation (Table 1). Amino acid analysis,
found (calcd): 4-(R-HLL)PAMAM Ala16.0 (16), Arg4.08 (4), Glu16.1 (16),
Gly4.96 (4), His4.32 (4), Leu17.3 (16), Lys15.6 (16); 8-(R-HLL)PAMAM Ala32.0


(32), Arg7.60 (8), Glu32.2 (32), Gly9.28 (8), His8.08 (8), Leu35.0 (32), Lys29.2 (32);
16-(R-HLL)PAMAM Ala64.0 (64), Arg15.5 (16), Glu62.7 (64), Gly19.4 (16),
His16.8 (16), Leu68.9 (64), Lys63.8 (64); 32-(R-HLL)PAMAM Ala128.0 (128),
Arg35.2 (32), Glu118.7 (128), Gly38.0 (32), His35.2 (32), Leu130.2 (128), Lys121.3


(128); 64-(R-HLL)PAMAM Ala256.0 (256), Arg62.1 (64), Glu247.0 (256), Gly71.4


(64), His69.8 (64), Leu288.0 (256), Lys248.3 (256); 4-(E-HLL)PAMAM Ala16.0


(16), Glu21.8 (20), Gly5.60 (4), His4.48 (4), Leu16.7 (16), Lys15.6 (16); 8-(E-
HLL)PAMAM Ala32.0 (32), Glu45.5 (40), Gly8.56 (8), His8.80 (8), Leu33.8 (32),
Lys31.7 (32); 16-(E-HLL)PAMAM Ala72.0 (64), Glu81.6 (80), Gly17.7 (16),
His16.0 (16), Leu70.4 (64), Lys62.6 (64); 32-(E-HLL)PAMAM Ala128.0 (128),
Glu176.0 (160), Gly37.1 (32), His34.6 (32), Leu131.5 (128), Lys128.3 (128); 64-(E-
HLL)PAMAM Ala256.0 (256), Glu374.4 (320), Gly64.3 (64), His71.0 (64), Leu282.9


(256), Lys277.8 (256); 4-(R-HLF)PAMAM Ala16.0 (16), Arg5.08 (4), Glu16.7


(16), Gly5.72 (4), His4.80 (4), Leu10.0 (8), Lys16.4 (16), Phe10.2 (8); 8-(R-
HLF)PAMAM Ala32.0 (32), Arg7.84 (8), Glu35.6 (32), Gly10.9 (8), His8.16 (8),







Metalloporphyrin Dendrimers 2449 ± 2458


Chem. Eur. J. 2001, 7, No. 11 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0711-2457 $ 17.50+.50/0 2457


Leu16.0 (16), Lys30.4 (32), Phe19.4 (16); 16-(R-HLF)PAMAM Ala64.0 (64),
Arg17.9 (16), Glu69.1 (64), Gly21.6 (16), His17.9 (16), Leu34.7 (32), Lys65.4 (64),
Phe39.8 (32); 32-(R-HLF)PAMAM Ala112.0 (128), Arg35.8 (32), Glu128.6 (128),
Gly49.9 (32), His45.1 (32), Leu58.9 (64), Lys127.8 (128), Phe64.0 (64); 64-(R-
HLF)PAMAM Ala256.0 (256), Arg65.9 (64), Glu279.7 (256), Gly92.8 (64), His76.8


(64), Leu127.4 (128), Lys243.2 (256), Phe147.2 (128).


CD measurements : CD spectra were recorded on a Jasco J-720 spectropo-
larimeter by using a quartz cell with a 1.0 mm pathlength in the amide
region (190 ± 250 nm) and 10 mm in the Soret region (300 ± 500 nm). The
preparations of the samples were related as follows. Amide region : The
peptide dendrimers were dissolved in 20 mm Tris HCl buffer, pH 7.4 at
25 8C. [n-(R-HLY)PAMAM]� 10mm per 2a-helix. For the measurements
in the presence of Fe-MP, Fe-MP (10 mm) and the peptide dendrimers
(10 mm per 2a-helix) were dissolved in 20 mm Tris HCl buffer, pH 7.4, and
the samples were equilibrated for 20 min at 25 8C. The Soret region : A
mixture of Zn-MP or Fe-MP (5.0 mm) and the peptide dendrimers (7.0 mm
per 2a-helix) was dissolved in 20mm Tris HCl buffer, pH 7.4, and the
samples were equilibrated for 20 min at 25 8C.


UV/Vis measurements : UV/Vis spectra were recorded on a Shimadzu UV-
3100 spectrophotometer by using a quartz cell with a 10 mm pathlength. Fe-
MP and Zn-MP bindings were measured by titration of the peptide
dendrimer in 20mm Tris HCl buffer, pH 7.4, [Fe-MP]� [Zn-MP]� 5.0 mm.
After the addition of the peptide dendrimers, the samples were equili-
brated for 20 min at 25 8C. The increase of the Soret absorption maxima at
404 nm (Fe-MP) or 415 nm (Zn-MP) with increased 2a-helix concentration
of the peptide dendrimer was fitted to a single-site binding equation.[18]


2-Methoxyphenol oxidation measurements : The 2-methoxyphenol oxida-
tion activity of Fe-MP in the presence or absence of the peptide dendrimers
was assayed by measuring the absorbance of the produced tetramer at
470 nm (e� 2.66� 104mÿ1 cmÿ1).[4a,b] The reaction was initiated by the
addition of hydrogen peroxide (0.5 mm) to a mixture of 2-methoxyphenol
(10 mm), Fe-MP (5.0 mm), and the peptide dendrimer (7.0 mm per 2a-helix)
in 0.1m Tris HCl buffer, pH 7.4 at 25 8C.


Fluorescence measurements : Fluorescence spectra were recorded on a
Hitachi F-2500 fluorescence spectrophotometer with a quartz cell (5�
5 mm). Methylviologen (MV2�, 0 ± 100 mm) was added to a mixture of Zn-
MP (5.0 mm) and the peptide dendrimer (7.0 mm per 2a-helix) in 20mm Tris
HCl buffer, pH 7.4. After each addition of MV2�, the sample was
equilibrated for 20 min at 25 8C. Then fluorescence spectra were measured
upon excitation at the Q-band (lex� 545 nm, lem� 560 ± 700 nm). The
decreases of fluorescence at the peak (584 nm) with increasing MV2�


concentration were fitted to the Stern ± Volmer equation.[19] Fluorescence
lifetime was measured by a time-correlated single-photon counting method
on a Horiba NAES-550 system. A self-oscillating flash lamp filled with
hydrogen was used as a light source. The excitation beam was passed
through the Toshiba KL-54 band path filter (545 nm), and the emission
beam through the Toshiba R-57 cut-off filter (<570 nm removed). The
lifetimes were obtained by deconvolution with a nonlinear least-squares
fitting procedure with a double exponential equation.[10b]


Photoreduction of methylviologen : A mixture of triethanolamine
(330 mm), Zn-MP (5.0 mm), the peptide dendrimer (7.0mm per 2a-helix)
and MV2�(50 mm) in 20mm Tris HCl buffer (pH 7.4) was deaerated by
repeated freeze-pump-thaw cycles and then irradiated by a 500 W Xe lamp
(Ushio Electric Inc, UI-501C) at 25 8C.[22] Light of a wavelength less than
380 nm was removed by a Toshiba L-38 cut-off filter. The reaction was
followed by monitoring the absorbance change of the reduced MV� radical
at 602 nm (e� 1.37� 104mÿ1cmÿ1).[22]
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Synthesis and Separation of Structural Isomers of 2(3),9(10),16(17),23(24)-
Tetrasubstituted Phthalocyanines


Bernd Görlach, Markus Dachtler, Tobias Glaser, Klaus Albert,* and Michael Hanack*[a]


Abstract: The 2(3),9(10),16(17),23(24)-
tetrasubstituted metalphthalocyanines
1 ± 7 (M� In, Ni, Zn) were synthesized,
as mixtures of four different structural
isomers, from the corresponding 4-alk-
oxy-1,2-dicyanobenzenes and the appro-
priate metal salts. Separation of the four
structural isomers was successfully ach-
ieved on a C30 alkyl phase by high-


performance liquid chromatography
(HPLC). The determination of the point
groups of the structural isomers was
carried out for 1 and 3, the composition


of the structural isomers of 4 ± 7 was
accomplished by comparing their reten-
tion times and UV/Vis spectra with the
data of 1 and 3. For the phthalocyanines
8 ± 10 and the naphthalocyanines 11 and
12 only the C4h and D2h isomers could be
separated.


Keywords: HPLC ´ isomer separa-
tion ´ NMR spectroscopy ´ phthalo-
cyanines


Introduction


Phthalocyanines (Pcs) and metalphthalocyanines have been
investigated for many years owing to their high thermal
stability and facile accessibility, as well as their wide
application fields.[1, 2] Even today, phthalocyanines are widely
used as dyes and catalysts; recently they have also found
applications in many fields of material sciences, for example,
as chemical sensors, Langmuir ± Blodgett films, liquid crystals,
in nonlinear optics, and as carrier-generation materials in
near-IR or in photodynamic cancer therapy.[1, 2] Peripherally
alkyl- or alkyloxy-substituted phthalocyanines are soluble in
common organic solvents, among which tetrasubstituted
phthalocyanines have been found to be more soluble than
the corresponding octasubstituted phthalocyanines, because
of their lower degree of order in the solid state.[3] Depending
on the position of the substitutents in the precursor phthalo-
nitriles or the corresponding isoindolines [1(4)- or 2(3)-] , two
structurally different tetrasubstituted systems, the 1(4),8(11),
15(18),22(25)- or 2(3),9(10),16(17),23(24)- tetrakis-substitut-
ed phthalocyanines are possible.[1] In a statistical condensa-
tion reaction of the corresponding substituted phthalonitrile
and a metal salt with a suitable solvent, four structural isomers
are formed in the 1(4)- and 2(3)-series.[4] The symmetries for
2(3)-tetrasubstituted phthalocyanines are shown in Figure 1.


The separation and characterization of these structural
isomers by chromatographic methods (MPLC, HPLC) was
described by us first in 1993 for the separation of the C2v and
Cs isomers of 2(3)-tetra-tert-butylphthalocyaninatonickel.[5] In
the same year we separated all four structural isomers of
1(4),8(11),15(18),22(25)-tetrakis[(2-ethylhexyloxy)phthalo-
cyaninato]nickel(ii).[6] In a more detailed work we reported in
1999 on the formation and distribution of the structural
isomers of 1(4)- and 2(3)-tetraalkyloxy-substituted metal and
metal-free phthalocyanines under different reaction condi-
tions.[7] In contrast to the 1(4)-tetraalkyloxy-substituted
structural isomers which exhibit a perpendicular arrangement
of the substituents to the macrocycle,[8] the structural isomers
of the 2(3)-tetraalkoxy-substituted phthalocyanines, for ex-
ample, 1 ± 10, are much more difficult to separate, both by
MPLC and HPLC. For the first time we were able to achieve a
separation of the structural isomers of 2(3)-tetraalkyloxy-
substituted phthalocyanines with HPLC by applying special
nitrophenyl phases linked by a spacer to the silica surface.[9]


The separation was possible because the large norbornyloxy
group was used as substituent in the Pcs. The determination of
the symmetry of the four isomers (D2h, C4h, C2v, Cs) was
carried out by a combination of 1H NMR, 13C DEPT NMR,
IR, and UV/Vis spectroscopy.[9]


In the present work, we report the separation of all four
structural isomers of different metal and metal-free
2(3),9(10),16(17),23(24)-tetrakis(alkenyloxy)-substituted
phthalocyanines (1 ± 7) by HPLC. The separation of the Pcs
8 ± 10 with the shorter ethyl-, the tert-butyl-, or a cyclic
substituent was successful only for the D2h and C4h isomers. In
the case of the two 3(4),12(13),21(22),30(31)-tetrasubstituted
indium naphthalocyanines 11 and 12 it was only possible to
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separate the D2h and C4h isomers. All separations were carried
out on a C30 column; the structural isomers were characterized
in terms of their symmetry by 1H NMR and UV/Vis
spectroscopy.[6, 9] The C30 column was chosen, because it has
a high shape selectivity and loading capacity and was
successfully used before for the separation of stereoisomers
of Vitamin A derivatives[10] or carotenoids, for example, b-
carotene.[11] To obtain the NMR spectra of the four structural
Pc isomers, an on-line coupling of HPLC and NMR spectro-
scopy was employed;[12] this allows the separation and
characterization of the isomers in a comparatively short time.


Results and Discussion


The syntheses of the investigated 2(3)-tetraalkoxy-substituted
phthalocyanines 1 ± 10 and the 3(4)-tetrasubstituted naphtha-
locyanines 11 and 12 are shown in Scheme 1. To obtain the


4-alkoxyphthalonitriles or the
corresponding diiminoisoindo-
lines[13] the appropriate 4-nitro-
phthalonitriles were treated
with the corresponding alco-
hols. In the case of the alkenyl-
oxy-substituted phthalocya-
nines 1 ± 7, different length of
the substituent was chosen to
verify, if the planned separation
of the structural isomers de-
pends on the length of the
alkenyloxy chains. The 2(3)-tet-
rakis-substituted phthalocya-
nines 1 ± 7 were obtained in
yields between 12.8 % and
65 %.[13] For the preparation of
8 and 9 the corresponding eth-
yl- and cyclooctyloxy-substitut-
ed phthalonitriles were
used.[3, 9] The axially 2(3)-tert-
butyl-substituted indium phtha-
locyanine 10 and 3(4)-tert-bu-
tyl-substituted indium naphtha-
locyanines 11 and 12 were syn-
thesized first by treating
indium(iii) chloride with the
corresponding tert-butyl-substi-
tuted diiminoisoindolines to


form the tetra-tert-butyl-substituted phthalo- and naphthalo-
cyanine indium(iii) chlorides. In a second step the axial
chloride in t-Bu4PcInCl and t-Bu4NcInCl were converted to
10 ± 12 by reaction with the appropriate Grignard reagents at
room temperature in good yields.[14]


All 2(3)-tetrasubstituted phthalocyanines 1 ± 10 and 3(4)-
tetrasubstituted naphthalocyanines 11 and 12 were formed as
four structural isomers.[1, 2, 4] The mixture of the structural
isomers were characterized by 1H NMR, 13C NMR, IR, and
UV/Vis spectroscopy, and mass spectrometry.[6, 9] To obtain
good resolved 1H NMR spectra a dilute solution in CDCl3


(�3 mg per 0.5 mL) was used. However, 2(3)-tetrasubstituted
phthalocyanines and 3(4)-tetrasubstituted naphthalocyanines
exhibit broad signals in the 1H NMR spectra, as known in
general for many substituted phthalocyanines;[9] this not only
causes difficulties for the characterization of the phthalocya-
nines, it also prevents the determination of the symmetry of
these molecules. The broad signals and their high-field shift in
the 1H NMR spectra could be due to aggregation of the
molecules in solution and the very short relaxation times T1


and T2 for phthalo- and naphthalocyanines. This problem has
been solved using very dilute solutions of phthalocyanines for
1H NMR measurements.


A complete separation of all four structural isomers D2h,
C2v, Cs, and C4h (cf. Table 1 and Figure 2) of compounds 1 ± 7
was achieved by HPLC with a C30 stationary phase. The
separation process of the isomers occurs as a result of the
hydrophobic interaction between the dissolved molecules and
the long C30 alkyl chains of the stationary phase. Table 1 shows
the retention times of the 2(3)-tetrasubstituted phthalocya-


Abstract in German: Die Synthese von neuen 2,3-tetraalke-
nyloxy substituierten Phthalocyaninen mit verschieden langen
Alkenylketten und unterschiedlichen Zentralmetallen, sowie
die Separierung der vier Strukturisomere mittels HPLC (C30-
Phase) ist Thema dieser Arbeit. Charakterisierung der einzel-
nen Isomere erfolgte durch 1H NMR- und UV/Vis-Spektro-
skopie. Die Untersuchung des sterischen Einflusses der Sub-
stituenten sowie der Einfluû des Zentralmetalls auf den
Trennprozess und die Isomerenzusammensetzung ist hierbei
von besonderem Interesse.


Figure 1. The four structural isomers of 2(3),9(10),16(17),23(24)-tetrasubstituted phthalocyanines. R� alkyl
group; M�metal.
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nines 1 ± 7. The HPLC separations of 1 and 3 are shown in
Figure 2. For the tetrasubstituted phthalocyanines 8 ± 10 and
naphthalocyanines 11 and 12 a successful separation was only
possible for the D2h and C4h isomers; this is comparable to the
results reported in our previous work.[9] In the case of the
indium phthalocyanines 1 ± 3 and 10 and naphthalocyanines
11 and 12, the symmetry of the isomers is reduced because of
their axial substituent due to the loss of the mirror plane to
D2 , C2 , Cs, and C4 symmetry.


The peripheral substitutents
in the Pcs play the most impor-
tant role in the separation of
the structural isomers by
HPLC. A good separation of
the isomers depends on the
length, or the bulk of the alkoxy
substituent. Normally, if the
chain length is short as in the
case of PcH2(Et)4 (8), or if the
compound possesses cyclic sub-
stitutents as in [Ni{Pc(c-
C8H15O)4}] (9), the C2v and Cs


isomers are not separated com-
pletely from each other. Com-
pounds 8 and 9 show a distinct
shoulder for the C2v isomer in
the common C2v/Cs peak of the
HPLC chromatograms.


The expected statistical dis-
tribution for the 2(3)-tetrasub-
stituted phthalocyanines is
12.5 % D2h, 12.5 % C4h, 25 %
C2v, and 50 % Cs (for the deter-
mination of the point groups,
vide infra). Whether the statis-
tical distribution always occurs
for 1 ± 10 or if the nature of the
side chains influence the statis-
tical distribution must be taken
into consideration. As shown in
Table 2 for the 2(3)-tetrasubsti-
tuted phthalocyanines 1 and 4 ±
6, substituted with the long
undec-10-enyloxy chains, the
statistical distribution has


changed. The formation mechanism of these 2(3)-substituted
phthalocyanines does not follow the expected statistically
controlled route and resembles rather the formation of 1(4)-
substituted phthalocyanines.[7] The steric hinderance of the
alkenyloxy-substitutend phthalonitriles determines the com-
position of the structural isomers of 2(3)-tetrasubstituted
phthalocyanines, during the condensation process of the four
isoindolines units to form the macrocycle.[7] However, the
statistical distribution is valid for the other 2(3)-tetraalken-
yloxy-substituted phthalocyanines 2, 3, and 7 (Table 2), which
contain substituents with shorter chain length. For the
incompletely separated isomers of the substituted phthalo-
cyanines 8 ± 10, the peak area of both isomers D2h and C4h are
the same. The integration of the unseparated peak, which
represents the C2v and Cs isomers, includes 75 % of the total
amount of all isomers and indicates the expected statistical
distribution.


Another important point is the dependence of the separa-
tion of the structural isomers 1 ± 7 on the central atoms.
Compounds 1 and 4 ± 6 contain the same alkenyloxy sub-
stituent (OC11H21), but differ in their central metals, which in
particular play an important role for the solubility of the
macrocyclic systems.[1] The more soluble systems, like


Scheme 1. Synthesis of 2(3),9(10),16(17),23(24)-tetrasubstituted phthalocyanines 1 ± 10 and naphthalocyanines
11 and 12.


Table 1. Retention times t [min] of the complete separated Pcs 1 ± 7 with
the C30 phase and the used eluent mixture.


Pc Eluent C4h (C4) C2v (C2) Cs D2h (D2)
CHCl3/acetone t [min] t [min] t [min] t [min]


1 80:20 10.32 11.41 14.20 30.40
2 70:30 16.12 17.38 20.04 31.10
3 65:35 18.45 20.40 22.30 35.10
4 70:30 20.47 23.08 25.02 40.50
5 70:30 12.23 13.58 16.48 34.30
6 60:40! 100:0[a] 11.25 14.49 22.50 53.40
7 80:20! 100:0[a] 16.51 18.40 20.20 43.12


[a] After the elution of the Cs isomer the eluent was changed to pure CHCl3


to obtain the D2h isomer.
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[InCl{Pc(C11H21O)4}] (1) and
PcH2(C11H21O)4 (4), can be
easily separated and show
shorter retention times than
the 2(3)-tetrasubstituted nickel
phthalocyanines 5 and 6. The
central atoms in 1 and 4 ± 6 have
nearly no influence on the sep-
aration of the structural iso-
mers. To obtain a good separa-
tion in every case only the
polarity of the eluent mixture
must be changed (cf. Table 1).


The separation of the axially
substituted 3(4)-tetra-tert-butylindium naphthalocyanines 11
and 12 into their structural isomers was achived successfully for
the D2 and C4 isomers also on a C30 column; the C2/Cs isomers
were not separated. The elution order of the structural
isomers is the same as in the case of the phthalocyanines 1 ±
10. Integration of the peak area of the unseparated C2/Cs


isomers comprises 75 % of the total amount of all isomers; the
peak area of D2 and ocassionally also C4 amounts to 12.5 %.
The formation of the axially substituted indium naphthalo-
cyanines 11 and 12 with the expected statistical composition
resembles the mechanism of formation of the indium phtha-
locyanines 10. Figure 3 shows the chromatogram of 11. The
main difference between the phthalocyanine 10 and the
naphthalocyanine 11 for the separation of the structural


isomers are the broader peaks
in the chromatogram of the
naphthalocyanine system. The
retention times of the phthalo-
cyanines and naphthalocya-
nines 8 ± 12 are given in Table 3.


The measurements of the
1H NMR spectra were done by
very fast and successfully em-
ployed HPLC/NMR on-line
coupling techniques.[12] For the
determination of the point
groups, the 1H NMR spectra
were recorded by the stopped-
flow method (cf. Figure 4). In
the stopped-flow mode the
valves of the sample unit switch
and the chromatographic run


were stopped as soon as the maximum of the peak is in the
flow cell (indicated by UV detector); the spectra were then
recorded. Another method to obtain the 1H NMR spectra is to
record a continuous-flow spectra (cf. Figure 5). The acquis-
ition of on-line continuous-flow NMR spectra results in a two-
dimensional contour plot of 1H NMR signals of the separated
structural isomers (x axis� 1H chemical shift) against the
retention times (y axis). In this experiment there is only a
short time available for accumulation of transients and
therefore for exposure of a 1H NMR spectra. Figure 5 shows
the two-dimensional continuous-flow contour plot of
[InCl{Pc(C11H21O)4}] (1). As eluent for the separation and
detection, a solvent mixture of acetone and chloroform,
containing 10% CDCl3 for the lock signal, with solvent suppres-


Figure 2. Separation of 1 and 3 with a C30 phase. Flow: 1 mL minÿ1; eluent: CHCl3 and acetone; wavelength for
detection: 358 nm; room temperature.


Table 2. Percentage distribution of the structural isomers of Pc 1 ± 7
achieved with the eluent mixture given in Table 1.


Pc C4h C2v Cs D2h


1 11.5 25.0 59.0 4.5
2 12.3 25.4 50.3 12.0
3 12.4 24.8 51.0 11.8
4 11.0 22.0 61.5 5.5
5 11.5 24.5 58.5 5.5
6 11.0 23.0 60.2 5.8
7 12.2 25.3 50.2 12.1


Figure 3. Separation of 11 with a C30 phase. Flow: 1 mlminÿ1; eluent: CHCl3 and acetone; wavelength for
detection: 358 nm; room temperature.


Table 3. Retention times t [min] of the partial separated phthalocyanines
8 ± 10 and naphthalocyanines 11 and 12 with the C30 phase and the used
eluent mixture.


Pc/Nc Eluent C4h (C4) C2v (C2)/Cs D2h (D2)
t [min] t [min] t [min]


8 CHCl3/acetone 60:40 30.35 32.40 39.10
9 CHCl3/acetone 80:20 5.00 5.60 8.20


10 acetone/methanol 70:30 13.70 15.00 18.00
11 CHCl3/acetone 60:40 14.55 15.58 20.30
12 CHCl3/acetone 60:40 18.20 20.00 25.00
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Figure 4. 1H NMR spectra (600 MHz, 300 K) of the aromatic region of the
separated pure isomers 1a ± d measured by stopped-flow NMR spectro-
scopy.
-


Figure 5. 1H NMR continuous-flow spectra (contour plot, 600 MHz) of the
chromatographic separation (shown in Figure 2) of the structural isomers
of 1 a ± d in acetone/CHCl3 (containing 10% of CDCl3).


sion was used. The concentration of the D2h isomer was too
low to be detected in the continuous-flow spectra, but the
other three isomers could be clearly identified by only one
measurement.


For the determination of the point group of the separated
structural isomers of the 2(3)-tetrasubstituted phthalocya-
nines 1 ± 3 only the aromatic region of the recorded proton
NMR spectra was used. The described spectroscopic method
for the separation and structural elucidation of composition


mixtures enabled us to obtain highly resolved spectra in a
short time. The determination of the composition of the
structural isomers of 4 ± 7 was done by comparison of the
retention times of HPLC and their UV spectra with the data
of the separated isomers of 1 ± 3.


The aromatic region of the recorded 1H NMR spectra of the
phthalocyanines 1 and 3 is used to determine the point group
of the four succsessfully separated structural isomers. Each
phthalocyanine contains four isoindolines units.[9] The split-
ting of the pattern can be explained through a short point-
group discussion. Figure 4 shows the typical pattern of the
aromatic protons for compound 1: H2 (3JHab� 8.8 Hz) is a
doublet, H1 (3JHba� 8.8 Hz) is also a doublet, and H2' appears
as a singlet. In the cases of the D2h and C4h isomers, all
isoindolines units are equal and the pattern of the aromatic
protons is shown only once. The C2v isomer has two different
units that leads to a double signal pattern. In the case for the
Cs isomer, all four units are different and the pattern of the
aromatic protons appears four times for this isomer. Due to
the low chemical shift difference of the aromatic protons of
the four units of the Cs isomer, a signal overlap occurs in the
spectrum. To determine the point groups of the D2h and C4h


isomers that have nearly identical 1H NMR spectra (Figure 4),
the UV/Vis spectra were recorded in CHCl3. Figure 6a shows


Figure 6. UV/Vis spectra of the structural isomers of a) 1 and b) 6 in
CHCl3.
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the UV/Vis spectra of all four structural isomers of 1. The
spectrum with the split Q-band, D� 23 nm, is assigned to the
D2 symmetry and the Cs isomer also shows a small splitting of
the Q-band with D� 9.5 nm. Only the indium phthalocya-
nines 1 ± 3 show the splitting of the Cs isomer and a lower
extinction of the Q-band relative to, for example, the nickel
phthalocyanine 6 (compare Figure 6 b). The split Q-band in
the D2 symmetry is due to the symmetry reduction, which
necessarily means that the phthalocyanines must be planar
and the peripheral substituents do not hinder each other. As
theoretically predicted, the C4 isomer of 1 shows the smallest
width of the Q-band. The maxima of the C2 and C4 isomers at
699.5 nm for 1 are almost equivalent to the D2 and Cs isomers
and represent a mixture of 2(3)-tetrasubstituted phthalocya-
nines. Tables 4 and 5 show the 1H NMR and UV/Vis data of
the separated structural isomers 1 and 3.


Conclusion


In conclusion, we have shown that all four structural isomers
of 2(3)-tetraalkenyloxy-substituted phthalocyanines 1 ± 7 can
be separated by HPLC with a C30 phase. Separation of two
(D2h and C4v) of the four isomers with a short alkyl substituent
8 (R� ethyl), cyclic- 9 (R� c-C8H16) or tert-butyl-substituted
system 10, and the naphthalocyanines 11 and 12 were also
achieved successfully. The determination of the symmetry of
the four structural isomers was carried out by a combination
of 1H NMR measurements and UV/Vis spectroscopy. The
1H NMR spectra (1, 3) of the isomers were recorded by
employing the on-line coupling of HPLC and NMR spectros-
copy with solvent suppression. Due to the low concentration
of the pure isomer of the phthalocyanine in the detection cell,
aggregation of the molecules, which leads to band broadening
and a high field shift of the aromatic signals, is low.


Experimental Section


General : All reactions were carried out under dry nitrogen and all solvents
were dried according to standard methods. Commercially available
reagents were used as purchased. The 4-substituted 1,2-dicyanobenzenes
were synthesized according to reported procedures. NMR spectra were
recorded on Bruker ARX 250 spectrometer. The chemical shifts in these
spectra were measured relative to partially deuterated solvent, which were
recorded relative to TMS. The UV/Vis spectra were taken in CHCl3 using a
Perkin ± Elmer Lamda 2 spectrometer and IR spectra on a Bruker IFS 48.
FD mass spectra were obtained on a Varian MAT711 A. Elemental
analyses were caried out using a Carlo Erba elemental analyzer 1106.


HPLC were carried out by using Beckmann System Gold (Autosampler
507, programmable solvent module 126 and diode array detector mod-
ule 168) and Kornlab systems (Mastercron4 high-performance pump,
Dynamax absorbance detector module UV-1 and Gilson fraction collector
Model 201). All separations were performed on a ProntoSIL C30 column
(Bischoff Chromatography Leonberg Germany, 3 mm particle size, 200 �
pore diameter, 250� 4.6 mm), flow rate 1 mL minÿ1 at 358 nm (B band for


phthalocyanines) and room temperature.


The HPLC ± NMR experiments were
conducted on a Bruker AMX 600
spectrometer equiped with a Bruker
peak sampling unit (BPSU-12) inter-
face and controlled by Bruker HyStar
software. For HPLC an HP1100 sys-
tem (Hewlett ± Packard GmbH)
equipped with a binary pump
G 1312A and a UV detector G1314A
was used. The separations were car-
ried out with a mobile phase of a
mixture of acetone and CHCl3 (con-
sisting 10% of CDCl3) at room tem-
perature. The stopped-flow 1H NMR
and the continuous-flow two-dimen-
sional H,H NMR spectra were record-
ed at 300 K by using an inverse LC-
NMR probe head with a 120 mL de-
tection cell. To suppress the intense
solvent signals of acetone and CHCl3


shaped pulses for low-power presatu-
ration (rectangular pulses with a
length of 100 ms) were created for
1.6 s before applying the first 908 pulse.


The synthesis of phthalocyanines 6
and 8 ± 10 and the naphthalocyanines
11 and 12 have been reported else-
where.[6, 9, 13, 14]


General procedure for the synthesis of
phthalocyanines 2 ± 5 and 7: 1,2-Dicya-
no-4-alkyloxybenzene (0.02 mol) and


a metal salt (0.006 mol of NiCl2, ZiCl2, or InCl3) were dissolved in the
absolute solvent (50 mL: DMF/DMAE, pentanole or quinoline) with five
drops of DBU. The mixture was heated under reflux for serveral hours
(Table 6). After the reaction the solvent was distilled in the cases of 2 and 3
and in the cases of 4, 5, and 7 the reaction mixture was diluted in methanol/
water (90:10) and filtered. The residue was purified by chromatography
over silica gel as shown in Table 6 and recrystallized two times from
dichloromethane/methanol/water.


Table 4. Spectroscopic data for the separated structural isomers of 1 (assignment according to Figure 5).


C4 C2 Cs D2


1H NMR[a]


H2 9.36 (d, J� 8.8 Hz) 9.35 (d, J� 7.8 Hz), 9.32 (m) 9.38 (d, J� 8.8 Hz)
9.32 (d, J� 7.8 Hz)


H2' 8.90 (s) 8.91 (s), 8.89 (s) 8.89 (s), 8,87 (s). 8.95 (s)
H1 7.77 (d, J� 8.8 Hz). 7.76 (d, J� 7.8 Hz). 7.75 (d, J� 8.8 Hz) 7.80 (d, J� 8.8 Hz)


UV/Vis 698.5, 667, 630. 700.5, 667, 631, 706, 692, 666.5, 712, 689, 630,
(CHCl3) [nm] 395, 357 406, 356 632, 396, 355 352


[a] 600 MHz, 300 K, only aromatic region.


Table 5. Spectroscopic data for the separated structural isomers of 3 (assignment according to Figure 5).


C4 C2 Cs D2


1H NMR[a]


H2 9.73 (d, J� 8.1 Hz) 9.68 (d, J� 8.1 Hz) 9.67 (m) 9.63 (d, J� 8.1 Hz)
9.65 (d, J� 8.1 Hz)


H2' 9.28 (s) 9.26 (s), 9.24 (s) 9.25 (s), 9.23 (s) 9.23 (s)
H1 8.21 (d, J� 8.1 Hz) 8.18 (d, J� 8.1 Hz) 8.19 (d, J� 8.1 Hz) 8.11 (d, J� 8.1 Hz)


UV/Vis 699, 664, 630.5, 696, 661, 626.5, 702.5, 696.5, 665, 710, 687.5, 627,
(CHCl3) [nm] 395.5, 356 396, 356 630, 396.5, 355 355


[a] 600 MHz, 300 K, only aromatic region.


Table 6. Experimental data for the preparation of the Pcs 2 ± 5 and 7.


Pc Reaction Solvent Solvent for Yield
time [h] chromatography [%]


2 10 quinoline CH2Cl2/THF 20:1 12.8
3 10 quinoline CH2Cl2/THF 20:1 65.0
4 1 Li-pentanolate/pentanol CH2Cl2/THF 20:1 25.4
5 16 DMF/DMAE 2:1 CH2Cl2/THF 20:1 38.4
7 16 DMF/DMAE 2:1 CH2Cl2/THF 10:1 37.4
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[Tetrakis(hex-5-enyloxy)phthalocyaninato]indium(iii) chloride (2): Dark
green powder; MS (FD): m/z : 1334.7 [M]� ; 1H NMR (CDCl3, 250 MHz):
d� 8.27 (m, 4 H), 7.78± 6.9 (m, 8 H), 5.84 (m, 4 H), 5.09 ± 4.93 (m, 8H), 3.99
(br, 8H), 2.12 ± 1.95 (m), 1.61 ± 1.0 (m); 13C{1H} NMR (CDCl3, 62.9 MHz):
d� 161.4 (m), 150.9 (m), 139.2, 138.8 (m), 129.5 (m), 123.4 (m), 119.1 (m),
114.2 (m), 104.6 (m), 68.8 (m), 33.9, 29.7 (m), 26.3; IR (KBr): nÄ � 3074 (s),
2924 (s), 2835 (s), 1641 (s), 1607 (s), 1487 (s), 1468 (m), 1387 (s), 1339 (s),
1244 (s), 1121 (m), 1094 (s), 1049 (s), 908 (m), 827 (s), 743 cmÿ1 (m); UV
(CHCl3): l� 701, 631, 403, 358 nm; elemental analysis calcd (%) for
C76H96N8O4InC: C 68.33, H 7.24, N 8.39; found C 68.15, H 7.43, N 8.37.


[Tetrakis(undec-10-enyloxy)phthalocyaninato]indium(iii) chloride (3):
Dark green powder; MS (FD): m/z : 1334.7 [M]� ; 1H NMR (CDCl3,
250 MHz): d� 8.27 (m, 4H; H2), 7.78± 6.9 (m, 8 H; H2', H1), 5.84 (m, 8H;
Hj), 5.09 ± 4.93 (m, 4 H; Hk), 3.99 (br, 8H; Ha), 2.12 ± 1.95 (m, Hi, Hb),
1.61 ± 1.0 (m, Hc ± Hh); 13C{1H} NMR (CDCl3, 62.9 MHz): d� 161.4 (C1'),
150.9 (C4,C4'), 139.2 (Cj), 138.8 (C3'), 129.5 (C3), 123.4 (C2), 119.1 (C2'),
114.2 (Ck), 104.6 (C1), 68.8 (Ca), 33.9 (Cb), 29.7 ± 29.0 (Cc ± Ch), 26.3 (Ci);
IR (KBr): nÄ � 3074 (s), 2924 (s), 2835 (s), 1641 (s), 1607 (s), 1487 (s), 1468
(m), 1387 (s), 1339 (s), 1244 (s), 1121 (m), 1094 (s), 1049 (s), 908 (m), 827 (s),
743 cmÿ1 (m); UV (CHCl3): l� 701, 631, 403, 358 nm; elemental analysis
calcd (%) for C76H96N8O4InCl: C 68.33, H 7.24, N 8.39; found C 68.15, H
7.43, N 8.37.


Tetrakis(undec-10-enyloxy)phthalocyanine (4): Dark blue-green powder;
MS (FD): m/z : 1186.5 [M]� ; 1H NMR (CDCl3, 250 MHz): d� 7.95 ± 7.75 (m,
4H; H2), 7.31 ± 7.21 (m, 4 H; H2'), 7.05 ± 6.83 (m, 4H; H1), 5.69 ± 5.85 (m,
4H; Hj), 5.12 ± 4.99 (m, 8H; Hk), 4.03 (m, 8 H; Ha), 2.46 (br, 8 H; Hi), 2.01
(br, 8 H; Hb), 1.69 ± 1.49 (m, 48H; Hc ± Hh), ÿ4.73 to ÿ5.12 (m, 2H;
NÿH); 13C{1H} NMR (CDCl3, 62.9 MHz): d� 160.2 (C1'), 146.8 (C4,C4'),
139.2 (Cj), 136.6 (C3'), 127.9 (C3), 122.5 (C2), 117.5 (C2'), 114.3 (Ck), 103.9
(C1), 68.3 (Ca), 33.9 (Cb), 31.0 ± 29.1 (Cc ± Ch), 26.4 (Ci); IR (KBr): nÄ �
3296 (m), 3076 (s), 2924 (s), 2853 (m), 1641 (s), 1612 (s), 1504 (m), 1487 (m),
1389 (m), 1242 (s), 1121 (m), 1099 (m), 1024 (s), 910 (m), 833 (m), 748 cmÿ1


(s); UV (CHCl3): l� 704, 667.5, 646, 607, 388, 341 nm; elemental analysis
calcd (%) for C76H98N8O4: C 76.86, H 8.32, N 9.43; found C 75.63, H 8.26, N
8.46.


[Tetrakis(undec-10-enyloxy)phthalocyaninato]zinc (5): Violet powder; MS
(FD): m/z : 1248.7 [M]� ; 1H NMR (CDCl3, 250 MHz): d� 8.86 ± 8.74 (m,
4H; H2), 8.39 ± 8.31 (m, 4 H; H2'), 7.53 ± 7.41 (m, 4 H; H1), 5.93 ± 5.81 (m,
4H; Hj), 5.08 ± 4.94 (m, 8 H; Hk), 4.46 (t, 8 H; Ha), 2.13 (br, 8H; Hi), 1.82
(br, 8 H; Hb), 1.62 ± 1.49 (m, 48 H; Hc ± Hh); 13C{1H}-NMR (CDCl3,
62.9 MHz): d� 161.7 (C1'), 152.7 (C4,C4'), 141.2 (C3'), 139.8 (Cj), 132.4
(C3), 123.8 (C2), 118.0 (C2'), 114.7 (Ck), 106.2 (C1), 69.3 (Ca), 34.8 (Cb),
30.8 ± 30.1 (Cc ± Ch), 27.4 (Ci); IR (KBr): nÄ � 3074 (s), 2924 (s), 2853 (s),
1728 (s), 1641 (s), 1607 (s), 1491 (s),1468 (m), 1389 (m), 1339 (s), 1279 (s),
1240 (s), 1121 (s), 1094 (s), 1051 (s), 908 (m), 825 (s), 743 cmÿ1 (m); UV
(CHCl3): l� 680.5, 613.5, 350.5 nm; elemental analysis calcd (%) for
C76H96N8O4Zn: C 72.97, H 7.73, N 8.96; found C 70.46, H 7.47, N 8.75.


[Tetrakis(prop-2-enyloxy)phthalocyaninato]nickel (7): Dark blue-green
powder; MS (FD): m/z : 794.2 [M]� ; 1H NMR (CDCl3, 250 MHz): d�
6.95 ± 6.23 (m, 12H; H2, H2', H1), 6.04 (br, Hb), 5.44 ± 5.25 (br, 8H; Hc),
4.17 (br, 8 H; Ha); 13C{1H} NMR (CDCl3, 62.9 MHz): d� 157.7 (C1'), 140.6
(C4,C4'), 135.2 (C3'), 133.3 (Cb), 126.9 (C3), 120.4 (C2), 117.2 (Cc), 116.3
(C2'), 101.2 (C1), 68.6 (Ca); IR (KBr): nÄ � 3074 (s), 2918 (s), 1722 (s), 1647
(s), 1610 (s), 1533 (m), 1481 (s), 1414 (s), 1352 (m), 1273 (m), 1240 (s), 1124
(s), 1096 (s), 1063 (s), 1016 (m), 955 (s), 820 (s), 750 cmÿ1 (m); UV (CHCl3):
l� 672, 618.5, 380, 328 nm; elemental analysis calcd (%) for C44H32N8O4N:
C 66.44, H 4.05, N 14.09; found C 65.67, H 4.10, N 12.74.
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Towards a Better Understanding of the Magnetic Interactions within
m-Phenylene a-Nitronyl Imino Nitroxide Based Biradicals


Laure Catala,[a] Jacques Le Moigne,[b] Nathalie Kyritsakas,[c] Paul Rey,[d]


Juan J. Novoa,[e] and Philippe Turek*[a]


Abstract: An extensive investigation of
the magnetic properties of three series
of biradicals (bis-nitronyl nitroxides
diNN-R, bis-imino nitroxides diIN-R
and mixed INNN-R, where R is either
hydrogen, a triple bond or trimethylsi-
lylacetylenic group) has been carried out
to give clear values of the intramolecular
interactions through the m-phenylene
coupling unit with a-nitronyl nitroxides
(NN) or a-imino nitroxides (IN). An
EPR study of the molecules in the
isolated state is validated by ab initio
calculations, which show the respective
influence of spin polarisation and mo-
lecular conformation on the singlet ±
triplet gaps. All these results indicate
that the triplet state is the ground state
for such biradicals, except when the


imidazolyl cycles are orthogonal to the
phenyl ring. The magnetic properties of
the biradicals in the solid state can be
rationalised by examination of the short
contacts produced between the ONC-
NO and ONCN groups. EPR studies on
single crystals of the H-substituted series
have confirmed the presence of a struc-
tural distortion for diNN-H whereas
diIN-H and INNN-H do not exhibit
such a peculiarity. The magnetic behav-
iour of diIN-H is described well by a
four-spins model, with a strong intermo-


lecular antiferromagnetic interaction of
ÿ90 K, whereas in the case of the two
other compounds, a supplementary con-
tact involves more complex interactions
between the dimers. The compound
diNN-tmsa exhibits a ferromagnetic in-
termolecular interaction of �11 K with-
in the dimers, and this could be attrib-
uted to the relative disposition of the
imidazolyl rings. Compound diNN-tr
reveals a chain-like behaviour, whereas
diIN-tr shows a predominant antiferro-
magnetic interaction within the dimers.
The values for the intramolecular inter-
actions in the solid state are in good
agreement with those found for the
isolated molecules.


Keywords: biradicals ´ magnetic
properties ´ molecular devices ´
a-nitronyl nitroxide ´ triplet ground
state


Introduction


Much interest has been devoted to the a-nitronyl nitroxide
(NN) radical derivatives in the field of organic molecular
magnetism,[1] since the discovery of the first purely organic
ferromagnet.[2] NN radical derivatives afford a versatile
chemistry provided that they are fairly stable in air at room
temperature. Numerous derivatives have been synthesised
which exhibit a large variety of magnetic behaviours.[3] In
addition to the production of a range of competitive Curie
temperatures, the challenge with these materials is to achieve
a better understanding of the magnetic interactions within
assemblies of so-called open-shell molecules. These interac-
tions can be either intramolecular, when more than one
radical is connected through a chemical coupler, or intermo-
lecular, when an assembly of molecules is considered. The
former strategy consists of the use of a conjugated coupler,
which provides a definite sign of the exchange interaction by a
controlled connectivity of the paramagnetic fragments, and
hence results in a high-spin molecule. Different models have
been proposed to describe and predict the ground states of
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non-Kekule hydrocarbons.[4] These rules can serve as a basis
for the design of high-spin molecules, but they cannot be
extended a priori to hetero-atom-containing radicals and
couplers. Furthermore, it has been shown that the conforma-
tion plays a decisive role in the spin multiplicity of the ground
state.[5] The experimental and/or theoretical study of the
intramolecular magnetic interactions is thus necessary for
each coupler/radical system prior to its use in a larger
assembly within a given synthetic strategy.[6]


The intermolecular strategy is based on using supramolec-
ular engineering tools such as hydrogen bonds or p ± p


stacking in order to give a better predictability of the
structural arrangements.[7] Some examples actually illustrate
the use of these tools,[3b,e, 8] and some results show unequiv-
ocally that the hydrogen bond is able to transmit magnetic
exchange.[3e, 8j] It is obviously necessary to control the
molecular packing within molecular materials designed for
use as molecular magnets, since magnetism is a cooperative
phenomenon. However, it has been shown recently that there
are no relevant rules for the magnetic properties to structure
relationships, the so-called magneto-structural correlations, to
understand the magnetic behaviour of the known molecular
magnets.[9] It is still not possible to get a correct prediction of
the intramolecular/intermolecular magnetic properties of an


isolated molecule/bulk material by examination of the
chemical connectivity/crystal structure only. Some step by
step methodologies have been developed for both strategies,
in order to obtain a better understanding of these complex
phenomena.


We have previously reported the lack of ferromagnetic
coupling within a series of a-imino nitroxide (IN) biradicals
connected through a phenylethynyl coupler.[10] The target of
the present work was to study this coupler connecting
potential spin entities S� 1 instead of spin S� 1�2. The triplet
spins were designed by coupling together IN and/or NN
radicals through the m-phenylene unit. This connectivity is
known to yield a ferromagnetic coupling within such birad-
icals, although some contradictory results have been report-
ed.[11] Therefore, before the design of complex oligoradicals
based on such S� 1 biradicals could be achieved, it was
essential to have a precise understanding of the magnetic
behaviour of the basic S� 1 building block.


We report on the magnetic properties of a series of
biradicals based on a substituted phenyl connected in the
meta position IN and/or NN radicals. In the first part, the
ground state of these biradicals as well as the strength of the
intramolecular magnetic exchange interactions is properly
assessed with EPR experiments and ab initio calculations


Abstract in French: Une eÂtude approfondie des proprieÂteÂs
magneÂtiques a eÂteÂ meneÂe sur trois seÂries biradicalaires (bis-
nitronyl nitroxydes diNN-R, bis-imino nitroxydes diIN-R et
mixte INNN-R, ouÃ R deÂsigne soit un atome d�hydrogeÁne, une
liaison triple ou un groupe trimeÂthylsilylacetyleÂne), afin de
deÂterminer avec preÂcision les valeurs des interactions intramo-
leÂculaires aÁ travers l�uniteÂm-pheÂnyleÁne porteuse de radicaux de
type a-nitronyl nitroxyde et a-imino nitroxyde. L�eÂtude des
moleÂcules aÁ l�eÂtat isoleÂ par la technique de RPE a eÂteÂ valideÂe
par des calculs ab initio, qui ont deÂmontreÂ l�influence respective
de la polarisation de spin et de la conformation moleÂculaire sur
les valeurs de l�eÂcart singulet ± triplet. L�ensemble de ces reÂsultats
a mis en eÂvidence un eÂtat fondamental triplet pour tous les
biradicaux, excepteÂ lorsque les cycles imidazolyles sont ortho-
gonaux au cycle pheÂnyle. Les proprieÂteÂs aÁ l�eÂtat solide ont pu
eÃtre expliciteÂes par des correÂlations magneÂto-structurales
baseÂes sur la consideÂration de contacts courts entre les groupes
ONCNO ou ONCN. Des eÂtudes RPE sur des monocristaux
orienteÂs de la seÂrie de biradicaux non-substitueÂs ont confirmeÂ la
preÂsence d�une distorsion structurale aÁ 30 K dans le cas du
composeÂ diNN-H, tandis que les composeÂs INNN-H et diIN-H
ne preÂsentent pas cette particulariteÂ. Le comportement du com-
poseÂ diIN-H a pu eÃtre correctement deÂcrit par un modeÁle de 4
spins, avec une forte interaction intermoleÂculaire antiferroma-
gneÂtique de ÿ90 K. Le composeÂ diNN-tmsa preÂsente une inter-
action ferromagneÂtique de �11 K au sein de dimeÁres, lieÂe aÁ la
disposition relative des cycles imidazolyle. Un chemin d�eÂchange
au sein de chaînes alterneÂes a eÂteÂmis en eÂvidence pour le composeÂ
diNN-tr, tandis que le composeÂ diIN-tr preÂsente une interaction
antiferromagneÂtique dominante au sein de dimeÁres en teÃte-beÃche.
Les valeurs trouveÂes lors des modeÂlisations des interactions
intramoleÂculaires aÁ l�eÂtat solide sont en accord avec celles
obtenues lors des eÂtudes expeÂrimentales aÁ l�eÂtat isoleÂ.


Abstract in Spanish: Se ha llevado a cabo una investigacioÂn
exhaustiva de las propiedades magneÂticas de tres series de
biradicales (bis-nitronil nitroÂxidos diNN-R, imino nitroÂxidos
diIN-R, mixto INNN-R, con R�hydrogeno, enlace triple o
grupo trimetilsililacetilenico), a fin clarificar la naturaleza y
magnitud de las interacciones magneÂticas intramoleculares que se
producen entre nitronil nitroÂxidos o imino nitroÂxidos a traveÂs de
la unidad acopladora m-fenileno. El estudio EPR de las
moleculas aisladas se ha validado mediante caÂlculos ab initio
que muestran la influencia de la polarizacioÂn de spin y la
conformacioÂn en las separaciones singlete-triplete. Los resultados
indican que, salvo cuando los anillos de imidazolil son ortogo-
nales al anillo fenílico, el estado fundamental de estos biradicales
es el triplete. Las propiedades magneÂticas de los soÂlidos pueden
racionalizarse mirando los contactos cortos que se producen entre
los grupos ONCNO o ONCN. Estudios EPR sobre monocrista-
les de los compuestos de la serie de biradicales H sustituidos
confirman la presecia de una distorsioÂn estructural dentro del
diNN-H, que no existe en el diIN-H o INNN-H. El comporta-
miento magneÂtico del diIN-H estaÂ bieÂn descrito mediante un
modelo de cuatro spines, con una interaccioÂn intermolecular
fuerte de ÿ90 K, mientras que para los otros dos compuestos un
contacto suplementario da lugar a interacciones maÂs complejas
entre los dímeros. El compuesto diNN-tmsa presenta entre los
dímeros una interaccioÂn ferromagneÂtica de �11 K, que puede
atribuirse a la disposicioÂn relativa de los anillos de imidazolil. Por
otra parte, diNN-tr se comporta como una cadena, mientras que
diIN-tr presenta una interaccioÂn predominante antiferromagneÂ-
tica entre sus dímeros. Los valores encontrados para las
interacciones intramoleculares en estado soÂlido son semejantes a
los encontrados para las moleculas aisladas.
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performed in the isolated state. Furthermore, such very close
molecules differing chemically in the substituent on the
phenyl ring, give isostructural compounds in the crystalline
state. Indeed, replacing NN by IN only suppresses one oxygen
atom within the radical moiety. Within such a coherent series
the growth of single crystals was successful. Slight modifica-
tions of some intermolecular contacts result in different
magnetic properties of the bulk materials. The second part of
this paper is thus devoted to the description of the used
methodology. Relevant conclusions on the magneto ± struc-
tural correlations within the different series were therefore
drawn.


Results and Discussion


Preparation of biradicals : Routes to biradicals diNN-R,
INNN-R and diIN-R are summarised in Scheme 1. After a
four-step synthesis, the 5-bromoisophthalaldehyde was ob-
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Scheme 1. i) 2,3-Bishydroxylamine dimethylbutane, MeOH, Ar; ii) NaIO4;
iii) 10 equiv NaNO2; iv) 2 equiv NaNO2.


tained,[12] then transformed into 5-trimethylsilylacetylene
isophthalaldehyde by Sonogashira�s coupling[13] and depro-
tected by K2CO3 in methanol to give the 5-ethynylisophtha-
laldehyde. The diformyl derivatives were treated with bishy-
droxylamine[14] in a procedure which afforded high yields of
pure precursors, and the desired NN-based biradicals were
obtained after standard oxidation procedure with NaIO4 in a
dichloromethane/water mixture.[15] The deoxygenation of one
or two NN radicals of diNN-R compounds to give the INNN-
R and diIN-R compounds was achieved by addition of NaNO2


(2 and 10 equivalents, respectively, following the reaction by
TLC), in an acidified dichloromethane/water mixture. Single


crystals were obtained for all compounds (except for diIN-
tmsa and INNN-tr) by slow evaporation or diffusion in a
dichloromethane/hexane mixture.


Intramolecular magnetic properties : The EPR spectra of the
diNN-R series in fluid solutions are best resolved in dilute
acetone solutions (Figure 1a). The individual components of
the expected nine-line pattern are broadened by dipolar
through-space interactions, owing to the through-space prox-
imity of the radicals. Assuming the strong exchange limit, that
is, the exchange interaction between radical fragments, J is
much larger than the hyperfine coupling constant (hfcc).[16]


The experimental spectra are reproduced well with the hfcc
for the four equivalent 14N nuclei, aN� 3.70 G, with the
average g value, g� 2.0067, and a Lorentzian/Gaussian ratio,
r� 0.5, for the lineshape of the individual components of
peak-to-peak linewidth, DBpp� 3 G. The EPR spectrum of the
INNN-R compounds exhibit a poorly resolved eight-line
spectrum in acetone (Figure 1b). This spectrum can be
reproduced assuming the strong exchange limit within a set
of four interacting 14N nuclei, with two equivalent 14N nuclei
within the NN fragment with aN� 3.75 G, and the IN radical


Figure 1. EPR spectra and simulations (dotted line) of diluted (10ÿ4m)
biradicals in acetone: a) diNN-tr ; b) INNN-H ; c) diIN-H.
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fragment with two unequivalent nuclei with aN1� 4.5 G, and
aN2� 2.2 G (DBpp� 3 G, r� 0.5). The diIN-R solutions (Fig-
ure 1c) are reproduced reasonably well assuming the overlap
of: i) a bis-imino nitroxide biradical within the strong
exchange limit with aN1� 4.50 G, aN2� 2.23 G (DBpp� 2.2 G,
g� 2.0061); ii) a fraction of a purely dipolar component
(gaussian, DB� 12 G, for example, 10 % within the diIN-H
compound in Figure 1c); and iii) a fraction of uncoupled
biradical, for example, 10 % monoradical for the diIN-H
compound with aN1� 9 G, aN2� 4.5 G (DBpp� 2.2 G, g�
2.0061). It is worth noticing that this type of biradical is very
sensitive to the conformational modifications such as to
nearly interrupt coupling between the radical entities, where-
as only strong exchange was observed for the two other
families of compounds.


The effect of conformation on intramolecular exchange is
well illustrated by the EPR solution spectra obtained in THF.
These are not affected in the case of diNN-R compounds.
However, the decoupling of the radical fragments is clearly
observed for the diIN-R and INNN-R compounds (Fig-
ure 2a,b). The spectrum of an IN monoradical is solely
observed for the diIN-R derivatives (Figure 2a).


A satisfactory simulation of the solution spectra of the
INNN-R derivatives (Figure 2b) is obtained assuming the


Figure 2. EPR spectra and simulations (dotted line) of diluted (10ÿ4m)
biradicals in THF: a) diIN-tmsa ; b) INNN-tmsa.


overlap of the spectrum of: i) an IN monoradical (aN1� 9 G,
aN2� 4.5 G, DBpp� 1 G, g� 2.0061); ii) an NN monoradical
(aN� 7.3 G, DB� 1 G, g� 2.0067); and iii) 10 % of a dipolar
component with DBpp� 12 G. Therefore, it is suggested that
THF has a peculiar solvation effect, and this effect gives rise
to a larger twist of the IN ring with respect to the phenyl ring.
The presence of a bulkier NN radical prevents this solvation
effect. The present observations agree with the previously
reported EPR spectra for IN/NN biradical series, which are
not affected within the bulkier 2-MeTHF.[15]


The frozen solutions have been studied for the nonsubsti-
tuted series in a dichloromethane/xylene 1:1 mixture, and in a
2-MeTHF for diNN-H in order to compare the values with the
reference data.[15] In order to access a larger temperature
range for the studies, the dilution of the biradicals within a
polystyrene matrix has also been carried out. All the EPR
spectra exhibit fine structure components as expected for
these biradicals. Moreover, a half-field signal (ªforbiddenº
DMS�� 2 transition) is observed for all compounds, and thus
demonstrates the biradical nature of these compounds. The
zero-field splitting (ZFS) parameters are reported in Table 1


in magnetic field units (D',E'). In the case of diNN-R, the ZFS
parameters are similar in a polystyrene matrix and in frozen
solutions. Therefore, we may infer the same conformation
within both media. Additional fine structure components are
observed within the polystyrene matrix for the biradicals with
one or two IN radicals. These are attributed to the two
possible positions for the NO group, when flipping by 1808
about the five-membered ring. From examination of the D'
values for compounds with different substituents R�H, tmsa,
tr, it may be concluded that these do not strongly affect the
overall conformation of the biradicals.


Interestingly, the J values previously reported for diNN-H
are in disagreement.[11] Alternatively, the singlet ± triplet gap
values assessed are J/kB >100 K,[11a] J/kB �0 K[11b] or
J/kB�23 K, respectively.[11c] The last value is the best accepted
estimation, since it reports on a state close to the isolated
molecule. In the present work, this value has been checked,
and the intramolecular exchange interaction has been as-


Table 1. Zero field splitting parameters estimated from the EPR spectra of
the biradicals diluted into frozen solution or in polymer matrix. The
observation of another molecular conformation and the corresponding
parameters are marked by an asterisk. The total number of lines is reported
as N.


Compound Type of matrix N D'/Gauss E'/Gauss


diNN-H MeTHF 4 94� 5 4
xylene/CH2Cl2 4 98� 5 1
polystyrene 4 105� 5 5


diIN-H xylene/CH2Cl2 4 90� 2 3
polystyrene 6 90� 2, 58� 2* 4


INNN-H xylene/CH2Cl2 4 67� 4 3
Polystyrene 6 144� 5, 69� 2* 2


diNN-tr xylene/CH2Cl2 4 111� 5 0
diIN-tr xylene/CH2Cl2 4 90� 2 4
diNN-tmsa xylene/CH2Cl2 4 111� 5 0
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sessed within the biradical derivatives from the careful
recording of the temperature dependence of the EPR
susceptibility, cEPR, taking into account the difficulties dis-
cussed by various authors.[17] In most cases, the temperature
dependence of the peak-to-peak amplitude, App, of the half-
field signal is representative of the evolution of cEPR versus
temperature, since no signal distortion is observed throughout
the studied temperature range. Moreover, a similar behaviour
has been shown from the study of the integrated EPR
susceptibility for both the DMS�� 2 and the DMS�� 1
absorption lines, as shown in Figure 3c. The data are fitted to


Figure 3. Temperature dependence of the EPR magnetic susceptibility (cT
product) determined with the use of various parameters (* peak-to-peak
amplitude AppT for the DMs�� 1 line, D peak-to-peak amplitude AppT for
the DMs�� 2 line; & integrated intensity cEPRT for the DMs�� 2 line):
a) diNN-H compound, diNN-tr ; b) INNN-H ; c) diIN-H.


the well-known Bleaney ± Bowers law for two interacting S�
1�2 spins.[18] First of all, the triplet ground state is found for all
compounds. This ascertains the transmission of ferromagnetic
exchange coupling through the m-phenylene unit between the
present IN/NN radical fragments. The values of the singlet ±
triplet (ST) gap is estimated as J/kB� 36� 10 K for diNN-H in
a polystyrene matrix, J/kB� 23� 5 K for diNN-tr in a
dichloromethane/xylene solution, J/kB� 19� 6 K for INNN-
H and J/kB� 10� 5 K for diIN-H both in a polystyrene
matrix. The S ± T gap obtained for diNN-R is fairly close to
the previously reported ªbestº estimation for the diNN-H.[11c]


A hierarchy is noticed for J within the series of biradicals in
the order J(diIN-R)< J(INNN-R)< J(diNN-R). However,
the exchange interaction may be significantly affected by
the molecular conformation as already discussed for the fluid
solutions. In order to confirm the observed trend, ab initio
calculations have been performed. These calculations allow
the estimation of the respective roles of spin polarisation and
conformation on the J value, as reported below.


Ab initio calculations : The values of the computed S ± T gaps
are obtained by broken symmetry[19] density functional
computations, using the B3LYP nonlocal exchange-correla-
tion functional and the 3-21g* basis set (as implemented in
Gaussian 98[20]). This approach has been used in other work
aimed at computing the S ± T gaps in dimers,[21] and its
foundations have been largely discussed.[22] Before extending
this approach to organic biradicals, we have tested its quality
by checking that it reproduces the values and trends predicted
by GVB-ROHF and CASSCF computations[23] on similar m-
phenylene nitroxide (1 b, R�HNO.) and methylene biradi-
cals (1 c, R�CH2


.). Our results, reported in Table 2 together


with the literature results, show the good qualitative agree-
ment obtained. In addition, the S ± T gap has been computed
for the 1,3-bis(tert-butyl nitroxide)benzene (1 d, R� tBuNO.)
when a 308 dihedral angle is present between the phenyl and
the NO groups. The broken symmetry B3LYP computed
value of 240 K is found to be in good agreement with the
reported experimental values for molecules based on this
biradical.[24]


After establishing the reliability of the computational
method, we performed calculations on the three compounds
of interest, diNN-H, INNN-H and diIN-H. The molecular
geometry of the molecules is that found in the crystal. The
conformation of the three molecules is similar, with a dihedral
angle between the five and six-membered rings close to 308. In
the INNN-H compound, we only studied the conformation in
which the NO group of the IN fragment is placed pointing
towards the NN group (that is, in an internal position O3).


Table 2. Singlet ± triplet gaps and spin density on the C2 aromatic carbon
for m-phenylene with two nitroxides (HNO.) or methylene (CH2


.) by
B3LYP, GVB[23] or CASSCF[23] computations.


R R


C2
1


Dihedral
angle


R�HNO. R�HNO.


B3LYP/GVB[23] 1C2 B3LYP/GVB/CASSCF[23] 1C2


0 617/141 ÿ 0.151 3726/1384/5415 ÿ 0.325
30 402/90 ÿ 0.126 2572 ÿ 0.313
60 67/15 ÿ 0.063 381 ÿ 0.254
90 ÿ 15/ÿ 38 ÿ 0.022 ÿ 200/ÿ 130/ÿ 90 ÿ 0.150
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The results of these computations, reported in Table 3, show
that the triplet state is the ground state in the three compounds
at their crystal geometry. The computed S ± T gaps are of the
order of magnitude of the experimental values, with the
hierarchy: diNN-H (J/kB� 94 K)> INNN-H (J/kB� 38 K)>
diIN-H (J/kB� 11 K). These values are proportional to the
size of the spin polarisation found in these molecules,
measured by the size of the atomic spin population on the
Ca atom of the five-membered ring, larger in the NN than in
the IN ring. This is also reflected by the spin density spread
over the phenyl ring, and is even greater when the radicals
connected are NN (see the atomic spin population, 1C2, borne
by the C2 atom of the phenyl ring, that to which the five-
membered rings are attached, reported in Table 3). However,


the variation of the strength of the intramolecular interactions
can not be attributed solely to the spin polarisation effect, as
the S ± T gap is known to depend in similar biradicals on the
changes in the values of the torsion angle of the radical cycles
with respect to the phenyl ring. As the geometry of the
isolated biradicals in the solution media is not known
experimentally, we have to evaluate the variation of the
S ± T gap with the torsion angle between the five and six-
membered rings for all conformations which are energetically
available to the biradical at room temperature. We computed
the relative stability of the various conformations by twisting
simultaneously and the five-membered rings in the same
direction around the CÿC bond which links the five- and six-
membered rings. The geometry of the molecule was optimised
at each point. The most stable conformation in all biradicals is
that in which the two five-membered rings are coplanar (see
Supporting Information). The stability of the biradical
decreases in a continuous way as the torsion angle is increased
up to their maximum, located at 908. The barrier height in the
diNN-H, INNN-H and diIN-H is 30, 37 and 22 kcal molÿ1,
respectively. Therefore, only those conformations in the
0 ± 408 angular range are energetically available in solution
at room temperature (if the solvent does not present specific
interactions with the biradicals). The variation of the S ± T
gaps and the atomic spin population on the C2 atom with the
torsion angle are plotted against the torsion angle in Figure 4
and their values are reported in Table 3. The S ± T gap
becomes smaller for larger twist angles. A similar decrease
with the torsion angle is found for the atomic spin population
on the C2 atom, again indicative of a correlation between the
values of the S ± T gap and the size of the atomic spin


Figure 4. Computed angular dependence (B3LYP method) of the singlet ±
triplet splitting (filled symbols, left scale) and of the spin density of the a-C
on the phenyl ring (open symbols, right scale) expressing the twist of a
radical fragment with respect to the m-phenylene ring for: * diNN-H ;
& INNN-H ; ~ diIN-H.


population on the m-phenylene coupler. When the results of
all phenyl coupled radicals computed here are considered,
one finds that at the same geometrical conformation the S ± T
gap increases in the order IN<NN< tBuNO.<HNO.<


CH2
. , and that this hierarchy corresponds to the parallel


increase in the atomic spin population on the C2 atom of the
phenyl ring. Therefore, one can conclude that the efficiency of
the magnetic coupling, that is, the magnitude of the S ± T gap,
is related to the amount of atomic spin density on the atom of
the C2 atom.


Another important point about the S ± T gap is the
modification of the ground state when the torsion angle is
close to 908. In these conformations the singlet state becomes
the ground state. This has been observed experimentally in
various cases of m-phenylene with tert-butyl nitroxides where
the bulky substituents induced such an orthogonal conforma-
tion of the radical fragments.[5] The singlet ground state has
previously been computed through DFT ab initio calculations
for (1 c, R�CH2) and (1 b, R�HNO), as reported in Table 2,
where the torsion between the radical orbitals and the
aromatic ring is 908.[23] According to these authors, the
stabilisation of the singlet state with respect to the triplet
state in this peculiar conformation arises from the lifting of
the degeneracy of the symmetric and antisymmetrical non-
bonding molecular orbital (NBMO) localised at the radical
centres. This lift is also found in the diIN-H, INNN-H and
diNN-H biradicals.


Solid-state properties : In order to rationalise the magnetic
properties of molecular compounds, analysis of the molecular
packing so as to find out possible magneto ± structural
correlations is usually carried out. The most common method
is to find the shortest intermolecular distance and to consider
the signs of the spin densities involved in these contacts
according to McConnell�s first proposal.[25] However, the
results of a statistical analysis have recently pointed out that
there is no way of correlating the geometry of one type of
contact to the bulk magnetic properties.[9] Furthermore, the
reported successful applications of McConnell�s first proposal
have been shown to result from compensated errors.[26]


Nevertheless, the present series of isostructural compounds
or compounds with similar molecular packing is expected to
allow a careful analysis of the structure-to-magnetic proper-


Table 3. B3LYP computated singlet ± triplet gaps (S ± T) and spin density
1C2 on the carbon C2 for the non-substituted biradicals.


Dihedral angle diNN-H INNN-H diIN-H


S ± T(K) 1C2 S ± T(K) 1C2
[a] S ± T(K) 1C2


0 �145 0.092 �65 0.076/0.066 �24 0.046
30 �90 0.082 �38 0.065/0.053 �1 0.037
60 �43 0.044 �6 0.043/0.030 �2 0.024
90 ÿ 6 0.031 ÿ 2 0.028/0.016 ÿ 0.1 0.016


[a] The two values indicate the spin density on the carbon next to the NN
radical and the IN radical, respectively.







FULL PAPER P. Turek et al.


� WILEY-VCH Verlag GmbH, D-69451 Weinheim, 2001 0947-6539/01/0711-2472 $ 17.50+.50/0 Chem. Eur. J. 2001, 7, No. 112472


ties. Indeed, the substitution of the IN radical by the NN
radical affects only a few contacts upon suppressing one
oxygen atom. Thanks to an appreciable subsequent modifi-
cation of the magnetic properties, we are able to estimate the
relevance of various local molecular arrangements in the set
up of magnetic exchange. A way of simplifying the analysis of
molecular packing within a crystal structure has been
developed in previous studies.[9] It consists in determining
the primary, secondary and tertiary patterns related to the
strength of the hydrogen bonds in the structure. At intermo-
lecular distances shorter than 5 �, the contacts are considered
between the molecular fragments known to bear the highest
spin density, for example, between NCNO or ONCNO
groups. These are reviewed within each pattern by consid-
eration of the geometry of the contacts by using the QUEST
program of the Cambridge Data Base for crystallographic
data. In the present study, such an analysis suggests a pathway
for the magnetic exchange and leads to a model for describing
the magnetic properties determined with the help of a SQUID
magnetometer.


Series R�H : The compounds of this series crystallised in the
same space group P21/n with very similar cell parameters
(Table 4). The crystal structure of the diNN-H compound has
been previously determined.[11] The present analysis confirms
the previous data.


In the case of INNN-H, disorder is present on the methyl
groups of cycle 2 and on the internal oxygen atoms O1 and O3


(Figure 5). For compound diIN-H, cycle 2 flips between two
extreme positions. These correspond to the limits ÿ18 and 328
for the dihedral angle between the phenyl ring and the plane
of the ONCNO fragment. In any case, we would like to stress
that there is no disorder on cycle 1 in the three compounds.
The dihedral angle for cycle 1 within diNN-H and INNN-H is
348, and 368 in the case of diIN-H. Weak hydrogen bonds are
represented in the case of the diNN-H compound on Figure 5,
as previously mentioned by Shiomi et al.[11a] These are:
i) along the a direction, two contacts between O1 and aromatic
hydrogen atoms, as well as two contacts between O2 and the
methyl groups of the neighbouring radical (Figure 5a), and
ii) along the c direction, O1 is linked to a methyl group of the


Figure 5. View of the weak hydrogen bonds ( ´ ´ ´ ) and of the shortest
intermolecular distances involving NO fragments (ªmagnetic contactsº)
within: a) diNN-H in the ac plane; b) INNN-tmsa in the bc plane.


molecule related by an inversion centre (Figure 5b). It has
been shown theoretically that weak hydrogen bonds between
an oxygen and an aromatic ring are stronger than those with a
methyl group.[9a] From this analysis, the primary pattern is
made of chains along the a axis. The secondary pattern builds
up a double chain or ribbon owing to the presence of the
hydrogen bonds along the c axis between two molecules
belonging to two neighbouring chains (Figure 6). These
ribbons are connected through other weak hydrogen bonds
which are affected by disorder on cycle 2.


It is worth recalling that the spin density is mostly
distributed over the ONCNO fragments of the imidazolyl


rings. Within the primary pat-
terns, only one contact is found
with the imidazolyl ring along a
between O1 and O2, at 4.33 �
for diNN-H and 4.29 � for
INNN-H (contact 1). Obvious-
ly, this contact is not present in
the diIN-H compound, owing
to the absence of O2. Analysing
the secondary patterns, a short
contact is observed at 3.52 ±
3.56 � (contact 2) in all cases
between O1 of neighbouring
molecules. Moreover, these
contacts have a similar geome-
try for the three compounds,
and they exclusively involve
cycle 1, which does not show


Table 4. Crystallographic data of the biradicals (r means the number of unique reflections observed).


diIN-H INNN-H diNN-tmsa INNNtmsa diNN-tr DiIN-tr


formula C20H28N4O2 C20H28N4O3 C25H36N4O4Si ´ CH2Cl2 C25H36N4O3Si C22H28N4O4 C22H28N4O2


M 356.47 372.47 569.12 468.68 412.49 380.49
crystal system monoclinic monoclinic orthorhombic monoclinic monoclinic monoclinic
space group P21/n P21/n Pbca P21/n P21/n P21/n
a [�] 7.1575(4) 7.2287(7) 15.2687(4) 11.8660(5) 12.6111(4) 12.1503(8)
b [�] 25.553(2) 25.462(4) 13.2877(3) 21.5240(5) 11.1302(9) 10.7762(6)
c [�] 11.5030(7) 11.596(1) 30.1885(8) 10.9600(5) 16.1534(8) 16.6926(7)
b [8] 102.430(5) 103.793(7) 90 109.717(1) 97.604(4) 96.778(4)
V [�3] 2054.6(4) 2072.8(8) 6124.8(5) 2635.1(3) 2247.4(4) 2170.4(4)
Z 4 4 8 4 4 4
1 [gcmÿ3] 1.15 1.19 1.24 1.18 1.22 1.16
r 4472 4651 7394 20386 4974 4804
r, I> 2s 2028 1615 4026 4191 2528 2160
R(I) 0.136 0.103 0.076 0.050 0.061 0.116
Rw(I) 0.165 0.119 0.096 0.060 0.091 0.136
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Figure 6. Representation of the different patterns (primary, secondary,
tertiary) depicting the molecular packing within the diNN-H crystal
structure in the ab plane (see text).


any disorder. The tertiary patterns do not show any contact
shorter than 5 �. According to the pathways defined by the
considered ªmagnetic contactsº, the molecular packing is
made up of dimers. These are isolated in the case of diIN-H, or
related through a longer contact in the case of diNN-H and
INNN-H. The magnetic behaviour of the three compounds is
reported in Figure 7. As expected for such biradicals, the cT


Figure 7. Temperature dependence of the magnetic susceptibility (deter-
mined by SQUID magnetometry, cT product) of polycrystalline samples
for: * diNN-H ; � INNN-H ; & diIN-H. Solid lines are the fits of the
experimental data (see text).


product is close to 0.75 emu K molÿ1 at room temperature. The
decrease of cT with a decrease in temperature reveals a
predominant antiferromagnetic intermolecular interaction,
since the intramolecular ferromagnetic exchange has been
determined in the previous section. Because the intramolec-
ular exchange is different for the three compounds, the
different magnetic behaviours could be owing to both differ-
ent intermolecular and intramolecular couplings. In order to
determine the influence of contact 1 within the INNN-H and
the diNN-H crystals, the three molecular packings are
considered as made of isolated dimers of biradicals. This is
sketched by the four-spins model in Scheme 2 with J1 as the
intramolecular coupling constant and J2 as the intermolecular
coupling constant.


This model has been previously considered by Shiomi et al.
for diNN-H,[11a] although it could not reproduce the low
temperature behaviour. In this compound, a structural
distortion has been further shown below 30 K.[27] A model
of isolated dimers with two nonequivalent dimers represents
the low temperature region of the susceptibility. However,


Scheme 2. Four-spins model as a result of isolated dimers of biradicals: J1,
intramolecular coupling constant; J2 , intermolecular coupling constant.


given this assumption, the magnetic behaviour above 30 K
should be owing solely to the equivalent isolated dimers
depicted in Scheme 2. Therefore, the four-spins model[28]


should be valid within the 30 ± 300 K temperature range.
The results of this analysis for the three compounds are: i) J1/
kB� 7.2� 0.9 K, J2/kB�ÿ10.8� 0.7 K for diNN-H within the
30 ± 300 K temperature range, ii) J1/kB�ÿ1.6� 0.6 K, J2/kB�
ÿ8.6� 0.8 K for INNN-H, iii) J1/kB� 25.0� 1.0 K, J2/kB�
ÿ90.0� 2.1 K for diIN-H. For these last two compounds,
the fit has been performed within the 2 ± 300 K temperature
range, as justified in the crystal studies performed by EPR.
Numerically, a study of the goodness of the fits and sensitivity
to modifications of the parameters within the same model
shows that only the values found for diIN-H may be
considered as stable. This is expected owing to the large
negative J2 suggested for this compound, hence yielding a
great sensitivity of the fit to its value. Notably the intra-
molecular coupling for all compounds disagree with the
values found for the isolated molecules. Although the
occurrence of disorder allows the variation of J1 between
extreme values, the average value should be larger in the case
of diNN-H according to the theoretical studies and to the
value of 23 K found for a similar molecular conformation
within a solid.[11c] The value of J1 is obviously wrong in the case
of INNN-H, since the singlet ground state is suggested for this
biradical in disagreement with all of our results. The value of
J1 for diIN-H appears to be overestimated with respect to
both the experimental and theoretical results for the isolated
molecule. Moreover, the contact 2 is identical in the three
compounds. This is in contrast to the large difference found
for the J2 values of the three compounds. The strong negative
value of J2 found for the diIN-H compound is in agreement
with the head-to-tail disposition that provides a good over-
lapping of the SOMOs generally assumed to result in an
antiferromagnetic exchange.[29] From the structural analysis it
can be shown that only the diIN-H compound may be
represented by an isolated four-spins model. This is in
qualitative agreement with the present results. The couple
of (J1, J2) values found for diIN-H is consistent with the
magnetic behaviour and with the structural analysis. How-
ever, owing to the disorder, this must be considered as a rough
average. According to the structural analysis which shows the
existence of contact 1 within diNN-H and INNN-H, the
failure of the isolated four-spins model to represent their
magnetic behaviour is well understood. Although the present
analysis for the diNN-H compound does not disagree with the
previous studies, it suggests that the intermolecular interac-
tions owing to the contact 1 should be considered within the
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whole 30 ± 300 K temperature range. Chains of dimers of
biradicals are suggested for the magnetic behaviour of diNN-
H and INNN-H, that is, chains with quintet spin states, the
numerical results are not available.


The anisotropy of the EPR response has been investigated
on oriented single crystals in order to reveal possible low
dimensional (low-D) magnetic behaviour.[3e, 30] The principal
values of the g tensor are in agreement with the previous
determination for diNN-H.[11b] They are determined for
i) diIN-H : g1� 2.00734, g2� 2.00757, g3� gb� 2.00419 (gav�
2.00637), and ii) INNN-H : g1� gb� 2.00430, g2� 2.00824,
g3� 2.00758 (gav� 2.00671). In agreement with the comparable
molecular packing, a similar angular dependence with com-
parable values for the absorption linewidth (DB1/2) is observed
for the three compounds. This could not be correlated to a
peculiar low-D magnetic behaviour. However, the temper-
ature dependence of the shape of the EPR spectra reveals that
it remains symmetrical, close to the Lorentzian shape
throughout the whole temperature range (4 ± 300 K) for
INNN-H and diIN-H, whereas strong deviation from this
shape is observed for diNN-H below 30 K.[31] This observation
must be related to the structural distortion previously found in
this compound.[27] Hence, the lack of distortion of the EPR
line-shape within the same temperature range for the two
other compounds may be considered to exclude such a
phenomenon, as in the previous discussion of the static
susceptibility. A peculiar behaviour is revealed by the study of
the temperature dependence of DB1/2 along the crystallo-
graphic axes. Changes in the temperature dependence of the
linewidth are observed at temperatures where a change is
observed in the susceptibility, for example, the limits of a
plateau or beginning of a decrease in the cT product
(Figure 8).


It is worth recalling that the behaviour of the EPR line-
width is mainly governed by the dipolar interactions, that is,
the disposition of the NO groups in the present biradical
derivatives. As pointed out in the analysis of the crystal
packing, the NO groups of cycle 2 show a strong disorder at
high temperature. It is suggested that the present results
indicate the molecular ordering of the imidazolyl cycles as the
temperature decreases. According to this proposal, a prefer-
ential position is progressively adopted by the NO groups. In
the case of diNN-H, this is observed below approximately
30 K and it has been related to the structural distortion
previously observed as discussed already. A minimum of DB1/2


occurs by approximately 10 ± 20 K for INNN-H, and by
approximately 40 ± 50 K for diIN-H. For diIN-H, a second
change is observed by approximately 20 K. The present
proposal may explain the failures to simulate accurately the
magnetic behaviour of the three compounds, even in the
expected simplest case of the diIN-H compound.


Series R� tmsa : Only the crystal structures of diNN-tmsa and
INNN-tmsa have been determined (Table 4). The diNN-tmsa
crystal accommodates the solvent dichloromethane in a 1:1
ratio and the asymmetric unit does not exhibit any disorder.
The dihedral angles between the phenyl and the imidazolyl
rings are 248 and 308. Following the previously described
procedure for the analysis of the crystal packing, the primary


Figure 8. Temperature dependence of EPR absorption linewidth (left
scale) along the crystalline axes of single crystals (*, a axis; *, b axis; ^, c*
axis) compared with the magnetic susceptibility (determined by SQUID
magnetometry on polycrystalline samples, &+ cT product on the right scale) for:
a) diNN-H ; b) INNN-H; c) diIN-H.


patterns consists of dimers within the ab plane. These dimers
make chains along the ab direction, to give the secondary
patterns (Figure 9a). The connection of these chains yields
planes parallel to the ab plane, thus defining the tertiary
structure.


Within the dimers, two symmetrical groups of short contacts
are associated in the proximity of the NO group N1O1 of one
molecule to the ONCNO fragment of the head-to-tail
neighbouring molecule. Among them, we observe i) a contact
O1 ´ ´ ´ O3 at 3.73 �, ii) a contact O1 ´ ´ ´ O4 at 4.06 �, iii) a
contact O1 ´ ´ ´ C14 at 3.03 � (Figure 9a). Within the chains, two
O1 ´ ´ ´ O4 contacts of different geometry are present at 3.98 �
and 3.87 � between molecules of two different dimers.
Between the chains and between the {110} family of planes,
the intermolecular distances are larger than 6 �. These
contacts have been neglected. Within the INNN-tmsa com-
pound, the imidazolyl cycles are nearly planar with respect to
the benzene ring, with dihedral angles of 08 and 18. A disorder
is observed for the oxygen atoms, as previously described for
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Figure 9. Representation of the different patterns (primary, secondary,
tertiary) depicting the molecular packing within a) the diNN-tmsa crystal
structure in the ab plane. b) the INNN-tmsa crystal structure in the ac
plane.


the INNN-H compound. From the isotropic thermal factors,
the probability for the IN fragment to be in the position of
cycle 1 is estimated at 17 % (deduced from the isotropic
thermal factors), and 83 % in the position of cycle 2 (Fig-
ure 9b). According to these data, in all cases, the oxygen atom
of IN is localised in O1 or O3 position. Considering the weak
hydrogen bonds, the structure is considered as an assembly of
head-to-tail dimers (primary patterns), associated into chains
along the c direction (secondary patterns) which connect into
planes parallel to the ac plane (tertiary patterns) (Figure 9).


Within the dimers, short contacts are measured between the
sites of high spin density: i) O3 ´ ´ ´ O1 contact at 3.71 �, ii)
N3 ´ ´ ´ O1 contact at 3.51 �, and iii) O3 ´ ´ ´ N1 contact at 3.77 �.
Only one short contact is present within the chains and
between dimers at 4.15 � (O2 ´ ´ ´ O2).


The magnetic properties of the three synthesised deriva-
tives are reported in Figure 10. For diNN-tmsa, a maximum of
the cT product is observed at 8 K with the value of
1.2 emu K molÿ1 (Figure 10a). For the diIN-tmsa and INNN-
tmsa compounds, a continuous decrease of cT is observed as


the temperature decreases (inset in Figure 10b). A maximum
is observed in the susceptibility close to 50 K for both
compounds.


In the case of the diNN-tmsa compound, the maximum of
cT is larger than the expected maximum value for isolated
biradicals (1 emu K molÿ1). Hence, a ferromagnetic intermo-
lecular interaction must be involved within the primary


Figure 10. Temperature dependence of the magnetic susceptibility (deter-
mined by SQUID magnetometry, cT product) of polycrystalline samples
for: a) diNN-tmsa ; b) ^ INNN-tmsa,� diIN-tmsa. Solid lines are the fits of
the data (see text).


patterns. A short contact between the central carbon atom of
ONCNO and a NO group have been previously considered to
set up ferromagnetic intermolecular interactions.[32] It would
be more convenient to say that the relative disposition of the
imidazolyl cycles gives an assembly of contacts, of which this
contact is the shortest. This relative disposition can be
proposed as giving rise to this ferromagnetic interaction. In
the case of INNN-tmsa, the analysis of the structure reveals
only short NO ´ ´ ´ NO contacts. The geometry is particularly
favourable to the overlapping of SOMOs, since the NO
groups are parallel to each other, and in the case of the
interdimer contact, are strictly coplanar. The shortest contacts
are always present within the dimers, since they involve
oxygen atoms without disorder, whereas the interdimer
contact involves O2 atoms that are statistically present. The
modelling of these behaviours could be carried out in the
same way for both INNN-tmsa and diNN-tmsa, since the
packings may be considered from a magnetic point of view as
assemblies of dimers weakly connected. The contacts within
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the dimers involved the four
imidazolyl cycles, leading to a
symmetrical four-spin system
represented in Scheme 3.[28]


The magnetic behaviour of
diNN-tmsa is well represented
by this model, taking into ac-
count the interdimers interac-
tions by a mean-field approx-
imation. The values obtained
are: J1/kB� 17.4� 1.0 K; J2/kB�
11.4� 0.5 K; q�ÿ0.7� 0.1 K.


The intramolecular magnetic coupling is in good agreement
with the estimation for the isolated molecule. Moreover, the
intermolecular ferromagnetic interaction of J2/kB� 11.4 K is
of the same magnitude of the previously reported values for
compounds which exhibit a similar type of contact.[32] How-
ever, this model fails to represent the behaviour of INNN-
tmsa, particularly in the low temperature region. In order to
impose a physical solution among various couples of param-
eters that result from the fitting procedure, the intramolecular
coupling constant J1 has been fixed. It is important to notice
that i) the value of J1 has little influence on the high
temperature behaviour of the fit, and ii) the position of the
maximum of the susceptibility mainly depends on the value of
J2. For INNN-tmsa compound, J1/kB� 20 K has been fixed
according to the experimental determination. This fitting
procedure has been followed within the 50 ± 300 K temper-
ature range. It gives an estimation of the intermolecular
antiferromagnetic interaction range as J2/kB�ÿ37.5� 0.3 K.
Although the above simulation represents accurately the data
within the 50 ± 300 K range, particularly the position of the
maximum, the lower temperature region is not described at
all. The observed behaviour cannot be attributed to mono-
radical impurities since in this case those impurities would be
in the order of 15 ± 20 % to reproduce the data. There are no
facts favouring such an assumption. Moreover, since both
INNN-tmsa and diIN-tmsa exhibit the same anomaly, the
assumption of a damaged sample is rather poor. Finally, one
may wonder why such phenomena are not observed in the
previous derivatives. In order to explain such low temperature
behaviour, the presence of some isolated biradicals has to be
considered. This can be obtained by removal of both contacts
within the dimer, hence assuming the lack of the oxygen
atoms in position O1 or O3, owing to the disorder. Consid-
eration of the probabilities obtained from isotropic thermal
factors gives only a rough idea of the probability of presence,
we have performed various simulations with slight modifica-
tions of the probability such as, for example 94 % on O1, 94 %
on O3, 89 % on O2 and 23 % on O4 instead of the 100 %,
100 %, 83 % and 17 % found from the isotropic thermal
parameters. This situation leads to a mixture of three different
models, that is, 78.1 % of a symmetric four-spins model, 21.2 %
of a four-spins linear model (only one J2 interaction), and
0.7 % of isolated biradicals (only J1).[33] We used the same
parameters as in the above part, that is, J1/kB� 20 K and
J2/kB�ÿ40 K, to see the influence of the disorder on the
susceptibility. Indeed, this simulation reproduces quite well
the features of the magnetic behaviour of INNN-tmsa as


shown in Figure 10b. In the case of diIN-tmsa, the great
similarity of magnetic behaviour strongly supports a similar
type of packing. Assuming a disorder on the oxygen atoms as,
for axample, 90 % on O1, 90 % on O3, 10 % on O2 and 10 % on
O4, the situation is then described as 65.61 % of a symmetric
four-spins model, 30.78 % of a four-spins linear model, and
3.61 % of isolated biradicals.[32] The simulation with J1/kB�
10 K (as expected for a diIN-R biradical) and J2/kB�ÿ40 K
reproduces well the magnetic data of diIN-tmsa, as seen in
Figure 10b. The magnetic behaviour of these two compounds
has thus been shown to be governed by a strong antiferro-
magnetic intermolecular interaction close to ÿ40 K, due to
the NO ´ ´ ´ NO short contacts, and the peculiar features of the
magnetic susceptibility can be well described taking into
account the disorder on the oxygen atoms.


Series R� triple bond : The crystal structures of diNN-tr and
diIN-tr were determined (Table 4). The asymmetric unit for
both compounds does not exhibit disorder, except for the
methyl groups within diIN-tr. The dihedral angles between
the phenyl and the imidazole rings are 258 and 428 for diNN-
tr, 288 and 368 for diIN-tr. Considering the weak hydrogen
bonds, the primary pattern consists of chains along the b axis.
The molecules are linked through a hydrogen bond between
the acetylenic unit and the oxygen atom O1 in the case of
diNN-tr. This contact involves the nitrogen atom N1 for diIN-
tr. The C(sp)ÐH ´ ´ ´ X (X�N or O) angle is 1698 and 1468 for
diNN-tr and diIN-tr, respectively. This is in agreement with
the angle values found for these types of weak hydrogen
bonds.[7] The secondary patterns are formed by the connection
of these chains along the a axis, giving rise to parallel planes
with respect to the ab plane (Figure 11a). The tertiary
structure is obtained by connecting these planes along the c
axis by two types of C(sp3) ± H ´ ´ ´ O contacts.


Figure 11. Representation of the different patterns (primary, secondary,
tertiary) depicting the molecular packing within the ac plane of the crystal
structure of: a) diNN-tr ; b) diIN-tr.


Scheme 3. Symmetrical four-
spin system as a result of con-
tacts within the dimers involved
the four imidazolyl cycles.
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Following our methodology, the geometry of the short
contacts in the ONCNO regions has been investigated. In the
diNN-tr chains, the short contacts are: N1 ´ ´ ´ O3 at 3.70 �,
O1 ´ ´ ´ O3 at 3.98 �, and N2 ´ ´ ´ O3 at 4.12 �. The only short
contact within the chain for diIN-tr occurs between N3 and O1


at 4.40 �. Between the chains, within the ab planes, no short
contact could be found at shorter distances than 5 � in either
of the two compounds. Between the planes, the N4 ´ ´ ´ O4


contact build up dimers, with a short distance of 3.74 � for
diIN-tr and 4.09 � for diNN-tr (Figure 11bb). The NO groups
are related by an inversion centre, which gives rise to the
coplanarity of the two NO groups and a good overlapping of
the SOMOs as already discussed in the derivatives bearing
R� tmsa. Therefore, the structure may be considered as
chains along the b axis with a loose interchain connection
along c for diNN-tr. In the case of diIN-tr, the situation is that
of nearly isolated dimers. This is supported by the difference
in the spin density distribution between an IN and a NN
radical, as demonstrated by neutron diffraction experi-
ments.[34] The smaller spin density on the nitrogen atom N1


and the larger spin density on the N4 ´ ´ ´ O4 for the IN radicals
as compared with the NN radicals induces a weaker through-
chain interaction and a stronger interaction within the dimers
for diIN-tr as compared with diNN-tr. At room temperature,
the value of cT is 0.75 emuK molÿ1 for both compounds, in
agreement with two independent S� 1�2 spins (Figure 12).


Figure 12. Temperature dependence of the magnetic susceptibility (deter-
mined by SQUID magnetometry, cT product) of polycrystalline samples
for: a) � , diNN-tr ; b) &, diIN-tr. Solid lines are the fits of the experimental
data (see text).


For the diIN-tr compound, antiferromagnetic interactions
dominate the behaviour at low temperature as inferred from
the decrease of cT. For diNN-tr, a maximum is observed by
approximately 20 K with a value of 0.84 emu K molÿ1. Such a
ferromagnetic interaction is attributed to the intramolecular
magnetic exchange as expected from the results on the
isolated biradicals. The decrease of cT at lower temperature
indicates the competition between intermolecular antiferro-
magnetic interactions and the intramolecular ferromagnetic
interaction. The magnetic behaviour of diIN-tr may be
simulated as isolated dimers of biradicals, that is, the linear
four-spins system (Scheme 3), although the smooth variation
does not allow an accurate determination of the intramolec-


ular J1. As expected from our results, this turns out to be small
within a diIN-R derivative. The fitting procedure is rather
insensitive to a small variation of the couple of parameters.
The values of J1 may be chosen within the ÿ5 ±�5 K range,
and the values of J2 may be chosen within the ÿ15 ± ÿ 5 K
range. Therefore, the antiferromagnetic interaction as a result
of the head-to-tail stacking is much weaker than the similar
one found in the case of diIN-H (J2/kB�ÿ 90 K). A compar-
ison of the geometry of the dimer within the two derivatives
shows that both have exactly the same geometrical parame-
ters, except for the nearest neighbour distance within the
dimer. The nearest neighbour distance is larger by 0.2 �
within diIN-tr. Hence, the comparison of the two compounds
gives a nice illustration of the effect of the distance on the
magnetic exchange: The value of J2 is about nine times larger
on decreasing the distance from 3.74 down to 3.54 �. For
diNN-tr, a nearly isolated alternating chain model does
correspond to the structural analysis, with J1 as the ferromag-
netic intramolecular interaction, and the antiferromagnetic
intermolecular interactions are associated to J2 (Scheme 4).[35]


Scheme 4. Structural analysis for diNN-tr : J1, ferromagnetic intramolec-
ular interaction; J2 , antiferromagnetic intermolecular interactions.


The proposed model gives a satisfactory representation of
the experimental data with the parameters a� J2/J1� 5.8�
0.2, and J2/kB�ÿ4.0� 0.1 K, thus yielding J1/kB� 23.2�
1.4 K. The estimation of the intramolecular J1 is in good
agreement with the results of the studies of isolated mole-
cules. The dihedral angles of 258 and 428 are indeed quite close
to the one of 308 measured for diNN-H in previous studies
affording an estimation of J1 of 23 K.[11c]


Conclusion


The intramolecular exchange coupling between IN and or NN
radical substituents within biradical derivatives based on the
m-phenylene moiety has been properly assessed (strength and
sign) in the isolated state with the help of the EPR technique.
These results are further reinforced and extended by the
results of ab initio calculations. The main conclusions are:
i) The triplet is the magnetic ground state for all derivatives
except when the molecular conformation involves the or-
thogonal radical fragments, and ii) the singlet ± triplet splitting
depends on the radical substituent: It increases on substitu-
tion of IN by NN. This effect is attributed to the difference in
the spin polarisation mechanism between these biradicals.
This tends to increase the spin density distribution over the
coupling unit, hence increasing the through-bond magnetic
exchange. The aim to obtain single crystals of isostructural
compounds made of chemically similar molecules has been
successful. A careful and precise study of the crystal structures
has been conducted following a previously developed strategy
and the intermolecular contacts have been rationalised.[9] The
results of such analyses enable us to simulate successfully the
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magnetic behaviour of most compounds. In particular, the
magnetic properties of the biradicals are either confirmed, or
used as a check of the validity of the proposals. When the
model was not satisfactory, we have considered the failures
objectively. As a summary, soft changes in the crystal packing,
for example, addition/removal of only a few relevant contacts,
enables the rationalisation of the pathways for the set up of
magnetic exchange. According to recent theoretical studies
and statistical analyses,[9] the relation between structure and
magnetism requires consideration of the relative disposition
of all the molecules in the crystal. This paper shows that the
comparison of peculiar patterns is an objective way to deduce
magnetic pathways. It is believed that the studies of basic
bricks, such shown here (biradicals and the corresponding
dimers and/or tetramers), are of utmost importance to
understand more complex systems. An extension of this work
including triradicals and tetraradicals based on these bricks
will be described elsewhere.


Experimental Section


Materials and methods : Solvents were distilled before use. In particular,
THF was dried over sodium/benzophenone, diisopropylamine over KOH
and distilled under Argon. All the reagents were used as received.
Trimethylsilylacetylene was purchased from LANCASTER, isophthalic
acid from ALDRICH. Thin-layer chromatography (TLC) was performed
on aluminium plates coated with Merck silica gel 60 F254. Microanalyses
were performed by the Service d�Analyse de l�Institut Charles Sadron.
Fast-atom bombardment (FAB, positive mode) were recorded on a ZAG-
HF-VG-Analytical apparatus in a m-nitrobenzyl alcohol (m-NBA) matrix.
1H and 13C NMR spectra were recorded on a Bruker ARX 300
spectrometer. The EPR spectra have been recorded on an X-band Bruker
spectrometer (ESR-300) equipped with a rectangular TE 102 cavity. The
static magnetic field was measured with an NMR gaussmeter (Bruker
ER035) while the microwave frequency was measured with a frequency-
meter (HP-5350 B). The studies of the angular dependence of the EPR
response of the single crystals were carried out with the aid of a one-axis
goniometer (Bruker ER218G1). Solutions were degassed by bubbling
argon directly in the EPR tube prior to measurements. Temperature was
measured by a thermocouple introduced inside the tube, at 1.5 cm from the
bottom. Polystyrene matrices were obtained by lyophilisation of the
benzene solutions containing the samples. Magnetic susceptibility meas-
urements were obtained with a Quantum Design SQUID magnetometer.


Crystallographic data (excluding structure factors) for the structures
reported in this paper have been deposited with the Cambridge Crystallo-
graphic Data Centre as supplementary publication no. CCDC-151 350 ±
151 354, 151 569. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).


1,3-Bis(1,3-dihydroxy-4,4,5,5-tetramethylimidazolin-2-yl)benzene (4): 2,3-
Bis(hydroxylamino)-2,3-dimethylbutane (1530 mg, 10.33 mmol) was added
to a solution of isophthalaldehyde (604 mg, 4.50 mmol) in MeOH (10 mL).
The mixture was stirred for 1 d at room temperature and then concentrated
by a slow bubbling of argon to almost dryness over 3 d. The white
precipitate was washed with MeOH, leading to a white solid (90 %).
1H NMR ([D6]DMSO): d� 7.80 (s, 4H, OH), 7.78 ± 7.47 (m, 4H, Ph), 4.50 (s,
2H, -H imid.), 1.07 (s, 12H, CH3), 1.03 (s, 12 H, CH3); 13C NMR
([D6]DMSO): d� 148.3, 141.1, 127.2, 115.1 (Ph), 91.0 (CH imid.), 66.0
(Cquat imid.), 24.1 (CH3), 17.0 (CH3); elemental analysis calcd (%) for
C20H31N4O4 (391.5): C 60.89, H 8.69, N 14.20; found: C 60.45, H 8.78, N
14.56; IR (KBr): nÄ � 3189 cmÿ1 (OH).


1,3-Bis(1-oxyl-3-oxo-4,4,5,5-tetramethylimidazolin-2-yl)benzene (diNN-
H): H2O (50 ml) and NaIO4 (337 mg, 1.57 mmol) were added to a
suspension of compound 4 (300 mg, 0.76 mmol) in CH2Cl2 (50 ml). The
mixture was stirred at room temperature for 1 h. The organic phase was
extracted and dried with Na2SO4, and the residue was purified by


chromatography (silica gel, ethyl acetate/CH2Cl2 15:85) to afford the title
compound which was recrystallised giving dark blue crystals (253 mg,
86%). M.p. 214 8C (214 ± 215 8C[11b]); IR (KBr): nÄ � 1355 cmÿ1 (NÿO); UV/
Vis: lmax (e): 585 nm (835 mÿ1 cmÿ1); elemental analysis (%) calcd for
C20H28N4O4 (388.5): C 61.84, H 7.26, N 14.42; found: C 61.80, H 7.29, N
14.41; NS� 2.2 spins per molecule.


1,3-Bis(1-oxyl-4,4,5,5-tetramethylimidazolin-2-yl)benzene (diIN-H): An
aqueous solution (15 mL) of NaNO2 (178 mg, 2.6 mmol) acidified to
pH 6 with HCl was added to a solution of diNN-H (97 mg, 0.25 mmol) in
CH2Cl2 (15 mL). NaIO4 (55 mg, 0.26 mmol) was added after 5 min and the
red solution was extracted after 10 min. After the usual workup, the residue
was purified by chromatography (silica gel, ethyl acetate/CH2Cl2 2:98) to
afford a red solid which was recrystallised to red needles (66 mg, 74 %) by
slow evaporation of a CH2Cl2/hexane mixture. M.p. 145 8C (142 ± 143 8C[15]);
IR: nÄ � 1376 (NÿO), 1549 cmÿ1 (C�N); UV/Vis lmax (e): 444 nm (950
mÿ1 cmÿ1); elemental analysis (%) calcd for C20H28N4O2 (356.5): C 67.39, H
7.91, N 15.71; found: C 67.41, H 7.95, N 15.75; NS� 2.0 spins per molecule.


1-(1-Oxyl-4,4,5,5-tetramethylimidazolin-2-yl)-3-(1-oxyl-3-oxo-4,4,5,5-tet-
ramethylimidazolin-2-yl)benzene (INNN-H): NaNO2 (71 mg, 0.12 mmol)
was added to CH2Cl2/H2O 1:1 (100 mL), acidified to pH 6 by HCl, and
containing diNN-H (200 mg, 0.51 mmol). The reaction was followed by
TLC (silica gel, ethyl acetate/CH2Cl2 5:95). The colour of the mixture
turned from blue to light brown. After 20 min, diIN-H and INNN-H were
predominant in the mixture. The organic phase was quickly isolated, dried
on Na2SO4 and evaporated. After chromatography (silica gel, ethyl acetate/
CH2Cl2 5:95), a dark grey solid was isolated. Recrystallisation by slow
evaporation in a CH2Cl2/hexane mixture led to black needles (45 mg,
23%). M.p. 183 8C; IR (KBr): nÄ � 1371 (NÿO), 1552 cmÿ1 (C�N); UV/Vis:
lmax (e)� 444 (660), 585 nm (510 mÿ1 cmÿ1); elemental analysis (%) calcd
for C20H28N4O3 (372.5): C 64.49, H 7.58, N 15.04; found: C 64.38, H 7.63, N
15.08; NS� 2.1 spins per molecule.


1,3-Bisformyl-5-trimethylsilylacetylenebenzene (2): In a 250 mL round-
bottomed flask were introduced 1,3-bisformyl-5-bromobenzene[12] (4.0 g,
18.7 mmol), [PdCl2(PPh3)2] (395 mg, 0.56 mmol, 3 %) and CuI (107 mg,
1%). Under argon, freshly distilled THF (100 mL) and diisopropylamine
(20 mL) were added. After addition of trimethylsilylacetylene (3.8 mL,
27.4 mmol, 1.5 equiv), the mixture was stirred at room temperature for 12 h.
The ammonium salt was removed by filtration and the filtrate was
evaporated to give a crude product, which was purified by chromatography
(silica gel, EtOH/CH2Cl2 3:97) to yield a white solid (4.05 g, 94 %). 1H NMR
(CDCl3): d� 10.08 (s, 2 H, CHO), 8.31 (t, 1 H, 3J(H,H)� 1.5 Hz, Ph), 8.20
(d, 2 H, 3J(H,H)� 1.5 Hz, Ph), 0.28 (s, 9 H, Si(CH3)3); 13C NMR ([D6]ace-
tone): d� 191.0 (CHO), 138.1, 137.1, 129.2, 126.2 (Ph), 103.1 (-C�C-), 97.1
(-C�C-), ÿ0.5 (Si(CH3)3); IR (KBr): nÄ � 2164 (C�C), 1706 cmÿ1 (CHO);
elemental analysis (%) calcd for C13H14O2Si (230.3): C 67.79, H 6.13, O
13.89; found: C 67.85, H 6.20, O 13.60.


1,3-Bis(1,3-hydroxy-4,4,5,5-tetramethylimidazolin-2-yl)-5-trimethylsilyl-
acetylenebenzene (5): The same procedure as described for compound 4,
starting from 2 (400 mg 1.7 mmol), 2,3-bis(hydroxylamino)-2,3-dimethyl-
butane (540 mg, 3.65 mmol) in MeOH (15 mL) was used, and led to a white
powder (718 mg, 86%). 1H NMR ([D6]acetone): d� 7.66 (t, 1 H, 3J(H,H)�
1.5 Hz, Ph), 7.53 (d, 2H, 3J(H,H)� 1.5 Hz, Ph), 7.12 (m, 4H, OH), 4.70 (s,
2H, CH imid.), 1.18 (s, 12 H, CH3), 1.08 (s, 12H, CH3), 0.25 (s, 9 H, Si-CH3);
13C NMR ([D6]DMSO): d� 142.5, 126.1, 122.1, 120.1 (Ph), 103.0 (-C�C-),
92.6 (-C�C-), 90.0 (CH imid.), 66.1 (Cquat imid.), 24.1 (CH3), 17.0 (CH3),
ÿ0.2 (Si(CH3)3); IR (KBr): nÄ � 2155 (C�C), 3251 cmÿ1 (OH); elemental
analysis (%) calcd for C25H40N4O4Si (488.6): C 61.19, H 8.63, N 11.42;
found: C 61.35, H 8.75, N 11.78.


1,3-Bis(1-oxyl-3-oxo-4,4,5,5-tetramethylimidazolin-2-yl)-5-trimethylsilyl-
acetylenebenzene (diNN-tmsa): The same procedure as described for
compound diNN-H, starting from 5 (240 mg, 0.48 mmol) and NaIO4


(230 mg, 1.07 mmol) in CH2Cl2/H2O 1:1 (80 mL) was used. After purifica-
tion by chromatography (silica gel, ethyl acetate/CH2Cl2 10:90), the
product was recrystallized in CH2Cl2/hexane to afford dark blue crystals
(174 mg, 75%). M.p. 213 8C; IR (KBr): nÄ � 2158, (C�C), 1363 cmÿ1 (NÿO);
UV/Vis: lmax (e)� 259 (35 280), 369 (20 635), 589 (790), 617 nm
(750mÿ1 cmÿ1); elemental analysis (%) calcd for C25H36N4O4Si (484.6): C
61.95, H 7.48, N 11.56; found: C 61.86, H 7.44, N 11.51; FAB� (m-NBA):
484.0 [M]� , 468.1 [MÿO]� , 452.1 [Mÿ 2O]� , 436.1 [Mÿ 3O]� , 420.1 [Mÿ
4O]� ; NS� 2.0 spins per molecule.
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1,3-Bis(1-oxyl-4,4,5,5-tetramethylimidazolin-2-yl)-5-trimethylsilylacetyl-
enebenzene (diIN-tmsa): The same procedure as described for diIN-H with
diNN-tmsa (100 mg, 0.21 mmol) and NaNO2 (145 mg, 2.1 mmol) in CH2Cl2/
H2O 1:1 (40 mL) was used. After purification by chromatography (silica
gel, ethyl acetate/CH2Cl2 10:90), the product was recrystallised in CH2Cl2/
hexane to afford red crystals (65 mg, 69 %). M.p. 210 8C; IR (KBr): nÄ � 2161
(C�C), 1371 (NÿO), 1546 cmÿ1 (C�N); UV/Vis: lmax (e)� 301 (5720),
448 nm (822mÿ1 cmÿ1); elemental analysis (%) calcd for C25H36N4O2Si
(452.6): C 66.33, H 8.01, N 12.37; found: C 66.05, H 8.07, N 12.20; FAB� (m-
NBA): 454.1 [M�H]� , 438.1 [MÿO]� , 421.1 [Mÿ 2O]� ; NS� 2.1 spins per
molecule.


1-(1-Oxyl-4,4,5,5-tetramethylimidazolin-2-yl)-3-(1-oxyl-3-oxo-4,4,5,5-tet-
ramethylimidazolin-2-yl)-5-trimethylsilylacetylenebenzene (INNN-tmsa):
The same procedure as described for compound INNN-H using diNN-
tmsa (228 mg, 0.47 mmol), NaNO2 (65 mg, 0.94 mmol) in CH2Cl2/H2O 1:1
(100 mL) was used. After purification by chromatography (silica gel, ethyl
acetate/CH2Cl2 5:95), the product was recrystallised in CH2Cl2/hexane to
afford black platelets (46 mg, 21 %). M.p. 201 8C; IR (KBr): nÄ � 2161
(C�C), 1365 (NÿO), 1549 cmÿ1 (C�N); UV/Vis: lmax (e)� 366 (9213), 445
(416), 582 (347), 617 nm (315mÿ1 cmÿ1); elemental analysis (%) calcd for
C25H36N4O3 (468.6): C 64.07, H 7.74, N 11.95; found: C 64.30, H 7.75, N
12.16; FAB� (m-NBA): 470.1 [M�H]� , 454.1 [MÿO]� , 438.1 [Mÿ 2O]� ,
422.1 [Mÿ 3O]� ; NS� 2.1 spins per molecule.


1,3-Bisformyl-5-ethynylbenzene (6): K2CO3 (820 mg, 0.6 mmol) was added
under Ar to a solution of 2 (1.40 g, 6.1 mmol) in MeOH (10 mL). The
mixture was stirred over 3 h at room temperature. After evaporation of the
solvent (without heating the bath), CH2Cl2 (50 mL) was added. The
solution was washed with a saturated NaHCO3 solution, and the organic
phase was dried on MgSO4. The crude product, obtained after evaporation
of the solvent (without heating the bath), was purified on a short column
(silica gel, CHCl3), and led to a white solid (960 mg, 99%). M.p. 140 8C;
1H NMR ([D6]acetone): d� 10.16 (s, 2H, CHO), 8.43 (t, 1H, 3J(H,H)�
1.5 Hz, Ph), 8.28 (d, 2H, 3J(H,H)� 1.5 Hz, Ph), 3.96 (s, 1H, C�CH),
13C NMR ([D6]acetone): d� 191.1 (CHO), 139.1, 138.2, 130.3, 125.3 (Ph),
82.1 (-C�C-), 81.0 (-C�C-), IR (KBr): nÄ � 2115 (C�C), 1696 cmÿ1 (CHO);
elemental analysis (%) calcd for C10H6O2 (158.1): C 75.94, H 3.82, O 20.23;
found: C 76.10, H 3.71, O 20.38.


1,3-Bis(1,3-dihydroxy-4,4,5,5-tetramethylimidazolin-2-yl)-5-ethynylben-
zene (6): The same procedure as described for compound 4, starting from 3
(995 mg, 6.3 mmol), 2,3-bis(hydroxylamino)-2,3-dimethylbutane (1.87 g,
12.63 mmol) in MeOH (35 mL) was used. A white powder was isolated
(2.22 g, 85%). 1H NMR ([D6]acetone): d� 7.66 (t, 1H, 3J(H,H)� 1.5 Hz,
Ph), 7.55 (d, 2H, 3J(H,H)� 1.5 Hz, Ph), 7.10 (s, 4H, OH), 4.68 (s, 2H, CH
imid), 3.29 (s, 1H, C�CH), 1.17 (s, 6 H, CH3), 1.08 (s, 6H, CH3); 13C NMR
([D6]DMSO): d� 142.1, 130.3, 129.1, 120.1 (Ph), 90.0 (-CH imid.), 84.1
(-C�C-), 79.3 (-C�C-), 66.1 (Cquat imid.), 24.0 (CH3), 17.1 (CH3); IR (KBr):
nÄ � 2107 (C�C), 3440 cmÿ1 (OH); elemental analysis calcd (%) for
C22H34N4O4 (418.5): C 63.13, H 8.19, N 13.39; found: C 63.45, H 8.05, N
13.75.


1,3-Bis(1-oxyl-3-oxo-4,4,5,5-tetramethylimidazolin-2-yl)-5-ethynylbenzene
(diNN-tr): The same procedure as described for compound diNN-H using
compound 6 (205 mg, 0.49 mmol) and NaIO4 (220 mg, 1.03 mmol) in
CH2Cl2/H2O1:1 (40 mL) was used. After purification by chromatography
(silica gel, ethyl acetate/CH2Cl2 10:90), the product was recrystallised in
CH2Cl2/hexane to afford dark blue needles (155 mg, 77 %). IR (KBr): nÄ �
2103 (C�C), 1360 cmÿ1 (NÿO); UV/Vis lmax (e)� 259 (35 280), 369 (20 630),
589 (791), 617 nm (753mÿ1 cmÿ1); elemental analysis (%) calcd for
C22H28N4O4 (412.5): C 64.06, H 6.84, N 13.58; found: C 63.99, H 6.82, N
13.60; FAB� (m-NBA): 412.0 [M]� , 397.0 [MÿO]� , 381.0 [Mÿ 2O]� , 365.1
[Mÿ 3O]� , 349.1 [Mÿ 4O]� , 282.0; NS� 2.1 spins per molecule.


1,3-Bis(1-oxyl-4,4,5,5-tetramethylimidazolin-2-yl)-5-ethynylbenzene
(diIN-tr): The same procedure as described for compound diIN-H using
diNN-tr (125 mg, 0.30 mmol) and NaNO2 (206 mg, 3.0 mmol) was used.
After purification by chromatography (silica gel, ethyl acetate/CH2Cl2


5:95), the product was recrystallised in CH2Cl2/hexane to afford red
needles (77 mg, 67%). M.p. 174 8C; IR: nÄ � 2102 (C�C), 1370 (NÿO),
1542 cmÿ1 (C�N); UV/Vis: lmax (e)� 301 (5960), 445 nm (789mÿ1 cmÿ1);
elemental analysis (%) calcd for C22H28N4O2 (380.5): C 69.45, H 7.42, N
14.72; found: C 69.40, H 7.46, N 14.79; FAB� (m-NBA): 382.0 [M�H]� ,
366.0, 350.0 [Mÿ 2O]� ; NS� 1.85 spins per molecule.


1-(1-Oxyl-4,4,5,5-tetramethylimidazolin-2-yl)-3-(1-oxyl-3-oxo-4,4,5,5-tet-
ramethylimidazolin-2-yl)-5-ethynylbenzene (INNN-tr): The same proce-
dure as described for compound INNN-H using diNN-tr (100 mg,
0.24 mmol) and NaNO2 (33 mg, 0.48 mmol) as starting materials was used.
After purification by chromatography (silica gel, ethyl acetate/CH2Cl2


2:98), the product was recrystallised in CH2Cl2/hexane to afford a grey
microcrystalline powder (32 mg, 34%). M.p. 188 8C; IR (KBr): nÄ � 2115
(C�C), 1364 (NÿO), 1553 cmÿ1 (C�N); UV/Vis: lmax (e): 369 (13 680), 446
(614), 587 (512), 618 nm (469mÿ1 cmÿ1); elemental analysis (%) calcd for
C22H28N4O3 (396.5): C 66.65, H 7.12, N 14.13; found: C 66.84, H 7.06, N
13.98; FAB� (m-NBA): 397.0 [M]� , 382.0 [MÿO]� , 366.0 [Mÿ 2O]� , 349.0
[Mÿ 3O]� , 283.0 [Mÿ 4O]� , 267.0; NS� 1.9 spins per molecule.
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Abstract: Arylallylpalladium complexes
[Pd(5-C6F5-h3-cyclohexenyl)(C6Cl2F3)-
(NCMe)] (10) and [Pd2(m-C6Cl2F3)2(5-
C6F5-1,3-h3-cyclohexenyl)2] (13) have
been synthesized. Complex 13 is an
example of a rare class of metal com-
plexes with aryl bridges and its X-ray
crystal diffraction structure has been
determined. These arylallylpalladium
complexes are involved in the coupling
of Bu3SnRf (1, Rf� dichlorotrifluoro-
phenyl) and [Pd2(m-Br)2(5-C6F5-1,3-h3-
cyclohexenyl)2] (2); complex 10 has
been detected in the course of the
stoichiometric coupling reaction in ace-
tonitrile. Decomposition experiments of


10 and 13 in different conditions, and
comparison with the reactions of 1 and 2,
allow us to determine that reductive
elimination does not occur in the ab-
sence of additives. p-Benzoquinone co-
ordinates to Pd to give complex 15 and
promotes reductive elimination to give
the coupling products selectively. The
outcome of the coupling reaction is
controlled by the reductive elimination


step, but the overall rate is controlled by
the faster preequilibrium, which deter-
mines the concentration of 10 or 13.
Palladium-catalyzed coupling of allyl
halides and tin aryls works better than
the stoichiometric allyl ± aryl reductive
coupling on isolated allylarylpalladium
complexes, because they benefit from
the presence in the solution of substrate
allylic halides acting as electron-with-
drawing olefins and promoting reductive
elimination. More efficient allyl ± aryl
couplings, whether stoichiometric or
catalytic, can be achieved upon addition
of p-benzoquinone to the reaction mix-
ture in a noncoordinating solvent.


Keywords: allyl ligands ´ bridging
aryls ´ CÿC coupling ´ intermediates
´ palladium ´ reductive elimination


Introduction


Transition-metal-mediated or -catalyzed CÿC coupling reac-
tions are very important in the construction of organic
molecules. The reactions of organic electrophiles (organic
halides, triflates, etc.) with organometallic derivatives (partic-
ularly of Mg, Zn, Cu, Sn, Si, or B) catalyzed by palladium
complexes are widely used.[1, 2] The coupling reactions that use
organotin derivatives as the nucleophile source (Stille reac-
tion) are often chosen because of the stability of these
reagents and the variety of functional groups that can be
tolerated.[2] Compared with their extensive synthetic applica-
tion, mechanistic studies on these processes are still scarce.


The mechanism of the coupling of aryl halides or triflates
with aryl- or vinyltin derivatives has been studied in detail,
and we have shown that the rate determining step for the
process can be either the transmetallation of the organic


group from tin to palladium or the oxidative addition,
depending on the exact circumstances of the reaction.[3]


On the other hand, coupling involving allylic electrophiles
is expected to proceed by a similar route (oxidative addition
to give A, transmetallation to give B, and reductive elimi-
nation of the coupling product), which is represented in a
simplified way in Scheme 1. In this case, however, the
reductive elimination step from a putative allylarylpalladium
complex (B, Scheme 1), might become rate determining, since
the CÿC allyl ± aryl coupling is expected to be slower than
those of aryl ± aryl or vinyl ± aryl.[4]
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Scheme 1. Simplified mechanism for the aryl ± allyl coupling.
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In fact Schwartz and co-workers have reported that the
coupling of allylic halides and allylic organometallics does not
proceed unless electron-withdrawing olefins are added. They
have attributed this to the allyl ± allyl coupling (from a
putative, reversibly formed, bis(allyl)palladium intermediate)
being extremely slow, while it is accelerated by the addition of
p-acidic ligands, particularly electron-withdrawing olefins
such as maleic anhydride.[5±8] In this respect it is also
interesting to note the detection by NMR spectroscopy of a
bisallyl complex [Pd(h3-C3H5)(h1-CH2CH�CHPh)(PPh3)] in
the reaction of allyltributyltin with a phenylallyl palladium
chloride dimer.[9] The reductive elimination in allylarylpalla-
dium complexes of type B has been carefully studied by
Kurosawa and co-workers, and they also noted this promoting
effect of electron-withdrawing olefins.[10±13] Kinetic studies
supported by theoretical work suggest that the reductive
elimination occurs in an h3-allylpalladium complex with a
coordinated olefin (C), which was detected by NMR spectros-
copy at low temperature (Scheme 2).[13] These results have
been used to improve some catalytic coupling reactions by
adding electron withdrawing olefins, often maleic anhy-
dride.[5, 14, 15]


Ar


L
Pd


Ar


olefin
Pd Ar


Ar = C6FnCl5-n; L = PR3, AsR3


+  olefin +  L


B C


Scheme 2. Promotion of reductive elimination in some arylallylpalladium
derivatives.


Fluoroaryls have proved to be useful moieties for the study
of reaction mechanisms and the detailed analysis of reaction
mixtures.[3, 16, 17] In this paper, by using fluorinated aryl
derivatives we have been able to detect complex B
(Scheme 1) in the course of a coupling reaction, as well as
some other species involved in the catalytic cycle or closely
related to it. We examine in detail the stoichiometric and
catalytic coupling of cyclohexen-3-yl derivatives and tribu-
tyl(dichlotrifluorophenyl)tin, analyzing the pathways that
compete with it, and finding the conditions that make the
coupling efficient. Altogether, a clear picture of the coupling
reaction and the competing processes is obtained.


Results and Discussion


Reactions of cyclohexenyl derivatives with Bu3SnRf (Rf�
C6Cl2F3): The reaction of cyclohexenyl bromide and Bu3SnRf
(1, Rf� dichlorotrifluorophenyl) in chloroform at 50 8C,
catalyzed by 2.5 % of the h3-allyl palladium complex di-m-
bromobis(5-pentafluorophenyl-1-3-h3-cyclohexenyl)-dipalla-
dium(ii) (2),[17] slowly gave the coupling product 3-(dichloro-
trifluorophenyl)-cylohexene (3) (Scheme 3, 46 % yield after
14 days).


In order to study the transformation from A to the coupling
product (this includes the transmetallation step plus the
reductive elimination step, and will be referred to hence from
as ªcoupling processº) we carried out the stoichiometric


Br Rf


 2  Bu3SnRf  +


1


Pf = C6F5
Rf = C6Cl2F3


2 (2.5%)
+  Bu3SnBr


3


Scheme 3. Coupling of cyclohexenyl bromide and Bu3SnRf (1).


model reaction of 1 with the palladium allyl 2 in chloroform or
acetonitrile at 50 8C (Scheme 4 and Table 1, entries 1, 2). The
presence of two different fluorinated groups in both sub-
strates allowed us to monitor the reaction by 19F NMR
spectroscopy and, together with 1H NMR experiments,
identify all the products of the reaction. Unexpectedly no
coupling product was obtained, but several other compounds


Pd
Br


Pf


Pf


PfPf


Pf


Br


Bu3SnRf
1


1/2


Pf = C6F5
Rf = C6Cl2F3


Pd0


+


2


+


+ RfH + Pd0 + Bu3SnBr+


4


5 6


7


4 + 7 + RfH + Pd0 + [PdRf2(NCMe)2] + Bu3SnBr


5  +  6


CDCl3


CD3CN


2


9


9 8


Scheme 4. Decomposition products for the reaction of 1 and 2 in different
solvents.


were observed and identified. Control experiments showed
that the decomposition occurs only when both reagents are
present and does not arise from either reagent alone. Under
the same conditions used for the attempted stoichiometric
couplings (CDCl3, 50 8C, 1 day; CD3CN, 50 8C, 2 h) 1 or 2 by
themselves remained unchanged. The decomposition reaction
was not affected by oxygen or by the radical-trap galvinoxyl.


The stoichiometric reaction was also carried out in acetoni-
trile at a lower temperature (30 8C) and monitored by 19F
NMR spectroscopy. After 4 h, 30 % of the starting material
had converted to a new complex, which was identified as
(5-pentafluorophenyl-1-3-h3-cyclohexenyl)(dichlorotrifluoro-
phenyl) acetonitrilepalladium(ii) (10) (Scheme 5) and corre-
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Scheme 5. Stoichiometric reaction of 1 and 2 in acetonitrile.
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sponds to the transmetallation intermediate B in Schemes 1
and 2 above. Complex 10 is also observed, but does not
accumulate when the reaction is carried out at 50 8C. An
independent synthesis of this compound and a study of its
decomposition were carried out.


Synthesis and decomposition experiments of plausible trans-
metallation intermediates : The cationic Pd-allyl 11 and the
allyl bisarylpalladium complex 12 were prepared from 2 by
reaction with the corresponding silver salt, as summarized in
Scheme 6. The reaction of 11 and 12 in acetone produces the
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Scheme 6. Synthesis of 13 and 10.


orange aryl-bridged 13. Acetonitrile as solvent splits these
bridges to give colorless 10 in solution, but evaporation and
crystallization drives the equilibrium back to 13.


The X-ray crystal structure of 13 shows a centrosymmetric
molecule with both palladium atoms and bridging ipso
carbons in the same plane and the dichlorotrifluoroaryl rings
perpendicular to that plane (Figure 1). Selected bond lengths


Figure 1. Ortep drawing of complex 13, showing the trans arrangement of
both allyl moieties in the dimer (a) and two views of the aryl bridges (a
and b).


and angles are collected in Table 2. Each aryl bridge is
unsymmetrical with two slightly different PdÿCipso bond
lengths (2.195 and 2.242 �). This asymmetry and bond lengths


Table 1. Coupling and decomposition reactions of 1 � 2 and intermediates 10 and 13.[a]


Entry Reaction mixture Solvent Time 4 5 6 7 14 (cis� trans) 9 8 Other (yield)


1 2 � 1 (Pd:Sn� 1:1) CDCl3 6 days 6 44 34 6 ± 90 ± 1 (10)
2 2 � 1 (Pd:Sn� 1:1) CD3CN 2 h 5 57 26 4 ± 22 49 1 (29)
3 13 CDCl3 13 h ± 34 66 ± ± 100 ± ±
4 10 CD3CN 2.5 h ± 35 65 ± ± 53 47 ±
5 2 � Bu3SnBr CDCl3 1 day ± ± ± 32 ± ± ± 2 (68)
6 2 � Bu3SnBr CD3CN 2 h ± 3 ± 9 ± ± ± 2 (88)
7 13 � Bu3SnBr CDCl3 10 min ± ± ± ± ± ± ± 1 (100), 2 (100)
8 10 � Bu3SnBr CD3CN 10 min 4 ± ± ± ± 5 - 1 (21), 2 (22), 10 (74)
9 2 � 1 � benzoquinone (Pd:Sn:bzq� 1:1:1) CDCl3 1 day ± 5 21 5 63 (60� 3) 22 ± Bu3SnRf (15)


10 13 � benzoquinone (Pd:bzq� 1:1) CDCl3 10 min 1 ± 2 ± 97 3 ± ±
11 2 � 1 � benzoquinone (Pd:Sn:bzq� 1:1:20) CD3CN 3 h 12 ± 7 2 79 (13� 66) 1 13 1 (7)
12 10 � benzoquinone (Pd:bzq� 1:20) CD3CN 40 min 5 ± ± ± 92 6 2 11 (3)
13 10 � benzoquinone (Pd:bzq� 1:1) CD3CN 40 min 67 ± 7 3 ± 20 67 13
14 2 � benzoquinone (Pd:bzq� 1:20) CD3CN 2.5 h ± ± ± 31 ± ± cis-2 (50), trans-2 (19)
15 2 � benzoquinone (Pd:bzq� 1:1) CDCl3 1 day ± ± ± ± ± ± 2 (100)


[a] All the reactions were carried out at 50 8C. The yields given (%) were determined by integration of 19F NMR signals and represent the distribution of Pf
and Rf in the compounds independently (total Pf� 100 %; total Rf� 100 %).
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in the bridges are similar to those found in the structure of
[Pt2(m-C6F5)2(C6F5)4]2ÿ.[18] However, in contrast with 13, the Pt
coordination planes in the Pt-dimer form a dihedral angle of
151.98 and the bridging aryl rings are not parallel to each
other. The cyclohexenyl moieties in 13 have a trans arrange-
ment and a pseudoboat conformation with the bulky penta-
fluorophenyl groups in the equatorial position. The Pd-allyl
bond lengths found here are comparable to other palladium
h3-cyclohexenyl structures,[17, 19] but the allyl moiety is asym-
metrically coordinated: a larger PdÿC(allyl) bond length trans
to the shorter Pd-C(bridging aryl) bond is found (PdÿC(9),
2.176 � versus PdÿC(7), 2.129 �). The short PdÿPd bond
length in the dimer (2.6897 �) suggests some degree of
metal ± metal interaction. A search in the Cambridge Crysta-
lographic Database for the structures reported with PdÿPd
bonds gives an average PdÿPd length of 2.766 �, with most
structures within the range 2.575 to 2.775 �.[20] The PdÿPd
bond length in 13 is within this range, and is shorter than
found in the metal (2.75 �).[21] A short PtÿPt bond length was
similarly found in [Pt2(m-C6F5)2(C6F5)4]2ÿ.[18] The analogous
[Pd2(m-C6F5)2(C6F5)4]2ÿ is the only palladium complex with
pentafluorophenyl bridges reported in the literature, but its
crystal structure has not been reported.[22]


The 19F and 1H NMR spectra in CDCl3 (Figure 2) show that
13 gives a 1:1 mixture of two isomers, corresponding to the cis
and trans arrangements of two allyl groups in a dimer. The
bridging nature of the two Rf groups is revealed by the
remarkable downfield shift of their Fortho signals.[18, 22] When a


Figure 2. 19F NMR spectrum of the mixture of cis and trans isomers (1:1) of
complex 13 in CDCl3 : a) Fortho of bridging C6Cl2F3 (^ cis ; ^ trans) ; b) Fpara


of bridging C6Cl2F3; c) Fpara of C6F5.


solution of 13 is warmed to 50 8C in CDCl3 the signals in the
19F NMR spectrum become broad, indicating slow intercon-
version of the two isomers, probably by bridge splitting and
reforming, as observed for 2 and for related halogen-bridged
allyl complexes.[17, 23] The dimeric structure of 13 is maintained
in solvents of low to moderate coordination ability (CHCl3,
CH2Cl2, acetone, and Et2O), but acetonitrile splits the bridges
to give 10, as stated above.


Complex 13 decomposes in CDCl3 or in CD3CN (where it
gives 10) at 50 8C to give the same products obtained in the
reactions of Bu3SnRf (1) and 2. The results of these experi-
ments are collected in Table 1 (entries 3, 4). Scheme 7
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Scheme 7. Decomposition routes for complexes 10 and 13.


illustrates the plausible pathways leading to the decomposi-
tion products observed. Three main decomposition routes can
be invoked to explain the outcome of the reactions. b-H
elimination in the allylic complexes is the main source of the
cyclohexadienyl derivative 4 and, by disproportionation
promoted by Pd0, of 4-pentafluoro cyclohexene (5) and
pentafluorobiphenyl (6).[24] Reductive elimination in the
hydrido complex thus formed produces dichlorotrifluoroben-
zene (RfH, 9) and Pd0. In the coordinating acetonitrile
ªPdHRfº is somewhat stabilized, enough for it to react in part
with the starting complex and produce [Pd(Rf)2(NCMe)2] (8)
by group exchange via a putative intermediate D.[25] This
rearrangement is not observed in CDCl3, where decomposi-
tion of ªPdHRfº dominates.


The agreement between the results of the decomposition of
13 or 10 (entries 3 and 4, Table 1) and the outcome of the
coupling process from 1 and 2 (entries 1 and 2, Table 1) is
good. The major decomposition products of the Pf-substituted
(Pf�C6F5) moiety arise from b-H elimination (the actual
ratio between 4, 5, and 6 depends on the catalytic activity and
features of the Pd-black generated). RfH (9) is the main Rf
product in the reactions in CDCl3, and both RfH and 8 are
formed in CD3CN. This supports the formation of arylallyl-


Table 2. Selected bond lengths [�] and angles [8] for complex 13.


Pd(1)ÿC(8) 2.100(7) C(1)-Pd(1)-C(1A) 105.38(19)
Pd(1)ÿC(7) 2.129(6) C(1)-Pd(1)-Pd(1A) 53.47(16)
Pd(1)ÿC(9) 2.176(6) Pd(1)-C(1)-Pd(1A) 74.62(19)
Pd(1)ÿC(1) 2.195(6) C(1A)-Pd(1)-Pd(1A) 51.90(16)
Pd(1)ÿC(1A) 2.242(6) C(9)-C(8)-C(7) 115.9(6)
Pd(1)ÿPd(1A) 2.6897(11) C(8)-C(9)-C(10) 120.4(6)
C(7)ÿC(8) 1.393(8) C(9)-C(10)-C(11) 110.5(5)
C(8)ÿC(9) 1.389(8) C(10)-C(11)-C(12) 111.3(5)
C(9)ÿC(10) 1.514(8) C(6)-C(1)-C(2) 114.8(6)
C(10)ÿC(11) 1.525(8) C(1)-C(2)-C(3) 123.2(6)
C(11)ÿC(12) 1.534(8) C(4)-C(3)-C(2) 118.0(6)
C(7)ÿC(12) 1.510(8) C(3)-C(4)-C(5) 122.0(6)
C(1)ÿC(6) 1.377(9) C(6)-C(5)-C(4) 116.9(6)
C(1)ÿC(2) 1.381(8) C(5)-C(6)-C(1) 125.0(6)
C(2)ÿC(3) 1.392(8)
C(3)ÿC(4) 1.364(9)
C(4)ÿC(5) 1.379(8)
C(5)ÿC(6) 1.373(8)
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palladium complexes (10 and 13) in the stoichiometric
reaction with the tin derivative.


Thus, when b-H elimination is possible, as is the case with
the cyclohexenyl moiety used in this work and of many allylic
derivatives, this is the dominant decomposition pathway of
the intermediate allylaryl complex. Interestingly no b-H
elimination occurs for the starting complex 2 or the cationic
11 when warmed in solution. We suggest that this allyl moiety
can undergo easy b-H elimination only when it becomes h1-
bonded; this implies decoordination of the double bond,
which should be easier in 10 or 13. It is now well established
that dissociative mechanisms in Pt and Pd are greatly
facilitated in complexes containing two soft carbon donors
that make the Pd center electron rich (such as 10 or 13),
compared with halo complexes (such as 2) or cationic
complexes (such as 11).[26]


Small differences are also observed between the results of
the decomposition of 13 or 10 and the coupling process from 1
and 2 . First of all, the small amount of 7 observed in entries 1
and 2 (Table 1) is attributed to the reaction of the byproduct
Bu3SnBr and starting 2, which was independently tested (see
entries 5 and 6, Table 1).


Another remarkable point is that the reaction rates for the
decomposition of 13 or 10 and for the coupling process of 1
and 2 are similar in CD3CN (entries 2 and 4), but very
different in CDCl3 (entries 1 and 3). We have observed that
the transmetallation step is reversible and the equilibrium
1�2> 13�SnBu3Br is shifted almost completely to the left in
CDCl3. When 13 is mixed with Bu3SnBr at 50 8C for
10 minutes apparently total conversion to 1 and 2 occurs
(entry 7, Table 1). However, when 13 is dissolved in CD3CN
only about 20 % is converted to 1 and 2 (entry 8, Table 1),
showing that the equilibrium 1�2> 10�SnBu3Br is displaced
to the right. Conversely, when 1 and 2 are mixed, a high
concentration of 10 in acetonitrile is obtained, whereas only a
small concentration of 13 is formed in chloroform. This leads
to comparable reaction times for 1�2 and for 10 in acetoni-
trile, but not in chloroform in which 13 is much less abundant
when formed from 1�2 than when added as a pure substance.


Finally, some Bu3SnRf (1) remains unreacted in the
reactions of 1 and 2 when all the palladium complex 2 has
been consumed. We see that the byproduct Bu3SnBr promotes
the decomposition of 2 to some extent. In addition, the
ªPdHBrº produced in the reaction can lead to additional
consumption of 2 according to Scheme 8. This seems to be
supported by the fact that the excess of 1 (or rather the defect
of 2 because of its consumption in side reactions) is higher in
MeCN in which ªPdHBrº is better stabilized.


Promotion of the reductive elimination step : In order to favor
the formation of the coupling product 14 (Scheme 9) from 13
or 10, the rate of the reductive elimination step must be
increased to surpass the rate of b-H elimination. Electron-
withdrawing olefins, such as maleic anhydride or allylic
chlorides, have been shown to speed up this reac-
tion.[5±8, 11a±14, 27] Oxidants have also been tried, following the
increase in the reductive elimination rate upon oxidation
obtained for some dialkyliron complexes,[28] although they
seem to be less efficient for palladium allyl complexes.[6] We
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Scheme 9. Role of p-benzoquinone in the formation of the coupling
product 14.


find that p-benzoquinone has the highest effect on the
reductive elimination step for 13 and 10. Maleic anhydride
and oxidants such as Ag� or [MoO2Cl2(dmso)2] were ineffec-
tive giving RfH (9) as the main product. The reactions of 10
and 13 with p-benzoquinone are given in Table 1 (entries 10,
12, and 13). When complex 13 was warmed in CDCl3 in the
presence of p-benzoquinone (Pd:benzoquinone� 1:1) the
coupling product 14 was obtained almost quantitatively.
Excess of p-benzoquinone was needed to obtain the same
effect when 10 was decomposed in CD3CN. This suggests that
the reductive elimination occurs in an allylarylpalladium p-
benzoquinone complex, 15, which is more easily obtained in
chloroform than in the coordinating solvent acetonitrile. In
fact, complex 15 was detected upon addition of p-benzoqui-
none to a solution of complex 13 in chloroform at 243 K. This
complex 15 shows the characteristic 19F pattern for a non-
rotating Rf group coordinated to Pd (d�ÿ89.8 andÿ92.4 for
the inequivalent Fortho) and the corresponding signals for the
Pf group. It can also be detected in CD3CN at room
temperature when 10 and an excess of p-benzoquinone are
mixed. When a solution containing equimolar amounts of 10
and p-benzoquinone in a mixture of CH2Cl2/CH3CN at low
temperature was evaporated to dryness, and the residue was
dissolved in CDCl3 at 243 K, the amount of 15 formed was
higher and made full NMR characterization possible. The p-
benzoquinone has two protons that display an upfield shift
(d� 5.47 and 5.43), typical of a coordinated double bond,
compared with the other two on a noncoordinated double
bond (d� 6.52 and 6.46). Upon increase of the temperature,
15 decomposed cleanly to the coupling product 14.


Table 1 also shows the effect of the use of p-benzoquinone
in the stoichiometric coupling process of the 1 and 2 (entries 9
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and 11). Again, the coupling product 14 could be obtained in
these conditions and the analogies observed between these
couplings and the decomposition of 10 or 13 are evident.
There are noteworthy differences, though. First, the reaction
of 1 and 2 in acetonitrile in the presence of p-benzoquinone
gives a diasteromeric mixture of the coupling products cis and
trans-14. The higher the amount of p-benzoquinone used, the
more trans-14 is obtained. We have observed in a control
experiment (entry 14, Table 1) that the presence of p-benzo-
quinone in solutions of complex 2 in acetonitrile promotes
reductive elimination to give 3-bromo-5-pentafluorophenyl-
cylohexene (7) and, by oxidative addition of this compound in
a nonsteroselective way,[29] the diastereomeric allyl derivative
trans-2 with Pf and Pd on different sides of the cyclohexenyl
ring. This is favored, since p-benzoquinone is a ligand capable
of stabilizing Pd0.[30] Thus, 2 and p-benzoquinone
(Pd:benzoquinone� 1:20) in CD3CN gives 31 % of 7 and
19 % of trans-2 in 2.5 h at 50 8C (entry 14, Table 1). This is not
observed when 2 and p-benzoquinone (1:1 ratio) are mixed in
chloroform (entry 15, Table 1). The coupling product ob-
tained in this solvent is mostly cis-14 (60 %), and the small
amount of trans-14 found (3 %, entry 9, Table 1) could
originate from the formation of 7 promoted, as was mentioned
before, by the presence of Bu3SnBr (entries 1 and 5, Table 1).


The rate differences observed before for the reaction of
1�2 and the decomposition of 10 (in CD3CN, same order of
rate) or 13 (in CDCl3, very different rates) in the absence of p-
benzoquinone, are also observed here (cf. entries 9 ± 12,
Table 1). This suggests that the coupling, although consider-
ably accelerated by p-benzoquinone and faster than other
decomposition pathways, is still slower than the transmetalla-
tion. For this reason its rate is controlled by the faster
preequilibrium which determines the concentration of 10 or
13.


The effect of p-benzoquinone was also tested by reacting di-
m-bromobis(2-methyl-1-3-h3-allyl)dipalladium(ii) (16), which
cannot undergo b-H elimination side reactions. When 16 was
warmed with Bu3SnRf (1) in chloroform solution at 50 8C for
six days, only 8% of the coupling product 3-(dichlorotrifluoro-
phenyl)-2-methylpropene (17) was obtained. However, when
the reaction was carried out in the same conditions in the
presence of p-benzoquinone (Pd:benzoquinone� 1:1), quan-
titative formation of 17 was observed after one day
(Scheme 10).


Catalytic reactions : The information obtained was used to
improve the coupling of cyclohexenyl bromide and Bu3SnRf
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Scheme 10. Reaction of 16 with Bu3SnRf.


(1) catalyzed by the allylic complex 2 (Scheme 3). Table 3
collects the results obtained when the reaction was carried out
with and without additives. It is clear that the optimal
conditions are met by addition of p-benzoquinone in a
noncoordinating solvent such as chloroform, in which 3 can
be obtained in 92 % yield. p-Benzoquinone has no perceptible
effect in a coordinating solvent like acetonitrile. Maleic
anhydride has a detrimental effect, as was observed before
for the decomposition of complex 13. These observations
parallel the results just described in the sections above.
Table 3 also shows the analogous results obtained for the
coupling of allyl chloride and 1. Again, the yield of coupling
product 3-(dichlorotrifluorophenyl)propene (18) is higher
when p-benzoquinone is used.


Conclusion


When used in CÿC coupling reactions, allylic derivatives show
distinct features that have been studied in detail by analyzing
stoichiometric couplings between haloaryltin derivatives and
allylpalladium complexes along with the synthesis of aryl-
allylpalladium derivatives involved in the reaction. Trans-
metallation from tin allyls to arylPd complexes reversibly
gives arylallylpalladium derivatives, such as 10 or 13. The
following step, reductive elimination, is slow and controls the
reaction outcome, but its rate is, in turn, controlled by the
actual concentration of the arylallylpalladium complex 10 or
13. Furthermore, in order to produce an efficient coupling,
coordination of a promoter of reductive elimination such as p-
benzoquinone, an electron-withdrawing olefin, is very effec-
tive. Both the concentration of the arylallylpalladium complex
(in our case 10 or 13) and the ease of coordination of the
promoter will depend on the coordinating ability of the
solvent. In the absence of a good promoter, b-H elimination
and group exchange are the main decomposition pathways
observed.


Finally, since we have shown that 10 or 13 do not give the
reductive elimination compound in the absence of a promot-
er, the noticeable amount of coupling product 3 observed in


Table 3. Catalytic coupling of allyl bromides with 1.


Entry Reaction mixture Solvent Additive time [days][a] Coupling Other Rf
product (%) products (%)


1 1 � cyclohexenyl bromide CDCl3 ± 14 3 (46) 9 (54)
2 1 � cyclohexenyl bromide CDCl3 benzoquinone 4 3 (92) 9 (8)
3 1 � cyclohexenyl bromide CDCl3 maleic anhydride 9 3 (38) 9 (62)
4 1 � cyclohexenyl bromide CD3CN ± 1 3 (56) 9 (34), 8 (2), 1 (8)
5 1 � allyl chloride CDCl3 ± 2 18 (70) 9 (4), 1 (18)
6 1 � allyl chloride CDCl3 benzoquinone 1 18 (89) 1 (9)


[a] Time needed for completion of the reaction.
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the catalytic reactions (46 %) has to be attributed to the
presence of the allylic substrate, an electron-withdrawing
olefin itself.[12] As can be seen in Table 3, allyl chloride, being a
better ligand and a more electron-withdrawing olefin than
cyclohexenyl bromide, promotes reductive elimination more
efficiently, and the catalytic reaction in the absence of p-
benzoquinone gives higher yield of coupling product. None-
theless the catalytic coupling still benefits from the addition of
p-benzoquinone.


Experimental Section


General : 19F and 1H NMR spectra were recorded on Bruker AC 300 and
ARX 300 instruments. Chemical shifts are reported in d units (ppm)
downfield from Me4Si for 1H and from CFCl3 for 19F. The spectra were
recorded at 293 K except when noted. Carbon, nitrogen, and hydrogen
analyses were carried out on a Perkin-Elmer 2400 CHN Elemental
Analyzer. IR spectra were carried out using a Perkin ± Elmer 883
spectrophotometer. Organic products were analyzed by using a HP-5890
gas chromatograph connected to an HP-5988 mass spectrometer at an
ionizing voltage of 70 eV using a quadrupole analyzer.
The reactions involving organolithium reagents were carried out under N2


using solvents dried by standard methods and freshly distilled. AgBF4,
C6Cl3F3, allyl chloride, cyclohexenyl bromide, and additives are commer-
cially available and were used without further purification. Compounds 6
and 9 are known, but their spectral data are given for completeness.
Bu3SnC6Cl2F3 (1),[3b] (h3-allyl)palladium bromide dimers 2[17] and 16,[31] and
[MoO2Cl2(dmso)2][32] were prepared as reported in the literature.


General procedure for the stoichiometric reactions of [Pd2(m-Br)2(h3-
allyl)2] and 1: The solvent (0.5 mL) and the tin reagent 1 (0.020 mmol) were
added to an NMR tube that contained [Pd2(m-Br)2(h3-allyl)2] (0.010 mmol)
and the additive (when it was used),. The mixture was placed in a preheated
oil bath at 50 8C throughout the reaction time. The products were analyzed
by 19F and 1H NMR spectroscopy, and, after elimination of the Pd0 by
filtration through activated carbon, by GC-MS. The results of the experi-
ments carried out are collected in Table 1.


Compound 4 : 1H NMR (300 MHz, CDCl3/CD3CN): d� 6.03/6.05 (m, 2H;
H2, H3), 5.93/5.90 (m,1 H; H1), 5.70/5.72 (d, J� 9.0 Hz, 1H; H4), 4.10/4.08
(m, J� 17.2, 9.0 Hz, 1 H; H5), 2.45/2.35 (m, 1H; H6), 2.30/2.35 (m, 1H; H6');
19F NMR (282 MHz, CDCl3/CD3CN): d�ÿ162.94/ÿ 164.31 (m; Fmeta),
ÿ157.66/ÿ 159.19 (t; Fpara),ÿ140.65/ÿ 141.20 (m; Fortho); MS: m/z (%): 246
(100) [M]� , 205 (20), 181 (89), 169 (10), 123 (22), 99 (11), 77 (37), 51 (26).


Compound 5 : 1H NMR (300 MHz, CDCl3): d� 5.75 (m, 2H; H1, H2), 3.25
(tdd, J� 11.5, 5.3, 2.6 Hz, 1H; H4), 2.42 (m, 1H; H3), 2.25 ± 2.05 (m, 4H; H3',
H6, H6', H5), 1.85 (dm, J� 11.5 Hz, 1H; H5'); 19F NMR (282 MHz, CDCl3/
CD3CN): d�ÿ163.22/ÿ 164.31 (m; Fmeta), ÿ158.52/ÿ 159.79 (t; Fpara),
ÿ143.62/ÿ 144.03 (m; Fortho); MS: m/z (%): 248 (69) [M]� , 220 (17), 194
(70), 151 (25), 143 (12), 99 (13), 67 (17), 54 (100).


Compound 6 : 1H NMR (300 MHz, CDCl3/CD3CN): d� 7.55 ± 7.40/7.60 ±
7.40 (m, 5 H); 19F NMR (282 MHz, CDCl3/CD3CN): d�ÿ162.65/
ÿ 164.01 (m; Fmeta), ÿ156.05/ÿ 157.48 (t; Fpara), ÿ143.71/ÿ 144.36 (m;
Fortho); MS: m/z (%): 244 (100) [M]� , 224 (27), 205 (12), 194 (3), 192 (10),
167 (4), 123 (8), 117 (7), 93 (8), 51 (16), 50 (17).


Compound 7: 1H NMR (300 MHz, CDCl3): d� 6.03 (m, J� 9.5 Hz, 1H;
H2), 5.90 (m, J� 9.5, 5.5, 2.3 Hz, 1H; H1), 4.95 (m, 1H; H3), 3.85 (tdd, J�
12.1, 5.5, 2.5 Hz, 1 H; H5), 2.62 (m, 2 H; H4', H6'), 2.42 (dt, J� 18.0, 5.5 Hz,
1H; H6), 2.27 (d, J� 14.0 Hz, 1 H; H4'); 19F NMR (282 MHz, CDCl3/
CD3CN): d�ÿ162.55/ÿ 163.98 (m; Fmeta C6F5), ÿ157.07/ÿ 158.83 (t; Fpara


C6F5), ÿ142.68/ÿ 143.32 (m; Fortho C6F5); MS: m/z (%): 282 (12), 247 (51)
[MÿBr]� , 181 (100), 143 (11), 123 (10), 88 (84), 77 (26), 51 (33).


Compound 8 : 19F NMR (282 MHz, CD3CN): d�ÿ119.94 (s; Fpara C6Cl2F3),
ÿ89.95 (s; Fortho C6Cl2F3). These data were compared with those obtained
when cis-[(C6Cl2F3)2Pd(thf)2][33] was dissolved in CD3CN.


Compound 9 : 1H NMR (300 MHz, CDCl3): d� 6.92 (td, 3J(H,F)� 9 Hz,
5J(H,F)� 2 Hz, 1H); 19F NMR (282 MHz, CDCl3/CD3CN): d�ÿ111.98/
ÿ 113.02 (d, 3J(H,F)� 9 Hz; Fortho), ÿ110.61/ÿ 112.44 (s, Fpara).


Compound cis-14 : 1H NMR (300 MHz, CDCl3): d� 5.92 (dq, J� 10.2,
2.4 Hz, 1H; H2), 5.65 (br d, J� 10.2 Hz, 1H; H1), 4.05 (m, 1H; H3), 3.50
(tdd, J� 11.5, 5.6, 2.6 Hz, 1 H; H5), 2.55 (m, 1 H; H6'), 2.40 (m, 1 H; H4), 2.25
(m, 1H; H6), 2.00 (dm, J� 11.7 Hz, 1H; H4'); 1H NMR (300 MHz, CD3CN):
d� 5.91 (dq, J� 10.6, 2.7 Hz, 1H; H2), 5.67 (br d, J� 10.6 Hz, 1H; H1), 4.07
(m, 1H; H3), 3.52 (tdd, J� 11.8, 5.4, 2.6 Hz, 1 H; H5), 2.50 (m, 1H; H6'), 2.32
(m, 2 H; H4, H6), 2.03 (m, 1 H; H4'); 19F NMR (282 MHz, CDCl3/CD3CN):
d�ÿ162.60/ÿ 164.00 (m; Fmeta C6F5), ÿ157.33/ÿ 159.00 (t; Fpara C6F5),
ÿ143.25/ÿ 143.60 (m; Fortho C6F5) ,ÿ 115.24/ÿ 115.40 (s; Fortho C6Cl2F3),
ÿ113.98/ÿ 115.70 (s; Fpara C6Cl2F3); MS: m/z (%): 450 (4), 449 (3), 448 (18),
447 (4) [M]� , 446 (23), 252 (54), 213 (39), 194 (53), 182 (100), 143 (32), 99
(10), 41 (8).


Compound trans-14 : 1H NMR (300 MHz, CDCl3): d� 6.02 (dq, J� 10.3,
2.7 Hz, 1H; H2), 5.80 (br d, J� 10.3 Hz, 1H; H1), 3.96 (m, 1H; H3), 3.50 (tm,
J� 12.0 Hz, 1H; H5), 2.55 (m, 2H; H4, H6), 2.35 (m, 1H; H6'), 1.90 (d, J�
11.8 Hz, 1H; H4'); 1H NMR (300 MHz, CD3CN): d� 6.02 (dq, J� 10.6,
2.7 Hz, 1H; H2), 5.83 (br d, J� 10.6 Hz, 1H; H1), 3.98 (m, 1H; H3), 3.45
(tdd, J� 12.3, 5.7, 2.7 Hz, 1H; H5), 2.42 (m, 3H; H4, H6, H6'), 1.92 (m, 1H;
H4'); 19F NMR (282 MHz, CDCl3/CD3CN): d�ÿ162.60/ÿ 164.10 (m; Fmeta


C6F5), ÿ157.47/ÿ 159.05 (t; Fpara C6F5), ÿ142.95/ÿ 143.40 (m; Fortho C6F5)
,ÿ 113.74/ÿ 113.80 (s; Fortho C6Cl2F3), ÿ113.65/ÿ 115.42 (s; Fpara C6Cl2F3);
MS: m/z (%): 450 (1), 449 (2), 448 (9), 447 (3) [M]� , 446 (13), 252 (52), 213
(35), 202 (33), 194 (43), 182 (100), 181 (70), 143 (26), 82 (28), 57 (33), 54
(26), 51 (38), 41 (55).


Compound 7: 1H NMR (300 MHz, CDCl3): d� 4.82 (s, 1H; H1), 4.62 (s,
1H; H1'), 3.37 (s, 2 H; H3, H3'), 1.75 (s, 3H; Me2); 19F NMR (282 MHz,
CDCl3): d�ÿ116.22 (s; Fortho C6Cl2F3), ÿ114.50 (s; Fpara C6Cl2F3); MS: m/z
(%): 256 (29), 255 (6), 254 (33) [M]� , 213 (78), 199 (34), 169 (3), 143 (88),
117 (15), 69 (13), 51 (22), 41 (100).


General procedure for catalytic coupling of allylic halides and 1: Palladium
complex 2 (0.0052 g, 0.006 mmol) and the additive (0.012 mmol) were
placed into an NMR tube. Solvent (0.5 mL), the allylic halide (0.240 mmol),
and Bu3SnC6Cl2F3 (1) (0.240 mmol) were added, and the mixture was
heated in an oil bath at 50 8C. The reactions were analyzed as described
above.


Compound 3 : 1H NMR (300 MHz, CDCl3): d� 5.83 (m, 1 H; H2), 5.53 (d,
J� 10.2 Hz, 1H; H1), 3.82 (m, 1H; H3), 2.12 (m, 2H; H6, H6'), 1.92 (m, 2H;
H4, H5), 1.76 (m, 2 H; H4', H5'); 19F NMR (282 MHz, CDCl3/CD3CN): d�
ÿ115.35/ÿ 115.41 (s; Fortho C6Cl2F3), ÿ115.19/ÿ 116.32 (s; Fpara, C6Cl2F3);
MS: m/z (%): 285 (2), 284 (13), 283 (9), 282 (61), 281 (13) [M]� , 280 (100),
267 (42), 265 (67), 228 (49), 226 (75), 182 (86), 169 (27), 156 (17), 123 (7), 79
(12), 41 (23).


Compound 18 : 1H NMR (300 MHz, CDCl3): d� 5.87 (ddt, J� 16.4, 10.0,
6.3 Hz, 1 H; H2), 5.09 (dm, J� 10.0 Hz, 1 H; H1), 5.07 (dm, J� 16.4 Hz, 1H;
H1'), 3.42 (dqu, J� 6.3, 1.5 Hz, J(H-F)� 1.5 Hz, 2 H; H3, H3'); 19F NMR
(282 MHz, CDCl3): d�ÿ117.05 (s; Fortho C6Cl2F3), ÿ114.80 (s; Fpara


C6Cl2F3); MS: m/z (%): 243 (2), 242 (14), 241 (5) [M]� , 240 (33), 215
(20), 213 (20), 170 (54), 169 (100), 123 (24), 93 (30), 74 (41), 51 (39), 41 (23).


Synthesis of [Pd(5-C6F5-h3-cyclohexenyl)(NCMe)2]BF4 (11): Compound 2
(0.1510 g, 0.174 mmol) was added to a solution of AgBF4 (0.0680 g,
0.349 mmol) in CH3CN (30 mL). The mixture was protected from light and
stirred for 30 min The solution was filtered and evaporated to about
0.5 mL. Et2O (20 mL) was added to the residue, and the mixture was stirred
in a cold bath for 30 min. A white solid was obtained that was filtered,
washed with Et2O, and dried under vacuum in a dessicator with P2O5


(0.131 g, 72% yield). 1H NMR (300 MHz, CD3CN): d� 5.78 (t, J� 6.7 Hz,
1H; H2), 5.54 (t, J� 6.7 Hz, 2H; H1, H3), 2.78 (tt, J� 12.0, 6.0 Hz, 1 H; H5),
2.28 (m, J� 18.0, 6.0 Hz, 2H; H4, H6), 2.02 (m, J� 18.0, 12.0 Hz, 2H; H4',
H6'); 19F NMR (282 MHz, CD3CN): d�ÿ163.81 (m; Fmeta), ÿ158.08 (t;
Fpara), ÿ151.02 (m; BF4), ÿ142.32 (m; Fortho); IR (Nujol,): nÄ � 2316 cmÿ1


(m), 2287 cmÿ1 (m); elemental analysis calcd (%) for C16H14BF9N2Pd
(522.5): C 36.77, H 2.70, N 5.30; found C 36.30, H 2.77, N 5.27.


Synthesis of (NBu4)[Ag(C6Cl2F3)2]: LiC6Cl2F3 was prepared at ÿ80 8C by
dropwise addition of BuLi (13.44 mmol in 30 mL of Et2O) to a solution of
C6Cl3F3 (2.8690 g, 12.221 mmol) in Et2O (30 mL). After 15 min Ag(CF3-
COO) (0.9 g, 4.074 mmol) was added and the mixture was stirred at low
temperature and protected from light for 20 min. (NBu4)(CF3COO)
(1.7774 g, 5.000 mmol) was added, and the reaction mixture was stirred
for 2 h, while the temperature slowly increased. After this time the
suspension was evaporated to dryness and the residue was washed with
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water twice. Then it was extracted with CH2Cl2 (3� 15 mL) and filtered
through MgSO4 and activated charcoal. The filtrate was evaporated to a
about 5 mL, and Et2O (30 mL) was added. The resulting solution was
cooled down and a white solid crystallized, which was filtered, washed with
cold Et2O (2� 5 mL), and air dried (2 g, 65% yield). It should be stored
protected from light. 1H NMR (300 MHz, CDCl3): d� 3.04 (m, 8H; NCH2


Bu), 1.51 (m, 8 H; CH2 Bu), 1.35 (m, J� 7.0 Hz, 8H; CH2 Bu), 0.95 (t, J�
7.0 Hz, 12H; CH3 Bu); 19F NMR (282 MHz, CDCl3): d�ÿ118.79 (s, 2F;
Fpara), ÿ82.5 (br s, 4F; Fortho); elemental analysis calcd (%) for
C28H36AgCl4F6N (750.2): C 44.81, H 4.83, N 1.86; found C 44.95, H 4.73,
N 1.85.


Synthesis of (NBu4)[Pd(5-C6F5-h3-cyclohexenyl) (C6Cl2F3)2] (12):
[Ag(C6Cl2F3)2](NBu4) (0.1730 g, 0.231 mmol) was added to solution of 2
(0.1000 g, 0.115 mmol) in CH2Cl2 (20 mL). The mixture was protected from
light and stirred for 30 min. The resulting suspension was filtered and
evaporated to dryness. The residue was triturated with n-hexane (5 mL),
and the mixture was cooled down. The white solid 12 was filtered, washed
with hexane, and air-dried (0.2020 g, 88 % yield). 1H NMR (300 MHz,
CDCl3/CD3CN): d� 5.35/5.25 (t, J� 6.8 Hz, 1 H; H2), 4.76/4.70 (t, J�
6.8 Hz, 2 H; H1, H3), 2.92/3.04 (m, 8H; NCH2 Bu), 2.70/2.66 (m, 1H; H5),
2.47/2.43 (m, 2 H; H4, H6), 2.15/2.16 (m, 2H; H4', H6'), 1.50/1.57 (m, 8H; CH2


Bu), 1.31/1.33 (m, 8 H; CH2 Bu), 0.92/0.95 (t, J� 7.0 Hz, 12 H; CH3 Bu); 19F
NMR (282 MHz, CDCl3/CD3CN): d�ÿ163.80/ÿ 164.41 (m; Fmeta C6F5),
ÿ159.30/ÿ 160.00 (t; Fpara C6F5), ÿ141.58/ÿ 142.41 (m; Fortho C6F5),
ÿ 123.70/ÿ 124.00 (s; Fpara C6Cl2F3), ÿ84.41/ÿ 84.98 (s; Fortho C6Cl2F3);
elemental analysis calcd (%) for C40H44Cl4F11NPd (996.0): C 48.23, H 4.45,
N 1.40; found C 47.47, H 4.39, N 1.54.


Synthesis of [Pd2(m-C6Cl2F3)2(5-C6F5-h3-cyclo hexenyl)2] (13): Compound 2
(0.0653 g, 0.075 mmol) was added to a solution of AgBF4 (0.0293 g,
0.151 mmol) in acetone (15 mL). The mixture was protected from light,
stirred for 15 min, and then filtered. Complex 12 (0.1500 g, 0.151 mmol)
was added to the filtrate and an orange solution was obtained immediately.
After 30 min stirring the solution was evaporated to dryness, and EtOH
was added (15 mL). The orange solid was filtered, washed with cold EtOH
(2� 5 mL), and air-dried (0.1230 g, 74 % yield). When 13 is dissolved in
acetonitrile a colorless solution of [(5-C6F5-h3-cyclohexenyl)Pd(C6Cl2F3)
(NCMe)] (10) was obtained.


Compound 13 : 1H NMR (300 MHz, CDCl3): d� 5.60, 5.50 (t, t, J� 6.6 Hz,
1H, 1 H; H2(cis�trans)), 4.76, 4.74 (t, t, J� 6.6 Hz, 2H, 2 H; H1, H3(cis�trans)), 2.62
(m, 2 H; H5(cis�trans)), 2.20 ± 1.80 (m, 8H; H4, H4', H6, H6'(cis�trans)) ; 19F NMR
(282 MHz, CDCl3): d�ÿ162.20 (m, 4F; Fmeta(cis�trans) C6F5), ÿ156.70,
ÿ156.60 (t, t, 1F, 1F; Fpara(cis�trans) C6F5), ÿ141.70 (m, 4F; Fortho(cis�trans)


C6F5), ÿ108.82, ÿ108.80 (s, s, 1F, 1F; Fpara(cis�trans) C6Cl2F3), ÿ74.85 (m,
1F; Fortho,cis C6Cl2F3), ÿ74.65 (m, 2F; Fortho,trans C6Cl2F3), ÿ74.15 (m, 1F;
Fortho,cis C6Cl2F3); elemental analysis calcd (%) for C36H16Cl4F16Pd2 (1107.2):
C 39.06, H 1.46; found C 38.94, H 1.60.


Compound 10 : 1H NMR (300 MHz, CD3CN): d� 5.57 (t, J� 6.6 Hz, 1H;
H2), 5.50 (t, J� 6.6 Hz, 1H; H1), 4.74 (m, 1H; H3), 2.70 (m, 1 H; H5), 2.44
(m, J� 17.5, 5.0 Hz, 1H; H6), 2.32 (m, J� 17.5, 11.0 Hz, 1H; H6'), 2.06 (m,
2H; H4, H4'); H1, trans to Rf; H3, trans to NCMe; 19F NMR (282 MHz,
CD3CN): d�ÿ164.39 (m; Fmeta C6F5), ÿ159.10 (t; Fpara C6F5), ÿ142.41 (m;
Fortho C6F5), ÿ121.35 (s; Fpara C6Cl2F3), ÿ86.79 (m; Fortho C6Cl2F3).


Detection of intermediate [Pd(5-C6F5-h3-cyclohexenyl) (C6Cl2F3)-(p-ben-
zoquinone)] (15): CDCl3 (0.6 mL) was added to an NMR tube that
contained 13 (0.005 g, 0.0045 mmol) and p-benzoquinone (0.001 g,
0.009 mmol) at 243 K. The reaction was monitored at this temperature by
19F NMR and the formation of complex 15 was observed.


Complex 13 (0.0150 g, 0.013 mmol) was dissolved in a mixture of CH2Cl2


(2 mL) and CH3CN (0.5 mL), and stirred at 0 8C until the solution became
colorless and complex 10 was formed. The solution was then cooled at
ÿ50 8C and p-benzoquinone (0.0033 g, 0.03 mmol) was added; the mixture
was evaporated to dryness at low temperature (belowÿ30 8C). The residue
was dissolved in CDCl3 at 233 K and checked by NMR. The sample
contained complex 15, along with 13 and 10.


Compound 15 : 1H NMR (300 MHz, CDCl3, 233 K): d� 6.52, 6.46 (AB
system, J� 9.0 Hz, 2H; p-benzoquinone), 6.08 (t, J� 6.2 Hz, 1H; H1), 6.01
(t, J� 6.2 Hz, 1H; H3), 5.52 (t, J� 6.2 Hz, 1H; H2), 5.47, 5.43 (AB system,
J� 9.0 Hz, 2 H; p-benzoquinone), 2.88 (m, 1H; H5), 2.8 ± 1.8 (4H; H4, H4',
H6, H6'); 19F NMR (282 MHz, CDCl3, 243 K): d�ÿ160.98 (m; Fmeta C6F5),


ÿ154.95 (t; Fpara C6F5), ÿ141.57 (m; Fortho C6F5), ÿ116.49 (s; Fpara C6Cl2F3),
ÿ92.39 (br s; Fortho C6Cl2F3), ÿ89.80 (s; Fortho C6Cl2F3).


X-ray crystal structure determination : Crystals of 13 were obtained by slow
diffusion of Et2O into a CH2Cl2 solution of the complex at ÿ20 8C. An
orange prism of dimensions 0.2� 0.07� 0.02 mm was mounted on the tip of
a glass fiber. X-ray measurements were made using a Bruker SMART CCD
area-detector diffractometer with MoKa radiation (l� 0.71073 �).


Crystal data: triclinic P1Å : a� 7.9171(10), b� 9.7405(12), c� 12.6192(15) �;
a� 77.172(2)8, b� 82.665(2)8, g� 74.696(3)8 ; V� 912.74(19) �3; formula
unit: C36H16Cl4F16Pd2 with Z� 1; formula weight� 1107.09; calculated
density� 2.014 gcmÿ3 ; F(000)� 536; m(MoKa)� 1.389 mmÿ1. 4299 reflec-
tions were collected (1.668> q> 23.298). Intensities were integrated and
the structure was solved by direct methods procedure.[34] Full-matrix least-
squares refinement (on F 2) based on 2619 independent reflections
converged with 262 variable parameters and no restraints. Non-hydrogen
atoms were refined anisotropically and hydrogen atoms were constrained
to ideal geometries and refined with fixed isotropic displacement param-
eters. R1� 0.0403, for F 2> 2 s(F 2); wR2� 0.0772.[35] GoF (F 2)� 0.900.
D1max� 0.704, D1min�ÿ0.508 e�3. Crystallographic data (excluding struc-
ture factors) for the structures reported in this paper have been deposited
with the Cambridge Crystallographic Data Centre as supplementary
publication no. CCDC-152686. Copies of the data can be obtained free of
charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK
(fax: (�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).
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