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Catalytic Ionic Hydrogenations


R. Morris Bullock*[a]


Introduction


Hydrogenations occupy a pivotal role in organometallic
chemistry and homogeneous catalysis. From a practical per-
spective, hydrogenations of C=C and C=O bonds are used
widely, and are particularly prevalent in the synthesis of fine
chemicals as well as compounds of interest to the pharma-
ceutical and agricultural industries (i.e., making drugs and
killing bugs). In addition to these applications to catalysis,
hydrogenations have captured the interest of academic re-
searchers for several decades. A communication in 1961 by
Halpern, Harrod, and James noted that while a variety of
metal complexes had been shown to activate H2 and to
reduce inorganic complexes, they had ™not, in general,
proved effective catalysts for the hydrogenation of olefinic
compounds.∫[1] They reported RuII complexes that catalyzed
the hydrogenation of C=C bonds of maleic acid and related
compounds. Landmark discoveries followed, such as the
report in 1970 by Schrock and Osborn of cationic Rh cata-


lysts for hydrogenation of the C=O bond of ketones.[2] Prog-
ress in catalytic hydrogenations was so remarkable that by
1973 Brian James had written an entire book[3] devoted to
™Homogeneous Hydrogenation.∫ While many subtle mecha-
nistic details were elucidated,[4] a pervasive mechanistic fea-
ture exhibited by nearly all of these catalysts is that two key
steps are 1) binding of the unsaturated substrate to the
metal, and 2) subsequent insertion of that substrate into a
metal hydride bond (M�H), as shown in generalized form in
Equation (1) for the case of ketone hydrogenation.


But are binding and insertion really required? We sought
to use mechanistic and kinetic information to design homo-
geneous hydrogenation catalysts that would function by un-
conventional mechanisms. This article reviews the develop-
ment of catalytic systems for ionic hydrogenation and shows
that most of the individual steps of the catalytic cycle could
be separately investigated in stoichiometric reactions.
Knowledge of how the individual steps proceed is helpful in
assessing their role in the overall catalytic cycle, especially
for identifying which steps need to be improved to produce
an attractive catalyst system.
Classical homogeneous hydrogenation catalysts are often


based on Rh or Ru, as many complexes of these metals
readily undergo insertion reactions into their M�H bonds. If
the requirement of insertion reactions is removed, however,
the range of metals that may be suitable is expanded to in-
clude metals outside of the platinum group. The use of less
expensive metals is a significant advantage, if such catalysts
provide sufficient reactivity and lifetime. Inexpensive metals
may provide savings not only from lower initial cost, but
also from less stringent requirements for catalyst recovery in
industrial processes. The cost of the metal is only one of
many criteria that influence the overall economics of operat-
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Abstract: Catalytic ionic hydrogenation of ketones
occurs by proton transfer to a ketone from a cationic
metal dihydride, followed by hydride transfer from a
neutral metal hydride. This contrasts with traditional
catalysts for ketone hydrogenation that require binding
of the ketone to the metal and subsequent insertion of
the ketone into a M�H bond. Ionic hydrogenation cata-
lysts based on the inexpensive metals molybdenum and
tungsten have been developed based on mechanistic un-
derstanding of the individual steps required in the cata-
lytic reaction.
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ing a catalytic process, and in many cases expensive phos-
phanes or other ligands contribute significantly to the cost.
Despite this caveat, the quest to develop ™Cheap Metals for
Noble Tasks∫ is an attractive goal, both in terms of seeking
useful catalysts based on inexpensive metals, and owing to
the fundamental mechanistic information that may emanate
from studies directed towards such goals. Several examples
of catalysts for hydrogenation of C=C bonds based on inex-
pensive metals were known before our work on ketone hy-
drogenations.[5]


Proton- and Hydride-Transfer Capabilities of
Metal Hydrides


While mechanistic studies have been used to discern details
of the insertion of olefins or ketones into M�H bonds, fun-
damental kinetic and mechanistic studies have been used to
examine the modes of M�H bond cleavage. One of the fas-
cinating aspects of metal hydrides is the diversity of their re-
activity patterns.[6] In terms of elementary pathways, metal±
hydride bonds can be cleaved by all three of the formal
bond rupture modes shown in Scheme 1. This scheme may


be considered oversimplified, since it does not show the re-
agent that reacts with the M�H bond to form a C�H, O�H,
N�H, or other bond; it is not meant to imply that a ™free∫
hydride, proton, or hydrogen atom is released into solution.
The versatility of reactivity patterns is not only significant
for metal hydrides as a class, but there are several examples
whereby the same metal hydride can exhibit each of these
three formal modes of M�H bond cleavage. Metal hydrides
such as [W(Cp)(CO)3H], [Mo(Cp)(CO)2(PPh3)H],
[Re(CO)5H], and others can undergo cleavage of their
M�H bond as a proton, as a hydrogen atom, or as a hydride,
in reactions with different substrates. Being able to control
and rationally modify the rates of such reactions is an im-
portant goal in the design of metal hydride reactivity.
The availability of proton-[7] and hydride-transfer reac-


tions[8] of metal hydrides suggests the possibility of transi-
tion-metal-catalyzed ionic hydrogenations of organic sub-
strates, if the overall addition of H2 could be carried out in
steps involving delivery of H+ and H� . Conventional no-
menclature calls all complexes with a bond between a metal
and hydrogen ™metal hydrides∫; but the name does not
imply that all of them will exhibit hydridic reactivity.
Indeed, metal hydrides exhibit a wide range of kinetic and
thermodynamic acidity.[7] From Norton×s measurements in
CH3CN, the pKa of 8.3 determined for [CoH(CO)4] indicates
that it is of comparable acidity to HCl in that solvent.[9] The


molybdenum hydride [Mo(Cp)(CO)3H] is less acidic, with a
pKa of 13.9.


[9] Tilset and co-workers found[10] that one-elec-
tron oxidation of metal hydrides can produce super-acids,
with a pKa of �6.0 estimated in CH3CN for the radical-
cation complex [Mo(Cp)(CO)3H]


+ ¥. For our purposes, we
need a dihydride or dihydrogen complex as the proton
donor rather than a monohydride, and it is abundantly clear
that such complexes can have ample acidity.[11]


Quantitative studies have also determined the hydricity of
metal hydride complexes. DuBois, Curtis, and co-workers
reported thermodynamic measurements of heterolytic cleav-
age of M�H bonds as H� , and found that the hydricity
spans over 30 kcalmol�1.[12,13] Extensive reactivity studies[14]


by Darensbourg and co-workers documented the versatile
hydridic reactions of anionic tungsten hydrides like
[W(CO)5(PPh3)H]


� , and recent measurements by DuBois
provided a quantitative measure of the high hydricity.[13]


The thermodynamic hydricity of this anionic hydride is
29 kcal mol�1 greater than than that of the cationic cobalt
dihydride [CoH2(dppe)2]


+ [15] This cobalt hydride, with four
electron-donating phosphane ligands, is much less hydridic
than the tungsten complex containing only one phosphane
ligand, indicating that the charge on the complex and
changes in the metal play a major role in hydridic reactivity,
in addition to electronic and steric effects of the ligands. We
determined the kinetics of hydride transfer from a series of
metal±carbonyl hydrides to Ph3C


+BF4
� in CH2Cl2 [Eq. (2)]


and found a range of kinetic hydricity that spans about
seven orders of magnitude.[16] The molybdenum hydride
[Mo(Cp)(CO)2 (PMe3)H], with an electron-donating phos-
phane, exhibits high hydricity (kH�=4.6î106m�1 s�1 at
25 8C), whereas the tungsten hydride with no phosphane,
but an electron-withdrawing substituent on its Cp ring,
[W(C5H4CO2Me) (CO)3H], exhibits a much lower kinetic
hydricity (kH�=0.72m�1 s�1).


Stoichometric Ionic Hydrogenations with An
External Acid as the Proton Donor and a Metal


Hydride as the Hydride Donor


Long before our work on transition-metal hydrides, Kursa-
nov and co-workers had developed ionic hydrogenations
using stoichiometric quantities of CF3CO2H as the acid, cou-
pled with HSiEt3 as the hydride-transfer reagent. An author-
itative review published in 1974 documents the utility of this
process for stoichiometric hydrogenation of a variety of
C=C and C=O bonds.[17] The advantage of using transition-
metal hydride complexes is due to potential of developing
catalytic cycles in which H2 can be used as the source of
both the H+ and H� .
Along with the ability of some metal complexes to pro-


duce M�H bonds from reactions with H2, another advantage


Scheme 1. Modes of bond cleavage of metal hydrides.
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of metal hydrides is their reactivity with acids. In contrast to
hydrosilanes such as HSiEt3, which immediately evolve hy-
drogen upon protonation, many transition-metal hydrides
can be protonated to give stable products. Protonation at
the M�H bond[18] produces a dihydrogen complex[11] in
which an H2 ligand is bound to the metal, while protonation
at the metal gives a dihydride complex (Scheme 2).


Dihydrogen complexes generally have a higher kinetic
acidity compared to the corresponding dihydrides,[11] so this
might be expected to favor dihydrogen complexes as proton
donors in ionic hydrogenations. It will not necessarily make
a big difference whether a dihydride or a dihydrogen com-
plex (or an equilibrium mixture of the two) is the proton
donor, as long as this species is sufficiently acidic. The abili-
ty of some metal hydrides to serve as a temporary ™parking
spot∫ for the proton provides an additional flexibility in the
reaction pathways–if the metal is initially protonated
rather than the substrate, then the substrate can be proto-
nated by proton transfer from the metal. In either case, hy-
dride transfer from a neutral metal hydride generates the
product.
Our initial efforts focused on alkene hydrogenations in


which metal hydrides could serve as H� donors using a stoi-
chiometric amount of acid as the H+ source. Stoichiometric
ionic hydrogenations of alkenes proceed cleanly under mild
conditions (�50 8C, 5 minutes) using HOTf (OTf=
OSO2CF3) and several metal hydrides [Eq. (3)].


[19] These hy-


drogenations work well for tetra-, tri-, and 1,1-disubstituted
alkenes; the common feature among these alkenes is that
they form tertiary carbenium ions upon protonation. The
same limitation was encountered in the ionic hydrogenations
of alkenes by CF3CO2H and HSiEt3.


[17]


Why do these reactions succeed? Hydridic reactivity of
the metal hydride (or hydrosilane) might suggest that the re-
action with acid would irreversibly produce H2 (Scheme 3).
To achieve a successful ionic hydrogenation, hydride trans-
fer to the protonated organic substrate must occur faster
than production of hydrogen from reaction with acid.


Our finding that certain alkenes were readily hydrogenat-
ed by HOTf/HSiEt3 was surprising. A review of the use of
CF3CO2H and HSiEt3 had stated that ™stronger acids cannot
be used in conjunction with silanes because they react.∫[17]


Indeed, H2 promptly bubbles out of solution when HOTf is
added to HSiEt3. This undesired reaction does not preclude
ionic hydrogenation reactions from being successful, as long
as the order of addition is done correctly. When HOTf is
added to a solution containing HSiEt3 and the alkene, the
reaction proceeds quickly and cleanly, since the acid proto-
nates the alkene to give a carbenium ion, which then ab-
stracts hydride from the hydrosilane to generate the prod-
uct. Under such conditions, acid-induced formation of H2


from HSiEt3 is an insignificant side reaction.
Alkynes can also be hydrogenated by HOTf and


[W(Cp)(CO)3H]. For example, PhC�CH is converted to
PhCH2CH3, but these double ionic hydrogenations of C�C
bonds were not studied for a wide variety of acetylenic sub-
strates.[20]


Several examples were known in which stoichiometric hy-
drogenation of C=O bonds could be carried out by metal
hydrides upon reaction with acids.[21] We expected that ke-
tones and aldehydes could be hydrogenated by
[W(Cp)(CO)3H] and HOTf to give free alcohols and the
metal triflate complex [W(Cp)(CO)3(OTf)]. Our expecta-
tion was correct in predicting the thermodynamic product,
but an unexpected kinetic product was discovered
(Scheme 4).[22] The reaction of acetone with [W(Cp)(CO)3H]


Scheme 2. Protonation of a metal hydride and subsequent formation of
H2.


Scheme 3. Stoichiometric ionic hydrogenation of an alkene, and compet-
ing loss of H2.


Scheme 4. Stoichiometric ionic hydrogenation of acetone.
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and HOTf gave a complex with an isopropyl alcohol ligand.
The alcohol ligand was generated in the hydrogenation reac-
tion without leaving the metal. Most previously reported al-
cohol complexes had been synthesized by treating a free al-
cohol with a metal complex containing a weakly coordinat-
ing ligand. A series of alcohol complexes were isolated, and
crystal structures showed that they had a strong hydrogen
bond between the OH group and an oxygen atom of the
OTf� ion.[23] NMR spectra also indicated that the hydrogen
bonding was maintained in solution, since the OH resonan-
ces in the 1H NMR were substantially downfield of the OH
resonances of free alcohols. The free alcohol is released by
displacement of the alcohol ligand by the OTf � anion, usu-
ally on a timescale of several hours at room temperature.
A study of the kinetics of the stoichiometric ionic hydro-


genation of aldehydes revealed that the rate of hydrogena-
tion decreased as the reaction proceeded, since the acid was
being depleted.[22] When the acidity was held constant by a
buffer, the reaction was shown to be second-order overall,
first order in aldehyde, and first order in metal hydride. The
proposed mechanism that is consistent with all the observa-
tions is a pre-equilibrium proton transfer to the substrate,
followed by rate-determining hydride transfer, as shown in
Scheme 5.


Ionic hydrogenations of other substrates expanded the
scope of the reaction, and resulted in new complexes in
which the hydrogenated organic product is bound to the
tungsten in the kinetically stabilized product. Reaction of
a,b-unsaturated ketones with [W(Cp)(CO)3H] and HOTf re-
sults in hydrogenation of the C=C bond, and formation of
[W(Cp)(CO)3(h


1-ketone)]+[OTf]� complexes as the prod-
uct.[24] The reaction of the acyl chloride PhC(=O)Cl with
[W(Cp)(CO)3H] and HOTf produces the aldehyde complex
[W(Cp)(CO)3(h


1-PhCHO)]+[OTf]� and HCl.[24] Coordinated
ethers were formed in the reaction of acetals, as shown for
the formation of [W(Cp)(CO)3(PhCH2OCH3)]


+[OTf]� from
the reaction of PhCH(OCH3)2 with [W(Cp)(CO)3H] and
HOTf.[25]


Stoichiometric Hydrogenations with Metal
Hydrides as both Proton and Hydride Donors


The effectiveness of H�-transfer reactions of metal hydrides
with an external acid as the H+ donor was documented in
the reactions described above. To move towards a catalytic


system required that we find a metal-based source of pro-
tons, so that ultimately both the H+ and the H� could be de-
rived from H2. We found that when aldehydes or ketones
are added to the tungsten dihydride complex
[W(Cp)(CO)2(PMe3)(H)2]


+ ,[23] stoichiometric hydrogenation
occurs within a few minutes at room temperature [Eq. (4)].


The initial products of the hydrogenation are cis- and trans-
isomers of the alcohol complex [W(Cp)(CO)2(PMe3)-
(ROH)]+ , which then release the alcohol slowly, as expected
by the precedent shown in Scheme 4. The stoichiometric
ionic hydrogenations proceeded as desired, with an H+


transfer from a cationic dihydride to the oxygen being fol-
lowed by an H� transfer from the neutral metal hydride to
the carbon atom.
Tilset and co-workers used low-temperature NMR spec-


troscopy to show that [W(Cp)(CO)2(PMe3)(H)2]
+ was a di-


hydride rather than a dihydrogen complex.[10] Our character-
ization of [W(Cp)(CO)2(PMe3)(H)2]


+[OTf]� by X-ray crys-
tallography provided further evidence that it has two non-
equivalent W�H bonds in the solid state.[26] While these
studies made it clear that the dihydride form is thermody-
namically favored, kinetics studies by Norton and co-work-
ers led to the conclusion that the protonation at the M�H
bond (to give a dihydrogen complex) is faster than direct
protonation at the metal to give the dihydride.[27] Protona-
tions of this type[18] represent the microscopic reverse of de-
protonations of dihydrogen complexes, which are known to
be kinetically preferred over deprotonation of the corre-
sponding dihydrides.[11] For the Mo analogue, Poli and co-
workers observed prompt evolution of H2 when [Mo(Cp)-
(CO)2(PMe3)H] was protonated at �78 8C; they suggested
the formation of an unstable molybdenum±dihydrogen com-
plex to account for these results.[28] Furthermore, Poli
showed that the structure of [Mo(Cp)(CO)2(PMe3)-
(AuPPh3)2]


+ has an Au±Au interaction; use of the isolobal
analogy between H and AuPPh3 makes this complex perti-
nent to the putative molybdenum±dihydrogen complex.[29]


Norton determined that the pKa of [W(Cp)(CO)2-
(PMe3)(H)2]


+ in CH3CN was 5.6.[27] Comparison of this
value with the pKa of about �0.1 in CH3CN for protonated
acetone,[30] [Me2C=OH]


+ , indicates that the protonation a
ketone or aldehyde by [W(Cp)(CO)2(PMe3)(H)2]


+ is signifi-
cantly uphill thermodynamically. The hydrogenation does


Scheme 5. Mechanism of stoichiometric ionic hydrogenation of an alde-
hyde or ketone.
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proceed cleanly, however, since the proton transfer step is
followed by a fast hydride transfer from the neutral metal
hydride [Eq. (4)].


Closing the Catalytic Cycle: Regeneration of M�H
Bonds by Reaction with H2


These results provide a metal-based source of both H+ and
H� , but completion of the catalytic cycle requires that H2


react with a metal complex, so that both M�H bonds can be
derived from H2. A series of Mo and W complexes of for-
mula [W(Cp)(CO)2(PR3)(O=CEt2)]


+BAr04
� [Ar’=3,5-bis(tri-


fluoromethyl)phenyl] were shown to serve as catalyst pre-
cursors for the ionic hydrogenation of ketones [Eq. (5)],


with the molybdenum complexes giving faster rates of catal-
ysis than the tungsten analogues.[31] Under the mild condi-
tions of 23 8C and 4 atm H2, the rates are slow, with a maxi-
mum of about 2 turnovers/hour for M=Mo and PR3=PCy3
(Cy=cyclohexyl). The proposed mechanism is shown in
Scheme 6. For these ionic hydrogenations of Et2C=O, the


main species observed during the reactions are the ketone
complexes, with increasing amounts of the alcohol com-
plexes [W(Cp)(CO)2(PR3)(Et2CHOH)]


+ being directly ob-
served by NMR spectroscopy as the hydrogenation pro-
ceeds. In most cases the turnover-limiting step of the catalyt-
ic cycle is displacement of the ketone (or alcohol) ligand by
H2 to form the dihydride. For both the Mo and W com-
plexes, the rates increase with the steric bulk of the phos-
phane with the order of catalytic activity being PCy3>
PPh3>PMe3. The faster rate obtained for PCy3 relative to


PMe3 is particularly informative for identifying the benefi-
cial effect of steric bulk of the phosphane ligand, since these
two phosphanes are similar electronically. Phosphonium cat-
ions (HPR3


+) are observed in the reaction mixtures, indicat-
ing that dissociation of phosphane (and subsequent protona-
tion) is a major mode of decomposition of these catalysts.
The observation of this decomposition pathway led us to


synthesize a new generation of catalysts with improved life-
times. Suppression of phosphane dissociation was sought by
using a two-carbon bridge to chelate the phosphane to the
cyclopentadienyl ligand. Substantially improved perform-
ance was found using catalysts obtained by reaction of
[MoH(CO)2{h


5:h1-C5H4(CH2)2PR2}] (R = Ph, Cy, tBu) with
Ph3C


+BAr04
� .[32] Hydrogenation of liquid ketones can be car-


ried out under solvent-free conditions at low catalyst load-
ings. For example, neat Et2C=O was completely hydrogenat-
ed to the alcohol (eight days at 50 8C, 55 atm H2 pressure)
using [MoH(CO)2{h


5:h1-C5H4(CH2)2PCy2}] (0.35 mol%) as
the catalyst precursor.


Tungsten catalysts with N-heterocyclic carbene ligands
rather than phosphane ligands were recently prepared. They
catalyze hydrogenation of ketones, but they still suffer some
decomposition resulting from dissociation of the carbene
ligand.[33] These same tungsten±carbene complexes catalyze
the hydrosilylation of ketones [Eq. (6)], and exhibit an un-


usual property–in the hydrosilylation of aliphatic sub-
strates, the catalyst precipitates at the end of the reaction.[34]


The hydrosilylations are carried out under solvent-free con-
ditions, using the ketone and HSiEt3 as solvent. The conver-
sion to the alkoxysilane product produces a substantial de-
crease in polarity of the medium; the catalyst precipitates
and can be readily recovered and used again. The proposed
mechanism for the hydrosilylations is related to that shown
in Scheme 6 for hydrogenations, except that the first step
forms a strong Si�O bond rather than an O�H bond. The
complex [W(Cp)(CO)2(IMes)(SiEt3)H]


+[B(C6F5)4]
� (IMes=


the carbene ligand 1,3-bis(2,4,6-trimethylphenyl)-imidazol-2-
ylidene) is a resting state of the reaction.


Scheme 6. Proposed mechanism for catalytic ionic hydrogenation of ke-
tones.
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Catalytic ionic hydrogenations are involved as the prod-
uct-forming step of the catalytic selective deoxygenation of
1,2-propanediol to n-propanol[35] [Eq. (7)] The initial step of


the deoxygenation of diols is dehydration of the diol to give
an aldehyde, which then undergoes ionic hydrogenation to
give the alcohol product. Following the recognition of this
hydrogenation step in the deoxygenation reaction, it was in-
dependently shown that aldehydes and ketones are hydro-
genated using [{Ru(Cp*)(CO)2}2(m-H)]


+OTf� as a catalyst
precursor under H2. This apparently occurs through the for-
mation of the dihydrogen complex [Ru(Cp*)(CO)2(H2)]


+ ,
formed under the reaction conditions from the bimetallic
complex under H2 in the presence of HOTf. Heinekey had
found the dihydrogen complex [Ru(Cp*)(CO)2(H2)]


+ to be
very acidic, being deprotonated by Et2O.


[36] We subsequently
determined that the neutral hydride [Ru(Cp*)(CO)2H] was
a very efficient hydride-transfer reagent.[37] Thus the
[Ru(Cp*)(CO)2]


+ moiety has exactly the characteristics
needed in ionic hydrogenations–it forms a dihydrogen com-
plex of high acidity and a neutral hydride with high hydrici-
ty.
Norton found Ru complexes with chiral diphosphanes


that operate by an ionic hydrogenation mechanism to cata-
lyze the enantioselective hydrogenation of C=N double
bonds of iminium cations [Eq. (8)].[38] The proposed mecha-


nism is related to that shown in Scheme 6 for ketone hydro-
genations. Hydride transfer to the iminium cation starting
material produces an amine. Reaction of H2 with the metal
generates the Ru±dihydrogen complex, which transfers a
proton to the amine, generating the observed product. The
enantiomeric excess (ee) obtained under these catalytic con-
ditions was similar to those found when stoichiometric hy-
dride-transfer reactions from the ruthenium hydrides were
separately investigated. No dependence on the rate or ee
was found when the hydrogen pressure was varied, and the
neutral ruthenium hydride was observed when the reaction
was monitored under H2 pressure in an NMR tube. These
observations lead to the conclusion that hydride transfer is
the turnover-limiting and enantioselectivity-determining
step of the catalytic cycle. The kinetics of the hydride-trans-
fer step were studied separately, and it was shown that the
rate constant is higher when the chelate ring size is smaller.[39]


Ionic Hydrogenations with OH or NH as Proton
Donors and Metal Hydrides as Hydride Donors


Our studies were designed to exploit the capability of H+


and H� transfers from M�H bonds. Different types of cata-
lysts have been discovered that appear to proceed through
ionic mechanisms in which the source of the proton is an
NH or an OH bond, and the hydride is delivered from a
metal hydride. Shvo and co-workers reported a bimetallic
ruthenium complex that catalyzes the hydrogenation of al-
dehydes, alkenes, and alkynes.[40] The catalyst precursor has
the two metals joined by a bridging hydride, and an O�H�O
hydrogen bond connects the two cyclopentadienone ligands
(Scheme 7). Catalytic hydrogenation of ketones occurs at


145 8C under 500 psi H2 pressure. Cleavage of the bimetallic
starting material would produce a formally 16-electron Ru
fragment along with the 18-electron Ru±hydride containing
the substituted hydroxycyclopentadienyl ligand. Addition of
H2 to the former produces the latter. Casey and co-workers
reported a detailed kinetic and mechanistic study of this
type of complex; they provided evidence for concerted de-
livery of H+ from the OH and H� transfer from the RuH
site, as depicted in Scheme 8.[41] The hydrogenation occurs
at temperatures below 0 8C; the much higher temperature
used in the catalytic reaction starting from the bimetallic
precursor is required to generate the mononuclear species
that actually carries out the hydrogenation.
B‰ckvall and co-workers found that the Shvo catalyst can


be used at 70 8C for the transfer hydrogenation of imines.[42]


In transfer hydrogenations, the two H atoms are derived
from an organic compound (often isopropyl alcohol), rather
than using H2. The hydrogenation of the C=N bond is ac-
complished by H+ from the OH and H� transfer from the
RuH. Regeneration of the OH and RuH sites occurs from
the reaction of isopropyl alcohol with the 16-electron com-
plex.
Noyori and co-workers developed highly enantioselective


transfer hydrogenation catalysts that exhibit extraordinary
turnover rates and lifetimes. Recent reviews document the


Scheme 7. Shvo×s bimetallic ruthenium catalyst precursor and catalyst.
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development and wide scope of these remarkable cata-
lysts;[43] comments here focus only on the relevance to ionic
hydrogenations. Two of the classes of Ru complexes devel-
oped by Noyori×s group are shown in Scheme 9. Both of


these are catalyst precursors; under the reaction conditions
(isopropyl alcohol and a base such as KOH), the active cata-
lyst is formed, containing an RuH and an NH site. The tran-
sition state for these metal±ligand bifunctional catalysts was
shown computationally to involve a six-membered ring
system as in Scheme 10, whereby hydride transfer from


RuH and proton transfer from NH occur simultaneously.[44]


Morris and co-workers have developed highly reactive Ru
catalysts that appear to function by a similar mechanism.[45]


Chan and co-workers reported related Ru catalysts that are
air-stable, even in solution.[46]


Conclusion and Outlook


Traditional catalysts for ketone hydrogenation rely on coor-
dination of the ketone to the metal, so that insertion of the
ketone into the M�H bond can occur. In contrast, binding


of ketone to the metal is not required for ionic hydrogena-
tions. The development of catalytic ionic hydrogenations
owes much to kinetic and mechanistic studies that demon-
strated the breadth of proton- and hydride-transfer capabili-
ties of metal hydrides. When these modes of M�H bond
cleavage are coupled to a mechanism that regenerates M�H
bonds through reaction with H2, catalytic ionic hydrogena-
tion results. The scope and utility of catalytic ionic hydroge-
nations is yet to be fully defined, but increasing evidence
suggests that such mechanisms are becoming more widely
recognized, both from catalysts intentionally designed to
follow this pathway, and from the recognition that some
known catalysts employ ionic mechanisms. We have found
stoichiometric reactions that demonstrate the competence of
the individual steps in the catalytic reactions, and have as-
sembled metal and ligand combinations that utilize such
steps to produce a new type of catalytic system. The resul-
tant Mo and W catalyst are not as active as Ru or Rh cata-
lysts, but ongoing studies are seeking to design catalysts
with improved lifetimes and rates.
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AVersatile Polypeptide Platform for Integrated Recognition and Reporting:
Affinity Arrays for Protein±Ligand Interaction Analysis


Karin Enander,[a] Gunnar T. Dolphin,[a] Bo Liedberg,[b] Ingemar Lundstrˆm,[c] and
Lars Baltzer*[a]


Introduction


The development of protein-chip technology, where immobi-
lized capture molecules are used for parallel detection and
quantification of proteins in a high-throughput manner, is
driven by the current need for rapid large-scale analysis of
protein function and expression.[1±3] One of the most impor-


tant aspects of protein-chip design is the choice of capture
molecules. We and others[4±9] have identified polypeptides as
attractive candidates, as they are robust and easily synthe-
sized by well-established methods and because of the huge
chemical diversity that can be generated in a short time with
modest synthetic cost and effort. The amino acid sequence
can be varied over a wide range to provide access to a varie-
ty of scaffold structures, and highly specific recognition sites
and reporter groups can be introduced postsynthetically by
orthogonal strategies on the solid phase. In our laboratory,
de novo designed 42 amino acid helix±loop±helix polypepti-
des that undergo pH-controlled site-selective self-functional-
ization with activated esters have been extensively ex-
plored.[10±12] Function is intimately coupled to structure, as
the fold governs the reactivity of the functionalization sites
through pKa depression of lysine side chains in the hydro-
phobic core and through control of the reactivity of His±Lys
pairs. In these scaffolds, a number of lysine residues can be
individually addressed in aqueous solution in an automated
fashion without the need for protecting-group chemistry or
intermediate steps of purification. The fold also provides di-
rectionality and well-defined distances between amino acid
residues. Polypeptide scaffolds designed according to these
principles constitute powerful tools for the construction of,
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Abstract: A molecular platform for
protein detection and quantification is
reported in which recognition has been
integrated with direct monitoring of
target-protein binding. The platform is
based on a versatile 42-residue helix±
loop±helix polypeptide that dimerizes
to form four-helix bundles and allows
site-selective modification with recog-
nition and reporter elements on the
side chains of individually addressable
lysine residues. The well-characterized
interaction between the model target-
protein carbonic anhydrase and its in-
hibitor benzenesulfonamide was used
for a proof-of-concept demonstration.


An affinity array was designed where
benzenesulfonamide derivatives with
aliphatic or oligoglycine spacers and a
fluorescent dansyl reporter group were
introduced into the scaffold. The affini-
ties of the array members for human
carbonic anhydrase II (HCAII) were
determined by titration with the target
protein and were found to be highly af-
fected by the properties of the spacers
(dissociation constant Kd=0.02±3 mm).


The affinity of HCAII for acetazol-
amide (Kd=4 nm) was determined in a
competition experiment with one of
the benzenesulfonamide array mem-
bers to address the possibility of
screening substance libraries for new
target-protein binders. Also, successful
affinity discrimination between differ-
ent carbonic anhydrase isozymes high-
lighted the possibility of performing
future isoform-expression profiling.
Our platform is predicted to become a
flexible tool for a variety of biosensor
and protein-microarray applications
within biochemistry, diagnostics and
pharmaceutical chemistry.


Keywords: affinity arrays ¥ biosen-
sors ¥ fluorescence ¥ peptide scaf-
folds ¥ protein chips
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for example, model glycoproteins[13,14] and complex recep-
tors (L. Baltzer et al., unpublished data).
We have previously reported on the design of a functional


biosensor unit based on a helix±loop±helix polypeptide that
dimerises in solution to form a four-helix bundle.[15] A bio-
sensor provides identification and quantification of a target
substance (analyte) by coupling a highly specific biomolecu-
lar recognition event to changes in physical signals.[16] So-
called affinity biosensors, where the detection signal is a
direct result of analyte binding, frequently employ an optical
transduction mechanism. An attractive approach involves
fluorescence detection, where the events of recognition and
signalling are integrated by attaching a fluorescent reporter
group to the recognition element in a fashion that allows
the reporter to respond to analyte binding.[17]


Microarrays of capture molecules may provide traditional
biosensor signals as well as pattern analysis. We focus on the
design of a flexible molecular platform from which to build
integrated units of recognition and reporting for the analy-
sis, on a chip or in solution, of a variety of protein±ligand
systems in an array format. The traditional labelling of the
analyte is avoided since reporting is provided by the capture
agent. In a previous communication, the well-characterized
interaction between the target-protein carbonic anhydrase
(CA) and a benzenesulfonamide ligand was selected for a
proof-of-concept demonstration.[15] The fluorescence of a
peptide modified with a benzenesulfonamide derivative and
a fluorescent probe was monitored as a function of CA con-
centration and the dissociation constant Kd was determined.
Here, we report on the design of a six-membered polypep-
tide affinity array for CA, constructed by varying the spacer
of the benzenesulfonamide derivative. Interaction studies of
the highest-affinity member with different CA isozymes ad-
dress the possibility of protein-expression profiling in a
future diagnostic application, while competition experiments
with the inhibitor acetazolamide show the applicability of
this technology to screening substance libraries for candi-
date drugs.


Results


Scaffold design : A folded polypeptide was chosen as the
basic building block for the construction of general biosen-
sor molecules, to provide well-defined distances and geome-
tries between the amino acid side chains. The 42-residue
polypeptide SA-42 has been shown previously by NMR
spectroscopy, circular dichroism spectroscopy and analytical
ultracentrifugation to form a helix±loop±helix motif that di-
merises in solution to form a four-helix bundle.[18,19] The
design of KE2 (Figure 1a) was based on the structure of the
42-residue helix±loop±helix polypeptide LA-42b,[13] a daugh-
ter sequence of SA-42 that contains five sites for acylation
on the side chains of lysine and ornithine residues. The ver-
satility of LA-42b as a scaffold was demonstrated by the se-
quential and site-selective incorporation of three substitu-
ents into the protein scaffold in aqueous solution without in-
termediate purification.[20] In KE2, 36 out of the 42 amino
acids of LA-42b were conserved. Lysine residues in posi-


tions 15 and 34 were targeted for postsynthetic modifica-
tions to enhance the probability that the analyte-binding
event would result in interactions between the reporter
group and the analyte because of the proximity and similar
directionality of the incorporated groups in the folded state.
Orthogonal protecting-group chemistry was used for the
functionalization of position 15, while position 34 was acylat-
ed in aqueous solution.


Choice of model system : In the development of a general
biosensor platform, the availability of a well-characterized
model system is crucial for showing proof-of-concept and
for the elucidation of the fundamental characteristics of the
scaffold. The interaction between CA and benzenesulfona-
mide was selected in the development of a KE2-based bio-
sensor molecule.[15] Human carbonic anhydrase II (HCAII),
the most studied of several CA isoforms, is a globular, mon-
omeric enzyme that catalyses the reversible hydration of
carbon dioxide. The enzymatic activity is mediated by a tet-
rahedrally coordinated zinc ion, located in a cavity that is
15-ä deep, where it is ligated by three histidine residues.[21]


Aromatic and heterocyclic sulfonamides are powerful inhibi-
tors of HCAII[22,23] and inhibition is caused by competitive
coordination of the ionized sulfonamide nitrogen atom to
the zinc ion.[24] The interactions between HCAII (and the
bovine equivalent BCAII) and a wide range of benzenesul-
fonamide derivatives have been thoroughly characterized in
the quest for high-affinity inhibitors,[25±31] and the availability
of structural data for enzyme±benzenesulfonamide com-


Figure 1. a) The amino acid sequence of KE2, where lysine residues in
bold represent addressable sites for modification. The amino terminal
was acetylated. Residues that differ from those in the template peptide
LA-42b[13] are underlined. The one letter code for amino acids is used:
A=Ala, D=Asp, E=Glu, F=Phe, G=Gly, H=His, I= Ile, K=Lys,
L=Leu, N=Asn, P=Pro, Q=Gln, R=Arg, V=Val. b) Cartoon of
KE2-D(15)-5 based on the crystal structure of the four-helix-bundle rop
protein (PDB entry code: 1ROP).[45] The rop helices were shortened, the
amino acids were changed to those of KE2 and the dansyl probe 7 and
benzenesulfonamide 5 were attached in positions 15 and 34, respectively
(Sybyl, Tripos Inc.). The polypeptide is folded only when dimerized, but
for reasons of clarity the monomer is shown.
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plexes[30,32] as well as the monovalent character of the inter-
action made it an attractive model system for the evaluation
of the polypeptide-based biosensor platform.
5-Dimethylaminonaphthalene-1-sulfonyl chloride (dansyl


chloride, 7, Scheme 1)[33] was chosen for reporting because
when it reacts with amines it forms fluorescent probes char-
acterized by environmentally sensitive fluorescence quan-
tum yields and emission maxima (excitation lmax=335 nm in
methanol).[34,35] Preliminary data with dansyl or 7-nitrobenz-
2-oxa-1,3-diazole (NBD) probes in position 15 of KE2 indi-
cated that the dansyl signal in that position was influenced


to a larger extent by HCAII binding than the signal from
NBD (data not shown).


Design of an affinity array : Six derivatives of 4-carboxyben-
zenesulfonamide (1±6, Scheme 1) were synthesized and in-
corporated into the KE2 polypeptide scaffold to form a six-
membered affinity array for HCAII. Benzenesulfonamides
substituted in the para position with alkyl, oligo(ethylene
glycol) or oligopeptide residues are known to bind tighter to
CA than H2NO2SC6H5 does, due to interactions with a hy-
drophobic patch in the enzyme binding cleft.[26±29,31] A gradu-
al increase in the number of methylene groups in the alkyl
chain is accompanied by a decrease in the Kd value,


[25,29] but
there is no such correlation when extending the substituent
with more than one ethylene glycol or glycine group.[28] We
therefore selected a series of aliphatic substituents contain-
ing between one and five methylene groups (2±5) in the
design of the array, expecting steric constraints caused by
the polypeptide scaffold as well as binding-energy contribu-
tions from the spacer methylene groups to influence the af-
finity. Inspection of the crystal structure of HCAII com-
plexed with H2NO2SC6H4CONH(CH2CH2O)2CH2CH2NH2


(PDB entry 1CNX)[30] suggested that KE2 functionalized
with 5 in position 34 (and possibly some of the ligands with
shorter spacers as well) should be able to reach into the
pocket without distorting the polypeptide structure. A trigly-
cine derivative, 6, was included in the array to allow a com-
parison between the hydrophobic spacer provided by 5 and
a less flexible, more polar one of similar length. The carboxy-
benzenesulfonamide derivative 1 was also included.


Peptide synthesis, functionalization and structural character-
ization : The polypeptide KE2 was synthesized on the solid
phase and a dansyl probe (D) was introduced after selective
deprotection of the amine group on the side chain of Lys15
to form KE2-D(15). The peptide was cleaved from the resin
by 95% trifluoroacetic acid, purified by reversed-phase
HPLC and identified from the MALDI-TOF mass spec-
trometry. The benzenesulfonamide ligands 1±6 were incor-
porated on the side chain of Lys34 by reaction with KE2-
D(15) in aqueous solution at pH 8.0 to form the peptides
KE2-D(15)-X (X=1±6). (KE2-D(15) corresponds to KE2-P
in earlier work[15] and KE2-D(15)-5 corresponds to KE2-
PL.) The purified peptides were identified by MALDI-TOF
mass analysis. Due to the much higher reactivity of Orn34
than of Lys33 in peptides derived from LA-42b,[11] monomo-
dification of KE2 was assumed to have taken place exclu-
sively on the side chain of Lys34. A cartoon of KE2-D(15)-5
is shown in Figure 1b to illustrate the relative positions of
the incorporated ligands.
The secondary structure content of KE2-D(15) and KE2-


D(15)-X (X=1±6) in 100 mm sodium phosphate at pH 7.4
and at the concentration used for fluorescence spectroscopy
studies was determined by circular dichroism spectroscopy
(Table 1). Helical proteins show a characteristic signature
with minima at 208 and 222 nm and all peptides reported
here were found to exhibit a high helical content with mean
residue ellipticities at 222 nm, [V]222, in the range of �18000
to �20000 degcm2dmol�1. The corresponding mean residue


Scheme 1. Structures of the six benzenesulfonamide derivatives used in
the affinity series (1±6), dansyl chloride (7) and the CA inhibitor acet-
azolamide (8).
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ellipticity of KE2 was only �14600 degcm2dmol�1 and the
incorporation of substituents thus stabilized the folded struc-
ture, in agreement with what was previously observed upon
glycosylation of LA-42b.[13,36] This effect might be due to the
neutralization of the positive charge of the side chain of
Lys34 upon functionalization, but dansyl and benzenesulfo-
namide groups may also stabilise the peptide through inter-
actions within the hydrophobic core. The KE2 scaffold is a
more stable four-helix bundle than LA-42b at low micromo-
lar concentrations, probably due to differences in the amino
acids that build up the peptide core[13] resulting in better hy-
drophobic packing in KE2.


Affinity studies : The biosensing ability of KE2-D(15)-5 has
been demonstrated previously and its affinity for HCAII
was 0.02 mm.[15] The basis for biosensing was the fluores-
cence-intensity increase of the dansyl probe upon peptide
binding to HCAII. Here, the affinities of KE2-D(15)-X
(X=1±6) were determined fluorometrically at pH 7.4 and
KE2-D(15) was included as a negative control. Samples of
1 mm peptide (or 0.8 mm in the case of KE2-D(15)-5) were
excited at 335 nm. Upon titration with HCAII (5 nm±90 mm),
the fluorescence intensity increased. The maximum en-
hancements of KE2-D(15)-X (X=1±6) varied between 90%
(KE2-D(15)-1) and 225% (KE2-D(15)-5, Figure 2). No en-
hancement was obtained for KE2-D(15). Only small effects


on the Stokes× shifts were observed and the intensity maxi-
mum in the absence of HCAII was 516±518 nm. All pep-
tides except KE2-D(15)-5 displayed a slight blue shift of
�5 nm when bound to HCAII, a result that indicates a less
polar environment of the probe in the bound peptide than
in the unbound state. The affinities were determined by
plotting the fluorescence intensity at 516 nm versus the total
concentration of HCAII and fitting an equation describing
the dissociation of a bimolecular complex to the experimen-
tal results (Figure 3). The Kd value was confirmed to be
0.02 mm for the interaction between KE2-D(15)-5 and
HCAII, while the affinities of the other peptides were in the
range 0.7±3 mm (Table 2). The affinity of KE2-D(15)-4 was
measured four times (Kd=0.61, 0.77, 0.84 and 0.85 mm) and
that of KE2-D(15)-2 was measured twice (Kd=0.50 and
0.82 mm). From this result, the experimental errors were esti-
mated not to exceed �20%.
The affinity of H2NO2SC6H5 for HCAII is described by a


dissociation constant, Kd, of 1.5 mm,
[25] and para-substituted


Table 1. The mean residue ellipticities at 222 nm of KE2, KE2-D(15)
and KE2-D(15)-X (X=1±6).[a]


Peptide Mean residue ellipticity [V]222
[deg cm2dmol�1]


KE2 �14600
KE2-D(15) �19800
KE2-D(15)-1 �19600
KE2-D(15)-2 �19400
KE2-D(15)-3 �19800
KE2-D(15)-4 �18600
KE2-D(15)-5 �18200
KE2-D(15)-6 �20000


[a] Measured at concentrations of 1 mm (or 0.8 mm in the case of KE2-
D(15)-5) in 100 mm sodium phosphate at pH 7.4. The experimental error
was estimated to be �1000 degcm2dmol�1.


Figure 2. Fluorescence spectra of 0.8 mm KE2-D(15)-5 as a function of
HCAII concentration. The intensity maximum was at 516 nm.


Figure 3. a) Fluorescence intensity at 516 nm of 1 mm peptide (or 0.8 mm
in the case of KE2-D(15)-5) as a function of HCAII concentration. All
peptides, except the negative control KE2-D(15) (&), display increased
intensities upon addition of HCAII. An equation that describes the disso-
ciation of a bimolecular complex was fitted to the experimental data to
obtain the Kd values: KE2-D(15)-1 (^, Kd=3 mm), KE2-D(15)-2 (^,
1 mm), KE2-D(15)-3 (*, 0.7 mm), KE2-D(15)-4 (~, 0.8 mm), KE2-D(15)-5
(+ , 0.02 mm), KE2-D(15)-6 (!, 3 mm). Average Kd values for KE2-D(15)-
3 (two measurements) and KE2-D(15)-4 (four measurements) are given,
while representative data sets are shown in the figure. Solid lines repre-
sent the best fits to the experimental results. b) Binding curves obtained
by plotting normalized fluorescence data versus the concentration of free
HCAII, [HCAII]free. The concentrations were calculated from the Kd


values.


Chem. Eur. J. 2004, 10, 2375 ± 2385 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2379


Affinity Array for Carbonic Anhydrase 2375 ± 2385



www.chemeurj.org





benzenesulfonamides resembling 2±5 span the affinity range
of 80±2 nm[26] due to the additional binding energy between
the enzyme binding cleft and the hydrophobic substituents.
In the peptides reported here lower affinities were observed
(1±0.02 mm, Table 2), probably as a result of steric strain
caused by contact between HCAII and the scaffold. The de-
pendence of affinity values on the spacer lengths of peptide-
linked benzenesulfonamide derivatives was very different
from that of similar benzenesulfonamides not coupled to the
peptide scaffold. There was virtually no affinity difference
between the peptides KE2-D(15)-2, KE2-D(15)-3 and KE2-
D(15)-4, but a striking effect of a single methylene group
was observed when comparing the affinities of KE2-D(15)-4
and KE2-D(15)-5. The nanomolar affinity that arises from
cooperativity between zinc-ion coordination and spacer±pro-
tein hydrophobic interactions and that is characteristic of
benzenesulfonamide ligands with aliphatic substituents
when not coupled to a scaffold was only observed with five
methylene groups in the spacer. Although this is the most
likely explanation, we do not exclude the possibility that
other parameters might also influence the binding affinities,
for example, interactions between the target protein and the
reporter group, the side chain of Lys34 or the side chains of
other amino acids. The higher the affinity, the less pro-
nounced was the blue shift and the larger was the fluores-
cence difference between free and bound peptide, a result
indicating that the nature of the benzenesulfonamide spacer
influenced the environmental change of the probe.
Benzenesulfonamides with oligoglycine substituents have


been reported previously to bind less tightly to HCAII than
those bearing alkyl groups,[26,28] a tendency that was also ob-
served here. The affinity of KE2-D(15)-6 was two orders of
magnitude lower than that of KE2-D(15)-5 although they
had ligands with similar spacer lengths. As observed for the
aliphatic benzenesulfonamides, the binding affinity of the
peptide-associated glycine derivative was lower than that of
a similar ligand not coupled to the polypeptide scaffold
(Table 2).
The affinity of KE2-D(15)-5 for HCAII (0.02 mm) was


compared to that for the bovine equivalent BCAII (0.2 mm)
as well as to that for the isozyme human carbonic anhydra-
se I (HCAI, 0.01 mm, Figure 4). Our results are in agree-
ment with earlier studies of benzenesulfonamide interac-
tions with HCAII[26] and BCAII[29] where tighter binding by
the ligands to HCAII has been observed (Table 2). The dif-


ference between HCAI and
HCAII in binding sulfonamides
is ligand-dependent: HCAI
binds dansylamide better that
does HCAII,[37] but HCAII is
superior in binding 2-acetylami-
do-1,3,4-thiadiazole-5-sulfona-
mide (acetazolamide).[38,39]


Acetazolamide (8,
Scheme 1)[40] is a nanomolar in-
hibitor of CA that has been ex-
haustively studied due to its


early recognition as an antiglaucoma drug. KE2-D(15)-5
and HCAII were mixed in proportions where the degree of
complex formation was at least 98%. When titrating the
sample with acetazolamide, the fluorescence decreased as a
consequence of the increasing concentration of free peptide
due to efficient acetazolamide competition for the HCAII
binding sites (Figure 5). Control experiments where the pep-
tide was titrated with acetazolamide in the absence of
HCAII revealed that the inhibitor itself caused some minor
fluorescence quenching. Under the assumption that these
two phenomena can be treated additively, the competition
data was compensated for inhibitor quenching by correction
with data from the control experiment. No photobleaching
of the probe was observed during the titration process. The
measurement was performed twice, with 2 and 4 mm peptide,
and the affinity of acetazolamide for HCAII was estimated
to be 4 nm from both measurements. Literature values differ
considerably, from 7±70 nm,[27, 38,39,41] probably according to
the method and conditions chosen for the affinity analysis.
Apart from confirming that the fluorescence changes of
KE2-D(15)-X upon titration with CA are due to binding of
the benzenesulfonamide-linked peptide to the active site of
the enzyme, this experiment highlights the possibility of
screening substance libraries for new target-protein binders.


Table 2. Carbonic anhydrase II affinities for free versus polypeptide-conjugated benzenesulfonamides with ali-
phatic and oligoglycine substituents or spacers. n=number of methylene groups. Cited Kd values for measure-
ments with HCAII and BCAII are included.


Sulfonamide Protein Kd [mm]
n=1 n=2 n=3 n=4 n=5


H2NO2S(C6H4)CONH(CH2)nCONH-KE2-D(15) HCAII 1 nd 0.7[a] 0.8[b] 0.02
H2NO2S(C6H4)CONH(CH2)n�1CH3


[c] HCAII 0.08 0.03 0.008 0.0032 0.0018
H2NO2S(C6H4)CONH(CH2)n�1CH3


[d] BCAII nd 0.17 0.038 0.016 nd
H2NO2S(C6H4)CO(Gly)3-KE2-D(15) HCAII 3
H2NO2S(C6H4)CO(Gly)4OH[e] HCAII 0.36


[a] Average of two measurements, see text for details. [b] Average of four measurements, see text for details.
[c] From ref. [26]. The affinities were measured in 50 mm tris(hydroxymethyl)aminomethane (Tris)/H2SO4


(pH 8.0). [d] From ref. [29]. The affinities were measured in 20 mm phosphate buffer (pH 7.5) at 37 8C.
[e] From ref. [31]. The affinities were measured at pH 7.5, the buffer used was not stated.nd=not determined.


Figure 4. Titration of 1 mm KE2-D(15)-5 (or 0.8 mm in the case of HCAII)
with HCAII (+ , Kd=0.02 mm), BCAII (*, 0.2 mm) and HCAI (~,
0.01 mm). The solid lines represent the best fit to the experimental data
of an equation that describes the dissociation of a bimolecular complex.
The measurements were performed in duplicate and representative
curves are shown.
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All fluorescence experiments were performed in a 2-[4-(2-
hydroxyethyl)-1-piperazinyl]ethanesulfonic acid (HEPES)
buffer containing a physiological concentration of NaCl
(0.15m). Most monovalent anions inhibit CA and Cl� ions
have a bovine CA binding constant of 0.19m.[42] Although
the concentration of Cl� ions in the samples was comparable
to this affinity, the presence of Cl� ions only slightly affected
the analysis due to the much tighter binding of the peptides.
When data from measurements with the micromolar-affinity
peptides KE2-D(15)-X (X=1±4, 6) were refitted with an
equation allowing for two competing ligands, one of which
had a Kd value of 0.19m, the apparent affinities were in-
creased by factors of 1.4±1.8. No measurable influence from
the presence of Cl� ions on the affinity of the nanomolar-af-
finity peptide KE2-D(15)-5 was expected. Addition of inhib-
itors of appropriate affinities in the sample may therefore
be used for tuning the array by decreasing the apparent af-
finity of weak-binding array members while not affecting
tight-binding ones.


Discussion


The expression of parts of a proteome can be monitored by
bioanalytical arrays of capture molecules such as antibodies,
aptamers, affibodies, etc.[2] on chips or in microtitre-plate
format. ELISA-like sandwich strategies or sample labelling,
for example, by radioisotopes, are commonly applied for de-
tection. An appealing alternative is a one-step analysis
where the desired specific recognition is directly integrated
with monitoring of target-protein binding. We propose a ver-
satile molecular platform based on synthetic, folded helix±
loop±helix polypeptides where recognition elements and flu-


orescent reporter groups are flexibly attached on the side
chains of individually addressable lysine residues. Optimiza-
tion of the capture element for a particular target protein is
aided by the relative ease by which structures, interresidue
distances and relative directionalities of the attached groups
can be varied. This is a general advantage with choosing a
large scaffold, although optimization of all the mentioned
parameters may not always be necessary for the realization
of a functional peptide. Synthetic polypeptides are attractive
capture molecules as they are robust and easy to produce.
For target-protein quantification, an array of capture ele-


ments with different affinities for the analyte is an attractive
alternative to traditional dilution techniques where the
sample concentration must be systematically varied to
match the affinities between analytes and capture molecules.
The affinity of a functionalized, folded polypeptide for a
target protein can be varied over several orders of magni-
tude and with relative ease in comparison with other scaf-
folds. The ligand can be modified by the incorporation of
spacers capable of nonspecific interactions with the target.
The affinity can also be varied by modification of the scaf-
fold structure, through incorporation of amino acid residues
or groups that enhance or decrease the affinity for the
target due to electrostatic, hydrophobic or steric effects. To
further expand the range of the array, a competing ligand of
appropriate affinity can be added to the sample to decrease
the apparent affinity, with weak-binding array members af-
fected more than tight-binding ones.
In the design of an affinity array for CA, we varied the


para substituents of the benzenesulfonamide ligand to pro-
vide spacers capable of modulating the interactions between
the ligand and the CA binding pocket. We hypothesized
that variation of the spacer structure would provide a range
of binding affinities, but also that the bulky scaffold, which
was not expected to fit into the binding pocket of the
enzyme, would further modulate the interaction due to
steric strain between target protein and the polypeptide;
this would provide a general strategy for the design of affini-
ty arrays. Following this general approach, six array mem-
bers were synthesized and dissociation constants in the
range 10�8±10�6m were obtained. Benzenesulfonamides with
aliphatic para substituents have affinities for CA in the
nanomolar range, because the affinity for the zinc ion in the
active site is enhanced by interactions between the aliphatic
substituent and a hydrophobic patch in the enzyme binding
cleft. The binding strength is increased in a stepwise manner
in proportion to the number of methylene groups.[26,29]


When attached to the polypeptide scaffold, the affinities of
array members bearing one, three and four methylene
groups were found to be similar and approximately 1 mm.
This is most likely a result of steric interference that ob-
scures the manifestation of the intrinsic and gradually in-
creasing affinities of the ligands. However, the affinity dra-
matically increased by two orders of magnitude when five
methylene groups were present in the spacer. The affinity
difference between KE2-D(15)-4 and KE2-D(15)-5 may be
due to a highly cooperative and optimal arrangement of
multiple affinity-enhancing contributors such as the aliphatic
spacer, the fluorescence probe or other residues of the scaf-


Figure 5. Competition for 1 mm HCAII between 2 mm KE2-D(15)-5 and
acetazolamide (~). The observed quenching of the fluorescence of the
dansyl probe with increased acetazolamide concentration was a result of
the increasing concentration of free KE2-D(15)-5 as HCAII binding sites
became occupied by acetazolamide. However, when the titration was car-
ried out in the absence of HCAII (~), some quenching was still observed
for acetazolamide concentrations above 1 mm. Fluorescence intensities re-
corded under titration conditions at [acetazolamide]tot>1 mm (~) were
compensated by the addition of the difference between the average fluo-
rescence intensities at [acetazolamide]tot�1 mm and each recorded inten-
sity for which [acetazolamide]tot>1 mm (~). The HCAII affinity for acet-
azolamide was estimated to be 4 nm, based on the corrected curve (+ ).
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fold. The affinity profile of benzenesulfonamides with ali-
phatic para substituents changing from stepwise to switch-
like upon incorporation into the scaffold was an unexpected
result, as switch-like affinity behavior is expected from a
rigid rather than from a dynamic protein structure. Substan-
tial flexibility of the protein and/or the polypeptide was, in
fact, demonstrated by specific binding of the sulfonamide
moiety attached to short-spaced ligands that, according to
the crystal structure of HCAII in complex with a benzene-
sulfonamide inhibitor, should not be able to reach deep
enough into the pocket without severe steric strain. The
binding distance would be too long if the structures re-
mained undistorted.[30] A possible explanation for the ob-
served result may be that, if CA is distorted by the scaffold,
the protein structure is no longer complementary to the pre-
ferred conformation of the spacer and the protein±ligand in-
teractions that account for the observed nanomolar affinities
of ligands not linked to the scaffold do not arise. With this
interpretation, our findings indicate that minute changes
induce dramatic structural effects in the protein at a critical
spacer length. Nevertheless, the results demonstrate that a
variation in spacer length and composition is a general ap-
proach to the design of affinity arrays.
Although five of the array members clustered at low mi-


cromolar affinity, the principle of HCAII-concentration de-
termination in an unknown sample by using the affinity
array can be illustrated (Figure 6). Data from Figure 3, ob-
tained from measurements at a constant total concentration
of HCAII, are presented as normalized fluorescence intensi-
ties of each of the array members plotted versus their affini-
ties. With enough data points, the fitting of an equation de-
scribing the theoretical binding model (Equation (2) in the


Experimental Section) to the experimental results provides
a direct readout of HCAII concentration, provided that the
sample concentration matches the affinity range of the array
and that start and end plateaus can be determined. The
range of the array affinities should span at least three orders
of magnitude, unless, instead of fitting, the fraction of pep-
tide complexed by HCAII is estimated from the fluores-
cence-intensity change of individual array members upon
complexation. As the peptide concentration is known,
HCAII concentration can be readily determined with this
strategy provided that calibrated intensities of fully com-
plexed polypeptides are available. Optimal array perform-
ance, where the largest signal differences are obtained be-
tween array members, is obtained when the peptide concen-
tration is less than the lowest Kd value and the protein con-
centration is close to the average of the highest and lowest
Kd values. In Figure 6 the peptide concentration is subopti-
mally 1 mm, which is close to the highest Kd value. Still, for
HCAII concentrations in the micromolar range, concentra-
tion differences of 20±30% are detectable. The reliability of
the analysis is directly related to the number of array mem-
bers.
This discussion is of general applicability to the design of


affinity arrays and illustrates the need for flexible and readi-
ly functionalized sensor platforms. The designed four-helix-
bundle proteins reported here represent versatile scaffolds
in which huge chemical diversity can be generated in a short
time by procedures that are conveniently automated. Array
members with widely different affinities and reporter prop-
erties are obtained with efforts that are modest in compari-
son with traditional approaches in organic chemistry and
protein chemistry.
Designed proteins are not limited to use as scaffolds for


affinity arrays but are also readily applied to several other
related bioanalytical problems in biochemistry, diagnostics
and pharmaceutical chemistry. Affinity screening of protein
isoforms or mutants was demonstrated with KE2-D(15)-5 by
discrimination between the three CA isozymes, HCAI,
HCAII and BCAII. If the target protein is an enzyme and
the ligand is a competitive inhibitor, the array also provides
a means of estimating enzyme activity more conveniently
than by traditional assays based on spectrophotometry. Di-
agnostic protein profiling could reveal differences between
the patient and the control with respect to expression levels
of different isoforms of the target protein. As a screening
platform for pharmaceutical purposes, the array could be
challenged with substance libraries to identify new ligands.
The library-screening idea was demonstrated with the acet-
azolamide competition experiments, where the affinity of
the competitive inhibitor was measured. This concept could
also provide a route to new ligands for target proteins from
combinatorial libraries in the case when no tight-binding li-
gands are known.
This work describes fundamental properties of a multi-


functional capture element designed for a variety of biosen-
sor and protein chip applications. Our approach applies to
cases where the protein is known and at least one ligand is
available or can be guessed. Incorporated into the scaffold,
the known ligand may be the starting point for screening


Figure 6. Normalized fluorescence intensities for different values of
[HCAII]tot plotted versus the Kd values of the KE2-D(15)-X (X=1±6)
array (from Figure 3). Five different [HCAII]tot values were chosen:
50 nm (!), 0.8 mm (*), 1 mm (*), 3 mm (~) and 30 mm (&). Fluorescence
data for KE2-D(15)-5 (Kd=0.02 mm) were collected at [KE2-D(15)-5]tot=
0.8 mm, but for comparison with the other peptides measured at 1 mm it
was corrected through subtraction of the theoretical difference between
the signal at 0.8 and 1 mm from the original experimental data. The esti-
mated experimental error in the Kd values (�20%) is indicated for
[HCAII]tot=1 mm. [HCAII]tot=30 mm saturates the array, while 50 nm is
too dilute to induce a response. The optimum concentration is in the low
micromolar range, where data for 0.8 and 1 mm can be resolved. The solid
line is the theoretical binding curve for [HCAII]tot=1 mm when the pla-
teau values are set to 1 and 0.
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substance libraries for better ligands. An affinity array can
be designed by varying specific or nonspecific ligand±protein
interactions that arise from variation of the ligand, the
spacer or the scaffold. Depending on the interaction studied
and on the application, issues of fluorophore and ligand
array optimization, peptide immobilization or nonspecific
binding of other proteins present in a blood sample or lysate
may call for solutions. Finding these solutions will be facili-
tated by the flexibility of the polypeptide scaffold in terms
of amino acid variation, as well as options for postsynthetic
modifications.


Conclusion


This work proposes the use of designed, functionalized poly-
peptides as efficient capture elements for protein detection
and quantification in an analytical array format. The relative
ease by which individually addressable lysine side chains
may be functionalized facilitates optimization of the plat-
form for the interaction system of interest, while integration
of the processes of recognition and reporting allows one-
step analyses of protein abundance, activity and affinity. For
the model system of carbonic anhydrase and benzenesulfo-
namide, an affinity array was designed where, at a critical
benzenesulfonamide spacer length, subtle spacer differences
induced a profound effect on the affinity. Discrimination be-
tween different carbonic anhydrase isoforms and a concept
for finding new ligands by competition studies was also
demonstrated. These experiments are milestones on the way
towards the design of a protein chip with immobilized cap-
ture polypeptides, where issues within biochemistry, diagnos-
tics or pharmaceutical chemistry can be addressed.


Experimental Section


The origin of chemicals obtained from standard chemical suppliers is not
stated.


Synthesis of benzenesulfonamide derivatives : Active esters of inhibitors
were prepared following procedures described previously for similar
compounds,[28] with minor modifications. 4-Carboxybenzenesulfonamide
was used as the starting material for all inhibitors. Yields were not opti-
mized.


H2NO2S(C6H4)CO2(NC4H4O2) (1): 4-Carboxybenzenesulfonamide (2.0 g,
10 mmol) and N-hydroxysuccinimide (NHS, 1.14 g, 10 mmol) were dis-
solved in a mixture of dioxane (20 mL) and N,N-dimethylformamide
(DMF, 8 mL) and the mixture was cooled in an ice bath. Dicyclohexylcar-
bodiimide (DCC, 2.0 g, 10 mmol) was added to the solution and the reac-
tion mixture was stirred overnight at 5 8C. N,N’-dicyclohexylurea (DCU)
was removed by filtration. The solvent was reduced to an oil and crystal-
lization from 2-propanol and hexane afforded a white solid (2.1 g, 73%);
1H NMR (300 MHz, D2O, 25 8C): d=8.35 (d, 2H), 8.11 (d, 2H), 3.03 (s,
4H) ppm.


General procedure for the synthesis of H2NO2S(C6H4)CONH(CH2)n-
CO2(NC4H4O2) (2±5: n=1, 3, 4, 5) and H2NO2S(C6H4)CO(Gly)3-
(NC4H4O2) (6): 0.3m Nucleophile (Gly, 4-aminobutyric acid, 5-aminopen-
tanoic acid, 6-aminohexanoic acid or the tripeptide glycyl±glycyl±glycine,
respectively, 1 equiv) in 50 mm sodium borate was added to 0.2m 1 in ace-
tone at pH 8.5. The reaction mixture was stirred at room temperature for
at least two hours while the pH value was kept between 7.0 and 7.5 with
0.1m NaOH. The reaction can be monitored by thin-layer chromatogra-
phy by observing the disappearance of unreacted 1 (toluene:ethyl acetate


(1:3) with 4% acetic acid, Rf=0.6). The solution was acidified to pH 3
and reduced in vacuo. The intermediate carboxylic acid product,
H2NO2S(C6H4)CONH(CH2)nCOOH (n=1, 3, 4, 5) or
H2NO2S(C6H4)CO(Gly)3, was washed in cold water and dried. Yields
were 62±79% and the purity was confirmed by 1H NMR spectroscopy. To
prepare the NHS ester, the intermediate product (1 equiv) was added to
0.1m NHS (1.1 equiv) in dioxane:DMF (1:1) at 0 8C. DCC (1 equiv) was
added to the solution and the reaction mixture was stirred overnight at
5 8C. DCU was removed by filtration. The solvent was reduced and a
white solid (2±6) was precipitated from 2-propanol and hexane. The
purity was confirmed by 1H NMR spectroscopy and the yields were 36±
66%. A typical synthetic procedure is provided below.


H2NO2S(C6H4)CONH(CH2)5CO2(NC4H4O2) (5): 6-Aminohexanoic acid
(88 mg, 0.67 mmol) in 50 mm sodium borate (2 mL) was added to 1
(200 mg, 0.67 mmol) in acetone (3 mL) at pH 8.5. The reaction mixture
was stirred at room temperature for two hours while keeping the pH
value between 7.0 and 7.5, after which the solution was acidified to pH 3
and concentrated. The intermediate product H2NO2S(C6H4)-
CONH(CH2)5COOH was washed in cold water and vacuum dried to give
a white solid (145 mg, 69%); 1H NMR (300 MHz, D2O, 25 8C): d=8.01
(d, 2H), 7.91 (d, 2H), 3.37 (t, 2H), 2.17 (t, 2H), 1.58 (m, 4H), 1.36 (m,
2H) ppm. H2NO2S(C6H4)CONH(CH2)5COOH (100 mg, 320 mmol) and
NHS (41 mg, 352 mmol) were dissolved in a mixture of dioxane (1 mL)
and DMF (1 mL) and the mixture was cooled in an ice bath. DCC
(65 mg, 320 mmol) was added to the solution and the mixture was stirred
overnight at 5 8C. DCU was removed by filtration. The solvent was re-
duced to an oil and a white solid was precipitated from 2-propanol and
hexane. Recrystallization from hot 2-propanol afforded the desired prod-
uct (5, 47 mg, 36%); 1H NMR (300 MHz, [D6]acetone, 25 8C): d=8.02 (d,
2H), 7.95 (d, 2H), 7.87 (s, 1H), 6.66 (s, 2H), 3.44 (q, 2H), 2.88 (s, 4H),
2.66 (t, 2H), 1.78 (m, 2H), 1.69 (m, 2H), 1.54 (m, 2H) ppm.


Peptide synthesis, purification and modification : The polypeptide KE2
was synthesized on a Pioneer automated peptide synthesiser (Applied Bi-
osystems) by using standard 9-fluorenylmethoxycarbonyl (Fmoc) chemis-
try. The synthesis was performed on a 0.2-mmol scale and an Fmoc-Gly±
polyethylene glycol±polystyrene polymer (Applied Biosystems) with a
substitution level of 0.18 mmolg�1 was used. This resin was purchased
with the first amino acid attached and the free acid was formed at the C
teminus upon cleavage in trifluoroacetic acid (TFA). The side chains of
the amino acids (Calbiochem±Novabiochem AG) were protected by
base-stable groups: tert-butyl ester (Asp, Glu), tert-butoxymethyl (Lys),
trityl (His, Asn, Gln) and 2,2,4,6,7-pentamethyldihydrobenzofuran-5-sul-
fonyl (Arg). To allow site-selective incorporation of a fluorescent probe
at position 15, the side chain of Lys15 was protected by an allyloxycar-
bonyl (Applied Biosystems) group that can be selectively removed by
treatment with tetrakis(triphenylphosphine)palladium(0). The Fmoc pro-
tecting groups were removed from the amino termini by treatment with
20% piperidine in DMF. A fourfold excess of amino acid was used in
each coupling and amino acids were activated with a mixture of O-(7-
benzotriazole-1-yl)-1,1,3,3-tetramethyluronium tetrafluoroborate (TBTU,
0.5m in DMF; Alexis Biochemicals) and diisopropylethylamine (DIPEA,
1m in DMF). A standard amino acid coupling time of 60 min was used,
except in the cases of Gln and His (90 min) and Asn and Arg (120 min).
The N terminus of the peptide was capped with 0.3m acetic anhydride in
DMF. After the completed synthesis, the resin was rinsed with dichloro-
methane (DCM) and dried in vacuo.


Before cleaving the peptide from the resin, Lys15 was deprotected over
3 h at room temperature by using [Pd(PPh3)4] (3 equiv) in a mixture of
trichloromethane, acetic acid and N-methylmorpholine (17:2:1 v/v;
12 mL per g of polymer). The resin was washed sequentially with 20 mm


diethyldithiocarbamic acid in DMF, 30 mm DIPEA in DMF, DMF and
DCM, and then desiccated. For probe coupling, the resin was mixed with
dansyl chloride (2 equiv) and DIPEA (7 equiv) in DMF (6 mL per g of
polymer) and the mixture was left to stand with occasional swirling for
4 h at room temperature. The resin was washed with DMF and DCM and
then desiccated. The dansylated peptide was cleaved from the resin by
treatment with a mixture of TFA, triisopropylsilane, and water
(95:2.5:2.5 v/v; 15 mL per g of polymer) over 2 h at room temperature.
After filtration, the TFA was evaporated and the peptide was precipitat-
ed by addition of cold diethyl ether, centrifuged, washed in diethyl ether
and lyophilized. The crude product was purified by reversed-phase
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HPLC on a semipreparative HICHROM C-8 column, eluted isocratically
with 40% 2-propanol and 0.1% TFA in water at a flow rate of
10 mLmin�1. The purified peptide was identified by MALDI-TOF mass
spectrometry.


Benzenesulfonamides 1±6 (1.3 equiv) were added to 1 mm peptide solu-
tions (prepared from lyophilized peptide under the assumption that it
contains 25% water) in 50 mm Tris buffer (pH 8.0) to create the six-mem-
bered peptide array. The incorporation reaction was monitored by
MALDI-TOF mass spectrometry. After one day at room temperature
the reaction mixtures of peptides modified with 1±5 were purified by re-
versed-phase HPLC on a semipreparative HICHROM C-8 column,
eluted isocratically with 40% 2-propanol and 0.1% TFA in water at a
flow rate of 10 mLmin�1. The peptide modified with 6 was purified in the
same way, except that a gradient of 30!70% acetonitrile and 0.1% TFA
in water was applied over 60 min. Monomodification yields were 44±
63%, while 10% dimodification (Lys33, Lys34) was observed.


Concentration determination of proteins and peptides : HCAI, HCAII
and BCAII were obtained from Sigma and were used without further pu-
rification. The same protein batches were used for all experiments. Pro-
tein concentrations were determined from the absorbance at 280 nm by
using extinction coefficients of 46800 (HCAI), 54800 (HCAII) and
55100m�1 cm�1 (BCAII).[43] Concentrations of peptide stock solutions di-
luted 1:10 in methanol were determined from the absorbance at 335 nm
by using an extinction coefficient of 4200m�1 cm�1 (dansyl)[35] and were
subsequently confirmed by amino acid analysis (Aminosyraanalyscentra-
len, Uppsala, Sweden).


Structure determination with circular dichroism spectroscopy : Circular
dichroism spectra were recorded on a CD6 spectrodichograph (Jobin-
Yvon Instruments SA) by using a 10-mm cuvette in the interval 260±
203 nm at room temperature. Spectra of 1 mm (or 0.8 mm in the case of
KE2-D(15)-5) peptide in 100 mm sodium phosphate at pH 7.4 were ob-
tained by collecting data at 0.5 nm intervals with an integration time of
1 s. Each spectrum was collected as an average of three scans and the
data were corrected by subtraction of a spectrum of a blank sample con-
taining only buffer. The helical content was determined as the mean resi-
due ellipticity at 222 nm, [V]222, and was calculated from Equation (1),
where Vobs


222 is the observed ellipticity at 222 nm (deg), mrw is the mean
residue weight (gmol�1), c is the peptide concentration (gmL�1) and l is
the optical path length of the cell (cm).


½V�222 ¼
Vobs


222mrw
10lc


ð1Þ


Affinity determination with fluorescence spectroscopy : Fluorescence
spectra were recorded on a F-4500 spectrofluorophotometer (Hitachi
High-Technologies Corp.) by using a 10-mm quartz cuvette at 23 8C. The
excitation wavelength was 335 nm and the emission was monitored in the
range 450±650 nm. Excitation and emission slits were 5 nm. Each spec-
trum represents an average of two scans. For affinity determinations,
samples of 1 mm (or 0.8 mm in the case of KE2-D(15)-5) peptide in
HEPES-buffered saline (10 mm HEPES, 150 mm NaCl, pH 7.4; Biacore
AB) were titrated with solutions of 1, 10 and 100mm CA (HCAI, HCAII
or BCAII) diluted from a stock solution of 500 mm CA in HEPES-buf-
fered saline. The fluorescence intensity at 516 nm was monitored as a
function of the total protein concentration and the dissociation constant
Kd was determined by fitting Equation (2) to the experimental results
under the assumption of a 1:1 binding model.


Fobs ¼
Fbound½CA� þ FfreeKd


½CA� þKd


½44� ð2Þ


In Equation (2), Fobs is the observed fluorescence intensity, Fbound is the
fluorescence of the peptide bound to CA, Ffree is the fluorescence of the
free peptide and [CA] is the concentration of free CA. [CA] can be de-
rived from Equation (3), where [P]tot is the total concentration of peptide
and [CA]tot is the total concentration of CA.


½CA� ¼ � ½P�tot þKd�½CA�tot
2


þ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
½P�tot þKd�½CA�tot


2


�2


þKd½CA�tot


s


ð3Þ


Fitting was done with IGOR Pro 4.03 software (WaveMetrics Inc.). For
estimation of the influence of Cl� ions on the measured affinities, Equa-
tion (2) was used with the expression for [CA] given in Equation (4),
where [Cl�]tot is the total concentration of chloride ions, [CAP] is the
concentration of CA complexed by the peptide and KCl is the affinity
constant of chloride-ion binding to CA. [CAP] was estimated from the
experimental data.


½CA� ¼ ½CA�tot�½CAP��½Cl��tot�KCl


2


þ


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi�
½CA�tot�½CAP��½Cl��tot�KCl


2


�2


þKClð½CA�tot�½CAP�Þ


s ð4Þ


Competition experiments with acetazolamide : Mixtures of 1 mm HCAII
and 2 mm E2-D(15)-5 or 1 mm HCAII and 4 mm KE2-D(15)-5 in HEPES-
buffered saline (10 mm HEPES, 150 mm NaCl, pH 7.4; Biacore AB) were
titrated with solutions of 10 and 100 mm acetazolamide. The excitation
wavelength was 335 nm and the emission was monitored in the range
450±650 nm. Excitation and emission slits were 5 nm. Each spectrum rep-
resents an average of two scans. Control experiments were performed
where 2 or 4 mm peptide was titrated with acetazolamide in the absence
of protein. The dissociation constant Ki of the interaction between KE2-
D(15)-5 and acetazolamide was estimated from the total acetazolamide
concentration [A]tot at which the fluorescence was intermediate between
its maximum and minimum values, that is, where the concentration of
peptide-bound HCAII equals the concentration of acetazolamide-bound
HCAII. At this point, provided the concentration of free protein is ne-
glected, Equation (5) is applicable, where Kd is the dissociation constant
of the peptide±protein complex and [P]tot is the total peptide concentra-
tion.


Ki ¼ Kd
½A�tot� ½HCAII�tot


2


½P�tot� ½HCAII�tot
2


ð5Þ
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Noncentrosymmetric Organic Solids with Very Strong Harmonic Generation
Response


Hong Zhao,[a] Yong-Hua Li,[a] Xi-Sen Wang,[a] Zhi-Rong Qu,[a] Li-Zhong Wang,[a]


Ren-Gen Xiong,*[a] Brendan F. Abrahams,[b] and Ziling Xue[c]


Introduction


Supramolecular chemists have for some time been interest-
ed in crystal engineering strategies in attempts to exert con-
trol over packing arrangements in organic crystals. It is an-


ticipated that such approaches will lead to the generation of
materials that possess technologically useful properties.[1] Of
particular importance are nonlinear optical (NLO) function
(especially second harmonic generation) and ferroelectric
properties because of their practical importance in areas
such as telecommunications, optical storage, and informa-
tion processing.[2] These properties are only found in non-
centrosymmetric bulk materials or polar crystals.[3] Although
control over the packing arrangements of molecules through
the employment of rational design principles has met with
some success both for organic and metal±organic coordina-
tion polymers,[1,4] crystal engineering has not developed to
the stage where a desired structure or crystal symmetry can
be ensured.


Despite the fact that racemic mixtures of chiral com-
pounds often give rise to crystallization of centrosymmetric
structures,[5] we have discovered a class of compounds,
whose members tend to crystallize in acentric space groups.
This class contains asymmetric conjugated molecules that
offer the prospect of interesting physical properties of the
type mentioned above. Herein we report the synthesis and
physical properties of this interesting class of compounds.
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Abstract: The molten reaction of 2-
naphthol, 4-(aminomethyl)pyridine,
and 4-pyridinecarboxaldehyde at about
180 8C yields trans-2,3-dihydro-2,3-
di(4’-pyridyl)benzo[e]indole (1) which
possesses two chiral centers, rather
than an expected Betti-type reaction
product with only one chiral carbon
center. The same reactions, using 3-pyr-
idinecarboxaldehyde, 4-cyanobenzalde-
hyde, or 3- cyanobenzaldehyde instead
of 4-pyridinecarboxaldehyde produce
the related compounds trans-2,3-dihy-
dro-2-(4’-pyridyl)-3-(3’’-pyridyl)benzo-
[e]indole (2), trans-2,3-dihydro-2-(4’-
pyridyl)-3-(4’’-cyanophenyl)benzo[e]in-
dole (3), and trans-2,3-dihydro-2-(4’-
pyridyl)-3-(3’’-cyanophenyl)benzo[e]in-


dole (4), respectively. This reaction
proceeds with a high degree of stereo-
selectivity with a trans/cis ratio of
about 98:2 at elevated temperature.
Compounds 1, 2, and 4 crystallize in a
noncentrosymmetric space group
(Pca21, Pca21, and Cc), while com-
pound 3 has a chiral space group (P21).
These successfully acentric packing ar-
rangements are probably due to the
molecule bearing both two chiral cen-
ters and potential hydrogen-bonding


groups. Furthermore, the reaction of
racemic 6-hydroxy-2’-methyl-2-naph-
thaleneacetic acid with ethyl-2-cyano-1-
(4’-pyridyl)acrylic acetate in the pres-
ence of piperidine gives 1-pyridyl-2-
ethoxycarbonyl-3-amino-1H-naphtho-
[2,1-b]pyran-2’-methylacetic acid (5),
which likewise crystallizes in a chiral
space group. All of compounds are
second harmonic generation (SHG)
active, and have a very strong SHG re-
sponse approximately about 8.0, 5.0,
12.0, 6.0, and 1.4 (for 1±5 compounds)
times that of urea. Ferroelectric prop-
erty measurements indicate that com-
pounds 1, 2, 4, and 5 may display ferro-
electric behavior.


Keywords: crystal engineering ¥
ferroelectric behavior ¥ hydrogen
bonds ¥ molten reaction ¥ nonlinear
optical property
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Results and Discussion


The molten reaction of 2-naphthol, 4-(aminomethyl)pyri-
dine, and 4-pyridinecarboxaldehyde at about 180 8C produ-
ces trans-2,3-dihydro-2,3-dipyridyl-benzo[e]indole (1) which
possesses two chiral centers. It was anticipated that the reac-
tion would follow a Betti-type reaction[6] and yield a product
with only one chiral carbon center, however the formation
of 1 was a welcome surprise. As indicated in Scheme 1, sub-


stitution of 4-pyridinecarboxaldehyde for 3-pyridinecarbox-
aldehyde, 4-cyanobenzaldehyde, or 3- cyanobenzaldehyde
yields the related compounds trans-2,3-dihydro-2-(4’-pyrid-
yl)-3-(3’’-pyridyl)benzo[e]indole (2), trans-2,3- dihydro-2-(4’-
pyridyl)-3-(4’’-cyanophenyl)-benzo[e]indole (3), and trans-
2,3- dihydro-2-(4’-pyridyl)-3-(3’’-cyanophenyl)benzo[e]indole
(4), respectively. This reaction proceeds with a high degree


of stereoselectivity with a trans/cis ratio of about 98:2 at ele-
vated temperature. IR and 1H NMR spectroscopy and mass
spectrometry confirmed their formation. Crystallographic
details relating to these compounds as well as information
regarding their nonlinear optical responses are presented in
Table 1.


Pale yellow block crystals of 1 were grown from a toluene
solution and crystallized in the noncentrosymmetric space
group, Pca21, with both enantiomeric forms represented in
this crystal. Intermolecular hydrogen bonds extend from the
NH group to a pyridyl nitrogen atom of a neighboring mole-
cule. The pyridyl group closest to the naphthyl group does
not participate in hydrogen bonding. In regard to the pack-
ing of the molecules, hydrogen bonding results in the forma-
tion of a polymeric chain that extends along a 21 axis that
lies parallel to the c axis (Figure 1).[7] All molecules within a


Scheme 1.


Table 1. Significant crystallographic data, powder SHG activity, and ferroelectric properties for 1±5.[10]


1 2 3 4 5


formula C22H17N C22H17N3 C24H17N3 C55H42N6 C24H22N2O5


Fw 323.39 323.39 347.41 786.95 418.44
T [K] 273 273 273 273 273
crystal system orthorhombic orthorhombic orthorhombic monoclinic monoclinc
space group Pca21 Pca21 P212121 Cc P21


a [ä] 10.671(2) 10.8369(14) 9.0449(16) 30.497(4) 8.562(2)
b [ä] 15.145(3) 15.202(2) 11.4354(19) 11.3416(16) 9.520(2)
c [ä] 9.9724(18) 9.9136(12) 18.083(3) 12.5910(17) 25.861(6)
a[8] 90 90 90 90 90
b[8] 90 90 90 102.291(4) 93.012(5)
g[8] 90 90 90 90 90
V [ä3] 1611.6(5) 1633.2(4) 1870.3(5) 4255.2(10) 2104.9(9)
Z 4 4 4 4 4
1calcd [gcm�3] 1.333 1.315 1.234 1.228 1.320
m(MoKa) [cm�1] 0.080 0.079 0.074 0.073 0.093
GOF 0.890 0.904 0.776 0.961 0.803
R1 0.0528 0.0787 0.0583 0.0532 0.0659


WR2 0.1354 0.1749 0.1364 0.1403 0.1568
SHG[a] 8.0U 5.0U 12.0U 6.0U 1.5U
point group C2v C2v D2 Cm C2


Pr (mCcm�2)[b] ~0.17 ~0.13 0 ~0.12 ~0.60


[a]=1U=SHG of urea.[b] Pr= remanent polarization.


Figure 1. Part of the chiral hydrogen-bonded chain present in crystals of
1. The chains extend along the c axis. Chains of opposite handedness (not
shown) are also present in the crystal.
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hydrogen-bonded chain have the same handedness, giving
rise to a chiral one-dimensional polymer that has twofold
helical character; a right-handed helix is represented in
Figure 1. An equal number of symmetry-related chains con-
taining molecules of the opposite handedness are also pres-
ent in the crystal. The crystal structure of 2 is very similar to
that of 1, as indicated by the similarity of the cell dimen-
sions and space group (Table 1). The packing arrangement is
essentially the same, which is not surprising given that the
hydrogen-bonding interaction does not involve the 3-pyridyl
group.


Crystals of 3 are enantiomerically pure and adopt the
chiral space group P212121. The asymmetric unit consists of
one molecule that forms hydrogen bonds to neighbors
through the cyano and NH groups. Unlike 1 and 2, the 4-
pyridyl group does not participate in hydrogen bonding.
Figure 2 shows the formation of a hydrogen-bonded chain


that extends along the b axis. Successive members of the
chain are related by a unit cell translation.


In crystals of 4, hydrogen bonding again results in a chain
structure but in this case both enantiomeric forms are repre-
sented in the one chain as indicated in Figure 3. As with 1
and 2, it is the 4-pyridyl group that is involved in the hydro-
gen bonding. Although both enantiomers are present, the
space group is again noncentrosymmetric.


A racemic molecular packing arrangement in a noncen-
trosymmetric or chiral space group is very rare because cen-
trosymmetric packing is very favorable. Four examples illus-
trate the fact that one molecule bearing both two chiral cen-
ters and potential hydrogen-bonding groups has met the re-
quirements of the presence of a highly asymmetric unit and
hydrogen-bond orientation effects which are essential for
the noncentrosymmetrically polar packing arrangement.
This hierarchical crystal engineering strategy is further sup-
ported by the following extended example.


The reaction depicted in Scheme 2 was undertaken with a
view to providing another example (1-pyridyl-2-ethoxycar-
bonyl-3-amino-1H-naphtha[2,1-b]pyran-2’-methylacetic acid
(5)) of crystallization in a noncentrosymmetric space group
from a racemic mixture. A single-crystal analysis of the
product revealed that the crystals adopt the chiral space
group P21 and that the asymmetric unit contains two unique
molecules. We were surprised to discover that the two
unique molecules were in fact diastereomers. Figure 4a


Figure 2. Part of the hydrogen-bonded chain present in crystals of 3. The
chain extends along the b axis with successive molecules related by a unit
cell translation. All chains in the crystal are chiral and are of the same
handedness.


Figure 3. Part of the hydrogen-bonded chain in 4, which extends along
the c axis. The chain is made up of both enantiomers.


Scheme 2.


Figure 4. a) The diastereomers (epimers) present in crystals of 5 ; b) a 2D
hydrogen network formed from both diastereomers. The network extends
in the bc plane.
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shows two unique molecules, which at first glance appear to
be almost centrosymmetrically related. Closer inspection re-
veals that the noncyclic chiral carbon center has the same
configuration in both molecules. The fact that the molecules
differ in configuration only at one carbon center makes the
molecules an epimeric pair. Extensive hydrogen bonding in-
volving both epimers results in a 2D network that extends in
the bc plane (Figure 4b).


We considered that this series would have an excellent
chance of exhibiting NLO effects because the arrangement
of the functional groups in these conjugated molecules is
likely to result in a significant asymmetric charge distribu-
tion that could enhance NLO behavior. Compound 3, which
crystallizes in the chiral space group, P212121 exhibits the
strongest SHG response; approximately 12 times that of
urea. Compound 1 has the next strongest response of about
eight times that of urea. The very strong response of 3 rela-
tive to 1 is probably due to the 4-cyanophenyl group being a
better electronic acceptor than the 4-pyridyl group. A simi-
lar effect is noted in 4-(4-ethynylphenyl)ethynylbenzonitri-
le.[4c,8] A weaker but still strong effect is found for 2 (ca. five
times that of urea). The difference in NLO behavior found
for 1 and 2 is likely to be a consequence of the difference in
the electronic effect of 4-pyridyl compared to 3-pyridyl.
Compound 4 exhibits a response about six times that of
urea.


A powder SHG signal of the order of 1.5 times that of
urea was found for 5. The relative weaker SHG effect may
be a consequence of the absence of a suitable donor±accept-
or system in the molecule.


In contrast to SHG-active materials which are all noncen-
trosymmetric, ferroelectric behavior is limited to crystals
that belong to one of the 10 polar point groups (C1, C2, Cs,
C2v, C4, C4v, C3, C3v, C6, C6v). Of the five acentric compounds,
1, 2, 4, and 5 have a polar point group and accordingly they
have the potential to display ferroelectric behavior. Experi-
mental results indicate that they are ferroelectrically active
compounds. Of particular interest, the electric hysteresis
loop of 5 displays typical ferroelectric behavior with a rema-
nent polarization (Pr) of 0.40±0.60 mCcm�2 and coercive
field (Ec) of 12 kVcm�1 (Figure 5). The saturation spontane-
ous polarization (Ps) of 5 is about 1.0±3.0 mCcm�2, com-
pared to H-bond type TGS (triglycine sulfate) with a Pr of
3.0 mCcm�2.[9]


In conclusion, the present results provide strong encour-
agement that crystallization of solutions containing racemic
mixtures has the potential to yield noncentrosymmetric
products that may have technological applications. At the
same time, the present hierarchical crystal engineering
methodology, which is based on both two chiral centers and
hydrogen bond formation, appears to allow the prediction
and control of the noncentrosymmetric polar packing ar-
rangement for racemic molecules, while the molten synthetic
technique opens up a new synthetic route for racemic mole-
cules with two chiral centers.


Experimental Section


Synthesis of 1: The molten reaction of 2-naphthol (20 mmol), 4-(amino-
methyl)pyridine (20 mmol), and 4-pyridinecarboxaldehyde (23 mmol) at
about 180 8C under an N2 atmosphere afforded racemic trans-2,3-dihy-
dro-2,3-di(4’-pyridyl)benzo[e]indole (1) in 80% yield (16 mmol) based on
2-naphthol. The ratio of trans/cis is estimated to be 98:2. IR (KBr): ñ=
3297(m), 3029(w), 2869(w), 1624(m), 1593(s), 1520(m), 1407(m),
1365(m), 1274(m), 1252(m), 1211(m), 1050(w), 994(w), 946(w), 869(w),
819(s), 758(m), 699(m), 610(m), 566(w), 499 cm�1 (w); 1H NMR: d=


2.348(br, 1H; NH), 4.519±4.825 (m, 1H; CH), 4.875(d, 1H; CH), 7.019±
8.705 (m, 14H; ArH, PyH); MS: m/z : 323.0.


Synthesis of 2 : The procedures are identical to those of 1 except that 3-
pyridinecarboxaldehyde was used instead of 4-pyridinecarboxaldehyde.
Compound 2 was obtained in 60% yield based on 2-naphthol. The ratio
of trans/cis is estimated to be 99:1. IR (KBr): ñ=3238(s), 3026(w),
1626(m), 1595(s), 1574(m), 1523(m), 1471(m), 1459(m), 1420(m),
1369(m), 1272(w), 1260(w), 1210(m),1155(w),1126(w), 995(w), 927(w),
851(m), 808(s), 771(m), 745(m), 715(m), 654(w), 634(w),603(w), 553 ,
cm�1 (w); MS: m/z : 323.0.


Synthesis of 3 : The procedures are identical to those of 1 except that 4-
cyanobenzoaldehyde was used in place of 4-pyridinecarboxaldehyde.
Compound 3 was obtained in 75% yield based on 2-naphthol. The ratio
of trans/cis is estimated to be 99:1. IR (KBr): ñ=3341(s), 3053(w),
2868(w), 2231(m), 1625(m), 1593(s), 1521(m), 1469(m), 1412(m),
1363(m), 1250(m), 1208(w), 1252(m), 1178(m), 1111(w), 992(w), 949(w),
868(w), 823(s), 753(m), 695(m), 606(m), 569 cm�1 (w); MS: m/z : 347.0.


Synthesis of 4 : The procedures are identical to those of 1 except that 3-
cyanobenzoaldehyde was used to replace 4-pyridinecarboxaldehyde.
Compound 4 was obtained in 60% yield based on 2-naphthol. The ratio
of trans/cis is estimated to be 99:1. IR (KBr): ñ=3321(m), 3056(w),
2231(m), 1626(m), 1596(s), 1521(m), 1469(w), 1451(m), 1412(m),
1365(m), 1263(m), 1251(m), 1155(m), 1063(w), 992(w), 903(w), 858(w),
807(s), 743(m), 693(m), 655(w), 616(w), 549(m), 518 cm�1 (w); MS: m/z :
347.0.


Synthesis of 5 : Piperidine (0.6 mL) was added to a stirred mixture of rac-
emic (or (S))-6-hydroxy-2’-methyl-2-naphthaleneacetic acid (10 mmol)
and ethyl-2-cyano-1-(4’pyridyl)acrylic acetate (10 mmol) in ethanol
(20 mL). The mixture was refluxed for 24 h. The orange solution was
poured into ice water (100 ml). The resulting precipitate was isolated by
filtration, washed with water, dried, and recrystallized from ethanol. The
colorless needles of 5 were obtained in about 84% yield (8.37 mmol). IR
(KBr): ñ=3433(m), 3302(w), 2977(w), 2930(w), 1717(w), 1680(s),
1621(m), 1603(m), 1526(s), 1472(m), 1407(w), 1306(w), 1283(w), 1225(s),
1196(w), 1068(m), 1034(w), 833(w), 816(w), 785(w), 651(w), 527 cm�1 (w).


Figure 5. The electric hysteresis loop of 5 as observed by Virtual Ground
Mode for a powdered sample in the form of a pellet by using an RT6000
ferroelectric tester at room temperature.
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Electronic and Vibrational Properties of Fluorenone in the Channels of
Zeolite L


Andrÿ Devaux, Claudia Minkowski, and Gion Calzaferri*[a]


Introduction


A fascinating quality of photochemistry is the design of arti-
ficial photonic antenna systems for light harvesting and
transport, analogous to the photosynthesis in a plant leaf in
which sunlight is absorbed and transported by the chloro-
phyll molecules to a reaction center where it is trapped and
transformed into chemical energy. Such artificial systems are
of great interest because they are capable of elaborating the
energy information input of photons to perform useful func-
tions, such as processing and storage of information, sensing
the microscopic environment on a molecular level, or trans-
formation and storage of solar energy. In natural antennae,
the formation of aggregates is prevented by fencing in the


chlorophyll molecules by means of polypeptides. One way
to implement this in an artificial antenna is to choose a mi-
croporous material with cavities large enough to take up
monomers of dye molecules, but not aggregates. Zeolite L
with its one-dimensional tube structure is a very versatile
host material. Each individual channel can be filled succes-
sively with joint and, in many cases, noninteracting dye mol-
ecules. The latter can be selectively excited with light. De-
pending on the structure of the material, the excitation
energy can migrate through a directed transport route along
the channel axis from the center of the crystal towards a
target molecule at the entrance of the channel, or vice
versa.[1] The chemical, photochemical, and photophysical
properties of the dye±zeolite L host±guest materials are
largely influenced by the geometrical constraints imposed
by the host. They also depend on the presence of solvent
molecules and co-cations. Co-adsorbed water plays an im-
portant role in many of these materials. It was observed
that, for example, exposure of dry p-terphenyl/zeolite to air
of 22% relative humidity at room temperature leads to a
displacement of the p-terphenyl from the channels. Upon
heating and hence drying the zeolite, the organic molecule
can be inserted again. The removal and insertion process is
reversible.[2] In contrast to this, incorporated fluorenone is


[a] Dr. A. Devaux, C. Minkowski, Prof. Dr. G. Calzaferri
Department of Chemistry and Biochemistry
University of Bern, Freiestrasse 3
3012 Bern (Switzerland)
Fax: (+41)31-6313994
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Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. It contains Ta-
bles S1±S4 describing the symmetrized force fields used for the
normal coordinate analyses.


Abstract: Fluorenone (C13H8O) was in-
serted into the channels of zeolite L by
using gas-phase adsorption. The size,
structure, and stability of fluorenone
are well suited for studying host±guest
interactions. The Fourier transform IR,
Raman, luminescence, and excitation
spectra, in addition to thermal analysis
data, of fluorenone in solution and fluo-
renone/zeolite L are reported. Normal
coordinate analysis of fluorenone was
performed, based on which IR and
Raman bands were assigned, and an
experimental force field was deter-
mined. The vibrational spectra can be
used for nondestructive quantitative
analysis by comparing a characteristic


dye band with a zeolite band that has
been chosen as the internal standard.
Molecular orbital calculations were
performed to gain a better understand-
ing of the electronic structure of the
system and to support the interpreta-
tion of the electronic absorption and
luminescence spectra. Fluorenone
shows unusual luminescence behavior
in that it emits from two states. The
relative intensity of these two bands


depends strongly on the environment
and changes unexpectedly in response
to temperature. In fluorenone/zeo-
lite L, the intensity of the 300 nm band
(lifetime 9 ms) increases with decreas-
ing temperature, while the opposite is
true for the 400 nm band (lifetime
115 ms). A model of the host±guest in-
teraction is derived from the experi-
mental results and calculations: the dye
molecule sits close to the channel walls
with the carbonyl group pointing to an
Al3+ site of the zeolite framework. A
secondary interaction was observed be-
tween the fluorenone×s aromatic ring
and the zeolite×s charge-compensating
cations.


Keywords: fluorenone ¥ host±guest
systems ¥ luminescence ¥ normal
coordinate analysis ¥ vibrational
spectroscopy ¥ zeolites
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not displaced by water molecules under ambient conditions,
but remains inside the channels. The main difference be-
tween p-terphenyl and fluorenone, with respect to this prop-
erty, is that the latter bears a carbonyl group. This observa-
tion played a major role in the selection and hence realiza-
tion of the first stopcock fluorophore-dye/zeolite L materi-
al.[3] We now report the results obtained in a detailed study
of fluorenone/zeolite L by means of luminescence, IR, and
Raman spectroscopy, thermal analysis, and theoretical rea-
soning.


Background


Host : Zeolite L is a crystalline aluminosilicate with hexago-
nal symmetry. Its anionic framework and the position of the
charge-compensating cations are illustrated in Figure 1. The
crystals consist of cancrinite cages (e-cages) connected by
double 6-rings. These units form columns in the c direction
that are connected, thus giving rise to 12-membered rings
with a free diameter of 0.71 nm. As a consequence, zeolite L
consists of one-dimensional channels running through the
whole crystal, in which the largest free diameter is 1.26 nm
and a unit cell (u.c.) length is 0.75 nm. The main channels
are connected by nonplanar 8-rings with an opening of
about 0.15 nm, forming an additional two-dimensional chan-
nel system. The scanning electron microscopy (SEM) picture
in Figure 1e shows the hexagonal structure of the zeolite L
material. Four different cation sites have been reported
(Figure 1c): A is located in the center of the double 6-ring,
while B lies in the center of the e-cage. C is midway be-
tween the centers of two adjacent cancrinite cages, and D
lies inside the main channel near the wall of the 8-ring. De-
hydrated zeolite L shows an additional cation site (E) locat-
ed midway between two adjacent A sites. Water molecules
in the large cavities were reported to behave like an intra-
crystalline liquid, whereas they seem to build clusters
around the cations in the smaller pores. Nearly all of the
zeolite L water content can be removed at room tempera-
ture by applying a high vacuum (~10�5 mbar). The stoichi-
ometry of zeolite L with monovalent cations (M) is
(M)9[Al9Si27O72]¥nH2O, in which n equals 21 in fully hydrat-
ed materials and 16 at about 22% relative humidity. The
number of channels lying parallel to the c axis is equal to
0.265(dc)


2, in which dc is the diameter of the cylinder in nm.
As an example, a crystal with a diameter of 550 nm contains
about 8î104 parallel channels.


Host±guest materials : Dye molecules are positioned at sites
along the large, one-dimensional channels of zeolite L. The
length of a site corresponds to a number s multiplied by the
unit cell length, so that one dye molecule fits into one site.
The value of s depends on the size of the molecule and the
length of the primitive unit cell. A site can either be occu-
pied by a dye molecule or it can be empty. Under equilibri-
um conditions, all sites can often be assumed to be equiva-
lent and to have the same probability of being occupied by
a dye molecule. The occupation probability (p) is equal to
the ratio of the occupied sites to the total number of equiva-
lent sites. For example, a zeolite L channel with a length of


700 nm contains 932 u.c., which also corresponds to the
number of sites for a molecule the size of fluorenone. The
total number of such sites per zeolite L crystal (700 nm in
length and 550 nm in diameter) is ntot�64î106. The dye
concentration c(p) in molL�1 in a zeolite L nanocrystal is re-
lated to p as shown in Equation (1):


cðpÞ ¼ 1z


Mmzs
p ð1Þ


in which 1z is the density of the zeolite nanocrystal
(2.17 gcm�3), Mmz is the molecular mass of the unit cell
(about 2883 gmol�1), and s is the number of unit cells


Figure 1. Zeolite L framework: a) projection along the c axis, b) cancrin-
ite cages highlighted as polyhedra; c) section with the different cationic
positions A to E ; d) side view of the 12-ring channel along the c axis;
e) SEM picture of zeolite L crystals.
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needed for one site (equal to 1 for fluorenone). Using the
numbers given in brackets we obtain Equation (2):


cðpÞ ¼ ð0:752mol L�1Þp ð2Þ


Neutral and cationic dyes of different structure have been
inserted into zeolite L and remarkable photophysical obser-
vations have been reported. For recent reviews we refer to
refs. [1, 4, 5].


Guest : The guest molecule we chose for our study is fluore-
none (C13H8O). Its structure is displayed at the bottom of
Figure 2, while the top shows two of the many possible ori-
entations of fluorenone in a zeolite L channel. Channel di-
ameters and molecular dimensions are based on van der
Waals radii. The carbonyl group is the only functional
group. Fluorenone is a planar molecule with C2v symmetry,
as confirmed by X-ray diffraction analysis.[6] Two different
symmetry designations are possible as it can be placed
either in the xz or yz plane. For our calculations the mole-
cule was located in the xz plane (Zwarich et al.[21] placed it
in the yz plane). Changing the orientation of the molecule
from one plane to the other switches the designations of the
B1 and B2 point group symbols. The size and the structure of
fluorenone allow a reasonably easy treatment by normal co-
ordinate analysis and molecular orbital (MO) calculations.
Both fluorenone in solution and the fluorenone/zeolite L
material are photostable. Fluorenone can be easily inserted
into the channels of zeolite L due to its size, photochemical
and thermal stability, and its low sublimation temperature


(100 8C at 0.5 Torr). It has a nonalternant p-electron system
and displays unusual spectroscopic and photophysical prop-
erties that have been extensively studied in solution. Assign-
ment of states,[7] interpretation of solvent and concentration
effects,[8] luminescence yields and lifetimes,[9,10] and laser
flash-photolytic experiments[11] have been reported. The
basic photophysical parameters of fluorenone and of some
derivatives have been measured as a function of tempera-
ture in a variety of solvents.[12] The existence of delayed
fluorescence in acetonitrile has been attributed to excimer
formation by laser-induced fluorescence.[11] However, no ex-
cimer emission could be found in hexane, cyclohexane, and
alcohols.[8,13, 14] Correct assignment of the lowest singlet±sing-
let electronic absorption proved to be quite difficult.[15] In-
tensity considerations were not very helpful in this case, as
the observed lowest energy transition is somewhat strong
for an n±p* transition, but rather weak for a p±p* transi-
tion. The energy of the band is also quite low for an n±p*
transition, but not low enough to rule out such an assign-
ment. Solvent effects were more useful, in so far as this
band is redshifted in polar solvents. Such shifts are charac-
teristic for p±p* transitions. The most conclusive result for
the assignment was the effect of oxime formation on the ab-
sorption spectra. It was shown that the formation of an
oxime results in the disappearance of n±p* transitions asso-
ciated with the carbonyl group, but has little influence on
p±p* transitions. The long-wavelength absorption spectrum
of fluorenone oxime is essentially the same as for fluore-
none. The only difference is a slight blueshift of the maxi-
mum of the long-wavelength transition, with no change in
the extinction coefficient. This result can be considered as
final proof that the observed lowest energy electronic ab-
sorption has p±p* character.[15]


Electronic transition dipole moment : The electronic transi-
tion dipole moment ( m!ed


nm) between two wave functions yn


and ym is defined in Equation (3):


m!ed
nm ¼ ynj�ð S


i
e r!iÞjym > ð3Þ


The oscillator strength (f) of the transition n !m is shown
in Equation (4):


f ¼ 8p2~ncme


3he2
j m! ed


nmj2 ð4Þ


By making use of the definition of the square of the tran-
sition dipole length, jDnm j 2 [Eq. (5)],


jDnmj2 ¼
1
e2
j m! ed


nmj2 ð5Þ


we obtain Equation (6) [from substitution of Eq. (5) into
Eq. (4)]:


f ¼ l0~njDnmj2 ð6Þ


in which e is the elementary charge, h is Planck×s constant,
me is the electron mass, c is the speed of light in a vacuum,


Figure 2. Top: two among many other possible orientations of fluorenone
molecules in a zeolite L channel. Bottom: structure and dimensions of
fluorenone. The channel diameters and molecular dimensions are based
on van der Waals radii. The unit cell length is 0.75 nm.
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r!i are the electron position vectors, ñ is the energy in cm
�1


of the transition n !m, and l0 is equal to 1.085î10
�5 cmä�2 ;


f is a dimensionless quantity.[16,17]


Results


Fluorenone/zeolite L is a yellowish, moderately luminescent
powder, with a more intense coloring for higher loading.
The material displays very good photostability, because long
exposure to light did not alter its spectroscopic properties in
any way. X-ray powder diffraction analysis showed that the
zeolite framework is not damaged during the synthesis of
the host±guest system. To investigate the influence of co-ad-
sorbed water on the dye location, fluorenone/zeolite L sam-
ples were suspended in 1-butanol. After centrifugation, the
fluorenone concentration in the supernatant was determined
spectrophotometrically. The amount of fluorenone inside
the zeolite was determined by comparing the fluorenone
content of the 1-butanol phase with the total amount of dye
present in the sample. This experiment was performed with
dry and rehydrated samples. In both cases, the quantity of
fluorenone in the solvent was identical and corresponded
typically to about 1% (wt) of the total amount of dye. The
fluorenone loading of washed fluorenone/zeolite L samples,
determined by dissolving the zeolite framework, was consis-
tent with the results from the washing experiments. The
quantity of fluorenone remaining in the channels of zeoli-
te L was identical for both dry and rehydrated samples
stemming from the same synthesis. These properties facili-
tate thermal analysis, UV-visible, fluorescence, and vibra-
tional spectroscopy.


Thermal analysis : The thermal stability of rehydrated fluo-
renone/zeolite L samples was studied by means of thermo-
gravimetric analysis (TGA) and differential scanning calo-
rimetry (DSC), and the results were compared with those of
unloaded zeolite L. Figure 3 shows the desorption (TGA)
and its first derivative (DTG) curves as a function of tem-
perature for A) hydrated zeolite L, B) the corresponding
curves for fluorenone/zeolite L , and C) crystalline fluore-
none. Hydrated zeolite L loses about 95% of its water con-
tent in a desorption step between 25 and 220 8C. The re-
maining water leaves the zeolite at a much slower, continu-
ous rate at higher temperatures. The maximum of the DTG
peak appears at 110 8C. This peak shifts to a lower tempera-
ture of about 100 8C in the case of the fluorenone/zeolite L,
an observation which is similar to that reported for p-ter-
phenyl/zeolite L.[2] We observed two additional features, one
at 500 8C and the other at 680 8C, which are due to the loss
of fluorenone. The TGA of crystalline fluorenone exhibits a
fast desorption step at 270 8C. Figure 4 shows the DSC for
both zeolite L and fluorenone/zeolite L. The zeolite L
sample shows a sharp endothermic transition around 270 8C,
which can be attributed to water desorption from the zeo-
lite.[18,19] This transition shifts to 2508C in the case of the fluo-
renone/zeolite L material. No additional changes could be
observed.


Figure 3. TGA and its derivative (DTG) of A) hydrated zeolite L, B) re-
hydrated fluorenone/zeolite L (p=0.2), and C) crystalline fluorenone, ob-
served at a heating rate of 5 8Cmin�1 in a nitrogen stream of
15 mLmin�1.


Figure 4. DSC of zeolite L (solid) and fluorenone/zeolite L (dashed) ob-
served at a heating rate of 10 8Cmin�1 in an N2 stream of 80 mLmin�1.
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Electronic spectroscopy


UV-visible spectra : The absorption spectrum of fluorenone
in cyclohexane (10�5m) is shown in Figure 5A) and the dif-
fuse reflectance absorption spectrum of fluorenone/zeolite L
is presented in B). The spectra are plotted on a logarithmic
scale to visualize the weak, long-wavelength transitions. The
spectrum in A) can be divided into three regions: the first
contains a broad, weak band around 380 nm (e380=
430 Lmol�1 cm�1). The second region, ranging from
320 to 260 nm (e292=5.5î10


3, e282=4.5î10
3, e305=2.6î


103 Lmol�1 cm�1), has a more intense and structured band
system. The last region consists of two close-lying, strong
peaks around 250 nm (e256=1.0î10


5, e249=8.0î
104 Lmol�1 cm�1). The intensity of these two peaks is about
3 orders of magnitude higher than that of the 380 nm band.
The spectrum of fluorenone/zeolite L displays a comparable
band structure and intensity distribution, but with broader
peaks. Similar spectra to those in A) were reported and dis-
cussed in refs. [7,10,15]. A complete assignment of the ab-
sorption spectrum, based on spectra in different solvents
and MO calculations, was carried out by Kuboyama.[7] The
two peaks at 250 nm can be considered a vibrational struc-
ture belonging to a single p±p* transition (1B1


!1A1), with a
hidden transition (1A1


!1A1) on the longer wavelength side.
The 290 nm band is assigned to an 1A1


!1A1 transition, and


the 310 nm and 380 nm bands to 1B1


!1A1 transitions. All
these transitions are of p±p* type. This means that the spec-
trum shown in Figure 5A) is well understood.


Luminescence spectra : The emission spectra of fluorenone
in solution were recorded in the presence and absence of
oxygen at room temperature. Luminescence spectra of fluo-
renone/zeolite L were measured in the presence of oxygen
at different temperatures. Spectra measured at room tem-
perature are displayed in Figure 6. The excitation wave-


length was 250 nm for fluorenone/zeolite L and 270 nm for
fluorenone in solution. These values were chosen in order to
correspond to the most intense absorption band for each
case. The spectrum of the fluorenone/zeolite L displays a
sharp peak at 300 nm and an intense, broader band at
400 nm. The spectrum of fluorenone in cyclohexane consists
of an intense peak at 310 nm and of a broad, weak band at
470 nm. The emission spectrum is identical for degassed and
non-degassed solutions. The bands of the fluorenone/zeo-
lite L sample appear at higher energy relative to those of
fluorenone in cyclohexane, with the lower energy band un-
dergoing a large shift of about 3100 cm�1. The higher energy
band shifts by 1000 cm�1. The relative intensities of the
emissions are quite different: the most intense band in solu-
tion lies at 310 nm, whereas in the fluorenone/zeolite L
sample the band at 400 nm is the most intense.
The results of temperature-dependent measurements


made in the range of 293 K to 80 K with a fluorenone/zeo-
lite L sample (p=0.2) are shown in Figure 7. In A) the
sample was excited at 250 nm for each spectrum. The inten-
sity of the band at 300 nm increases with decreasing temper-
ature, whereas the opposite is true for the band at 400 nm;
this is an unexpected observation. Graphs B) and C) show


Figure 5. A) Electronic absorption spectrum of a 10�5m solution of fluo-
renone in cyclohexane at room temperature. Calculated electronic transi-
tions are indicated as lines. Their polarization is identified by a letter
(x=x polarized, z=z polarized). B) Diffuse reflectance absorption spec-
trum of a fluorenone/zeolite L sample (p=0.3).


Figure 6. Luminescence spectra of fluorenone in cyclohexane (~10�5m,
dashed line) and in zeolite L (p=0.2, solid line), observed in air at 298 K.
Fluorenone/zeolite L was excited at 250 nm, while fluorenone in cyclo-
hexane was excited at 270 nm. The spectra are scaled to the same height
at the maximum.
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the temperature dependence of the electronic excitation
spectra of each emission band. The excitation spectra de-
tected at 330 nm (B) and 400 nm (C) have their maxima at
the same wavelength and the band shape is similar, howev-
er, in C) a weak band at 370 nm is visible. Upon cooling, the
intensities of the excitation spectra behave as expected from
the luminescence spectra: the intensity increases for the
spectra detected at 330 nm and decreases for the spectrum
detected at 400 nm.


Time-resolved measurements : The luminescence lifetimes
determined in this study are listed in Table 1. All measure-
ments could be well fitted by assuming a single exponential
decay. For fluorenone/zeolite L, the band at 400 nm has a
surprisingly long lifetime of 115 ms, while that at 300 nm is


about 9 ms. The lifetimes at the temperature of liquid nitro-
gen (77 K) are equal to those at room temperature, within
the experimental error. In the case of fluorenone in solution,
only the lifetime of the high-energy band could be deter-
mined as the intensity of the other band is too low. The life-
time of the band at 310 nm is the same in degassed and non-
degassed solutions (both 11 ms). We have added data on sin-
glet lifetimes and quantum yields from the literature for
comparison.


Vibrational spectroscopy : Vi-
brational spectroscopy of mole-
cule-loaded zeolites provides
important information that can
be used for qualitative and
quantitative analytical purposes,
as well as for investigating the
influence of the zeolite on the
inserted molecule. It was shown
that for very thin zeolite layers
coated on ZnSe wafers, quanti-
tative information can be ob-
tained by using the characteris-
tic nas(T�O�T) or the d(O�T�
O) bands of the zeolite as an
internal standard, in which T
denotes either an Al3+ or an
Si4+ ion.[20] If a similar proce-


dure works for fluorenone/zeolite L, this could be used as a
nondestructive analytical tool. We report the IR and Raman
spectra, as well as the correlation of selected fluorenone IR
and Raman band intensities with the dye loading. We then
describe results of a normal coordinate analysis of fluore-
none. The observed IR and Raman bands are collected in
Table 3 with our calculated frequencies and experimental
values from the literature.[21] The assignment of the fluore-
none bands is based on our normal coordinate analysis and
ref. [21], while the assignment of the zeolite L bands is
based on refs. [20,22±26].


IR spectra : We begin by comparing in Figure 8, the IR spec-
trum of fluorenone in a KBr pellet with the spectra of zeo-
lite L and fluorenone/zeolite L coated as thin layers on a
ZnSe plate and measured under high vacuum at room tem-
perature between 500±3000 cm�1. The spectra are plotted on
a logarithmic scale because of the large difference in band
intensity of the nas(T�O�T) zeolite band, with respect to the
contributions of the fluorenone. The water bending vibra-
tion around 1645 cm�1, usually seen as a strong feature in
zeolite spectra, is hardly visible. This is due to the fact that
thin zeolite L layers lose their water quickly under high
vacuum, even at room temperature. Both spectra A) and B)
display a very strong doublet around 1100 cm�1 and several
weaker bands at 800 and 500 cm�1, which all stem from the
zeolite framework. Hence, the fluorenone/zeolite L spec-
trum is dominated by the very intense antisymmetric nas(T�
O�T) stretching vibration at about 1050 cm�1. However, the
comparison of the thin-layer fluorenone/zeolite L spectrum
with that of the fluorenone KBr pellet in the enlargement of
the 1250±2000 cm�1 region illustrates that important bands
belonging to the inserted fluorenone are well resolved,
namely those at 1707, 1612, 1600, 1452, 1300, and 920 cm�1.
Data regarding the assignment will be given below. The
major differences, with respect to the fluorenone KBr pellet
spectrum, are a significant shift of the C=O stretching band
from 1716 to 1707 cm�1, the B1 fundamental at 1523 cm


�1


that appears only in the spectrum of the fluorenone/zeoli-
te L sample, and a slight shift of the B1 fundamental at
1452±1454 cm�1.


Figure 7. Luminescence and excitation spectra of fluorenone/zeolite L (p=0.2) at different temperatures: A)
luminescence spectra, all excited at 250 nm, B) excitation spectra detected at 330 nm, and C) at 400 nm. The
spectra were measured at the following temperatures (K): 80 (solid line), 150 (dashed line), 220 (dotted line),
and 293 (dash-dot).


Table 1. Luminescence lifetimes at room temperature for fluorenone in
various solvents and for fluorenone/zeolite L.


l [nm] 400 310 300 Ref. FF


fluorenone in solution:
cyclohexane ± 11 ms[a] ± 1.8 ns[b] ±
methylcyclohexane ± ± ± 0.14 ns[c] 5.2î10�4[c]


acetone ± ± ± 11.3 ns[b] 2.1î10�2[c]


fluorenone/zeolite L:
115 ms[a] ± 9 ms[a] ± ±


[a] This work, excitation wavelength 240 nm. [b] Ref. [11], excitation
wavelength 440 nm. [c] Ref. [12], excitation wavelength 360 nm.
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Raman spectra : Figure 9 shows the Raman spectra of A) fluo-
renone and B) fluorenone/zeolite L. Both are rather weak
Raman scatterers. The spectrum of the fluorenone/zeolite L
system is less intense than that of a crystalline sample, so
most of the weaker bands are not visible. This is accompa-
nied by a broadening of the bands, and therefore some loss
of structure; nevertheless, the main features are well re-
solved. The four-peak system of the crystalline sample, con-
sisting of three fundamentals at 1214, 1198, and 1152 cm�1,
and of a combination band at 1183 cm�1, is reduced to a
group of two broad bands. The lowest peak shifts up to
1156 cm�1, while the other three peaks form a single band
with a maximum at 1200 cm�1. The shift to lower energy of
the C=O stretching band from 1714 to 1695 cm�1 is larger
(Dñ=20 cm�1) than in the IR spectrum. The position of all
other fluorenone peaks remain unchanged. The peak at
500 cm�1 is due to the d(T�O�T) of the zeolite.


Zeolite-framework vibrations as internal standard: An infor-
mative feature deriving from the vibrational spectra of a
dye±zeolite L composite is the nondestructive, quantitative


analysis of its dye content. Since the intensities (either the
height or the integrated area of the peak) of the zeolite L
band and the dye band are proportional to the amount of
zeolite and dye, the zeolite L band acts as an internal stan-
dard and the ratio of the intensities leads to the dye concen-
tration. The chosen peaks should be resolved and belong
clearly to the zeolite or the dye. This method works for IR
and Raman spectra.[20]


In this work the IR spectra were evaluated. The bands
used for this correlation are indicated in Figure 10.
The peak group from 563±841 cm�1, stemming from the
ns(T�O�T) of the zeolite, was used as the internal standard,


while the C=O stretching mode at 1707 cm�1 served as the
dye peak. In Figure 11 a calibration curve is plotted: the
horizontal axis shows the exact loadings of six fluorenone/
zeolite L composites, as determined by dissolving the zeolite
framework with HF (a conventional destructive method),
and the vertical axis shows the ratios of the IR peaks. The
dashed line shows the result obtained by using the ratio of
the peak heights, while for the solid line the peak areas


Figure 8. Top: IR absorption spectra of A) zeolite L and B) fluorenone/
zeolite L (p=0.25). Both recorded as thin layers on ZnSe plates. Bottom:
Enlargement of the IR absorption spectra of A) fluorenone KBr pellet
and B) fluorenone/zeolite L, in the region between 1250 and 2000 cm�1.
All spectra were recorded with a resolution of 8 cm�1 at a pressure of 2î
10�5 mbar at room temperature.


Figure 9. Raman spectra of A) crystalline fluorenone (200 scans) and
B) a fully loaded fluorenone/zeolite L (4000 scans). Both spectra have a
resolution of 8 cm�1. Laser power on the sample was 300 mW, focused on
approximately 0.12 mm2.


Figure 10. Bands used for the determination of the loading.
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were used. The correlation of the loading and the ratio of
the fluorenone band to the zeolite-framework vibrations are
linear in both cases.


Normal coordinate analysis : The use of symmetry coordi-
nates improves the quality and reliability of the fitting pro-
cedure, in addition to simplifying the assignment of symme-
try to the calculated frequencies. Once a correct assignment
of the bands has been established and a good set of force
constants has been found, internal coordinates are easier to
use. The C2v symmetry and the size of fluorenone make it
natural to work with symmetry coordinates. Its 60 vibration-
al degrees of freedom are divided among the irreducible
representations of the C2v point group according to Equa-
tion (8):


Gvib ¼ 21A1 þ 9A2 þ 20B1 þ 10B2 ð8Þ


Out of the 66 symmetry coordinates given in Table 6 (see
later), six are redundant (A1:3; B1:2; A2:1). These redundant
coordinates were not removed because most of the symme-
trized force constants are the same as the internal force con-
stants, due to the C2v symmetry of the molecule (see
Table 2). The remaining symmetrized force constants can be
fully determined even if the six redundant coordinates
remain; therefore their removal is not necessary. The eigen-
value problem factorizes accordingly, and the potential


Table 2. Force constants for fluorenone.


n[b] Force Value n[b] Force Value n[b] Force Value
const[a] const[a] const[a]


A


1 FR 10.484 6 FR1R1’=FR5R1’’ 1.383 30 Fp
R010 =Fp


R00100 0.089
FR1=FR5 5.830 7 Fo


RR0 =Fo
R00 1.562 32 Fm


W010 =Fm
W00100 �0.244


FR2=FR4 6.796 9 Fm
RR0 =Fm


RR00 0.464 33 Fo
1010 =Fo


100100 �0.066
5 FR3 4.758 11 Fp


RR0 =Fp
RR00 0.249 34 F11’13’=F11’’13’’ 0.215


8 FR’=FR’’ 7.814 10 Fo
R0R0 =Fo


R00R00 1.822 35 F12’14’=F12’’14’’ 0.069
14 Fr’=Fr’’ 4.973 12 Fm


R0R0 =Fm
R00R00 0.150 Fm0m1’=Fmom1’’ 0.055


17 FW1=FW4 2.230 13 FoR0r0 =FoR00r00 �0.431 42 Fom0m0 =Fom00m00 0.030
FW2=FW3 1.907 15 FRW 1.437 44 Fm


m0m0 =Fm
m00m00 0.001


23 FW’=FW’’ 2.426 FR3W2=FR3W3 1.302 45 Fp
m0m0 =Fp


m00m00 0.044
31 F1’=F1’’ 0.789 16 FR1’W1=FR1’’W4 �0.585 Fm4’m4’’ �0.058
36 F10 2.552 FR5’W2=FR5’’W3 �1.698 Fm0t2=�Fm0t1 1.933
58 Fm0 6.593 20 Fo


WW �0.064 Fm0t4=�Fm0t5 0.047
43 Fm’=Fm’’ 0.188 27 FW2W3 �0.916 Fm0t1’=�Fm0t1’’ 0.273
41 Fm1’=Fm1’’ 0.225 22 Fo


R0W0 =Fo
R00W00 0.842 50 Fo


m0t0 =Fo
m00t00 0.034


Fm4’=Fm4’’ 0.151 Fo
RW0 =Fo


RW00 0.842 Ft1t2 �0.391
Ft1=Ft2 0.813 37 FR1W1’=FR5W1’’ �0.855 Ft4t5 �0.522
Ft4=Ft5 0.663 24 FR3W6’=FR3W6’’ �0.612 48 Ft1t4=Ft2t5 0.206


57 Ft3 0.379 Fo
W0W0 =Fo


W00W00 �0.034 Ft3t4=Ft3t5 0.046
53 Ft’=Ft’’ 0.570 25 Fm


W0W0 =Fm
W00W00 �0.797 51 Ft1t1’=Ft2t1’’ 0.074


2 Fo
R0 2.378 26 Fp


W0W0 =Fp
W00W00 �1.314 52 Ft4t’=Ft5t1’’ 0.645


FR2R4 �0.769 29 Fo
R010 =Fo


R00100 �0.151 54 Ft4t2’=Ft5t2’’ 0.183
FR1R5 2.177 28 Fm


R010 =Fm
R00100 0.096 Ft3t2’=Ft3t2’’ 0.096


B


3 FR1+FR1R5 8.007 40 FW2�FW2W3 2.823 60 Fo
m0m0�Fm4’m4’’ 0.088


4 FR2+FR2R4 6.027 46 Fm’+Fm4’m4’’ 0.130 61 21/2Fm0t1 �2.734
18 21/2FR3W2 1.841 47 Ft1+Ft1t2 0.422 62 Ft1�Ft1t2 1.204
19 0.5Fo


RW0 0.421 49 Ft4+Ft4t5 0.141 63 21/2Fm0t4 0.066
21 FW1 + FW2W3 1.314 55 21/2Ft3t4 0.065 64 Ft4�Ft4t5 1.185
38 FR1�FR1R5 3.653 56 21/2Ft3t2’ 0.136 65 21/2Fm0t1’ 0.386
39 FR2�FR2R4 7.565 59 21/2Fm0m1’ 0.078


[a] Force constants units: stretching constants [mdynä�1]; bending constants [mdynärad�2]; stretch bend interactions [mdynrad�1]. Sub- and super-
scripts related to the symmetry coordinates (see Table 6 and Figure 19 later). [b] Internal force constants labeled with a number are used as symmetrized
force constants without additional changes.


Figure 11. Correlation between the loading levels (dye molecules per
u.c.) and dye±zeolite peak ratio. The ratio of the area of the dye to zeo-
lite peaks is shown as solid line, while that of the heights is plotted as a
dashed line.
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energy VS for each symmetry species S consisting of SE ele-
ments can be expressed as shown in Equation (9):


VS ¼ S
SE


i¼1;j¼1
FijSiSj ð9Þ


The symmetry force constants FSYM given in Table 2 must
be understood accordingly. Table 2 lists force constants for
internal and symmetrized force fields. Constants labeled
with a number correspond to symmetrized force constants.
Part A of the table lists all internal force constants, as well
as those that appear in the symmetrized force field without
any changes (labeled by a number). Part B contains those
symmetrized force constants which are different from the in-
ternal ones.


Force field : The starting point for generating the internal
force field for fluorenone was to use a combination of the
fields for cyclopentadiene and benzene. Additional force
constants were introduced for the interaction between the
central five-membered ring and both benzene rings. The in-
ternal force constants for cyclopentadiene[27] and benzene[28]


were used as starting values, while those for the ring±ring in-
teractions and for all constants involving the C=O bond
were estimated. This trial force field, which contained more
interactions than necessary, was fitted to the experimental
IR and Raman frequencies.[21] After the first fitting we start-
ed to remove the superfluous interactions. The reduction
procedure consisted of setting each off-diagonal term (or
group of terms) in turn to zero. All force constants whose
removal had no or only small influence on the frequencies
were discarded. A new fit was performed after each reduc-
tion step. The A2 modes were not included in the fit because
they are IR inactive and only a few of them are present in
the Raman spectra. The final force fields for each irredu-
cible representation can be found in the Supporting Infor-
mation. The resulting internal force constants are given in
Table 2.


Frequencies : Table 3 lists the calculated frequencies, the ex-
perimental values from the literature,[21] and our measure-
ments. The agreement between the calculated and observed
values is quite good except for the lowest modes, for which
the limits of the harmonic approach have probably been
reached.


Influence of the zeolite host on the vibrational spectra : We
now focus on identifying the modes which are most influ-
enced by the zeolite host by using data from the spectra and
normal coordinate analysis. In order to simplify the analysis,
we have divided the spectra into regions containing similar
modes. Some of these regions, especially in the lower fre-
quency range, are overlapping.


Symmetrical and antisymmetrical C�H stretching vibrations
(3100±3000 cm�1): This region contains a system of four
bands, each of them in fact being a combination of corre-
sponding symmetrical and antisymmetrical C�H stretching
vibrations. All eight modes show pure C�H stretching char-
acter. This system was actually not seen in the IR spectra of


the fluorenone/zeolite L samples, probably due to its low in-
tensity.


C=O stretching vibration (around 1720 cm�1): The C=O
stretching mode is one of the few bands that is strongly in-
fluenced by the zeolite host. In the case of the fluorenone/
zeolite L system, the C=O stretching vibration is shifted to
lower energy. Interestingly, the effect is more pronounced in
the Raman spectrum (with Dñ=20 cm�1 instead of Dñ=


7 cm�1). An additional shoulder also appears at 1705 cm�1.
The shift can be explained by assuming the coordination of
the fluorenone×s oxygen atom to an Al3+ site of the zeolite.
Such coordination would result in a slight electron with-
drawal and lowering of the bond order. This reduces the
energy required for the bond stretching motion, which can
be accurately simulated by lowering the force constant FRo.


6-Ring C�C stretching and C�H bending motion (1620±
1130 cm�1): These fundamentals exhibit a strong aromatic
C�C stretching and a C�H bending character in the poten-
tial energy distribution. Two of these vibrations display a
shift in the IR spectrum of the dye±zeolite system. The A1


mode at 1597 cm�1 shifts to lower energy (Dñ=3 cm�1),
while the B1 at 1454 cm


�1 moves up (Dñ=4 cm�1). It is inter-
esting to note that the B1 fundamental at 1523 cm


�1 appears
only in the spectrum of the fluorenone/zeolite L system. The
other vibrations in this region show neither a change in posi-
tion, nor any significant broadening. The situation in the
Raman spectrum is quite different in that while there are
little changes in the band positions, a broadening and
change in the intensity ratio of the peaks at 1611 and
1603 cm�1 takes place. Also, the A1 mode at 1152 cm


�1 be-
longs to the quartet of peaks that is strongly influenced by
the zeolite host: this band is broader and slightly shifted to
a higher energy.


C�C stretching modes of the central ring (1440±1320 and
780±500 cm�1): Many of these vibrations, although having a
dominant 5-ring stretching character, display strong contri-
butions from 6-ring deformations. It should be noted that
the two B1 modes at 1386 and 1322 cm


�1 also exhibit strong
C=O stretching and aromatic C�C bending character (both
between 20% and 30%). Only the lower fundamental ap-
pears in our spectra and is unaffected by the zeolite. The
bands in this region of the fluorenone/zeolite L spectra do
not show any significant alterations when compared to the
spectra of the free dye.


5- and 6-membered-ring stretching vibrations (1230±
1100 cm�1): The normal modes in this region have contribu-
tions from C�C bonds of all three rings and often display
minor aromatic C�C bending character. Two A1 modes in
this region belong to a quartet of bands in the Raman spec-
trum that are influenced by the zeolite host. The two fully
resolved sharp peaks in the crystalline fluorenone spectrum
(1214 and 1192 cm�1) merge into one broad band in the case
of the dye±zeolite L sample. The broadening here is more
pronounced than for the band system between 1611 and
1603 cm�1.
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Table 3. Experimental and calculated frequencies.


Literature[a] Observed[b] Calcd
Symmetry IR Raman Vibration type[c]


type IR Raman KBr Zeolite L Crystalline Zeolite L


A1 3082 3087 3085 ñ(C�H)sym
B1 3082 3087 3085 ñ(C�H)asym
A1 3072 3061 3068 ñ(C�H)sym
B1 3072 3061 3068 ñ(C�H)asym
A1 3049 3048 3046 ñ(C�H)sym
B1 3049 3048 3046 ñ(C�H)asym
A1 3026 3014 3032 ñ(C�H)sym
B1 3026 3014 3032 ñ(C�H)asym
A1 1728 1721 1716 1707 1714 1695 1727 ñ(C=O)+ ñ(C�C)
B1 1614 1615 1612 1610 1611 1611 1615 ñ(CPh�CPh)+d(CPh�H)
A1 1604 1606 1600 1600 1603 1603 1620 ñ(CPh�CPh)+d(CPh�H)
A1 1521 ñ(CPh�CPh)+d(CPh�H)
B1 1524 1533 ñ(CPh�CPh)+d(CPh�CPh)


+d(CPh�H)
A1 1481 1486 ñ(CPh�CPh)+d(CPh�H)
B1 1475 1473 1476 1479 1504 ñ(CPh�CPh)+d(CPh�CPh)


+d(CPh�H)
B1 1455 1452 1454 1447 ñ(CPh�CPh)+d(CPh�H)
A1 1436 1447 1442 1445 1431 ñ(C�C)+d(CPh�H)
B1 1394 1386 ñ(C�C)+d(C=O)


+d(CPh�CPh)
A1 1375 1375 1374 1372 1372 1387 ñ(CPh�CPh)+d(CPh�H)
B1 1325 1326 1329 1322 ñ(C�C)+d(C=O)


+d(CPh�CPh)+d(C�C)
B1 1300 1300 1300 1298 d(CPh�H)+ ñ(CPh�CPh)


+ ñ(C�C)
A1 1239 1293 1292 1321 d(CPh�CPh)+ ñ(C�C)
B1 1237 1234 1225 ñ(CPh�CPh)+d(CPh�CPh)


+ ñ(C�C)
A1 1214 1214 1240 ñ(CPh�CPh)+ ñ(C�C)


+d(CPh�CPh)
A1 1198 1198 1179 ñ(CPh�CPh)+ ñ(C�C)


+d(CPh�H)
B1 1192 1192 1164 ñ(CPh�CPh)+ ñ(C�C)


+d(CPh�H)+d(CPh�CPh)
A1 1152 1155 1151 1152 1155 1132 ñ(CPh�CPh)+d(CPh�H)


1119 ñas(T�O�T)[d]
B1 1100 1100 1098 1102 1100 ñ(CPh�CPh)+ ñ(C�C)


+d(CPh�H)+d(CPh�CPh)
1045 ñas(T�O�T)[d]


A2 1041 t(H�CPh�CPh�H)+g(CPh�H)
A1 1018 1019 1011 1017 1018 1023 d(CPh�H)+ ñ(CPh�CPh)
B1 1008 1003 d(CPh�H)+ ñ(CPh�CPh)
A2 953 t(H�CPh�CPh�H)+g(CPh�H)


+t(C�C�C�C)
B2 952 954 981 t(H�CPh�CPh�H)+g(CPh�H)
A1 927 d(CPh�H)
B1 919 921 921 921 921 927 895 d(CPh-H)+ ñ(CPh�CPh)
B2 880 885 903 g(CPh�H)+t(C�C�C�C)


+g(C=O)
B2 812 813 816 817 g(C=O)+t(C�C�C�C)


+g(CPh�H)
A2 786 g(CPh�H)+t(H�CPh�CPh�H)
A1 774 776 775 776 778 ñ(C�C)+ ñ(C=O)


+d(CPh�CPh)
769 ñs(O�T�O)[d]


B2 741 738 727 t(C�C�C�C)+g(C=O)
A1 723 726 725 727 706 d(CPh�CPh)+ ñ(C�C)


723 ñ(AlO4)
[d]


B2 672 671 663 g(C=O)+t(C�C�C�C)
+g(CPh�H)


B1 652 650 681 d(CPh�CPh)+ ñ(C�C)
A2 667 g(CPh�H)+t(H�CPh�CPh�H)
B1 619 617 587 d(C�C)+ ñ(CPh�CPh)


+ ñ(C�C)+d(CPh�CPh)
608 ñ(D6)[d]
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C�H bending motions (1030±890 cm�1): Three of the four
C�H bending modes in this region also display an aromatic
C�C stretching character. Only two of them are present in
either the IR or the Raman spectra. They do not show any
sign of being influenced by the zeolite host.


6-Ring deformation modes (710±530 cm�1): These bending
modes exhibit an additional 5-ring stretching character.
Only the A1 fundamental at 562 cm


�1 is influenced by the
host. It is shifted to higher energy in the Raman spectrum of
fluorenone/zeolite L (Dñ=8 cm�1).


5-Ring deformation modes (590±190 cm�1): The 5-ring defor-
mation modes also show 5-ring stretching and 6-ring bend-
ing character. They do not seem to be very influenced by
the zeolite host.


Torsional and out-of-plane vibrations (400±19 cm�1): Most of
the higher energy modes of this type have A2 symmetry and
are therefore inactive. The few modes present in the Raman
spectra are not influenced by the host.


Molecular orbital calculations : Molecular orbital calcula-
tions have been performed in order to understand the elec-
tronic structure of the guest, host, and the host±guest
system. We first consider the one-electron orbitals of fluore-
none and study the influence of configuration interaction
(CI) on the p-electron states. Then we investigate the influ-


ence of the zeolite host on the electronic structure of the
guest.


One-electron orbitals : The frontier-orbital region of fluore-
none, as obtained by an extended-H¸ckel molecular orbital
(EHMO) calculation, is depicted in Figure 12. The HOMO
is an n orbital of b1 symmetry and the LUMO is a p orbital
of b2 symmetry. The largest contribution to the HOMO
stems from the carbonyl-oxygen atom and the remaining
part is concentrated on the ™upper∫ half of the molecule.
The p and p* orbitals in the frontier-orbital region are of
either a2 or b2 symmetry. The former have a node at the car-
bonyl group for symmetry reasons. The 1p(a2) orbital, which
lies well below the 1n(b1), is spread out over both phenyl
rings, while the LUMO 1p*(b2) is more concentrated on the
central ring and has a large contribution from the carbonyl
group. From this we conclude that the most important fron-
tier-orbital interactions of the carbonyl group with the zeo-
lite framework are to be expected with the LUMO, HOMO,
and HOMO�2 levels. All electronic n±p* transitions are
symmetry forbidden, as the p orbitals are of either a2 or b2
symmetry. Only x or z polarized transitions will have non-
zero oscillator strengths. Calculated oscillator strengths and
the square of transition-dipole lengths for relevant transi-
tions are given in Table 4. As expected, the square of the
transition-dipole lengths of all n±p* transitions is zero and is
small for the first p±p* transition (1p* !1p). The oscillator
strength of the latter is about 30 times smaller than that of


Table 3. (Continued)


Literature[a] Observed[b] Calcd
Symmetry IR Raman Vibration type[c]


type IR Raman KBr Zeolite L Crystalline Zeolite L


582 unassigned[d]


A1 566 566 561 558 533 d(CPh�CPh)+ ñ(CPh�CPh)
+ ñ(C�C)


B2 551 576 t(C�C�C�C)+g(CPh�H)
+g(C=O)


A2 513 g(CPh�H)
B1 501 509 509 510 504 ñ(C�C)+d(CPh�CPh)


+ ñ(CPh�CPh)
500 d(O�T�O)[d]


A2 487 g(CPh�H)+t(H�CPh�CPh�H)
B2 436 404 g(CPh�H)+g(C=O)


+t(H�CPh�CPh�H)
A2 343 t(C�C�C=O)+g(CPh�H)
A1 403 411 412 413 425 d(C�C)+d(CPh�CPh)


+ ñ(C�C)
B2 392 363 t(H�CPh�CPh�H)+g(CPh�H)
B1 278 282 276 277 259 ñ(C�C)+d(CPh�CPh)


+ ñ(CPh�CPh)
A2 273 222 g(CPh�H)+t(H�CPh�CPh�H)
A1 204 207 210 196 d(C�C)+d(CPh�CPh)


+ ñ(C�C)
B2 159 160 167 164 t(C�C�C�C)+g(C=O)
A2 27 t(H�CPh�CPh�H)


+t(C�C�C�C)+g(CPh�H)
B2 120 19 t(C�C�C�C)+g(C=O)


+t(H�CPh�CPh�H)


[a] Taken form ref. [21], all frequencies given in cm�1. [b] All frequencies given in cm�1. [c] Types of vibration: ñ= stretch, d=bending, g=out-of-plane
motion, t= torsion. [d] Zeolite bands, see refs. [20, 22±26]
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the 2p* !1p transition which has the largest value (0.993).
The 1p* !2p and 1p* !3p transitions also display large os-
cillator strengths.


Configuration interaction : Mixing of the HOMO 1n(b1) with
s orbitals of the same symmetry is negligible, mainly be-
cause they are too far away in energy. Hence, it is sufficient
to study the influence of CI on the p levels, which was car-


ried out by using the Pariser±Parr±Pople (PPP) procedure.
The result of a CI treatment with 49 configurations is shown
in Figure 13. The electronic configurations given in this
figure are identified only by the two highest occupied orbit-
als, so the ground-state configuration (2n)2(2p)2(1p)2(1n)2 is
abbreviated to (1n)2. We observe that the S1p state is shifted
to higher energy, but can still be mainly attributed to the
1p* !1p transition. However, the energy splitting between
the S1p and S2p states is large (about 0.8 eV). The S2p and S3p
states come very close, but the successions of symmetries
remain unchanged in the region of interest. The gap be-
tween the S3p and the S4p states is about as large as the gap
observed between the S1p and S2p states. The S2p and S3p
states display significant contributions from high-energy
configurations, such as (2p*)1(2p)1 and (3p*)1(1p)1 for S2p,
or (2p*)1(1p)1 for S3p. The higher lying S4p and S5p states
show contributions from low-energy configurations, like
(1p*)1(2p)1 or (1p*)1(3p)1 for S4p and S5p, respectively. The
six p±p* transitions obtained at 389, 314, 312, 257, 249, and
231 nm are in good agreement with the measured electronic
absorption spectrum shown in Figure 5. Calculated oscillator
strengths and the polarization for relevant transitions are
given in Table 5. Charge is redistributed upon electronic
transition. We illustrate this in Scheme 1 for the S0 and S1p
states. The main observation is that charge is transferred to
the carbonyl group upon S1p


!S0 electronic excitation, with
the oxygen atom displaying the largest increase (from 1.19
to 1.48).


Table 4. Calculated oscillator strengths f and the square of transition-
dipole lengths jDnm j 2. A dash (±) replaces the values for symmetry for-
bidden transitions.


Transition Symmetry Polarization jDnm j 2 f(xyz)
[ä2]


1p* !1n A2 ± ± ±
1p* !1p B1 x 0.243 0.030
1p* !2p A1 z 0.983 0.556
1p* !2n A2 ± ± ±
1p* !3p B1 x 0.846 0.449
1p* !3n A2 ± ± ±
2p* !1n A2 ± ± ±
2p* !1p B1 x 1.101 0.993
2p* !2p A1 z 0.412 0.149
2p* !2n A2 ± ± ±
2p* !3p B1 x 0.266 0.066
2p* !3n A2 ± ± ±


Figure 12. One-electron energy level diagram of fluorenone and MO dia-
grams.


Figure 13. Correlation of the electronic configuration of fluorenone (left)
and the electronic states after CI (right). The contribution of an electron-
ic configuration to a state is indicated by the number above the connect-
ing line.
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Influence of the zeolite host on the electronic structure of the
guest : Based on our experimental findings and on chemical
reasoning, we expect that the main influence of the zeolite
on the frontier orbitals of fluorenone can be expected from
interaction of the carbonyl group with the Al3+ and Si4+


sites of the zeolite. A way to model such an interaction is to
study the behavior of the fluorenone orbitals in a molecular
approach, as a function of the distance between the Al3+


ion and O atom, in the arrangement illustrated in Scheme 2.


A more involved way is to place the fluorenone at different
positions in the zeolite L channel as illustrated in Figure 14.
In the molecular approach, a fluorenone molecule was


placed at a large distance from an Al(OH)4
� ion (9.9 nm).


The molecule was oriented in such a way that the carboxyl
group is pointing towards the aluminum ion with a mini-
mum of symmetry reduction, as shown in Scheme 2. Distan-
ces are measured from the center of the oxygen atom to the
center of the aluminum ion. The distance between the mole-
cule and the ion was then gradually reduced and the effect
on the energy levels and MO was monitored. Results of this
simulation for the relevant frontier orbitals are depicted in
Figure 15. Up to a distance of 0.5 nm, the MOs and energy
levels remain unperturbed. At a distance of less than
0.23 nm, the model of a separate molecule and ion breaks
down and severe mixing of MOs occurs. The energy of the
2p orbital increases strongly with decreasing distance, but
always remains below the 1p MO. As expected, the 1p orbit-
al is not affected by the presence of the aluminum cation.
The 1n and 1p* levels move to higher energy with decreas-
ing Al3+ ¥¥¥O distance. The 1p±1p* gap increases when a
fluorenone molecule approaches an Al3+ ion, which corre-
sponds to a hypsochromic shift of the transition. We note
that this correlates well with the observed behavior.
Another way of studying the carbonyl±zeolite interaction


is to place a fluorenone molecule inside a zeolite L channel.
The channel section chosen is large enough so that border
effects can be neglected. The system, consisting of the chan-
nel section and a dye, contains 1606 atoms. The fluorenone
molecule was oriented so that the oxygen atom is directed
towards an aluminum ion in the channel wall. The Al3+ ¥¥¥O


Table 5. Calculated oscillator strengths.


Transition DE Wavelength Polarization f
[cm�1] [nm�1]


S1p


!S0 25697 389 x 0.066
S2p


!S0 31813 314 z 0.204
S3p


!S0 31999 312 x 0.052
S4p


!S0 38910 257 z 0.488
S5p


!S0 40160 249 x 1.107
S6p


!S0 43290 231 z 0.002


Scheme 1. Charge distribution for the S0 and S1p states.


Scheme 2. Geometrical arrangement used for modeling the interaction
between fluorenone and Al(OH)4


� . The distance d is measured from the
center of the oxygen atom to the center of the aluminium atom. Oxygen
is shown in dark grey, hydrogen in white, carbon in light gray, and alumi-
num in black.


Figure 14. Orientation of a fluorenone molecule in a channel of zeolite L
as used in the calculation. Fluorenone is oriented so that its oxygen atom
points towards a zeolite Al3+ site, with an Al3+ ¥¥¥O distance of 0.24 nm.
Oxygen is shown in red, hydrogen in white, aluminum in light gray, and
silicon in dark gray. Green spheres represent counterions (Na+ and K+).
The whole system consists of 1606 atoms.
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distance was set to 0.25 nm. Care was taken to insure that
the fluorenone×s oxygen atom was at least 0.18 nm away
from the closest oxygen atoms of the zeolite. The distance
between the hydrogen atoms and the walls was always
larger than 1.00 nm. This arrangement is illustrated in
Figure 14. It should be stressed that this is only one of many
possible meaningful orientations. This orientation was
chosen according to simple theoretical reasoning. The main
interaction is expected to occur between the oxygen atom of
the carboxyl group and an Al3+ site. The distance of the re-
maining atoms of fluorenone to the channel walls should be
kept large in order to minimize their interactions. The densi-
ty of levels (DOL) and the local density of levels (L-DOL)
are very useful in order to investigate the effects of the host
on the fluorenone molecule. For an explanation of the con-
cept of DOL and L-DOL, we refer to refs. [29±31].
Figure 16 displays the calculated DOL of a) fluorenone and
c) zeolite L , as well as b) the L-DOL of fluorenone/zeo-
lite L. An important feature is that the HOMO of zeolite L


lies at a higher energy than the HOMO of fluorenone. The
simulation also shows that the 1p, 2p*, and 3p* orbitals are
not influenced by the presence of the zeolite host, whereas
the 1p* shifts to higher energy. The 1n level is pushed to a
slightly lower energy by the interaction with the host. Some
additional fluorenone L-DOL appear in the case of b) in
the HOMO±LUMO gap. This is due to some slight mixing
of oxygen orbitals of fluorenone with the orbitals of zeo-
lite L. This more complex model also shows that the 1p±1p*
gap increases when the fluorenone×s oxygen atom ap-
proaches an Al3+ site, which corresponds well with the ob-
served hypsochromic shift of the lowest emission.


Discussion


The properties of fluorenone/zeolite L were investigated ex-
perimentally by means of electronic absorption, lumines-
cence, IR, and Raman spectroscopy, TGA, and DSC. The
experimental results show evidence of interactions between
fluorenone and the zeolite host. The MO calculations and
normal coordinate analysis allowed us to understand and
model these observations. The combined experimental and
theoretical results give quite a clear picture of the host±
guest interactions that will be described in this section.


Influence of coadsorbed water on the dye location : The
washing of dry dye±zeolite L material with 1-butanol, which
was first studied for resorufin/zeolite L,[32] allows the distinc-
tion to be made between dyes located inside and outside of
the channels. It is also used to remove molecules from the
surface of the crystals, which is necessary for all spectroscop-
ic measurements. The washing procedure can only remove
dye molecules adsorbed onto the outer surface of the zeolite
crystals. The steric conditions of fluorenone located in a
channel prevent large solvent molecules like 1-butanol from
passing the dye. This implies that the solvation of fluore-
none located inside the channels is not possible, and hence
cannot be removed. The washing experiments showed that
there is no difference between the amount of fluorenone lo-
cated on the surface of dry and rehydrated material. In addi-
tion, the quantity of fluorenone found after dissolving the
zeolite framework was identical for both materials. This
proves that coadsorbed water does not displace fluorenone
from the channels of zeolite L.


Thermal analysis : Two important differences can be ob-
served between the TGA of fluorenone/zeolite L composites
and those of its components alone. Firstly, the desorption
maximum of water appears at a lower temperature in the
fluorenone/zeolite L system (100 8C instead of 110 8C). Sec-
ondly, the loss of dye in this material happens in two steps
at much higher temperatures (at 500 8C and 680 8C instead
of 270 8C). This shift to higher temperature points to a sig-
nificant interaction between the dye and the zeolite frame-
work. The lower desorption temperature of water can be re-
garded as fluorenone acting like an impurity. Another possi-
ble explanation is that fluorenone molecules occupy the po-
sitions that water would otherwise be bound to. Because


Figure 15. Correlation diagram of the energy of frontier orbitals of fluo-
renone as a function of decreasing Al3+ ¥¥¥O distance.


Figure 16. Calculated DOL of a) fluorenone and c) zeolite L, and b) the
L-DOL of fluorenone in zeolite L. Curves a) and b) have been magnified
by a factor of 100.
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fluorenone is not displaced by water from these positions,
some water molecules will be less strongly bound to the zeo-
lite channel. This in turn results in a lower desorption tem-
perature. The DSC analysis shows that the zeolite phase
transition occurs at lower temperature in the case of the
fluorenone/zeolite L material. This behavior could also be
explained by looking at fluorenone acting as an impurity
from the point of view of the zeolite.


Electronic spectroscopy and molecular orbital calculations :
The results obtained from electronic spectroscopy and MO
calculations are summarized in Figure 17. The left side
shows the calculated energy levels and the oscillator


strengths. According to the oscillator strengths, fluorenone
can be excited from the S0 state to the S1p, S2p, S3p, S4p, and
S5p states, but not to the lowest lying state (1n). The right
side of Figure 17 summarizes data obtained from the lumi-
nescence spectra of fluorenone/zeolite L. The two observed
luminescence maxima are labeled as ST1 and ST2. Excitation
spectra are depicted as boxes (L1 and L2) with the shading
proportional to the spectral intensity, darker shadings stand
for stronger signals. Using light with a wavelength of
240 nm, the molecule can be excited to the S5p or S4p state.
It is interesting that the molecule shows two distinct lumi-
nescence bands instead of just relaxing radiationlessly into
the lowest state and emitting light from there. From the cal-
culation, the ST1 state could correspond to either S1p or T1p,
while the ST2 state could be attributed to S2p or T2p. We
name these states ST1 and ST2 because their spin state has
not been proven. The long lifetime would be consistent with
an assignment as T1p and T2p, respectively. The temperature-


dependent spectra show that ST1 is populated by means of a
thermally activated process. It should also be noted that the
ST1 band is much weaker in solution. The interaction with
the zeolite host seems to favor the populating process of the
ST1 state. The luminescence spectra show no band that
could be attributed to the S1n


!S0 transition. We can con-
clude that the zeolite±fluorenone interaction does not lead
to a sufficient symmetry reduction that would make the
S1n


!S0 transition allowed.


Influence of the zeolite host on the electronic structure of
the guest : One point that has to be considered is the signifi-
cant hypsochromic shift of the luminescence and the excita-
tion bands for the fluorenone/zeolite L composite. The MO
diagrams give some clues to the nature of the interactions
between fluorenone and the zeolite host and its influence on
the electronic spectra. Transitions from the 1p to the 1p* or-
bitals involve a shifting of the p-electron density from the
phenyl rings to the carbonyl group. This is the reason for
the blueshift of the S1p


!S0 emission band. The shift of the
second band is more difficult to explain, because substantial
CI takes place. An interaction of the fluorenone×s oxygen
atom with a framework Al3+ ion or counterion would have
little-to-no effect on the 1p energy level, as this MO has no
contributions from the carbonyl group. The 1p* and 2p
MOs, however, would be destabilized in such a situation.
The simulations we performed tended to confirm this. The
1p±1p* gap increases when a fluorenone molecule ap-
proaches an Al3+ ion, which corresponds to a hypsochromic
shift of the transition. The models of fluorenone interacting
with Al(OH)4


� and of the dye located inside a channel sec-
tion succeeded in a qualitative reproduction of the observed
trend in the luminescence spectra of fluorenone/zeolite L.


Zeolite-framework vibrations as internal standard : The
quantitative determination of the dye loading by evaluation
of the vibrational spectra has been successfully applied to
the fluorenone/zeolite L system. The zeolite-framework vi-
brations can be used as internal standards and provide us
with a fast, nondestructive method of measuring the dye
content of such samples. Taking the weaker zeolite bands as
internal standard instead of the intense nas(T�O�T) vibra-
tions makes it possible to work with thicker layers. The ben-
efit of using thick layers is an increase in sensitivity to dye
vibrations, without having a saturated internal standard.
This modification to the method allows the accurate deter-
mination of loadings of even less than 0.05 dye molecules
per unit cell, which is quite an improvement compared with
results reported earlier.[20] The results obtained in this study
are proof that this method can also be extended to other
dye±zeolite material.


IR and Raman spectra : Comparing the spectra shows that
the zeolite bands are not influenced by the inserted dye
molecules. The spectra lead to the conclusion that the struc-
ture of fluorenone is left nearly unchanged upon insertion
into zeolite L. The most important change occurs in the
C=O bond, which gets weakened by the interaction of the
oxygen with an Al3+ site of the zeolite. Aluminum sites with


Figure 17. Energy states diagram for fluorenone/zeolite L. Left side: cal-
culated energy levels (with CI) and oscillator strengths. Right side: ob-
served luminescence (ST1, ST2), excitations (L1, L2), and lifetimes. Excita-
tion spectra are depicted as boxes and the shading corresponds to the
spectral intensity. Darker shading represents a stronger signal.
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coordination numbers higher than four have been recently
reported in Mordenite and zeolite Beta at room tempera-
ture.[33] Other modes that are influenced by the zeolite host
are motions that display mainly aromatic ring bending and
5- and 6-ring stretching character. These modes are shifted
to higher energy. This suggests that the molecule sits close
enough to the channel walls so that the aromatic 6-rings can
interact with the zeolite×s counterions (K+). Experimental
results and calculations have shown that the preferred ad-
sorption sites for benzene in zeolite L are the counterions
located in the channel walls.[34±37] Such a position would
result in a slight hindrance of these motions and an increase
of the energy needed to activate them. These observations
led to the model shown in Scheme 3.


Conclusion


We conclude that the fluorenone/zeolite L material is now
so well understood that it would make an excellent system
for applying advanced force field and quantum chemical cal-
culations. With the help of MO calculations, the presence of
two luminescence bands can be understood. The changes in
electronic spectra and in desorption temperature can be at-
tributed mainly to the Al3+ ¥¥¥O host±guest interaction. This
interaction, as well as that of the aromatic 6-rings with a
counterion of zeolite L (K+), can be seen in the vibrational
spectra. Through these investigations, a better comprehen-
sion of the unconventional behavior of fluorenone has been
achieved.


Experimental Section


Materials : The pure potassium form of zeolite L (K9(AlO2)9-
(SiO2)27¥21H2O) was synthesized as described in ref. [38]. The morpholo-
gy of the zeolite L crystals is shown in Figure 1. The average length of
the crystals used in this study was about 600 nm. Fluorenone (Fluka,
99%) was used as received. 1-Butanol (Aldrich, for UV spectroscopy,
>99.5%) and cyclohexane (Merck Uvasol, 99.9%) were used as solvents
without further purification. The extinction coefficients of fluorenone in
1-butanol and cyclohexane were determined as e(257 nm)=9.0î10


4 and
e(256 nm)=1.0î10


5 Lmol�1 cm�1, respectively. Fluorenone sublimates at
100 8C at a pressure of 0.7 mbar.


Synthesis of fluorenone/zeolite L composites : Fluorenone can be inserted
into the channels of zeolite L through the solid-gas equilibrium shown in
Equation (10):


ZDr�1 þDðgÞ Ð ZDr ð10Þ


in which D(g) denotes the dye molecules in the gas phase and ZDr those
in the channels of the zeolite. The parameter r is the number of sites oc-
cupied by dye molecules. Its value ranges from 0 to ns, for which ns is
equal to the number of sites in one channel. Fluorenone/zeolite L can be
prepared by using the double-ampoule method.[2] The zeolite was first
dried at 400 8C for 12 h under vacuum (10�2 mbar), then the insertion was
carried out in a rotating oven at 130 8C for 24 h. The samples were left
another 6 h in the oven at 140 8C to insure a homogenous distribution of
the dye molecules in the zeolite channels. With this method, samples of
different fluorenone concentrations can be prepared with a maximum
loading of up to 1.1 molecules per unit cell. For the electronic spectrosco-
py measurements, samples with lower loadings (e.g., 0.15 molecules per
u.c.) are advantageous because of saturation effects, while for the vibra-
tional spectroscopy measurements, samples with higher loading (e.g.,
0.5 molecules per u.c.) are favored.


Physical characterization


Washing of fluorenone/zeolite L with 1-butanol : To remove the dye mole-
cules on the zeolite surface, the following washing procedure was used.
In a glove box, dry fluorenone/zeolite L (10 mg) was filled in a weighed
10 mL volumetric flask equipped with magnetic stirrer and septum. 1-Bu-
tanol (10 mL) was then introduced through the septum by a syringe. The
suspension was put in an ultrasonic bath for several minutes, and then
stirred at room temperature for 24 h before being centrifuged (15 min,
4000 rpm). The fluorenone concentration in the supernatant was deter-
mined spectrometrically. The same method was applied to rehydrated
fluorenone/zeolite L material. Rehydration of fluorenone/zeolite L took
place in air of 18±22% relative humidity at room temperature for 24 h.


Determination of fluorenone loading : The effective loading of washed
fluorenone/zeolite L samples was determined by dissolving the zeolite
framework in an aqueous solution of hydrogen fluoride (8% HF). The
fluorenone concentration was determined spectrometrically.


Thermal analysis : The composition of a typical sample was determined
by means of TGA. Thermogravimetric measurements were performed on
a Mettler Thermobalance TG50. Rehydrated fluorenone/zeolite L
(15 mg) was put into a 70 mL aluminum oxide crucible, placed in the
thermobalance, and heated in an N2 stream (ca. 15 mLmin�1) from 25 to
900 8C at a rate of 5 8Cmin�1. Reference measurements for pure zeolite L
and crystalline fluorenone were performed following the same method.


Differential scanning calorimetry (DSC): DSC measurements were per-
formed on a Mettler Toledo DSC 822e. In a typical experiment, rehydrat-
ed fluorenone/zeolite L (1 mg) was heated in a sealed aluminum crucible
from 35 to 600 8C at a rate of 10 8Cmin�1, and an N2 stream of
80 mLmin�1. Reference measurements for pure zeolite L and crystalline
fluorenone were performed following the same method.


X-ray powder diffraction : The data collection from the unloaded zeolite
and the fluorenone/zeolite L samples was performed using a STOE auto-
mated powder diffractometer system (Debye±Scherrer scan mode, with
small position sensitive detector). A 0.5 mm capillary was used as a
sample holder. The observed 2q range went from 0 to 1208, with a step of
0.028 and a time per step of 1800 s.


Electronic spectroscopy


UV-visible : The absorption spectra were recorded on a Perkin Elmer
Lambda 900 UV/VIS/NIR spectrometer. Fluorenone was dissolved in cy-
clohexane (~10�5m). Quartz cuvettes were used.
Luminescence spectra : The emission and excitation spectra were recorded
on a Perkin Elmer LS 50 B luminescence spectrometer. Fluorenone was
measured either in solution (cyclohexane, ~10�5m) in quartz cuvettes, or
incorporated in zeolite L as thin layers on quartz plates (f1.6 cm). The
layers were prepared by suspending fluorenone/zeolite L in 1-butanol
(~1 mg in 300 mL), 100 mL of which was placed on a plate, and the sol-
vent evaporated.


Time-resolved spectra : Time-resolved spectra of fluorenone in cyclohex-
ane (~10�5m) and fluorenone/zeolite L were recorded on a Perkin Elmer
LS 50 B luminescence spectrometer. Quartz cuvettes were used for solu-
tions, whereas fluorenone/zeolite L was measured as thin layers on
quartz plates. The layers were prepared in the same way as described
above. Solutions were degassed by three freeze-pump-thaw cycles, while


Scheme 3. Model of the interactions between fluorenone and zeolite L.
Most of the observed changes in electronic spectra can be attributed to
the strong Al3+¥¥¥O interaction. The interaction of the aromatic rings with
a zeolite counterion (K+) is visible in the vibrational spectra only.
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fluorenone/zeolite L samples were measured in the presence of air. Spec-
tra were recorded at room temperature and at 80 K.


Vibrational spectroscopy


IR spectra : The IR spectra were measured on a BOMEM DA8 FTIR
spectrometer equipped with a liquid-nitrogen-cooled MCT detector
(500±5000 cm�1) and a KBr beam splitter. All spectra were taken in a
high-vacuum cell (2î10�5 mbar) with a resolution of 8 cm�1. All fluore-
none/zeolite L and zeolite L samples were measured as thin layers coated
on ZnSe plates (f8 mm). The layers were typically prepared by suspend-
ing about 1 mg of the fluorenone/zeolite L sample in 500 mL of 1-butanol.
45 mL of such a suspension were placed on a ZnSe plate and left to dry.


Raman spectra : The FT-Raman spectra were measured with the Raman
accessory of the BOMEM DA8. The spectrometer was equipped with a
liquid-nitrogen-cooled InGaAs detector and a quartz beam splitter. A
continuous-wave, diode-pumped, Nd3+ :YAG laser (Coherent Compass


1064±2500 mn) was used as the excita-
tion beam. Rayleigh scattering was re-
moved by two holographic super
notch filters (Kaiser Optical Systems
HSPF-1064.0-1.0) in 08 position. All
Raman spectra were measured with a
resolution of 8 cm�1. Duran glass capil-
laries served as sample holders for
both crystalline fluorenone and fluore-
none/zeolite L samples.


Molecular Orbital Calculations


Molecular orbitals : Molecular orbitals
(MO) were investigated by means of
the extended H¸ckel molecular or-
bitals method (EHMO).[39] MO and
EDiT (Electronic Dipole-induced
Transition) were calculated using
ICONC-EDiT.[40] Off-diagonal ele-
ments were calculated by the weighted
Wolfsberg±Helmholtz formula with a
distance-dependent H¸ckel constant.
The parameters used are given in
refs. [17 ,32]. DOL (density of levels)
and L-DOL (local density of levels)
were calculated as described in
refs. [30 ,31].


Configuration interaction (CI): The
PPP (Pariser±Parr±Pople) method was
used to calculate the Sn singlet
states.[41] 49 (p±p*) configurations
were included in the CI calculations.
All parameters were taken from
ref. [42].


Normal coordinate analysis : The vibrational analysis was performed by
using the Wilson GF matrix method with the extended computer pro-
gram package QCMP0676 used in ref. [43]. The values for the bond
lengths and angles shown in Figure 18 were taken from ref. [6]. They cor-
respond to the average values from an X-ray diffraction analysis of fluor-
enone. Molecular symmetry was taken as C2v and the molecule was
placed in the xz plane. Figure 19 shows the numbering of the internal co-
ordinates and Table 6 summarizes the symmetry coordinates used for the
normal coordinate analysis.


Figure 18. Bond lengths (ä) and angles (8) for fluorenone (C2v symme-
try).[6]


Figure 19. Internal coordinates for fluorenone. Top: in-plane coordinates.
Bottom: out-of-plane coordinates.


Table 6. Symmetry coordinates used for the normal coordinate analysis.


A1


S1 R0 S9 R5’+R5’’ S17 W6’+W6’’


S2 R1+R5 S10 r1’+ r1’’ S18 W5’+W5’’


S3 R2+R4 S11 r2’+ r2’’ S19 11’+11’’
S4 R3 S12 r3’+ r3’’ S20 12’+12’’
S5 R1’+R1’’ S13 r4’+ r4’’ S21 13’+13’’
S6 R2’+R2’’ S14 W1+W4 S22 14’+14’’
S7 R3’+R3’’ S15 W2+W3 S23 1O1+1O2
S8 R4’+R4’’ S16 W2’+W2’’ S24 W1’+W1’’


B1


S25 R1�R5 S33 r2’�r2’’ S40 W5’�W5’’


S26 R2�R4 S34 r3’�r3’’ S41 11’�11’’
S27 R1’�R1’’ S35 r4’�r4’’ S42 12’�12’’
S28 R2’�R2’’ S36 W1�W4 S43 13’�13’’
S29 R3’�R3’’ S37 W2�W3 S44 14’�14’’
S30 R4’�R4’’ S38 W2’�W2’’ S45 1O1�1O2
S31 R5’�R5’’ S39 W6’�W6’’ S46 W1’�W1’’


S32 r1’�r1’’


A2


S47 m1’�m1’’ S51 t1�t2 S54 t2’�t2’’
S48 m2’�m2’’ S52 t4�t5 S55 t3’�t3’’
S49 m3’�m3’’ S53 t1’�t1’’ S56 t3
S50 m4’�m4’’


B2


S57 mO S61 m4’�m4’’ S64 t1’�t1’’
S58 m1’�m1’’ S62 t1�t2 S65 t2’�t2’’
S59 m2’�m2’’ S63 t2�t4 S66 t3’�t3’’
S60 m3’�m3’’
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A General Study of [(h5-Cp’)2Ti(h2-Me3SiC2SiMe3)]-Catalyzed
Hydroamination of Terminal Alkynes: Regioselective Formation of
Markovnikov and Anti-Markovnikov Products and Mechanistic Explanation
(Cp’=C5H5, C5H4Et, C5Me5)


Annegret Tillack, Haijun Jiao, Ivette Garcia Castro, Christian G. Hartung, and
Matthias Beller*[a]


Introduction


Amines and their derivatives are of importance as natural
products, pharmacological agents, fine chemicals, and dye-
stuffs.[1] In general, a number of well-established ™classic∫
organic methods, for example, nucleophilic substitution, re-
duction of amides, nitro compounds, azides, exist for their
syntheses. However, apart from the reductive amination of
carbonyl compounds, the catalytic formation of carbon�ni-
trogen bonds is rare. Clearly, there still exists considerable
interest in the development of improved methodologies for
the construction of carbon�nitrogen bonds. From an envi-
ronmental point of view, transition metal catalyzed hydroa-
mination of olefins and alkynes are particularly attractive


methods for the synthesis of imines and amines
(Scheme 1).[2]


Due to the 100% atom economy, that is, each atom from
the starting material is present in the product, no by-prod-
ucts are formed. Easily available terminal olefins or alkynes
provide, in principle, two regioisomeric amines or imines
(Scheme 1, R’=H). For simplicity we use the traditional
Markovnikov and anti-Markovnikov terminology through-
out the text to distinguish the regioisomeric products. In
general, in polar hydroamination reactions the Markovnikov
regioisomer is favored due to the higher stability of the sec-
ondary carbocation.


The negative entropy balance of the hydroamination reac-
tion makes it necessary to use catalysts at lower tempera-
tures. In the past strong bases,[3] both liquid and solid acids[4]


and different types of transition-metal complexes[5,6] have
been employed as catalysts for olefin hydroaminations. De-
spite considerable progress in recent years,[7] a general pro-
tocol for aliphatic intermolecular olefin hydroamination still
needs to be developed. In contrast to olefins, alkynes are
more reactive in hydroaminations, which is shown by the
more exothermic (~70 kJmol�1) NH3 addition to acetylene
in comparison to ethylene.[8] Intramolecular cyclizations of
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Prof. Dr. M. Beller
Leibniz-Institut f¸r Organische Katalyse (IfOK)
an der Universit‰t Rostock e.V.
Buchbinderstrasse 5±6, 18055 Rostock (Germany)
E-mail : matthias.beller@ifok.uni-rostock.de


Supporting information for this article is available on the WWW
under http://www.chemeurj.org/ or from the author. Total electronic
energies and bond parameters as well as natural charges are listed.


Abstract: A general study of the regio-
selective hydroamination of terminal
alkynes in the presence of [(h5-
Cp)2Ti(h


2-Me3SiC2SiMe3)] (1), [(h5-
CpEt)2Ti(h


2-Me3SiC2SiMe3)] (CpEt=
ethylcyclopentadienyl) (2), and [(h5-
Cp*)2Ti(h


2-Me3SiC2SiMe3)] (Cp*=pen-
tamethylcyclopentadienyl) (3) is pre-
sented. While aliphatic amines give
mainly the anti-Markovnikov products,
anilines and aryl hydrazines yield the
Markovnikov isomer as main products.
Interestingly, using aliphatic amines
such as n-butylamine and benzylamine


the different catalysts lead to a signifi-
cant change in the observed regioselec-
tivity. Here, for the first time a highly
selective switch from the Markovnikov
to the anti-Markovnikov product is ob-
served simply by changing the catalyst.
Detailed theoretical calculations for
the reaction of propyne with different


substituted anilines and tert-butylamine
in the presence of [(h5-C5H5)Ti(=
NR)(NHR)] (R=4-C6H4X; X=H, F,
Cl, CH3, 2,6-dimethylphenyl) reveal
that the experimentally observed regio-
selectivity is determined by the relative
stability of the corresponding p-com-
plexes 10. While electrostatic stabiliza-
tion favors the Markovnikov perform-
ance for aniline, the steric repulsive de-
stabilization disfavors the Markovnikov
performance for tert-butylamine.


Keywords: density functional calcu-
lations ¥ hydroamination ¥ regiose-
lectivity ¥ terminal alkynes ¥ titano-
cene
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aminoalkynes are easier to perform and provide different ni-
trogen-containing heterocycles. These reactions have been
achieved using a broad variety of catalysts.[9] On the other
hand, intermolecular aminations with alkynes have been re-
alized in the presence of strong bases (Cs),[10] lanthanides
(Nd),[11] actinides (U, Th),[12] and late transition metals (Ru,
Pd, Rh, Au)[13a±g] as well as Hg, Tl[13h±j] . Based on the pio-
neering work of Bergman et al.[14] metallocenes have
become popular as active catalysts in these reactions. More
recently, the groups of Bergman,[15] Doye,[16] Odom[17] and
Richeson[18] made significant contributions to the further de-
velopment of titanocene and titanium amide catalysts with
respect to hydroaminations. In most of these reactions aro-
matic, terminal alkynes or internal alkynes are treated with
anilines as substrates. During our studies on the hydroami-
nation of olefins[19] we also became interested in the selec-
tive amination of non-activated aliphatic alkynes. In a pre-
liminary communication we reported the first anti-Markov-
nikov functionalization of terminal alkynes with aliphatic
amines in the presence of [(h5-Cp)2Ti(h


2-Me3SiC2SiMe3)] (1)
as catalyst (Scheme 2).[20]


Outlined herein are new applications of hydroaminations
in the presence of 1 and other titanocene catalysts. For the
first time a systematic investigation of the effects of catalysts
and substrates on the regioselectivity of the hydroamination
of terminal alkynes is presented. The steric nature of the
catalyst reveals a significant influence on the regioselectivity.
Comparison of various anilines, arylhydrazines and aliphatic
amines as the nitrogen source shows a general switch from
anti-Markovnikov to Markovnikov products going from ali-
phatic to aromatic amines. This unusual behavior is ex-
plained by detailed theoretical investigations, which led to a
new mechanistic rationale for the determination of the re-
giochemistry in titanocene-catalyzed hydroaminations of al-
kynes.


Results and Discussion


Hydroamination of aliphatic al-
kynes with aliphatic, benzylic
and aromatic amines : Recently,
we described the use of com-
plex 1 (Rosenthal catalyst),[21]


which is easily synthesized by
the reaction of titanocene di-
chloride with the corresponding


silylated alkyne,[22] for the hydroamination of aliphatic al-
kynes with aliphatic amines. An advantage of this catalyst[21a]


is the relatively high stability at room temperature, however
upon heating it looses easily the alkyne, thereby generating
an active ™Cp2Ti∫-intermediate within the proposed catalytic
cycle. While reactions with the sterically hindered tert-butyl-
amine proceeded in excellent yield and selectivity, the less
crowded sec-alkylamines gave lower regioselectivities.


Despite the recent advancements in transition metal-cata-
lyzed hydroamination of alkynes until to date, no detailed
studies and general mechanistic explanation for the ob-
served regioselectivity in hydroamination reactions of termi-
nal alkynes are known. However, understanding and con-
trolling of Markovnikov or anti-Markovnikov selectivity are
of significant importance for further applications of this
chemistry and also other refinement reactions of alkynes.[23]


In order to study this chemistry more closely we investigat-
ed the aminations of 1-hexyne and 1-octyne with aliphatic
and mainly aromatic amines further on (Tables 1 and 2). Ini-
tially, we thought that sterically more hindered titanocenes
such as [(h5-CpEt)2Ti(h


2-Me3SiC2SiMe3)] (CpEt=ethylcyclo-
pentadienyl) (2) and [(h5-Cp*)2Ti(h


2-Me3SiC2SiMe3)] (Cp*=
pentamethylcyclopentadienyl) (3) should lead to improved
regioselectivity applying less hindered primary amines.
Here, we tested especially n-butylamine and benzylamine.
The new titanocene complex 2 and the known complex 3[22]


were synthesized by straightforward reduction from the cor-
responding titanocene dichloride in the presence of magne-
sium and Me3SiC�CSiMe3 in 73 and 77% yield, respectively.


In all catalytic reactions shown in Table 1 a slight excess
of amine (1.2±1.5 equiv) was employed in order to suppress
the oligomerization and polymerization of the alkynes. Nev-
ertheless some dimerization, oligomerization and polymeri-
zation of the alkyne were observed. Competition experi-
ments with isolated imines showed that decomposition of
the imine to the corresponding aldehyde is no major side-re-
action under the applied reaction conditions.


In the presence of 1 hydroaminations proceed at 85±
120 8C to give the anti-Markovnikov imines regioselectively
(Table 1, entries 1, 6, 7 and 10). Even with simple non-hin-
dered amines (n-butylamine and benzylamine) the anti-Mar-
kovnikov product dominates. However, the product yields
were lower (up to 48%) as compared to hindered amines.


In the presence of 2 and 3 higher yields of imines were
obtained both with n-butylamine and benzylamine (up to 62
and 66%, respectively). These results represent one of the
few cases of titanium-catalyzed aminations with non-hin-
dered amines.[17c,24] In the case of tert-butylamine 1 and 2
lead to excellent yields, while 3 is not active at all. Appa-


Scheme 1. Hydroamination of alkenes and alkynes.


Scheme 2. Titanocene-catalyzed anti-Markovnikov hydroamination of
terminal alkynes.
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rently the steric hindrance of both the catalyst and the
amine precludes any reaction. Due to the stronger binding
of alkynes to the titanium center with increased substitution
of the cyclopentadienyl ring,[25] a higher reaction tempera-
ture (100±120 8C) has to be employed in the presence of 2
or 3 compared with 1. Despite the increased binding from 1
to 3, we observed in the GC/MS of the different catalytic re-
actions only Me3SiC�CSiMe3 as the dissociation product.
We have no proof for a protonolysis of this alkyne.


Interestingly, the different catalysts 1±3 introduce a signif-
icant change in the observed regioselectivity. For n-butyla-
mine and benzylamine, catalyst 1 favors the anti-Markovni-
kov functionalization of 1-octyne as the main reaction path-
way (anti-M:M 4±2.5:1). On the other hand, catalyst 3
favors the Markovnikov isomer being the main product
(Scheme 3). Clearly, this simple control of regioselectivity in
hydroaminations of terminal alkynes is interesting.


Next, we were interested in the amination of terminal ali-
phatic alkynes with aromatic amines. As shown in Table 2,
ten different substituted anilines were treated with 1-hexyne
and 1-octyne. In general, anilines react slower than aliphatic
amines. Therefore, in some cases a slightly higher reaction
temperature (up to 100 8C) and higher catalyst amount
(5 mol%) were necessary, in order to achieve full conver-
sion and high yield. Nevertheless, optimization of reaction


conditions for a specific product
was not done. With the excep-
tion of 3,4,5-trimethoxyaniline
all other anilines gave the cor-
responding imines in the pres-
ence of 1 in good to very good
conversion (61±94%). Surpris-
ingly, the influence of steric ef-
fects is opposite for anilines
and aliphatic amines. In the
case of aliphatic alkynes in-
creased steric bulk leads to a
higher selectivity in favor of the
anti-Markovnikov products. On
the other hand, an increased
steric bulk of the anilines gave
a higher selectivity of the Mar-
kovnikov product!


For example, the reaction of
1-hexyne with 2,6-dimethylani-
line gave the Markovnikov
product with 99:1 selectivity,
while aniline gave only 3:1
(Table 2; entries 1 and 2). The
highest regioselectivities for the
Markovnikov product (>99:1)
were observed with 2,6-dime-
thylaniline (Table 2, entry 4)
and 3,4,5-trimethoxyaniline
(Table 2, entry 17). Apart from
the steric bulk, the electronic
factors of aniline also influence


the regioselectivity. This effect is nicely demonstrated by
comparing the reactions of 4-chloroaniline, 4-fluoroaniline,
4-methylaniline, aniline, and 4-methoxyaniline with 1-octyne
(Table 2, entries 11±17). Obviously, electron donating sub-
stituents favor the anti-Markovnikov products. Nevertheless,
the steric bulk of the substrate seems to be the main deter-
mining effect as demonstrated by the reaction of 3,4,5-trime-
thoxyaniline. A comparison of catalysts 1, 2 and 3 showed
similar trends to the reactions of aliphatic amines. The more
substituted complex 2 lead to higher Markovnikov selectivi-
ty, namely, the reaction of 1-octyne with aniline gave a se-
lectivity of 75:25 and 83:17 in the presence of 1 and 2, re-
spectively (Table 1, entries 9±10).


Apart from 1-hexyne and 1-octyne also other terminal al-
kynes react with 2,6-dimethylaniline. In Table 3 the hydroa-
mination of 3-phenyl-1-propyne, 3-cyclopentyl-1-propyne,
1,7-octadiyne, and phenylacetylene with 2,6-dimethylaniline


Table 1. Hydroamination of 1-octyne with aliphatic and benzylic amines in the presence of 1±3.


Entry Amine Catalyst T Amine/Alkyne Yield [%][a]


[mol%] [8C] ratio (anti-M:M)


1 1 (2.5) 85 1.5:1 97 (99:1)[b] 4a


2 2 (2.5) 85 1.5:1 5 (98:2) 4a


3 2 (2.5) 100 1.5:1 97 (98:2) 4a


4 2 (2.5) 100 1.5:1 71 (98:2)[b,d] 4a


5 3 (2.5) 100 1.2:1 0[c] 4a


6 1 (10) 100 1.2:1 19 (79:21)[e] 4b


7 1 (10) 120 1.2:1 48 (72:28) 4b


8 2 (10) 100 1.2:1 62 (44:56) 4b


9 3 (10) 120 1.2:1 51 (22:78) 4b


10 1 (10) 120 1.2:1 46 (82:18) 4c


11 2 (10) 120 1.2:1 65 (45:55) 4c


12 2 (10) 100 1.2:1 66 (57:43) 4c


13 3 (10) 120 1.2:1 51 (19:81) 4c


[a] Reaction in toluene, reaction time 24 h. Yield and mol% catalyst refer to the alkyne. Yield of imine was
determined by GC analysis with an internal standard (hexadecane or dodecane). [b] 2 h reaction time. [c] 48 h
reaction time. [d] 73% conversion. [e] 78% conversion.


Scheme 3. Switch of regioselectivity.
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is shown. Except for phenylacetylene (Table 3, entry 5),
which oligomerizes fast, reasonable to good yields (43±
73%) and excellent regioselectivities for the Markovnikov
products (M:anti-M >96:4) are obtained. Notably the
double hydroamination of 1,7-octadiyne proceeds in 73%
yield with excellent selectivity giving after hydrolysis 2,7-oc-
tadione, which is otherwise difficult to access.[26]


Hydroamination of terminal al-
kynes with hydrazines : Recent-
ly, Odom et al. described for
the first time the titanium
amide-catalyzed reaction of ar-
ylhydrazines with alkynes.[27]


This reaction step in combina-
tion with the Fischer indole
synthesis[28] allows for an ele-
gant two-step (one-pot) synthe-
sis of substituted indoles. Still
today the development of new
indole syntheses is subject of
considerable efforts due to the
great variety of indole units in
natural products and pharma-
ceutical compounds. Apart
from the synthetic challenge, it
was of special interest for us to
compare the regioselective
attack of arylhydrazines on ter-
minal alkynes with the above
mentioned reactions of aliphat-
ic amines and anilines. As a
model system N-methyl-N-phe-
nylhydrazine was used for ami-
nation reactions of different al-
kynes. In general, reactions
were performed for 24 h at 85±
100 8C in the presence of 2.5±
10 mol% of 1.


Although no systematic opti-
mization had been done, some
screening reactions using 1-
octyne demonstrated full con-
version in the presence of
2.5 mol% catalyst after 2 h. As
shown in Table 4 reaction of 1-
octyne, 3-cyclopentyl-1-pro-
pyne, 3-phenyl-1-propyne and
5-chloro-1-pentyne with N-
methyl-N-phenylhydrazine in
the presence of 1 and subse-
quent treatment of the reaction
mixture with an excess of ZnCl2
gave directly the corresponding
indoles in 52±90% yield.
Except for phenylacetylene all
reactions occurred with high
Markovnikov selectivity leading
to the 2-methyl-3-alkylsubstitut-
ed indoles. However, in the


case of phenylacetylene both indole isomers were isolated in
a ratio M:anti-M 4:1. 3-(2-Aminoethyl)-substituted indoles
are of special interest to organic synthesis because of the bi-
ological activity of the tissue hormone melatonin and the
neurotransmitter serotonin. Obviously, the reaction of com-
mercially available 5-chloro-1-pentyne with arylhydrazines
allows for a straightforward two-step preparation of this


Table 2. Hydroamination of 1-hexyne and 1-octyne with aromatic amines in the presence of 1±3.


Entry Amine Alkyne Catalyst T Amine/Alkyne Yield [%][a]


[mol%] [8C] ratio (anti-M:M)


1 1 (3.0) 85 1.5:1 94 (1:99)[b] 4d


2 1 (5.0) 85 1.2:1 94 (25:75)[b] 4e


3 1 (5.0) 85 1.5:1 68 (2:98)


4 2 (5.0) 100 1.5:1 80 (1:>99)


5 3 (5.0) 100 1.2:1 0[c]


6 1 (5.0) 85 1.2:1 93 (12:88)


7 2 (2.5) 100 1.2:1 96 (6:94)


8 1 (5.0) 100 1.2:1 80 (9:91)


9 1 (5.0) 100 1.2:1 80 (25:75)


10 2 (2.5) 100 1.2:1 90 (17:83)


11 1 (2.5) 85 1.2:1 72 (25:75)


12 1 (2.5) 85 1.2:1 75 (20:80)


13 1 (2.5) 85 1.2:1 67 (25:75)


14 1 (2.5) 85 1.2:1 61 (33:67)


15 1 (2.5) 85 1.2:1 61 (50:50)


16 1 (2.5) 85 1.2:1 71 (3:97)


17 1 (2.5) 85 1.2:1 43 (1:>99)


[a] 24 h reaction time in toluene. Yield and mol% catalyst refer to the limiting alkyne. Yield was determined
by GC analysis with an internal standard (hexadecane or dodecane) after hydrolysis with 5% HCl and for 2-
octanone/n-octanale. [b] Yield refers to the imine. [c] 48 h reaction time.
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class of indoles. Surprisingly, when we performed the reac-
tion of N-methyl-N-phenylhydrazine with 5-chloro-1-pen-
tyne in the presence of 10 mol% of 1 directly, the corre-
sponding hydrochloride of N-methyl-3-(2-aminoethyl)-2-
methylindole was obtained in good yield (Table 4, entry 6).
After addition of NaOH the free indole (9c) was easily iso-
lated and characterized. Keeping the commercial availability
of different substituted aryl hydrazines in mind obviously
this reaction can be extended to various other substituted
serotonin products.


Mechanism and theoretical calculations of the hydroamina-
tion of terminal alkynes : Based on the original work by
Bergman[15] the mechanism of the titanocene-catalyzed hy-
droamination has been recently defined more precisely by
Doye et al.[29a] and Bergman et al.[29b] As shown in Scheme 4,
the active catalyst is believed to be a titanium imido species,
which is in equilibrium with the corresponding bisamidotita-
nium complex and dinuclear titanium complexes. A formal
[2+2]-cycloaddition of the titanium imido species and the
alkyne gives a titanaazacyclobutene derivative. Subsequent
protonation by excess amine and tautomerization of the cor-
responding enamine leads to the imine product and the
active catalyst is recovered.


Although the proposed catalytic cycle is in agreement
with most previously reported observations, some questions
remained considering our experimental results. For example,
Bergman et al.[29b] concluded that the regioselectivity of the
reaction is determined in the [2+2]-cycloaddition step,
which should also be the rate-determining step. However,
with regard to our results it is not clear why alkylamines
favor the anti-Markovnikov products, while anilines and ar-
ylhydrazines favor the Markovnikov products. Which factors
determine the regioselectivity of the process and how is it
controlled? Not surprisingly, known mechanistic investiga-
tions and calculations used symmetrical alkynes as model
systems in order to circumvent the problem of regioselectiv-
ity. In order to get insight into the origin of the unusual dif-
ferences in regioselectivity reported above, we have carried


out high level density functional
theory computations. The calcu-
lated bond lengths, bond angles
and natural charges as well as
the energetic data for the p-
complexes (10), transition
states (11) and intermediates
(12) of the [2+2]-cycloaddition
are summarized in the Support-
ing Information.


The detailed mechanism of
the catalytic hydroamination of
alkynes has been computed
previously by Straub and Berg-
man using the simplified [(h5-
C5H5)Ti(=NH)(NH2)] and HC�
CH models.[29b] Along the reac-
tion path on the potential


energy surface (PES), they found the formation of a p-com-
plex between the metal complex and ethyne being the first
step which is also endergonic, followed by a [2+2]-cycload-
dition as the rate-determining step from the calculated acti-
vation parameters. They also postulated that the regioselec-
tivity is controlled by the cycloaddition, and the related
points on the PES of the first part of the ethyne hydroami-
nation path is shown in Scheme 5. However, these simplified
models do not explain the observed regioselectivity in case
of terminal alkynes.


On the basis of Bergman×s finding,[29b] we used the ™real∫
complexes [(h5-C5H5)Ti(=NR)(NHR)][30] to model the differ-
ence in regioselectivity of hydroamination between substi-
tuted anilines (R=4-C6H4X (X=H, F, Cl, CH3), and 2,6-di-
methylphenyl) and tert-butylamine (R=C(CH3)3). Instead
of HC�CH, we used H3C-C�CH as a model for the em-
ployed terminal aliphatic alkynes. The related Markovnikov


Table 3. Hydroamination of terminal alkynes with 2,6-dimethylaniline in the presence of 1.


Entry Alkyne T Amine/Alkyne Yield [%][a]


[8C] ratio (anti-M:M)


1 85 1.5:1 68 (2:98)


2 85 1.5:1 72 (3:97)


3 85 1.2:1 43 (2:98)


4 100 4:1 73 (4:96)


5 85 1.5:1 28 (50:50)


[a] 5 mol% catalyst 1, 24 h reaction time in toluene. Yield and mol% catalyst refer to the alkyne. Yield was
determined by GC analysis with an internal standard (hexadecane or dodecane) after hydrolysis with 5% HCl
and for ketone/aldehyde.


Scheme 4. Proposed mechanism of the titanocene-catalyzed amination of
alkynes.
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and anti-Markovnikov products of the [2+2]-addition are
shown in Scheme 6.


Initially, the basic thermodynamic data for the reaction of
tert-butylamine and aniline with propyne were calculated.
Table 5 summarizes the computed Gibbs free energies for


activation and reaction. The re-
sults clearly show that Markov-
nikov (denoted as M) and anti-
Markovnikov (denoted as anti-
M) reactions have approximate-
ly the same Gibbs free energies
for activation (DG�), and
their negligible differences
(<0.3 kcalmol�1) could not be
responsible for the observed
difference in the regioselectivi-
ty. For example, on the basis of
the difference in the activation
free energy (considering these
two transition states in an equi-
librium, and their equilibrium
constant (K) is determined by
their relative Gibbs free energy,
DDG� = �RT lnK), the predi-
cated product ratio would be
roughly 60 to 40 in favor of the
anti-Markovnikov pathway.
This result gives the right trend
for tert-butylamine, but the op-
posite trend for aniline. On the
other hand, the predicated
product ratios do not agree
with the experimental finding
in both cases (Tables 1 and 2).
Therefore, the transition state
of the [2+2]-cycloaddition step
(11) does not control the regio-
selectivity.


Alternatively, one might
expect that the regioselectivity
can be explained by the ther-
modynamic effect or the differ-
ence of reaction free energies
(DDG). As given in Table 5, the
anti-Markovnikov products (12)
of both tert-butylamine and ani-
line are more favored energeti-
cally than the Markovnikov iso-


mers by 1.5 and 2.0 kcalmol�1, and the predicated product
ratio would be 93 to 7 for tert-butylamine and 97 to 3 for
aniline. This is in good agreement with the experimental
finding for tert-butylamine, but the result for aniline is total-
ly wrong. Therefore, the regioselectivity also can not be ex-


Table 4. Hydroamination of terminal alkyne with N-methyl-N-phenylhydrazine in the presence of 1.


Entry Alkyne Indole Catalyst T Yield[a]


[mol%] [8C] [%]


1 5.0 100 90


2 2.5 100 88[b] (70)


3 3.0 100 82 (62)


4 5.0 85 84 (67)


5 5.0 100 42 (25)


10 (5)


6 10.0 100 (64)[c]


[a] Reaction in toluene, 24 h reaction time, alkyne/hydrazine ratio 1:1.2. 3±4 equiv ZnCl2, reaction time 24 h.
Yield and mol% catalyst refer to the alkyne. Yield was determined by GC analysis with an internal standard
(hexadecane), isolated yield are given in parentheses [b] 2 h reaction time to hydrazone. [c] The indole was
formed without ZnCl2 and isolated as the hydrochloride (isolated yield).


Scheme 5. [2+2]-Cycloaddition: 10 (p-complex); 11 (transition state) and
12 (intermediate). Scheme 6. [2+2]-Cycloaddition products with CH3C=CH.
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plained by the thermodynamic effect. However, what are
the driving forces for these differences?


As the first step along the reaction path, we were wonder-
ing whether the relative stability of the Markovnikov and
anti-Markovnikov p-complexes (10) should be responsible
for the observed difference in the regioselectivity. One
might consider that the two p-complexes should be in equili-
brium during their formation, and their equilibrium constant
(K) is determined by their relative Gibbs free energy (DG=


�RT lnK), which is also the difference of the two competing
reaction energies on the basis of the active catalyst [(h5-
C5H5)Ti(=NR)(NHR)]. The consequence is that the more
stable the p-complex, the more dominant the product.
These results are summarized in Table 6.


For the reaction with tert-butylamine, the anti-Markovni-
kov p-complex (10a) is computed to be lower in energy
than the Markovnikov one (10b) by 2.45 kcalmol�1, and,
therefore, 10a should be more dominant over 10b, and this
should also be the case for the subsequent products. This
free energy difference gives a percentage ratio of 98:2 for
anti-Markovnikov to Markovnikov products, and this ratio
matches the experimental finding (99:1) perfectly (Table 1)!


In contrast to tert-butylamine, the anti-Markovnikov p-
complex (10c) of aniline is computed to be higher in energy
than the Markovnikov one (10d) by 0.62 kcalmol�1, and this
energy difference favors the Markovnikov over anti-Mar-


kovnikov products with a percentage ratio of 76 to 24, again
in perfect agreement with the experimental result (75 to 25,
Table 1). As for aniline, para-substituted anilines also favor
Markovnikov over anti-Markovnikov products, and it is very
interesting to see that the ratio of Markovnikov to anti-Mar-
kovnikov depends on the electronegativity of the substitu-
ent, as also found experimentally. For example, the most
electronegative F substituent results in a higher Markovni-
kov to anti-Markovnikov ratio (10 f :10e 93:7) than the less
electronegative Cl (10h :10g 84:16) or H (10d :10c 74:26).
Therefore, the energetic difference between the p-com-
plexes reproduces the regioselectively not only qualitatively,
but also quantitatively.


Apart from this perfect agreement between theory and
experiment, it is interesting and also unavoidable to look for
the driving force and insight of these differences. Are these
results due to steric or electronic effects? To answer this
question, we analyzed the structural parameters and natural
charge distributions. The optimized structures and natural
charges (bold and italics) of tert-butylamine and aniline as
substrates are shown in Figure 1, and selected bond parame-
ters and the atomic natural charges from NBO analyses are
summarized in the Supporting Information.


Initially, we were interested in the distances between the
C�C triple bond of propyne and the formal Ti=N double
bond of [(h5-C5H5)Ti(=NR)(NHR)]. For tert-butylamine, the
Ti±C1 and Ti±C2 distances (2.621 and 2.711 ä) of the anti-
Markovnikov p-complex 10a are shorter than those (2.644
and 2.753 ä) of the Markovnikov isomer (10b). This differ-
ence indicates a stronger interaction between metal center
and substrate in 10a than in 10b. Therefore, the former
should be favored energetically, and this is confirmed by the
calculated energy difference of 2.45 kcalmol�1. For aniline,
however, the Ti±C1 distance (2.563 ä) of the anti-Markovni-
kov p-complex (10c) is longer than that (2.412 ä) of the
Markovnikov isomer (10d), while the Ti±C2 distance of the
former (2.596 ä) is shorter than that (2.685 ä) of the latter.
This mixed behavior agrees with their rather small energetic
order by 0.62 kcalmol�1.


Secondly, we were interested in the orientation of pro-
pyne with respect to the metal complexes [(h5-C5H5)Ti(=
NR)(NHR)]. In both anti-Markovnikov p-complexes (10a
and 10c) (R = C(CH3)3 and C6H5), propyne has nearly the
same orientation as indicated by the calculated N1TiC1C2


torsion angles (�161.5 vs �165.18), and the formal four-
membered rings have very close bond angles (see Support-
ing Information). Therefore, there is no significant differ-
ence in conformation between 10a and 10c.


However, the propyne unit has different orientations in
the Markovnikov p-complexes (10b and 10d) as indicated
by the calculated N1TiC1C2 torsion angles. For example, the
N1TiC1C2 torsion angle for 10d (R=C6H5) of only �0.28
shows that the formal four-membered ring is nearly planar,
and this also indicates that there is no steric interaction be-
tween the methyl group and the phenyl ring. In contrast, the
N1TiC1C2 torsion angle for 10b (R=C(CH3)3) of �38.48
shows the non-planarity of the four-membered ring and re-
veals at the same time the steric repulsive interaction be-
tween the methyl groups of propyne and the tert-butyl


Table 5. Gibbs free energies [kcalmol�1][a] of activation (DG�, transition
states, 11) and reaction (DG, intermediates, 12) relative to p-complexes
(10).


Amine Model DG� DG


(H3C)3CNH2 anti-M 6.2 (11a) �17.8 (12a)
M 6.5 (11b) �16.3 (12b)


C6H5NH2 anti-M 3.2 (11c) �15.7 (12c)
M 3.5 (11d) �13.7 (12d)


4-F-C6H4NH2 anti-M 2.1 (11e) �16.1 (12e)
M 3.3 (11 f) �12.7 (12 f)


4-Cl-C6H4NH2 anti-M 3.2 (11g) �15.7 (12g)
M 4.0 (11h) �13.0 (12h)


4-CH3-C6H4NH2 anti-M 2.5 (11 i) �16.2 (12 i)
M 3.0 (11 j) �14.4 (12j)


2,6-dimethyl-C6H3NH2 anti-M 2.9 (11k) �13.8 (12k)
M 5.6 (11 l) �10.8 (12 l)


[a] At B3LYP/LANL2DZp//B3LYP/LANL2DZ including the correction
of thermal energy and entropy contribution at T=298.15 K.


Table 6. Gibbs free energy [kcalmol�1][a] difference between the anti-
Markovnikov and Markovnikov p-complexes (10) and the related ratio
(anti-M:M).


Amine anti-M M Ratio[b]


(H3C)3CNH2 0.00 (10a) 2.45 (10b) 98:2 (99:1))
C6H5NH2 0.00 (10c) �0.62 (10d) 26:74 (25:75)
4-F-C6H4NH2 0.00 (10e) �1.56 (10 f) 7:93 (25:75)
4-Cl-C6H4NH2 0.00 (10g) �0.97 (10h) 16:84 (20:80)
4-CH3-C6H4NH2 0.00 (10 i) �0.73 (10j) 23:77 (33:67)
2,6-dimethyl-C6H3NH2 0.00 (10k) �2.56 (10 l) 1:99 (2:98)


[a] At B3LYP/LANL2DZp//B3LYP/LANL2DZ including the correction
of thermal energy and entropy contribution at T=298.15 K. [b] The ob-
served ratio is given in parenthesis.
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group. Therefore, the orientation of propyne in the p-com-
plexes 10b and 10d might be indicative for their stability.


That tert-butyl is more bulky than phenyl is also shown by
the longer Ti�C1 and Ti�C2 distances in 10a (2.621 and
2.711 ä) and 10b (2.644 and 2.753 ä) than in 10c (2.563 and
2.596 ä) and 10d (2.412 and 2.685 ä), respectively. This is
consistent with the difference of the calculated Gibbs free
activation energies for both substrates (6.2 and 6.5 kcal -
mol�1 for R=C(CH)3)3 vs 3.2 and 3.5 kcalmol�1 for R=


C6H5, Table 5), that is propyne is stronger activated in the
p-complexes with R=C6H5 than with R=C(CH3)3.


Apart from the orientation of propyne, the calculated nat-
ural charge distributions are informative for understanding
the energetic difference and, therefore, the difference in the
regioselectivity between tert-butylamine and aniline as sub-
strates. As shown in Figure 1, the p-complexes 10a±d are
electrostatic in nature as indicated by the calculated natural
charges from NBO analysis. In 10a±d, the formal Ti=N
double is highly polarized with positively charged titanium
and negatively charged nitrogen centers. The terminal �CH
(C1) carbon is negative charged in all these p-complexes,
while�C2 is nearly neutral.


For tert-butylamine as substrate, the electrostatic stabiliz-
ing interaction in the Markovnikov p-complex (10b) should
be weaker than in the anti-Markovnikov isomer (10a) due
to the steric repulsive interaction between the methyl
groups in propyne and tert-butyl unit and the resulting
longer Ti±C1 and Ti±C2 distances. This is indicated by the
N1TiC1C2 dihedral angle of �38.4 and the rather long N1±C2


distance of 3.160 ä in 10b, and, therefore, is responsible for
the reduced electronic stabilization.


For aniline as substrate, no such steric repulsive interac-
tion in the p-complexes (10c and 10d) is observed, and the
alternating positive and negative charge interaction of the
Markovnikov p-complex (10d) in the nearly planar four-
membered ring is the decisive factor for the enhanced stabil-
ity over the anti-Markovnikov isomer (10c).


It is, therefore, to conclude that the experimentally ob-
served difference in the regioselectivity between tert-butyla-
mine and aniline as substrates is determined by their rela-
tive stability of their p-complexes (10) with terminal aliphat-
ic alkynes, that is, electrostatic stabilization favors the Mar-
kovnikov performance for aniline, while the steric repulsive
destabilization disfavors the Markovnikov performance for
tert-butylamine.


In addition to this insight comparison, we have also calcu-
lated the effect of substituted anilines. As given in Table 5,
all substituted anilines favor Markovnikov p-complexes
(10 f, h, j and l), and, therefore, the Markovnikov hydroami-
nation products (the related structural parameters and natu-
ral charges are given in the Supporting Information). This
agrees with the experimental results. As shown in Table 5,
the Gibbs free energy difference between the anti-Markov-
nikov (10k) and Markovnikov (10 l) p-complexes for 2,6-di-
methyl aniline (2.65 kcalmol�1) is much larger than that for
aniline (10c and 10d ; 0.62 kcalmol�1). This large energetic
difference can be ascribed to the steric repulsive interaction
among the methyl groups of propyne, 2,6-dimethyl phenyl
ring and the (h5-C5H5) ligand, and this is indicated by the
shortest H¥¥¥H distances among these ligands (Hsub¥¥¥HCp=


2.300, Hsub¥¥¥HMe=2.286 and HMe¥¥¥HCp=2.365 ä; see Sup-
porting Information) in 10k. The direct consequence is the
elongation of Ti±C1 and Ti±C2 distances (2.594 and 2.702 ä),
as compared to corresponding values (2.563 and 2.596 ä) of
anilines, as shown in Figure 2. In contrast, the Ti±C1 and Ti±
C2 distances are very close for aniline and 2,6-dimethylani-
line in the Markovnikov p-complexes.


These results also give a nice explanation about the reac-
tivity and regioselectivity of catalyst 3 with the permethylat-
ed cyclopentadienyl ring as ligand. For example, there is no


Figure 1. The computed N1TiC1C2 torsion angles and natural charges
(bold and italics) for the p-complexes of tert-butylamine (top) and aniline
(bottom) as substrates.
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reaction for catalyst 3 with tert-butylamine as substrate, and
this is apparently due to the bulky property of the active
catalyst, [(h5 C5(CH3)5)Ti(=N(C(CH3)3)(NH(C(CH3)3)],
which hinders the effective coordination between the titani-
um center and the alkyne. Using n-butylamine and benzyla-
mine as substrates, on the other hand, the less bulky catalyst
1 favors the anti-Markovnikov products, while the more
bulky catalyst 3 favors the Markovnikov pathway.


Conclusion


In conclusion we have presented the first general study of
the regioselective hydroamination of terminal alkynes. As
nitrogen source aliphatic amines, anilines and arylhydrazines
were used. Depending on the amine the Markovnikov or
the anti-Markovnikov regioisomer is formed preferentially.
The experimentally observed isomer distribution is ex-
plained perfectly by detailed theoretical investigations
which demonstrate, that the regioselectivity is determined
by the relative stability of the corresponding p-complexes
10. This leads to a general understanding of titanocene-cata-
lyzed hydroaminations of unsymmetrical alkynes. Interest-
ingly, electrostatic stabilization favors the Markovnikov per-
formance for aromatic amines, while steric repulsive destabi-
lization disfavors the Markovnikov performance for sterical-
ly hindered aliphatic amines.


Significant changes in the regioselectivity are also ob-
served using different titanocene catalysts 1±3 with aliphatic


amines, for example, n-butylamine and benzylamine favor
the anti-Markovnikov functionalization of 1-octyne in the
presence of catalyst 1, while catalyst 3 favors the Markovni-
kov isomer being the main product. Clearly, such an easy
control of regioselectivity in hydroaminations of terminal al-
kynes has not been reported previously.


Experimental Section


Computation : All calculations were carried out by using the Gaussian 98
program.[31] All structures were first optimized at the Hartree±Fock (HF)
level of theory with the LANL2DZ[32] basis set, and the nature of the op-
timized structures on the potential energy surface (PES) was character-
ized by the calculated number of imaginary frequency (NImag) at the
same level of theory (HF/LANL2DZ), i.e., minimum structures without
(NImag=0), and transition states with only one imaginary frequency
(NImag=1).[33] This moderate theoretical method was used to make a
systematic comparison for large systems possible. The related frequency
calculations provided at the same time zero-point energies (ZPE) and
thermal energies as well as entropies at given temperature (T=
298.15 K), and all these data were scaled by an empirical factor of 0.8929
and used for the calculations of the thermodynamic parameters.[33] The
HF structures obtained were further refined at the electron correlated
B3LYP DFT level of theory with the LANL2DZ basis set (B3LYP/
LANL2DZ), and the final energies were the single-point energies at the
B3LYP level with the B3LYP/LANL2DZ geometries and the LANL2DZ
basis set by adding a set of polarization functions (LANL2DZp[32c]). This
combination (B3LYP/LANL2DZp) is found to be appropriate for the ac-
curate determination of the structural isomer ratios on the basis of the
computed relative energies in titanium and ziconium complexes.[34] The
energies for discussion and interpretation are the Gibbs free energies
(DG = DH�TDS). Natural charges were obtained with the method of
Natural Bond Orbital (NBO) analyses.[35] The calculated total electronic
energies, ZPE, NImag, thermal energies and entropies of the p-com-
plexes, transition states and products of [2+2] cycloadditions are sum-
marized in the Supporting Information.


General : Chemicals were obtained from Aldrich, Fluka, Acros and
Strem and unless otherwise noted were used without further purification.
Amines were distilled from CaH2. Alkynes were degassed, flushed with
argon and stored over molecular sieves (4 ä). Absolute solvents were
purchased from Fluka. All operations were carried out under an argon
atmosphere.


Catalysts 1 and 3 were synthesized according to a literature procedure.[22]


Imines 4a±d were isolated after distillation of the crude hydroamination
mixtures, indoles 5a±8a and 8b were isolated by column chromatogra-
phy, compound 9a was isolated as hydrochloride adduct and all products
were characterized by NMR, MS, IR and elemental analyses. The 1H and
13C NMR chemical shifts are reported relative to the center of solvent
peak (CDCl3: 7.25 (1H), 77.0 (13C); [D8]THF: 1.73 (1H), 25.2 (13C)). Iden-
tification of all other products was performed via comparison with au-
thentic products. 4e was synthesized according to ref. [13c]. Not commer-
cially available ketones, such as octan-2,7-dione and cyclopentylacetone,
were isolated after amination and hydrolysis. The analytical data is in
agreement with literature data.[26,36]


Synthesis of complex 2 : [(CpEt)2TiCl2] (1.0 g, 3.3 mmol), finely shaved
magnesium (95 mg, 3.9 mmol) and bis(trimethylsilyl)acetylene (0.61 g,
3.6 mmol) were stirred in THF (10 mL) at room temperature under
argon for 2 h. The resulting dark solution was filtered and evaporated in
vacuo to dryness at room temperature. Then the residue was dissolved in
pentane (10 mL) and the solution again filtered. Cooling the pentane fil-
trate to �78 8C gave yellow-green crystals of complex 2 which were sepa-
rated from the mother liquor by decanting and drying in vacuo at room
temperature to yield the title compound (0.98 g, 73%). 1H NMR
([D8]THF, 400 MHz): d = 6.58 (t, J=2.6 Hz, 4H), 5.75 (t, J=2.6 Hz,
4H), 2.26 (q, J=7.5 Hz, 4H), 1.30 (t, J=7.7 Hz, 6H), �0.34 (s, 18H); 13C
NMR ([D8]THF, 100 MHz): d = 245.1, 137.7, 115.2, 114.9, 25.1, 15.3, 1.1;
29Si NMR ([D8]THF, 79 MHz): d = �13.9; MS (EI, 70 eV): m/z : 404 (1)
[M +], 234 (100) [M +�Me3SiC2SiMe3], 170 (5) [Me3SiC2SiMe3


+], 155


Figure 2. The conformation for the p-complexes of 2,6-dimethyl amine
substrate [ä].
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(50) [Me3SiC2SiMe3
+�Me]; FT IR (nujol): ñ = 1677, 1639, 1243, 860,


832, 787, 750 cm�1; elemental analysis calcd (%) for C22H36Si2Ti: C 65.31,
H 8.97; found: C 65.60, H 9.02.


General procedure for the reaction of alkynes with amines : In an Ace-
pressure tube under an argon atmosphere a solution of the catalyst in tol-
uene was added to a mixture of the alkyne and the amine. This mixture
was heated at the given temperature for the specified time (see Tables 1±
3). Isolation of the product was done by fractional distillation in vacuo.


N-tert-Butyl-octylidene-amine (4a): According to the general procedure
1-octyne (3.2 mL, 21.5 mmol) and tert-butylamine (3.5 mL, 32.2 mmol)
were treated in the presence of 2.5 mol% 1 (188 mg, 0.54 mmol) in tolu-
ene (8 mL) at 85 8C for 2 h. Fractional distillation afforded 4a as a color-
less oil. GC yield: 97% (isolated yield: 2.8 g (71%)); b.p. 48±49 8C/
0.1 mbar; 1H NMR (CDCl3, 400 MHz): d = 7.56 (t, J=5.3 Hz, 1H), 2.20
(m, 2H), 1.46 (m, 2H), 1.34±1.21 (m, 8H), 1.14 (s, 9H), 0.85 (t, J=
7.1 Hz, 3H); 13C NMR (CDCl3, 100 MHz): d = 159.3, 56.4, 36.4, 31.7,
29.6, 29.2, 29.1, 26.4, 22.6, 14.0; MS (EI, 70 eV): m/z (%): 184 (15) [M +


+H], 183 (2) [M +], 168 (30) [M +�CH3], 112 (14), 99 (100) [C7H15
+], 84


(86) [C4H9NCH+], 57 (91) [C4H9
+], 43 (38), 41 (36); FT IR (neat): ñ =


1671 cm�1 (C=N); elemental analysis calcd (%) for C12H25N: C 78.62, H
13.74, N 7.64; found: C 78.19, H 13.99, N 7.42.


N-n-Butyl-octylidene-amine/N-n-butyl-2-octylidene-2-amine (ratio 2.6 :1)
(4b): According to the general procedure 1-octyne (2.4 mL, 16.0 mmol)
and n-butylamine (1.9 mL, 19.2 mmol) were treated in the presence of
10.0 mol% 1 (558 mg, 1.60 mmol) in toluene (6 mL) at 120 8C for 24 h.
Fractional distillation afforded 4b as a colorless oil. GC yield: 48%; b.p.
44±45 8C/0.1 mbar. 1H NMR for main product (CDCl3, 400 MHz): d =


7.59 (t, J=5.0 Hz, 1H), 3.32 (t, J=6.9 Hz, 2H), 2.24±1.99 (m, 2H), 1.62±
1.20 (m, 14H), 0.95±0.80 (m, 6H); 13C NMR for main product (CDCl3,
100 MHz): d = 164.8, 61.1, 35.8, 32.8, 31.7, 29.2, 29.0, 26.1, 22.6, 20.3,
14.0, 13.8; MS (EI, 70 eV): m/z (%): 183 (0.7) [M +], 182 (1.4) [M +�H],
168 (0.9) [M +�CH3], 154 (3) [M +�C2H5], 140 (12) [M +�C3H7], 112
(30), 99 (26), 84 (100) [CH=NC4H9


+], 57 (40) [C4H9
+], 56 (23), 41 (17)


[C3H5
+]; FT IR (neat): ñ = 1662 cm�1 (C=N); elemental analysis calcd


(%) for C12H25N: C 78.62, H 13.74, N 7.64; found: C 78.28, H 14.03, N
7.47.


N-Benzyl-octylidene-amine/N-benzyl-2-octylidene-amine (ratio 4.6 :1)
(4c): According to the general procedure 1-octyne (2.4 mL, 15.8 mmol)
and benzylamine (2.1 mL, 19.0 mmol) were treated in the presence of
10.0 mol% 1 (544 mg, 1.56 mmol) in toluene (6 mL) at 120 8C for 24 h.
Fractional distillation afforded 4c as a colorless oil. GC yield: 46%; b.p.
97±98 8C/0.1 mbar. 1H NMR for main product (CDCl3, 400 MHz): d =


7.78 (t, J=5.0 Hz, 1H), 7.30±7.14 (m, 5H), 4.56 (s, 2H), 2.30±2.20 (m,
2H), 1.60±1.40 (m, 2H), 1.25 (m, 8H), 0.88 (t, 3H); 13C NMR for main
product (CDCl3, 100 MHz): d=166.3, 139.3, 128.4, 127.8, 126.8, 65.1,
35.9, 31.5, 29.4, 29.2, 26.0, 22.5, 14.0; MS (EI, 70 eV): m/z (%): 217 (1)
[M +], 202 (0.4) [M +�CH3], 188 (2) [M +�C2H5], 174 (3) [M +�C3H7],
160 (3) [M +�C4H9], 146 (20), 133 (83) [M +�C6H12], 132 (49) [M +


�C6H13], 91 (100) [PhCH2
+]; FT IR (neat): ñ= 1663 cm�1 (C=N).


N-(2-Hexylidene)-2,6-dimethylaniline (4d): According to the general
procedure 1-hexyne (1.5 mL, 12.9 mmol) and 2,6-dimethylaniline
(2.4 mL, 19.4 mmol) were treated in the presence of 3.0 mol% 1 (140 mg,
0.39 mmol) in toluene (5 mL) at 85 8C for 24 h. Fractional distillation af-
forded 4d as a colorless oil. GC yield: 94% (isolated yield: 1.4 g (54%));
b.p. 65±66 8C/0.1 mbar; 1H NMR (CDCl3, 400 MHz): d = 6.97 (d, J=
7.5 Hz, 2H), 6.83 (t, J=7.5 Hz, 1H), 2.44 (t, J=7.7 Hz, 2H), 1.97 (s, 6H),
1.69 (m, 2H), 1.59 (s, 3H), 1.44 (m, 2H), 0.97 (t, J=7.3 Hz, 3H); 13C
NMR (CDCl3, 100 MHz): d = 172.2, 149.2, 128.2, 126.3, 122.9, 41.2, 29.2,
23.1, 20.1, 18.3, 14.4; MS (EI, 70 eV): m/z (%): 203 (14) [M +], 188 (7)
[M +�CH3], 161 (14), 146 (100) [M +�C4H9], 121 (20), 105 (21), 77 (16)
[Ph+]; FT IR (neat): ñ = 1664 cm�1 (C=N); elemental analysis calcd (%)
for C14H21N: C 82.70, H 10.41, N 6.89; found: C 82.62, H 10.59, N 6.85.


General procedure for the reaction of alkynes with hydrazines : In an
Ace-pressure tube under an argon atmosphere a solution of the catalyst
in toluene was added to a mixture of alkyne and hydrazine. This mixture
was heated at the given temperature for the specified time (see Table 4).
Then 3±4 equiv of ZnCl2 were added. The pressure tube was heated
again at 100 8C for 24 h. After filtration and removal of the solvent in
vacuo, the product was isolated by column chromatography.


1,2-Dimethyl-3-pentylindole (5a): According to the general procedure 1-
octyne (0.8 mL, 5.4 mmol) and N-methyl-N-phenylhydrazine (0.76 mL,
6.5 mmol) were treated in the presence of 2.5 mol% 1 (45 mg,
0.13 mmol) in toluene (4 mL) at 100 8C for 2 h. Then ZnCl2 (2.9 g,
21.6 mmol) was added. The residue was purified by column chromatogra-
phy (n-hexane/ethyl acetate 5:1) to afford 5a as a pale yellow oil. GC
yield: 88% (isolated yield: 814 mg (70%)). 1H NMR (CDCl3, 400 MHz):
d = 7.59 (d, J=7.7 Hz, 1H), 7.30 (d, J=8.1 Hz, 1H), 7.24±7.18 (m, 1H),
7.16±7.11 (m, 1H), 3.69 (s, 3H), 2.78 (t, J=7.7 Hz, 2H), 2.41 (s, 3H), 1.68
(m, 2H), 1.46±1.39 (m, 4H), 0.97 (t, J=7.1 Hz, 3H); 13C NMR (CDCl3,
100 MHz): d = 136.5, 132.5, 127.8, 120.3, 118.4, 118.0, 111.7, 108.4, 31.8,
30.8, 29.4, 24.4, 22.6, 14.1, 10.2; MS (EI, 70 eV): m/z (%): 215 (12) [M +],
158 (100) [M +�C4H9]; FT IR (neat): ñ= 736 cm�1 (ArH o-disubst.) ; ele-
mental analysis calcd (%) for C15H21N: C 83.67, H 9.83, N 6.50; found: C
84.03, H 10.14, N 6.60.


1,2-Dimethyl-3-cyclopentylindole (6a): According to the general proce-
dure 3-cyclopentyl-1-propyne (0.76 mL, 5.7 mmol) and N-methyl-N-phe-
nylhydrazine (0.82 mL, 6.9 mmol) were treated in the presence of 3.0
mol% 1 (60 mg, 0.17 mmol) in toluene (4 mL) at 100 8C for 24 h. There-
after ZnCl2 (2.3 g, 17.2 mmol) was added. The residue was purified by
column chromatography (n-hexane/ethyl acetate 5:1) to afford 6a as a
colorless solid. M.p. 102±104 8C; GC yield: 82% (isolated yield: 754 mg
(62%)). 1H NMR (CDCl3, 400 MHz): d = 7.68 (d, J=7.9 Hz, 1H), 7.31
(d, J=8.1 Hz, 1H), 7.20 (m, 1H), 7.10 (m, 1H), 3.68 (s, 3H), 3.35±3.25
(m, 1H), 2.43 (s, 3H), 2.11±1.96 (m, 6H), 1.86±1.77 (m, 2H); 13C NMR
(CDCl3, 100 MHz): d = 136.9, 132.0, 126.1, 120.2, 119.1, 118.2, 114.1,
108.7, 37.4, 32.9, 29.4, 26.4, 10.4; MS (EI, 70 eV): m/z (%): 213 (67) [M +


], 198 (21) [M +�CH3], 184 (100) [M +�C2H5], 170 (19) [M +�C3H7], 158
(29); FT IR (KBr): ñ =738 cm�1 (ArH o-disubst.) ; elemental analysis
calcd (%) for C15H19N: C 84.46, H 8.98, N 6.57; found: C 84.81, H 9.27,
N 6.45.


1,2-Dimethyl-3-phenylindole (7a): According to the general procedure 3-
phenyl-1-propyne (0.43 mL, 3.5 mmol) and N-methyl-N-phenylhydrazine
(0.49 mL, 4.2 mmol) were treated in the presence of 5.0 mol% 1 (61 mg,
0.17 mmol) in toluene (2.5 mL) at 85 8C for 24 h. Then ZnCl2 (1.9 g,
14.0 mmol) was added. The residue was purified by column chromatogra-
phy (n-hexane/ethyl acetate 10:1) to afford 7a as colorless needles. M.p.
107 8C (lit.[37] 113±114 8C); GC yield: 84% (isolated yield: 519 mg
(67%)). 1H NMR (CDCl3, 400 MHz): d = 7.76 (d, J=7.9 Hz, 1H), 7.60±
7.51 (m, 4H), 7.40±7.35 (m, 2H), 7.29 (m, 1H), 7.20 (m, 1H), 3.76 (s,
3H), 2.54 (s, 3H); 13C NMR (CDCl3, 100 MHz): d = 136.6, 135.8, 133.3,
129.6, 128.4, 126.9, 125.6, 121.1, 119.6, 118.6, 113.9, 108.7, 29.5, 11.0; MS
(EI, 70 eV): m/z (%): 221 (100) [M +], 204 (11), 144 (10); FT IR (KBr):
ñ = 742 (ArH o-disubst.), 704, 772 cm�1 (ArH monosubst.).


1-Methyl-3-phenylindole (8a):[38] According to the general procedure
phenylacetylene (0.8 mL, 7.3 mmol) and N-methyl-N-phenylhydrazine
(1.0 mL, 8.7 mmol) were reacted in the presence of 5.0 mol% 1 (125 mg,
0.36 mmol) in toluene (5.5 mL) at 100 8C for 24 h. Then ZnCl2 (2.9 g,
21.6 mmol) was added. The residue was purified by column chromatogra-
phy (n-hexane/ethyl acetate 10:1) to afford 8a as a green yellow oil. GC
yield: 42% (isolated yield: 378 mg, 25%). 1H NMR (CDCl3, 400 MHz):
d = 8.05 (d, J=7.9 Hz, 1H), 7.74 (m, 2H), 7.52 (m, 2H), 7.43±7.28 (m,
4H), 7.27 (s, 1H), 3.84 (s, 3H); 13C NMR (CDCl3, 100 MHz): d = 137.4,
135.6, 128.7, 127.2, 126.5, 126.1, 125.6, 121.9, 119.9, 119.8, 116.6, 109.5,
32.7; MS (EI, 70 eV): m/z (%): 207 (100) [M +], 192 (15) [M +�CH3],
165 (29), 104 (13); FT IR (KBr): ñ = 744 (ArH o-disubst.), 698, 766 cm�1


(ArH monosubst.).


Together with 8a another product was isolated, which after comparison
with previously reported NMR data[39] could be characterized as 1-
methyl-2-phenylindole (8b): GC yield: 10% (isolated yield: 76 mg
(5%)). 1H NMR (CDCl3, 400 MHz): d = 7.74 (d, J=7.9 Hz, 1H), 7.63±
7.22 (m, 8H), 6.67 (s, 1H), 3.81 (s, 3H); 13C NMR (CDCl3, 100 MHz): d
= 141.5, 138.3, 132.8, 129.3, 128.4, 127.9, 127.8, 121.6, 120.4, 119.8, 109.6,
101.6, 31.1; MS (EI, 70 eV): m/z (%): 207 (100) [M +], 165 (12), 104 (11),
102 (14).


2-(1,2-Dimethyl-indole-3-yl)ethylamine hydrochloride (9a)[40] and 2-(1,2-
dimethyl-indole-3-yl)ethylamine (9c):[41] According to the general proce-
dure 5-chloro-1-pentyne (0.15 mL, 1.4 mmol) and N-methyl-N-phenylhy-
drazine (0.21 mL, 1.7 mmol) were reacted in the presence of 10.0 mol%
1 (51 mg, 0.14 mmol) in toluene (4 mL) at 100 8C for 24 h. During this
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time the corresponding hydrochloride 9a precipitated. The mixture was
diluted with hexane (5 mL) and the precipitate was filtered. M.p. 224±
226 8C (lit.[40] 239±240 8C). Yield 210 mg (64%). For the isolation of
amine 9c, the corresponding hydrochloride was dissolved in water
(20 mL). This solution was treated with CH2Cl2 (20 mL) and subsequent-
ly with NaOH (to pH 9). Both layers were separated and the aqueous
phase was washed twice with CH2Cl2 (10 mL). All organic phases were
combined and dried over MgSO4. After evaporation of the solvent the
free amine 9c was obtained as an colorless oil (159 mg, 58%). 1H NMR
(CDCl3, 400 MHz): d = 7.54 (d, J=7.7 Hz, 1H), 7.26 (d, J=8.1 Hz, 1H),
7.17 (m, 1H), 7.09 (m, 1H), 3.65 (s, 3H), 2.96 (m, 2H), 2.88 (m, 2H),
2.38 (s, 3H), 1.39 (br s, 2H); 13C NMR (CDCl3, 100 MHz): d = 136.5,
133.5, 127.7, 120.4, 118.6, 117.8, 108.4, 108.3, 42.7, 29.4, 28.6, 10.2; MS
(EI, 70 eV): m/z (%): 188 (22) [M +], 158 (100) [M +�CH2NH2], 143 (8);
FT IR (neat): ñ = 3359, 3290, 1653 (NH2), 739 cm�1 (ArH o-disubst.).
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Kinetic Precipitation of Solution-Phase Polyoxomolybdate
Followed by Transmission Electron Microscopy:
AWindow to Solution-Phase Nanostructure


Yan Zhu,[a] Arthur Cammers-Goodwin,*[a] Bin Zhao,[b] Alan Dozier,[c] and
Elizabeth C. Dickey[d]


Introduction


Polyoxometalates of early transition metals are structurally
diverse.[1] In particular, physical and chemical properties of
polyoxomolybdate has intrigued investigators for many
years.[2] However, structural details of polymeric polyoxo-


molybdates waited two centuries to be elucidated by the
solid-state studies of M¸ller and co-workers.


Arguably, the most intriguing oxometalate species are var-
ious closed-surface derivatives.[3] These structures highlight
the fact that the closed surface is composed of discrete subu-
nits. In the case of the {Mo132} keplerate,[4] the repeating
structural motif is the pentagonal subunit, (Mo)Mo5, linked
at the edges by {Mo2 acetate} to form an Ih symmetric clus-
ter. These nanoscale species carve out inner space with in-
teresting internal solvent structure and they open the possi-
bility of chemical reactions inside the closed surface.[5] Struc-
tural diversity in material related to {Mo132} keplerate in-
cludes discrete, nano-meso scale toroids and spheres arising
from hierarchical assembly,[6] and the reduction of symme-
try.[7] The diverse morphologies reported for the solid states
invite speculation that media-dependent solution-state equi-
libria also involve multiple sizes and morphologies. The cur-
rent work focuses on nanoscopic variants of the {Mo132} kep-
lerate. This polymeric distribution of anions will be referred
to as polypent-Mo2.


Weight-average, size-average, and multi-modal distribu-
tions of particle sizes are available from dynamic laser light
scattering (DLS) techniques. The large extinction coeffi-
cients of the {Mo132} keplerate and related structures hinder
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Abstract: This study aimed to elucidate
the structural nature of the polydis-
perse, nanoscopic components in the
solution and the solid states of partially
reduced polyoxomolybdate derived
from the {Mo132} keplerate,
{(Mo)Mo5}12-{Mo2 acetate}30. Designer
tripodal hexamine-tris-crown ethers
and nanoscopic molybdate coprecipi-
tated from aqueous solution. These mi-
crocrystalline solids distributed particle
radii between 2±30 nm as assayed by
transmission electron microscopy
(TEM). The solid materials and their


particle size distributions were snap
shots of the solution phase. The mother
liquor of the preparation of the {Mo132}
keplerate after three days revealed
large species (r=20±30 nm) in the co-
precipitate, whereas {Mo132} keplerate
redissolved in water revealed small
species (3±7 nm) in the coprecipitate.


Nanoparticles of coprecipitate were
more stable than solids derived solely
from partially reduced molybdate. The
TEM features of all material analyzed
lacked facets on the nanometer length
scale; however, the structures diffract-
ed electrons and appeared to be
defect-free as evidenced by Moirÿ pat-
terns in the TEM images. Moirÿ pat-
terns and size-invariant optical densi-
ties of the features in the micrographs
suggested that the molybdate nanopar-
ticles were vesicular.


Keywords: electron microscopy ¥
molecular recognition ¥ nanostruc-
tures ¥ phase transitions ¥ polyan-
ions
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DLS sizing of polypent-Mo2 particles. However, enough
data are available to conclude that polypent-Mo2 in water is
more size-disperse than polypent-Mo2 in other solvent sys-
tems. DLS techniques gave good results with the relatively
transparent, aqueous Fe derivative, of which the {Fe30Mo72}
keplerate is the smallest, discrete structure with a closed sur-
face. The DLS studies indicate two-size regimes in solution
and imply hollow structures for the nanoscale Fe±Mo poly-
oxometalate species.[8]


Ensemble sizing techniques such as DLS give averages of
sizes, whereas non-ensemble techniques such as electron mi-
croscopy (EM) can highlight the properties of individual
structures such as particle morphology and composition.[9]


SEM (scanning) and TEM (transmission) have been applied
to solids derived from polypent-Mo2.


[8a,10] The current study
corroborates these results and adds new insights into the
nature of polypent-Mo2 solution states.


The current work develops a protocol for the kinetic pre-
cipitation of polypent-Mo2 with chelating agents 1 and 2 to
produce ppt1 and ppt2 (Figure 1). The preservation of solu-
tion-state conformation was also posited for an oligomeric
polyelectrolyte. In that study, kinetic entrapment on surfaces
followed by atomic force microscopy probed solution-phase
folding.[11] The current study is also related to work involv-
ing complex formulations of polypent-Mo2 material with sur-
factant in which the inorganic material forms ordered
phases with less aggressive additives.[12]


In the current study, large ppt1 species derived from the
mother liquor of the preparation of {Mo132} keplerate popu-
lated the micrographs. However, small species were found
in ppt1 generated from dissolved, crystalline {Mo132} kepler-
ate. These two facts indicated that the distributions of parti-
cle sizes and morphologies of ppt1 as revealed by TEM gen-
erated repeatable snap shots of polypent-Mo2 in solution.
Diamines related to crown 1 and to hexamine 2 did not suc-
ceed in trapping the polypent-Mo2 solution state. Other tri-


podal structures related to 1 were less successful. This larger
study will appear in doctoral thesis format.


To invoke kinetic precipitation, the phase transition from
the solution state to the solid state must occur faster than
structural changes in the material. From previous work, the
dynamic structure in the solution state of chemically related
species easily satisfies these conditions.[8a,13] The solubility of
polypent-Mo2 decreases with increasing ionic strength, pre-
sumably due to the destruction of the hydration shell.[14]


Likewise, electrostatic interactions between the tripodal che-
lating agents (1 or 2) and polypent-Mo2 should have cooper-
atively destroyed the hydration shell and led to an insoluble
polypent-Mo2 complex. The amines in 1 and 2 protonate
below pH 7. Crown ethers associate with H3O


+ , NH4
+ or


K+ and thereby can take on positive charges. In any sur-
face-bound state, the positively charged benzocrown ethers
in 1 would have to be proximal. Precedent exists for cation-
associated crown ether moieties interacting favorably in the
solid state.[15]


Results and Discussion


Material redissolved from the crystallization-driven prepara-
tion of the {Mo132} keplerate[3a] and material from the
mother liquor was used in this study. In the TEM surveys in
Figures 2 and 3, individual {Mo132} keplerate species (r=
1.3 nm) probably merged with the granularity of the micro-
graphs. Thus, it was much easier to image the larger, less
popular species on which this study focused. The nanoscopic
species derived from the mother liquors of the preparation
(Figure 4A) were unambiguously larger than were those de-
rived from the redissolved keplerate material (Figures 2 and
3). Thus, the time scale of coprecipitation was shorter than
the solution-phase enlargement of nanoscopic species.


Samples for TEM analysis were prepared by three meth-
ods. These are described in detail in the first part of the ex-
perimental section. TEM analysis repeatedly revealed nano-
scopic spherical features in ppt1 whereas micrographs of
ppt2 were devoid of features with radii greater than 4 nm
(compare Figures 2A, 3A, and 3B with 2B).
Ppt1 formed within seconds whereas the super-sized


structures of aqueous state polypent-Mo2 require two to
three days to evolve. When a chemically related species is
prepared fresh, small angle X-ray scattering (SAXS) does
not detect particles in the solution phase with radii greater
than 5 nm. After the material is allowed to stand for two
days, SAXS analysis indicates the evolution of particles with
sizes in the r ~20 nm range.[8a] One parameter that would
have made kinetic precipitation of polypent-Mo2 impossible
would have been a fast chemical process that would have re-
moved large polypent-Mo2 particles from the distribution.
The slow forward rate process for the evolution of nano-
structured species guarantees a slower reverse process for
the decomposition of the nanoscopic species. Slow assembly
of nanoscopic species chemically related to the {Fe30Mo72}
keplerate has also been recently reported by Liu.[13]


Coprecipitates ppt1 and ppt2, derived from polypent-Mo2


and 1 or 2, were very insoluble; titration of polypent-Mo2(aq)


Figure 1. Top: tripodal molecules used to trap polypent-Mo2; bottom:
schematic representation of kinetic precipitation of polypent-Mo2. The
circles represent solvent; the triangles represent tripodal molecules 1;
and the large sphere represents nanoscale polypent-Mo2 aqueous species.
Kinetic solution state structure is preserved in the solid.


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 2421 ± 24272422


FULL PAPER



www.chemeurj.org





with excess 1 or 2 left little polypent-Mo2 in solution detect-
able by UV at 455 nm, e=1.85î105


m
�1 cm�1 [1b] Tripodal 1 in


0.1m KCl became soluble below pH 6 as determined by si-
multaneously decreasing the pH and monitoring the absorb-
ance of the liquid at 290 nm. A titration monitored at
455 nm showed that polypent-Mo2, 4.0î10�9


m,[1b] irreversi-
bly decomposed above pH 6. In contrast, ppt1 did not dis-
solve after agitation in water from pH 1±11 at room temper-
ature.


The large features in ppt1 decomposed over the course
of 3±4 weeks into featureless material by TEM. The decom-
posed material resembled the Mo-containing material in
Figure 2B (black arrow). In a few micrographs, the restruc-
turing of the spherical features might have been caught on
camera. Figure 2C shows a micrograph containing a rare el-
liptical feature that is approximately twice as long as it is
wide (33î17 nm). With microscopy of lower resolution, this
hypothesis for the observation of asymmetric transition
structures was offered sixty years ago.[8a]


Species larger than those derived from the dissolution of
crystalline Mo132 were observed in solids derived from the
mother liquor of the preparation of Mo132 (Figure 4A±C).
These were imaged as ppt1 and as polypent-Mo2, which
linked the observations of nanostructure to polypent-Mo2


and not to synergy between polypent-Mo2 and 1.


Figure 2. Micrographs of ppt1 (A) and ppt2 (B) formed upon addition of
1 or 2 respectively to polypent-Mo2 in a 20:1 ratio. Analysis of the solid
confirmed the 20:1 ratio of 1 (C, H, N elemental analysis) to total Mo by
inductively coupled plasma atomic emission.[1b] Micrographs A and B
have identical scale and magnification. Solids ppt1 and ppt2 were similar
in appearance. Preparations of the solids for TEM were identical. Grey
and white arrows indicate the lacey carbon substrate and voids respec-
tively. The black arrows indicate material that contained Mo by energy
dispersive X-ray spectroscopy. Ellipsoidal features were also located (C).
These were probably structures in transition.


Figure 3. Micrographs from Method 1. Enclosures for measurement are
drawn around features in A).


Figure 4. Solids from nanoscopic species in the mother liquor after 2±4 d.
A) ppt1. B) TEM at magnification 120k of polypent-Mo2 by Method 2,
dry preparation. C) TEM of polypent-Mo2 by Method 3, wet preparation.
D) Energy dispersive spectra of polypent-Mo2 (top) and ppt1 (bottom).
The Cu grid produced the Cu peaks.
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Ppt1 and polypent-Mo2 differed in elemental content by
energy dispersive X-ray spectra (EDS). Material absorbs
high-energy electrons and releases X-rays with frequencies
and intensities semi-quantitatively characteristic of elemen-
tal composition.[16] Figure 4D displays two representative
EDS spectra of polypent-Mo2 (top) and ppt1 (bottom). The
relative amount of Mo versus lighter elements in polypent-
Mo2, was lower than in ppt1. The benzocrown moiety in 1
presumably sequestered potassium from solution as evi-
denced by its detection in ppt1.


The features in the micrographs of ppt1 produced ordered
spot diffraction patterns, signaling a microcrystalline lattice
in these objects. The diffraction pattern shown in Figure 5A
had Bragg lattice spacing 1.1, 1.8, 2.2 and 4.2 ä. Most of the
spacings in the spot diffraction pattern in Figure 5A were
likely produced from high-Miller index phenomena, through
the Mo-lattice of one or more nanoscale species. However,
lattice spacing of 4.2�0.4 ä matched Mo�Mo distances (~
3.8 ä) in the X-ray structure of the {Mo}132 keplerate.[17]


The micrographs were used to produce particle size distri-
butions by measuring and counting the particles in the field


with the aid of image processing software. Examples of the
counting/measuring process are shown in Figures 2C and 3A
in which boundaries were drawn around the features. In the
image analysis, ellipses were mathematically fitted to the
closed curves and evaluated statistically in terms of size, and
circularity.


The nanostructures in the micrographs of polypent-Mo2 in
the absence of tripodal molecules were not as circular as
were those of ppt1; compare Figure 4A±C with Figures 2A
and 3. Quantitatively, the ratio of anisotropic to spherical
structures was higher in solid polypent-Mo2 than in ppt1 re-
gardless of the source of the material. Figure 5B is a distri-
bution of particle morphologies by the index function: asym-
metry= (major axis�minor axis)/(average width). The struc-
tural anisotropy of the polypent-Mo2 solid states probably
corresponded to their decreased stability compared to ppt1.
Asymmetry in these structures could have been due to the
loss of solvent from the interior of the vesicles.


Figure 6A indicates that the TEM-derived particle size
distributions of the dissolved crystalline material were
skewed toward the size the smallest discrete closed struc-
ture, the keplerate. The resolution of these electron micro-
graphs is ~2±3 nm, approximately the diameter of {Mo132}
keplerate. Analyses of two samples of ppt1 in Figure 6 at
magnification 130k and 210k showed magnification-inde-
pendent size distributions of polypent-Mo2.


Most experimental results scale with the mass distribution
of the material instead of the number distribution of parti-
cles. For example, larger particles scatter light more effi-
ciently, skewing the measurement toward larger values. An
argument is presented below for hollow polypent-Mo2 struc-


Figure 5. A) A spot diffraction pattern of a feature in Figure 2A that indi-
cated that the Mo-atom lattice was intact in the superstructure. The su-
perimposed dashed lines are a diffraction pattern produced by an Au cal-
ibration standard to determine the camera constant of the TEM. Seg-
ments X1-X5 correspond to lattice spacings 1.8, 1.1, 1.7, 2.2, 4.1�0.4 ä,
respectively. B) Plots the number of particles as a function of a unit-less
asymmetry index: asymmetry = (long axis�short axis)/(average diame-
ter) is the deviation from circularity of the feature normalized by its aver-
age size. When the index is zero, the feature is a perfect circle. One lot
was analyzed at magnification 130 and 210k; the asymmetry did not
differ at these two magnifications.


Figure 6. A) Magnification-independent distributions of particle sizes.
B) Conversion of the data in A to mass distributions. The shaded line at
left is the TEM resolution limit for particle selection and measurement.
These graphs are not equilibrium distributions. The data sets generated
at magnification 130 and 210k were identical within experimental error.
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tures. Therefore, conversion of size distribution to mass dis-
tribution should employ the formula for the surface area of
a sphere. The ith population element in the distribution is
expressed as: P(r)i=4pr 2ni/N. The mass distribution, thus
derived, is shown in 6B. The noise in the heavy region of the
mass distribution is understandable when one considers that
one large particle out of hundreds raised the graph off the
zero line.


Particles derived from the solution phase (material adsor-
bed onto TEM grids) of the polypent-Mo2 preparation[3a]


were larger than were those derived from the soluble crys-
talline product. Compare average particles sizes in ppt1 of
the three graphs in Figure 6A, rav=7�3, 8�4, and 5�2 nm
to the average sizes of two lots of the polypent-Mo2 materi-
al, rav=22�11 and 32�7 nm and a sample of ppt1 derived
from the preparative solution phase, rav=20 �5 nm. Even
though nanoscopic species found in ppt1 derived from the
mother liquor were larger than were those found in ppt1 de-
rived from Mo132, they were no less symmetrical. The size
distributions of the nanoscopic features in Figure 4A (r~
25 nm) were probably representative of a solution phase
near equilibrium conditions. The less symmetric polypent-
Mo2 species in Figure 4B±C probably deformed because of
loss of internal solvent molecules under the TEM vacuum.
Neither their size nor morphology should be interpreted to
reflect the solution state polypent-Mo2.


The features in the micrographs above were hollow by
two arguments presented in this paragraph and the one that
follows. The morphologies of the polypent-Mo2 in Figure 4B
and C, and ppt1 in Figures 2, 3 and 4A appear to be contin-
uous and not constructed from units of {Mo}132 keplerate.
This smooth construction is exceptionally visible in Fig-
ure 4C which shows isolated nanoscopic features with Moirÿ
patterns suggesting wave interference produced by two latti-
ces each consisting of one or multiple layers. Isolated, solid,
objects would not have produced these Moirÿ patterns.


In general, the optical densities of micrographic features
scale with the atomic weight and the number of atoms en-
countered by the electron beam. Heavier and more numer-
ous atoms scatter more electrons which gives rise to darker
images. This maxim is most pertinent to objects in micro-
graphs that weakly diffract electrons, the optical densities of
which have weak angular dependencies on the electron
beam. Figure 7 indicates that doubling the mass through
which the electron beam passed detectably changed the op-
tical density of the images. However, the optical densities of
the features versus the radii of the features in the micro-
graphs above were essentially constant in the TEM images.
This effect is striking in Figure 4B, a micrograph with ob-
jects 4x larger than those in Figure 7, however, similar
changes in optical densities in Figures 4B and 7 were noted
when objects overlapped. Objects possessing radii from 3 to
30 nm were detected in the micrographs of this study. If the
features were structurally homologous from surface to core,
this range would have corresponded to a 1000-fold increase
in mass. Optical densities independent of mass can only be
met if the features in the TEM were either hollow or flat.
Spherical structures with Mo at the surface are the best in-
terpretation of the data. Hollow structures are in accordance


with Liu×s light scattering studies of solution states of nano-
scopic species of {Fe30Mo72} keplerate.[8,13]


Synthesis : The tripodal molecules used in this study were ef-
ficiently assembled with a Sonogishira coupling protocol to
assemble chains on the aromatic hub.[18] The final step at-


tached a benzocrown ether to the three terminal alkynes.
The esoteric conditions shown in Figure 8 for the coupling
were necessary to obtain a respectable yield. Sonogishira
couplings with electron-rich aromatic substrates are known
to cause difficulties; there is only one recent example of suc-
cess with the commercial bromobenzocrown ether.[19] The
tri-functionalization of compound 2 required an efficient
process afforded by the iodo derivative.[20] For further de-
tails see the Experimental Section.


Conclusion


TEM studies of precipitates suggested smoothly constructed
nanoscopic species in aqueous solution of polypent-Mo2 in-
stead of aggregates of {Mo}132 keplerate. The independence
of optical density on the size of the features in the micro-
graphs, the lack of facets and uniform Moirÿ patterns in iso-
lated objects indicated polysize-disperse, hollow polypent-
Mo2 in aqueous solution. The colloidal behavior of poly-
pent-Mo2 probably involves aggregation processes between
nanoscale species. Effort was invested to avoid aggregation
in this study with various levels of success.


Figure 7. The weak dependence of optical density of objects on size sug-
gested hollow structures. Imaged electrons scatter through one sphere in
region 1 and two spheres in region 2. The grey scale value of region 1
is 13 versus 48 for region 2 (0 = black, 255 = white). The same effect
was observed in polypent-Mo2 in the absence of 1 (see Figure 4B).


Figure 8. Synthetic overview: a) propargylbromide, NEt3, THF; b) nBuLi/
THF, then TBDMSCl, �78 8C; c) 1,3,5-tribromobenzene, [Pd(PPh3)4],
CuI, nBuNH2, reflux, 72 h; d) TBAF/THF; e) 4-iodobenzocrown ether,
[Pd2(dba)3], tris-(2-furyl)phosphine, piperidine/DMF.
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This study developed a protocol to trap solution state
structures of polypent-Mo2. Future studies will involve at-
tempts to characterize equilibria of nanoscale polypent-Mo2


in solution and will include attempts to control distributions
of sizes.


Experimental Section


ImageJ, Java freeware for image processing and statistical analysis, from
(NIH, USA): http://rsb.info.nih.gov/ij/ was used to analyze image files
generated from the TEM studies.


General synthetic methods : All reactions were carried out under Ar or
N2. THF was predried over CaH2 and distilled from sodium/benzophe-
none. DMF was distilled from CaH2 and stored over 4 ä molecular
sieves under nitrogen. All the other reagents were used as received from
commercial sources. 1H NMR and 13C NMR spectra were recorded at
400 and 100 MHz, respectively.


Solids for TEM analysis : All solids analyzed by TEM were derived from
the published preparation of the {Mo132} keplerate.[3a] N2H4¥H2SO4 (0.8 g,
6.1 mmol) was added to a 250 mL aqueous solution of (NH4)6Mo7O24¥4 -
H2O (5.6 g, 4.5 mmol) and ammonium acetate (12.5 g, 162.2 mmol) and
stirred for 10 min. Aqueous acetic acid (50% vol, 83 mL) was added and
the preparation stood in an open flask at 20 8C for four days. A crystal-
line reddish-brown material was filtered off. The dark filtrate was saved
for further study. The crystalline material was washed with 90% ethano-
laq, absolute ethanol, diethyl ether, and finally air-dried at 25 8C. The IR,
Raman and UV/Vis spectral data for the resulting material corresponded
with the literature.[3a]


Ppt1: A precipitate formed immediately when material obtained above
(3.0 mg) in deionized H2O (2.0 mL) was prepared and immediately
mixed with tripodal compound 1 (4.0 mg) in H2O (3.0 mL, 0.1m KClaq,
pH~3). Centrifugation followed by air-drying at 25 8C gave ppt1; ppt2
was obtained analogously by using molecule 2.


Ppt1’: Approximately 700 mL of the mother liquor of the published pro-
cedure[3a] were transferred to a 15 mL plastic centrifuge tube, and diluted
to 1 mL with deionized water to give a reddish brown solution. A precipi-
tate formed immediately upon mixing this solution with tripodal com-
pound 1 (4.0 mg) dissolved in H2O (3.0 mL, 0.1m KClaq, pH~3). Centri-
fugation followed by air-drying at 25 8C gave ppt1’.


Sample preparation for TEM analysis


Method 1: Ppt1 (~1 mg) was dispersed in water in a small vial by sonicat-
ing for 30 min (Fisher Ultrasonic cleaner FS9) while cooling with ice. A
drop of the dispersion was placed on a Lacey carbon copper grid (Lacey
Carbon Type-A, Ted Pella, Inc.). After soaking the grid for 2 min, filter
paper was used to absorb moisture. The grid was allowed to air dry at
25 8C and was subjected to high vacuum for 3 h before TEM analysis.
TEM samples of ppt1’ and ppt2 were prepared analogously. The materi-
als were examined using an Electron Microscope (JEOL JEM-2000FX)
and JEOL JEM-2010F.


Method 2 : The solid material filtered from the published procedure[3a]


was crushed gently in weighing paper between the fingers. A Lacey
carbon grid was sprinkled with a small amount of the dry material for
TEM analysis.


Method 3 : Approximately 10 mL fresh filtrate[3a] was placed on a Lacey
carbon copper grid. After 2 min, the solution was filtered and the grid
was allowed to air dry at 25 8C. The grid was examined by TEM.


Electron microscopy : The camera constant (CC) of the TEM was deter-
mined by adjusting the electron microscope to the same settings for the
acquisition of the diffraction pattern in Figure 5 and creating a standard
ring diffraction pattern Gold on ™Holey∫ Carbon Film, Ted Pella Inc.
product no. 613. The four rings in this sample correspond to four known
lattice spacings: CC= r(ring)nî(dn) for n=1±4, CC=48.5�0.6 mmä.
The patterns were superimposed and the lattice spacings in the nano-
structure of ppt1 were measured from the lengths of segments Xn:
d(Xn)=CC/Xn.


N,N’-Di-(2-propynyl)-4,4’-trimethylenedipiperidine (4): Neat propargyl
bromide (4.41 mL, 49.5 mmol) was added to commercial 3, 4,4’-trimethy-
lenedipiperidine (5.08 g, 24.1 mmol) in THF (50 mL). After the addition
of Et3N (14.9 mL), the resulting emulsion was stirred vigorously at 25 8C
for 20 h. Diethyl ether, 10% HClaq 50 mL each were added to the reac-
tion mixture, and the phases were separated. The aqueous phase was
made basic (2m NaOH, 30 mL) and extracted with diethyl ether (3î
60 mL). The organic phase was dried over MgSO4. The solvent was
evaporated and the residue separated on silica gel flash chromatography
(40±60% EtOAc/hexane gradient elution) gave a light yellow oil pure by
NMR (2.90 g, 42%). 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=1.20±
1.34 (m, 12H; CH, CH2 and axial piperidine CH2), 1.68±1.72 (m, 4H;
equatorial piperidine CH2), 2.15±2.21 (m, 4H; axial CH2-N), 2.24 (t,
4J(H,H)=2.4 Hz, 2H; =CH), 2.86±2.90 (m, 4H; equatorial CH2-N), 3.30
(d, 4J(H,H)=2.4 Hz, 4H; propargyl CH2);


13C NMR (100 MHz, CDCl3):
d=23.8, 32.2, 35.1, 36.6, 47.2, 52.6, 73.1, 78.9; MS (70 eV, EI): m/z (%):
285 (11) [M +�H], 247 (100) [M +�C3H3]; elemental analysis calcd (%)
for C19H30N2 (286.5): C 79.66, H 10.56, N 9.78; found: C 79.27, H 10.88,
N 9.69.


N-(tert-Butyldimethylsilyl-2-propynyl)-N’-(2-propynyl)-4,4’-trimethylene-
dipiperidine (5): n-Butyllithium (14.6 mL, 29.2 mmol) was added drop-
wise to a THF solution of 4 (8.35 g, 29.2 mmol, �78 8C, in 100 mL THF)
and kept cold for 30 min followed by dropwise addition of TBDMSCl
(4.40 g, 29.2 mmol in 40 mL THF). The vessel was allowed to warm to
25 8C overnight. The solvent was evaporated and the resulting slurry was
dispersed in biphasic diethyl ether and water; the phases were separated
and the aqueous phase was extracted with ether, the combined organic
phase was dried over MgSO4. Flash chromatography on silica gel (20±
60% EtOAc/hexane gradient) gave the title compound as a colorless oil
(4.67 g, 40%). 1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=0.10 (s, 6H;
Si-CH3), 0.94 (s, 9H; C-CH3), 1.20±1.34 (m, 12H; CH, CH2 and axial pi-
peridine CH2), 1.68±1.72 (m, 4H; equatorial piperidine CH2), 2.13±2.20
(m, 4H; axial CH2-N), 2.23 (t, 4J(H,H)=2.3 Hz, 1H; =CH), 2.83±2.90 (m,
4H, equatorial CH2-N), 3.28 (d, 4J(H,H)=2.3 Hz, 2H; propargyl CH2),
3.33 (s, 2H; propargyl CH2);


13C NMR (100 MHz, CDCl3): d=�4.6, 16.5,
23.9, 26.1, 26.1, 31.9, 32.1, 35.1, 36.5, 36.6, 47.2, 48.1, 52.3, 52.6, 73.1, 73.2,
78.8; MS (70 eV, EI): m/z (%): 400 (12) [M +], 361 (77) [M +�C3H3], 343
(25) [M +�C4H9], 285 (41) [M +�C6H15Si], 247 (100) [M +�C9H17Si]; ele-
mental analysis calcd (%) for C25H44N2Si (400.7): C 74.93, H 11.07, N
6.99; found: C 74.87, H 11.17, N 7.07.


1,3,5-Tris-[N’-(tert-butyldimethylsilyl-2-propynyl)-4,4’-trimethylenedipi-
peridino-N-(2-propyn-3-yl)]benzene (6): 1,3,5-Tribromobenzene (0.99 g,
3.145 mmol) and 5 (4.155 g, 10.38 mmol) was dissolved in n-butylamine
(40 mL). The resulting solution was treated with [Pd(PPh3)4] (0.363 g,
0.314 mmol) and CuI (0.12 g, 0.630 mmol) and the solution was heated
under reflux for 72 h. After cooling to 25 8C, the solvents were evaporat-
ed and the residue was extracted into EtOAc, the organic phase was
washed with water and brine and dried over MgSO4. Flash chromatogra-
phy on silica gel (gradient elution: 50±100% EtOAc/hexane followed by
2±8% MeOH/CHCl3) give a yellow oil (3.0 g, 75%). 1H NMR (400 MHz,
CDCl3, 25 8C, CDCl3): d=0.11 (s, 18H; Si-CH3), 0.94 (s, 27H; C-CH3),
1.22±1.38 (m, 36H; CH, CH2 and axial piperidine CH2), 1.71±1.75 (m,
12H; equatorial piperidine CH2), 2.25 (dd, 3J(H,H)~11.5, 2J(H,H)=
11.5 Hz, 6H; axial CH2-N), 2.30 (dd, 3J(H,H)~11.5, 2J(H,H)=11.5 Hz,
6H; axial CH2-N), 2.91 (d, 2J(H,H)=11.5 Hz, 6H; equatorial CH2-N),
2.97 (d, 2J(H,H)=11.5 Hz, 6H; equatorial CH2-N), 3.40 (s, 6H; propargyl
CH2), 3.51 (s, 6H; propargyl CH2), 7.42 (s, 3H; CH aromatic); MS
(MALDI-TOF): m/z (%): 1275 (100) [M ++H].


1,3,5-Tris-[N’-(2-propynyl)-4,4’-trimethylenedipiperidino-N-(2-propyn-3-
yl)]benzene (2): Compound 6 (2.28 g, 1.79 mmol) in 20 mL THF at 0 8C,
was treated with TBAF (6.5 mL, 1m, dropwise); the reaction mixture was
stirred at 0 8C for 10 min, and then stirred at room temperature for 4 h.
After quenching with NH4Claq, extracting into CHCl3, and washing with
water, the CHCl3 phase was dried over Na2SO4. Flash chromatography
on silica gel (gradient elution: 3±8% MeOH/CHCl3) yielded a hygro-
scopic residue (1.4 g, 84%). 1H NMR (400 MHz, CDCl3, 25 8C, TMS):
d=1.21±1.36 (m, 36H; CH, CH2 and axial piperidine CH2), 1.68±1.74 (m,
12H; equatorial piperidine CH2), 2.13±2.20 (m, 12H; axial CH2-N), 2.23
(t, 4J(H,H)=2.4 Hz, 3H; =CH), 2.87 (d, 2J(H,H)=11.5 Hz, 6H; equatori-
al CH2-N), 2.94 (d, 2J(H,H)=11.5 Hz, 6H; equatorial CH2-N), 3.28 (d,
4J(H,H)=2.4 Hz, 6H; propargyl CH2), 3.47 (s, 6H; propargyl CH2), 7.40
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(s, 3H; CH aromatic); 13C NMR (100 MHz, CDCl3): d=23.9, 32.3, 32.4,
35.2, 35.2, 36.66, 36.68, 47.2, 48.0, 52.7, 53.0, 72.8, 79.2, 83.5, 86.2, 123.7,
134.2; MS (MALDI-TOF): m/z (%): 932.5 (100) [M+H]+ ; elemental
analysis calcd (%) for C63H90N6¥2H2O (967.5): C 78.21, H 9.79, N 8.69;
found: C 78.47, H 9.76, N 8.80.


1,3,5-Tris-[N’-(4’-benzo-18-crown[6])-2-propynyl)-4,4’-trimethylenedipi-
peridino-N-(2-propyn-3-yl)]benzene (1): [Pd2(dba)3] (7.9 mg, 8.6 mmol)
and CuI (1.6 mg, 8.4 mmol) and tris-(2-furyl)phosphine (4.1 mg,
17.6 mmol) were added to a dry, 5 mL septum-capped round flask, which
was then sparged with argon and charged with dry DMF (0.5 mL). Neat
piperidine (32 mL, 323 mmol) and 4’-iodobenzo-18-crown[6] (124 mg,
283 mmol, dissolved in 1.5 mL DMF) were added via syringe to the stir-
red reaction mixture. The resulted mixture stirred for 15 min at 25 8C,
then compound 2 (80 mg, 86 mmol, dissolved in 1 mL DMF) was added
dropwise via syringe in a period of 20 min. The whole reaction mixture
was stirred at 25 8C. for 24 h. Then the resulted solid was filtered, the sol-
vent was concentrated and the residue was purified by alumina column
chromatography (gradient elution: EtOAc followed by 2±5% MeOH/
CHCl3), which yielded a yellow hygroscopic solid (120 mg, 75%).
1H NMR (400 MHz, CDCl3, 25 8C, TMS): d=1.18±1.34 (m, 36H; CH,
CH2 and axial piperidine CH2), 1.66±1.80 (m, 12H; equatorial piperidine
CH2), 2.14±2.22 (m, 12H; axial CH2-N), 2.95 (t, 2J(H,H)=11.8 Hz, 12H;
equatorial CH2-N), 3.45 (s, 6H; propargyl CH2), 3.47 (s, 6H; propargyl
CH2), 3.69 (s, 12H; O-(CH2)2-O), 3.70±3.73 (m, 12H; CH2-O), 3.76±3.78
(m, 12H; CH2-O), 3.90±3.93 (m, 12H; CH2-O), 4.12±4.16 (m, 12H; CH2-
O), 6.78 (d, 3J(H,H)=8.28 Hz, 3H; CH aromatic benzocrown), 6.95 (d,
4J(H,H)=2.00 Hz, 3H; CH aromatic benzocrown), 7.01 (dd, 3H,
3J(H,H)=8.28 Hz, 4J(H,H)=2.00 Hz, 3H; CH aromatic benzocrown),
7.40 (s, 3H; CH aromatic); 13C NMR (100 MHz, CDCl3): d=23.9, 32.4,
35.25, 35.30, 36.7, 48.0, 48.2, 53.0, 53.1, 69.0, 69.5, 70.8, 70.9, 83.5, 83.6,
84.8, 86.2, 113.5, 115.9, 117.2, 123.7, 125.3, 134.2, 148.4, 149.2; MS
(MALDI-TOF): m/z (%): 1863 (88) [M+H]+ , 1885 (100) [M+Na]+ ; ele-
mental analysis calcd (%) for C111H156N6O18¥4H2O (1934.6): C 68.92, H
8.13, N 4.34; found: C 69.02, H 8.26, N 4.42.
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Genuine Heteroleptic Complexes of Early Rare-Earth Metals: Synthesis,
X-ray Structure, and Their Use for Stereospecific Isoprene Polymerization
Catalysis


Fanny Bonnet,[b] Marc Visseaux,*[a] Denise Barbier-Baudry,[b] Estelle Vigier,[b] and
Marek M. Kubicki[b]


Introduction


Lanthanide catalysts are nowadays widely employed in the
field of coordination polymerization because they can pro-
duce high added-value polymers or copolymers.[1±5] They can
also work without conventional aluminum additives to
afford materials that do not contain traces of toxic
metals.[6,7]


We recently described an ansa-samarocene catalyst capa-
ble of carrying out, for the first time, the controlled copoly-
merization of isoprene with terminal olefins,[8] and/or with e-
caprolactone.[9] All the copolymers prepared were based on


a 1,4-trans polydiene backbone, which was unambiguously
related to the molecular structure of the samarium cata-
lyst.[10] Also, there is no doubt that the possibility of copoly-
merization of a diene with olefins was associated with the
formation of these sequences of trans-homopolymers.[10,11]


Nevertheless, a small percentage of cis-polydiene moieties
remained in our copolymers so that our subsequent research
efforts were aimed at producing catalysts with a better
trans-specificity.
To obtain trans-selectivity, a catalyst is required that af-


fords only one or two vacant sites.[12,13] The larger early lan-
thanides, the best candidates for polymerization, must be
surrounded by bulky ligands. However, such bulky ligands,
which are also often good electron donors, do not facilitate
the coordination of a monomer to the metal. For example,
the metallocenes [(C5R5)2LnR] are not efficient in diene
polymerization,[14] whereas the above-mentioned ansa-sa-
marocene exhibits good activity.
As an alternative to the classical metallocenes, we chose


to elaborate ™genuine heteroleptic∫ complexes. ™Heterolep-
tic∫ complexes of lanthanides have been reviewed;[15] how-
ever, these reviews deal with complexes of the general for-
mula [LnY2Z], which are closer to being ™non-homoleptic∫.
Actually, structurally characterized lanthanide complexes of
general formula [LnXYZ] bearing three different anionic li-
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Abstract: Genuine heteroleptic neody-
mium and samarium complexes of for-
mula [Cp*’Ln{(p-tol)NN}(BH4)] (Cp*’
= C5Me4(nPr), (p-tol)NN = (p-tol)-
NC(Me)CHC(Me)N(p-tol), Ln = Sm:
1a, Ln = Nd: 1b) have been synthe-
sized for the first time. These unprece-
dented homologues of early lanthano-
cenes are prepared by a metathetic re-
action between their monocyclopenta-
dienylbisborohydrido precursors with
the corresponding potassium diketimi-
nate. Both complexes were obtained in


good yields and were characterized by
1H NMR spectroscopy and elemental
analysis. Complex 1a has an non-sol-
vated dimeric structure, as indicated by
its crystallographic data. The chloro-
neodymium analogue [Cp*’Nd{(p-
tol)NN}(Cl)] (2b) was only obtained as
a part of a mixture. Analysis of crystals


of 2b by X-ray diffraction revealed a
molecular structure very similar to that
of 1a. Preliminary isoprene polymeri-
zation experiments were carried out
with 1b in the presence of an alkyl-
magnesium coactivator. The resulting
bimetallic Nd/Mg system behaves as an
efficient and highly stereospecific cata-
lyst with the synthesis of trans-1,4-poly-
isoprene with more than 98% regulari-
ty. The control of the polymer structure
is related to the steric hindrance
around the lanthanide atom.


Keywords: borohydrides ¥ catalysis ¥
neodymium ¥ polymerization ¥
samarium
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gands are very scarce,[16] they are mainly limited to the late
lanthanides[17] or to divalent Sm compounds.[18] Our hetero-
leptic complexes contain one substituted Cp ligand, com-
mercially available tetramethylpropylcyclopentadienyl
C5Me4nPr (abbreviated here as Cp*’), and a diketiminate
ligand, (p-tol)NC(Me)CHC(Me)N(p-tol) (abbreviated to (p-
tol)NN) which is supposed to have a lower propensity for
electron donation.[19] These anions have been widely used to
synthesise a large number of metal complexes,[20±23] including
lanthanides,[24±27] some of which are efficient catalysts.[28±31]


Herein, we present the syntheses and characterization of
a series of new genuine heteroleptic complexes. We include
X-ray data and some preliminary results on their potential
utilization as stereospecific polymerization catalysts.


Results


Organometallic complexes


Preliminary studies : Our initial approach was to use a one-
pot synthesis: the three components LnX3 (Ln = Nd, Sm;
X = Cl, BH4), (p-tol)NNK, and Cp*’K were mixed with the
appropriate stoichiometry. We realized that this was not a
good strategy because the formation of homoleptic [{(p-
tol)NN}3Ln] complexes occurred immediately, as established
by NMR experiments (see the chloride complexes in the Ex-
perimental Section). Moreover, signals identical to those ob-
served after mixing [LnCl3(thf)3] with only Cp*’K were de-
tected. However, these signals decreased significantly after a
few hours, which indicated some ligand-exchange reactions.
Hence, the comproportionation leading to the expected
compound did occur [Eq. (1)], but not completely, even


2=3 ½fðp-tolÞNNg3Ln� þ ½Cp*02 LnX�0


Ð 2 ½Cp*0Lnfðp-tolÞNNgX�
ð1Þ


after a few days. This can probably be attributed to the high
stability of the sterically hindered [{(p-tol)NN}3Ln] and
[Cp*02 LnX] complexes. Comparable behavior that led to
ligand-redistributed products was recently observed during
the tentative syntheses of cyclopentadienyldiketiminato
complexes of ytterbium.[32]We had previously obtained mon-
ocyclopentadienyl derivatives of Nd and Sm by a simple
metathetic reaction of the inorganic precursors [LnX3(thf)3]
(X = Cl or BH4) with the bulky Cp*’
 ion.[33] These deriva-
tives could be convenient starting materials to afford the ex-
pected heteroleptic cyclopentadienyldiketiminato complexes
in a second step (Scheme 1).


We conducted preliminary syntheses from the soluble bor-
ohydrides on the NMR scale with deuterated benzene (THF
is necessary, at least in the first step, if chlorides are chosen
as the starting material). It was rapidly established that
[Cp*’Sm{(p-tol)NN}(BH4)] formed readily, and that the bulk
syntheses were then carried out.


Synthesis of the heteroleptic borohydride complexes : Two
complexes [Cp*’Ln{(p-tol)NN}(BH4)] (Ln = Sm, 1a ; Ln =


Nd, 1b) were synthesized from the direct metathetic
reaction of their monocyclopentadienyl precursors,
[Cp*’Sm(BH4)2(thf)] and [Cp*’Nd(BH4)2(thf)2],


[33] with
anionic {(p-tol)NN}K [Eq. (2)]. We had already used this
strategy to prepare the complexes [(Cp4i)2Ln(BH4)] (Cp


4i =


C5HiPr4),
[34] and the same synthetic pathway was employed


for the synthesis of [Cp*Nd(BH4)2(thf)2].
[35] Conversely,


Schumann et al. obtained [(C5Me4iPr)2Sm(BH4)(thf)] from
[SmCl3(thf)3] by successive substitutions of the chloride li-
gands with (C5Me4iPr)Na, then with NaBH4.


[36]


½Cp*0LnðBH4Þ2ðthfÞn� þ Kfðp-tolÞNNg
! ½Cp*0Lnfðp-tolÞNNgðBH4Þ� þ KBH4 þ nTHF


Ln ¼ Sm : 1 a; Nd : 1 b


ð2Þ


Although 1a (Ln = Sm) was prepared in toluene, where-
as THF was used for the synthesis of 1b (Ln = Nd), both
complexes were isolated nonsolvated, as indicated by 1H
NMR spectroscopy and elemental analyses.
The borohydride signal in 1a was recorded at d=



9.3 ppm in C6D6. This value lies between that recorded for
the non-solvated monomer [(Cp4i)2Sm(BH4)] (d =



7.5 ppm)[34] and the THF adducts [(C5Me4iPr)2Sm-
(BH4)(thf)] (d = 
16.4 ppm)[36] and [(Cp*’)2Sm(BH4)(thf)]
(d = 
17.3 ppm)[36] in the same solvent. The more paramag-
netic neodymium (complex 1b) exhibits a broad borohy-
dride resonance only at 50 8C (d = ++59 ppm); however,
this value is in good agreement with that expected for a bor-
ohydridoneodymocene compound ([(C5H4CH2CH2OCH3)2-
Nd(BH4)] d=74 ppm,[37] [(Cp4i)2Ln(BH4)]: d= ++74.4 ppm,[34]


[(C8H8)Nd(BH4)(thf)2]: d = ++44 ppm[38]).
Crystallization of 1a in pentane led to the isolation of


bright orange crystals of which were suitable for an X-ray
crystallographic study (see Experimental Section). Light
blue crystals of the neodymium homologue were obtained
under similar conditions. Unfortunately, a rapid alteration of
these crystals was observed in the glove box. Decomposition
was ruled out because the resulting green compound exhib-
ited a clean 1H NMR spectrum, corresponding to the formu-
la of 1b but with the presence of pentane. Moreover, de-
composition of these compounds generally produces yellow-
to-white insoluble material. A desolvation was then sup-
posed, which is very likely since 1a exhibited a nonsolvated
dimeric structure. Indeed, it has often been observed that a
pure samarium complex can be isolated, whereas the corre-
sponding neodymium complex, which has the same frame-
work but is a larger atom, additionally bears one coordinat-
ed or included molecule.[39] The stability of a non-solvated
samarium complex implies ready desolvation of the neody-
mium analogues. One could suggest that the blue crystalsScheme 1. Schematic pathway of synthesis of the heteroleptic complexes.
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correspond to the monomeric complex [Cp*’Nd{(p-
tol)NN}(BH4)(thf)], rather than the solvated dimeric com-
plex [{Cp*’Nd[(p-tol)NN](BH4)}2](solvent)n. However, the
high rate and ease of decomposition tends to suggest a
second hypothesis, namely, the incorporation of a solvent
(pentane or THF) in the unit cell, and that both 1a and 1b
were formed as dimers. The 1H NMR spectrum of the green
crystals of 1b did indeed indicate the presence of pentane,
which was subsequently removed under vacuum. Finally, el-
emental analysis of the latter sample established unambigu-
ously the nonsolvated molecular structure of [Cp*’Nd{(p-
tol)NN}(BH4)].


X-ray structure analysis of [Cp*’Sm{(p-tol)NN}(BH4)]2 (1a):
X-ray structure analysis revealed a dimeric samarium com-
plex (Figure 1) with a disordered solvent molecule of pen-
tane included in the asymmetric unit in a 0.25:1 ratio rela-
tive to Sm. Complex 1a exhibits a nonsolvated dimeric
structure, in accordance with the previously recorded NMR
data and elemental analyses. It can be best described as a
distorted tetrahedral arrangement around the Sm atom, con-
sisting of one cyclopentadienyl, one diketiminate, and two
tetrahydroborato ligands bridging through H atoms to the
lanthanide. Selected bond lengths and angles are given
Table 1, crystallographic data are reported in Table 2.
The Sm
CP distance (2.430 ä, where CP is the centroid


of the cyclopentadienyl ligand) is typical of a large lantha-


nide tetrahydroboratobiscyclopentadienyl complex, as in
[Cp*’Sm(BH4)2(thf)] (2.456 ä),[33] or [{(C5H3tBu2)2Sm-
(BH4)}2] (2.46 ä).[40] It is noteworthy that the Sm
B distan-
ces in 1a are comparable to those observed for the above-
mentioned dimer: [{(C5H3tBu2)2Sm(BH4)}2], 2.83 and
2.86 ä, as well as for the solvated [(C8H8)Nd(BH4)(thf)2],
2.875 and 2.941 ä.[38] In the case of monomeric compounds,
the BH4 ligand is terminal and tridentate, with short Ln
B
distances (2.6 ä).[36] A slight dissymmetry can be observed
for the m-(BH4) bridges in 1a (Sm
B = 2.929(3), Sm
B’
3.006(3) ä) which reveals a possible weakness. As a conse-
quence, this complex could be potentially reactive to the
opening of the bridge between the two LnIII units.


Figure 1. Structure of [{Cp*’Sm[(p-tol)NN](m-BH4)}2] in 1a¥0.25C5H12


(ORTEP view; 30% probability level) showing the molecular unit (a)
and the dimeric structure (b).


Table 1. Selected bond lengths [ä] and angles [8] in 1a. CP is the cent-
roid of C10-C11-C12-C13-C14, CPN is the centroid of N1-N2-C1-C3.


Sm
N1 2.405(2) Sm
CP 2.430
Sm
N2 2.385(2) Sm
CPN 2.176
Sm
C1 2.916(2) N1-Sm-N2 76.54(7)
Sm
C2 2.895(2) CP-Sm-N1 111.02
Sm
C3 2.895(2) CP-Sm-N2 110.52
Sm
B 2.929(3) CP-Sm-B 110.34
Sm
B’ 3.006(3) B-Sm-B’ 78.85


Table 2. Crystallographic data and refinement parameters for 1a and 2b.


Compound 1a¥0.25C5H12 2b


color orange green
habit prism irregular
dimensions [mm3] 0.37î0.20î0.10 0.25î0.10î0.05
chemical formula C32.25H47N2BSm C62H80N4Cl2Nd2
formula weight 623.88 1240.68
crystal system triclinic triclinic
space group P1≈ (no. 2) P1≈ (no. 2)
T [K] 120 120
a [ä] 11.1760(10) 13.3518(2)
b [ä] 12.4520(10) 14.0896(2)
c [ä] 13.3140(10) 16.2629(2)
a [8] 112.623(10) 87.917(1)
b [8] 104.955(10) 83.506(1)
g [8] 93.824(10) 74.691(1)
V [ä3] 1623.5(2) 2931.84(7)
Z 2 2
1 [g cm
3] 1.276 1.405
mMoKa [Mm
1] 1.829 1.883
lMoKa [ä] 0.71073 0.71073
F(000) 643 1268
V range [8] ±,± 1.018, 30.508
index ranges 
15�h�14 
18�h�18



17�k�17 
19�k�19

18� l�18 
22� l�23


collected reflections 14164 64763
unique reflections 7845 8611
observed reflections 6233 5668
Rint 0.0202 0.1081
parameters 326 465
restraints 0 0
goodness-of-fit on F2 1.524 1.062
R(F), Rw(F2)[a] [I>2s(I)] 0.0346, 1.3427 0.0934, 0.2317
R(F), Rw(F2)[a] (all data) 0.0338, 0.0668 0.1453, 0.2683
w[b]/a, b 0.0346, 1.3427 0.1148, 53.2708
1max, 1min [eä



3] 
1.308, 2.133 
3.992, 7.390


[a] R(F) = � j jFo j
 jFc j j /� jFo j , Rw(F2) = [�w(F2
o
F2


c)
2/�[w(F2


o)
2]1/2.


[b] w = 1/[s2(F2
o) + (aP)2 + bP] with P = (F2


o + 2F2
c)/3.
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The diketiminate ligand exhibits a typical bonding mode
for a lanthanide complex: the six-membered MNCCCN ring
adopts a boat conformation, with a short Sm
C2 bond
length.[19] The central carbon atom C(2) is slightly out of the
N1-N2-C1-C3 plane with a deviation of 0.2546(33) ä. The
Sm
CPN (2.176 ä) distance and the Sm
N bond lengths are
in the expected range for diketiminate lanthanide complexes
(Figure 2).[41]


Chloride complexes : The syntheses of the corresponding
chloride derivatives were not as straightforward as those of
the borohydrides. They were conducted in the same manner,
starting from [LnCl3(thf)3] (Ln = Sm, Nd), and compounds
of general formula [Cp*’Ln{(p-tol)NN}(Cl)(solvent)] were
expected. Unfortunately, in both cases, a sticky paste was
obtained as the product of the reaction, and the elemental
analyses were not satisfactory.


1H NMR analyses of the crude Sm material indicated the
formation of a mixture of paramagnetic compounds. Some
signals were consistent with the presence of [Cp*’Sm{(p-
tol)NN}Cl]; signals from [{(p-tol)NN}3Sm] were also pres-
ent.[42] Diamagnetic diketimine signals were also detected. It
should be noted that decomposition of scandium complexes
into imines has been reported.[43] Data were not interpreta-
ble in the case of Nd; however, a crop of low quality crystals
of 2b were collected. They were analyzed by X-ray diffrac-
tion. After application of an absorption correction
(SORTAV[44]), the largest residual peak of 7.39 eä
3 was
close (0.9 ä) to the Nd atom. Moreover, the high R value
(0.0934) shows that this structure can not be considered as
being be well-solved. Nevertheless, it establishes the expect-
ed molecular structure for 2b with a neodymium atom sur-
rounded by a Cp*’, a diketiminate, and a bridging chloro
ligand: [{Cp*’Nd{(p-tol)NN}Cl}2]. An idea of the structure
of 2b was gained, despite the poor quality of the crystal
(Figure 3). The structure is dimeric, analogous to that of the
samarium borohydride 1a.
The crystals of the heteroleptic chloride 2b were collected


from a bulk mixture containing several products that result


from ligand-redistribution reactions. We thus decided to
continue our studies with the borohydride complexes.


Polymerization experiments: It was shown very recently
that the trivalent pseudo-halide complex [Nd(BH4)3(thf)3] is
an efficient initiator for the ring-opening polymerization of
e-caprolactone. The monomer first inserts into the Nd

H(BH3) bond, then propagation occurs via the resulting
alkoxy moiety.[45] We have discovered that to become active
towards dienes, neodymium trisborohydride must be activat-
ed with an alkylating reagent, such as Al(Et)3 or MgnBu2.
The Nd/Mg system produces quantitatively trans-1,4-polyiso-
prene with more than 96% regularity.[46]


We carried out preliminary isoprene polymerization ex-
periments using a catalytic system made of [{Cp*’Nd{(p-
tol)NN}(BH4)}2] (1b) and one equivalent of MgnBu2. The
results are given in Table 3.
Good activity was observed, and highly regular (up to


98.4%) trans-1,4-polyisoprene was formed. According to 1H


NMR spectroscopy, there is no evidence of the presence of
cis-polyisoprene. The trans-stereospecificity is much better
controlled than with [Nd(BH4)3(thf)3]/MgnBu2, and also
than with the single component catalyst [(C5H4CMe2)2Sm(al-
lyl)ClMgCl2Li(ether)2]n.


[7]


The formation of trans-polydienes is generally explained
by the h4 coordination of the monomer, followed by the
syn±anti isomerization.[47] Another possibility is h2 coordina-
tion.[7,12] In both cases, the steric hindrance around the metal
center seems to be a key factor in the production of trans-
regular polydienes.
It is well known that the reaction of a halide derivative of


a lanthanide with a bisalkymagnesium affords a bimetallic


Figure 2. Bonding mode of the dikiketiminate ligand in 1a.


Figure 3. Schematic view of [{Cp*’Nd[(p-tol)NN]Cl}2] in 2b showing its
dimeric (m2-Cl)2Nd2 structure.


Table 3. Isoprene polymerization with 1b/MgnBu2.


Structure[b]


Run[a] [I]0/[Nd] [Mg]/[Nd] time yield trans-1,4 cis-1,4 3,4
[h] [%] [%] [%] [%]


1 135 1 22 100 97.3 ± 2.7
2 600 1 22 60 98.4 ± 1.6


[a] Polymerization conditions: isoprene = 1 mL, toluene = 0.5 mL, T =


50 8C; [I]0 : initial isoprene concentration. [b] Determined on the basis of
1H NMR integration in CDCl3.
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bridged compound.[47,48] It is therefore reasonable to assume
that the active species obtained in our case is also a bimetal-
lic compound, and a postulated molecular structure is repre-
sented in Scheme 2.


The improved trans-stereospecificity observed with this
catalyst could be attributed to the presence of both volumi-
nous Cp*’ and diketiminate ligands, which cause a higher
steric hindrance than the BH4 in [Nd(BH4)3]/MgnBu2. How-
ever, one can argue that the approach of the monomer to
the metal center would be more difficult with 1b rather
than with [Nd(BH4)3]. But the methyne deviation observed
within the diketiminate ligand (see Figures 1 and 2) could
be regarded as a labile contribution which aids the coordina-
tion of a conjugated diene. This is a major difference with
regard to classical metallocenes that bear six-electron donat-
ing cyclopentadienyl moieties and which are known to be in-
active towards isoprene polymerization under similar condi-
tions.
The best activity was obtained with a monomer/catalyst


molar ratio of 135:1 (run 1) that gave quantitative conver-
sion of the monomer. Molecular weights were measured by
size-exclusion chromatography (SEC): Mn = 7000 (run 1)
and 16000 (run 2). They are within the expected range of
molecular weights, taking the yield of polymer into account
(see Experimental Section): 9100 and 24000, respectively.
More detailed studies concerning these catalytic Nd/Mg
combinations are in progress.


Conclusion


We have synthesized ™genuine heteroleptic∫ early lantha-
nide complexes of the general formula [Cp*’Ln{(p-
tol)NN}X] that bear three different kinds of ionic ligands.
Two of them have been structurally characterized; they ex-
hibit a nonsolvated dimeric structure.
The synthesis of these new complexes was possible be-


cause the synthesis of their monocyclopentadienyl precur-
sors had been mastered. An analogous Yb complex has
been reported very recently. It was synthesized differently,
starting from a bischloromonodiketiminate complex, which
is attainable only for the smallest late lanthanides.[49]


Preliminary polymerization experiments were conducted
with the borohydridoneodymium compound mixed with a
magnesium activator. Good activity was observed in iso-
prene polymerization, allowing the formation of highly regu-
lar (98.4%) trans-1,4-polyisoprene. To our knowledge, this
1b/MgnBu2 catalytic system is the most trans-stereospecific


described for homogeneous coordination polymerization of
isoprene.
Finally, one may consider these heteroleptic complexes as


equivalents of hindered metallocenes, but less electron-rich
than the persubstituted [Cp2*LnX] complexes, thus allowing
the polymerization of conjugated dienes. The behavior of
the ™genuine heteroleptic∫ complexes described in this work
provides support to our strategy of elaborating a new kind
of lanthanide polymerization catalyst.


Experimental Section


Reagents and standards : All operations were performed under argon
using standard vacuum line techniques or in an argon-filled Jacomex
glove box (O2<2 ppm). Solvents were stored over sodium/benzophenone
ketyl and transferred by distillation to reaction vessels. [LnCl3(thf)3] was
prepared by THF extraction of the commercial LnCl3 (STREM).
[Ln(BH4)3(thf)3] and (p-tol)NNH were obtained following the published
methods.[21, 50] (p-tol)NNK was prepared by treatment of the correspond-
ing diketimine with KH in THF. The syntheses of the monocyclopenta-
dienyllanthanide precursors [Cp*’LnX2(thf)n] (Ln = Nd, Sm; X = BH4,
Cl; n = 0, 1),[33] as well as the ansa-samarocene catalysts[10] have been de-
scribed elsewhere. MgnBu2 (heptane solution, 1m) was purchased from
Aldrich.


Measurements : 1H and 13C NMR spectra were recorded on Bruker
AC300 or DRX500 spectrometers (300 K, C6D6 solutions or if necessary,
370 K, deuterated toluene). X-ray analyses were carried out on a Nonius
Kappa CCD diffractometer at 120.0(2) K with MoKa radiation (graphite
monochromator, l = 0.71073 ä). The measured intensities were reduced
with the DENZO program.[51] The heavy atoms were located by using
the Dirdif-99.2 package.[52]All models were further refined with full-
matrix least-squares methods (SHELXL97) based on jF2 j .[53] All non-hy-
drogen atoms of 1a were refined with anisotropic thermal parameters,
except those constituting the solvent molecule. In 2b, only the Nd atoms
as well as the N and C atoms constituting the ring of the diketiminate
ligand were refined with anisotropic thermal parameters. All the hydro-
gen atoms were included in calculated positions and refined with a riding
model. Crystallographic data and refinement parameters are gathered in
Table 2. CCDC-209562 (1a) and CCDC-209563 (2b) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the
Cambridge Crystallographic Data Centre, 12 Union Road, Cambridge
CB21EZ, UK; fax: (+44)1223-336033; or deposit@ccdc.cam.uk). Size-
exclusion chromatography (SEC) analyses were carried out on a Gynko-
tek P580A apparatus equipped with two Jordi Gel DVB mixed B col-
umns and an IOTA2 refractive index detector. Polystyrene standards
were used for column calibration, and Mark±Houwink corrections were
performed to determine the absolute values of the molecular weights.
Theoretical values of molecular weights were calculated according to the
formula: yieldî([I]0/[Nd]). Polymers samples were dissolved in THF
(10 mgmL
1) and elution was performed with THF at 20 8C at a flow rate
of 1 mLmin
1.


Polymerizations : Isoprene was dried over calcium hydride, stored under
argon on molecular sieves and then distilled twice before use. The poly-
merizations were performed under argon in a Jacomex glove box with
standard vacuum line techniques. Typical experiment: inside the glove
box, the organometallic catalyst (5±10 mg) was weighed into a flask, tolu-
ene (1 mL), the corresponding amount of MgnBu2 (1m heptane solution)
and the diene (1 mL) were added with a syringe. The flask was placed in
a thermostated bath at 50 8C for a given time, or until the formation of a
highly viscous material that impeded the magnetic stirring. The flask was
opened, toluene (5 mL) was added to dissolve the mixture, and the solu-
tion was poured into ethanol (100 mL), with vigorous stirring.


Synthesis of [Cp*’Sm{(p-tol)NN}(BH4)] (1a): [Cp*’Sm(BH4)2(thf)]
(685 mg, 1.65 mmol) and (p-tol)NNK (527 mg, 1.66 mmol) were weighed
into a vessel in the glove box. The vessel was connected to the vacuum
line and toluene (30 mL) was distilled into it. After the mixture had been


Scheme 2. A possible molecular structure of the active bimetallic species.
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stirred overnight at room temperature, a brown-yellow solution was ob-
tained, no significant amounts of precipitated inorganic salts were ob-
served. The mixture was pumped dry, pentane was added, and the clear
orange-red solution was separated from the colorless salts. After concen-
tration, some microcrystals formed. The flask was left without stirring for
12 h. Crystals suitable for a structure determination were obtained. After
24 h at room temperature, a second crop of 1a was obtained (total yield:
650 mg, 65%). 1H NMR (300 MHz, C6D6, 323 K, TMS): d = 3.28 (s, 6H;
CH3, (p-tol)NN), 1.09 (s, 6H; CH3, Cp*’), 0.30 (s, 6H; CH3, Cp*’), 0.23
(s, 6H; CH3, (p-tol)NN), 2.53 (br, 2H; CH2), 1.26 (br, 2H; CH2), 1.22 (t,
3H; CH3), 3.7 (br, 4H; (p-tol)NN), 
0.27 (br, 4H; (p-tol)NN), 10.16 (s,
1H; (p-tol)NN), 
9.3 ppm (br, 4H; BH4); elemental analysis calcd (%)
for C31H44BN2Sm (605.9): C 61.45, H 7.32, N 4.62; found: C 61.51, H
7.24, N 4.60.


Synthesis of [Cp*’Nd{(p-tol)NN}(BH4)] (1b): [Cp*’Nd(BH4)(thf)2]
(367 mg, 0.77 mmol) and (p-tol)NNK (286 mg, 0.9 mmol) were dissolved
in THF (40 mL). After the mixture had been stirred overnight at room
temperature, a greenish orange solution with a pale precipitate was ob-
tained. After decantation and filtration, the remaining salts were washed
with solvent (5 mL). The organic layers were combined and evaporated,
leading to an oily material. A second precipitation of salts was observed
after the addition of pentane (10 mL). The clear pentane solution was
separated, and then slowly concentrated until some microcrystals formed.
After the mixture had been left overnight at 
30 8C and one day at room
temperature, well-formed blue crystals were obtained. They were isolat-
ed, and selected crystals were mounted in the glove box for the crystal
structure determination. The crystals immediately turned into an opaque
green material, corresponding to the molecular formula of 1b. A second
crop of unsuitable crystals was obtained and collected (total yield:
275 mg, 60%). The remaining pentane solution was evaporated to give a
viscous, greenish orange oil. 1H NMR (300 MHz, C6D6, 300 K, TMS): d
= 9.50 (s, 6H; CH3, Cp*’), 8.71 (s, 6H; CH3, Cp*’), 4.82 (s, 6H; CH3, (p-
tol)NN), 
1.80 (s, 6H; CH3, (p-tol)NN), 2.91 (br, 2H; CH2), 2.41 (br,
5H; CH2CH3), 24 (s, 1H; (p-tol)NN), 59 ppm (only visible at 323 K, br,
4H; BH4); Ar (4 H + 4H; (p-tol)NN): signals not located; elemental
analysis calcd (%) for C31H44BN2Nd (599.8): C 62.08, H 7.32, N 4.67;
found: C 62.36, H 7.36, N 4.76.


Synthesis of chloro complexes: The procedure used was identical to that
described for the synthesis of 1a, starting from [Cp*’SmCl2)(thf)]
(500 mg, 1.10 mmol), and (p-tol)NNK (346 mg, 1.10 mmol). Slow evapo-
ration of the pentane filtrate led to a yellow-orange oil. A sticky solid
was finally obtained after prolonged evacuation, and satisfactory elemen-
tal analyses could not be achieved. 1H NMR spectroscopy (300 MHz;
[D8]THF, 300 K, TMS) showed the formation of a mixture: in addition to
four new signals, indicating the presence of [Cp*’Sm{(p-tol)NN}Cl], d=
3.06, 1.78, 1.06, 1.05 ppm (MeCp, Me(p-tol)), a set of known signals,
those of [{(p-tol)NN}3Sm], and of (p-tol)NNH were present. The hetero-
leptic [Cp*’Sm{(p-tol)NN}Cl] could not be isolated.


[Cp*’Nd{(p-tol)NN}Cl]2 (2b): [Cp*’NdCl2(thf)] (crude solvated material,
400 mg, 0.88 mmol), and (p-tol)NNK (280 mg, 0.88 mmol) were dissolved
in THF (40 mL). After the mixture had been stirred overnight at room
temperature, a greenish orange solution with a very small quantity of
pale precipitate was obtained. After decantation and filtration, the sol-
vent was evaporated to give a greenish orange oil. After addition of pen-
tane (15 mL), only a part of this material dissolved. On addition of THF
(15 mL), the entire colored organometallic compound dissolved and addi-
tional colorless salts deposited. As the salts were being separated by fil-
tration, small green crystals began to grow. After one day, they were
bigger and were suitable for X-ray analysis (35 mg, 6%). The remaining
solution was evaporated to dryness to afford a green sticky paste which
did not give satisfactory elemental analysis data. The crystals were found
to be insoluble in C6D6, and the NMR spectrum obtained in deuterated
THF was not interpretable. However, X-ray analysis did reveal a dimeric
structure: [{Cp*’Nd{(p-tol)NN}Cl}2](2b).


NMR synthesis : A reaction was monitored in an NMR tube charged with
[NdCl3(thf)3], (p-tol)NNK, and Cp*’K into which deuterated THF was
condensed. After a few minutes, a very complicated spectrum was re-
corded in which several sets of signals were superimposed. One of these
sets of signals was also observed in the spectrum of a 3:1 stoichiometric
mixture of (p-tol)NNK and [NdCl3(thf)3]. These signals were attributed
to the homoleptic [{(p-tol)NN}3Nd] compound. After a few hours the


spectrum changed and became less complex; however, the tube obviously
still contained a mixture of compounds.
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Computational Approaches to Activity in Rhodium-Catalysed
Hydroformylation


Dieter Gleich* and J¸rg Hutter*[a]


1. Introduction


With a capcity of more than six million tons per year, hydro-
formylation is one of the largest scale homogeneously cata-
lysed industrial processes. Hydridorhodium(i) carbonyl com-
plexes modified with ligands L such as phosphanes or phos-
phites are predominantly used (Scheme 1).[1]


Unmodified catalysts (L=CO) have the highest activity
but low selectivities.[1b] As a rule of thumb, phosphane-modi-
fied systems give a faster turnover if the ligands are less
™basic∫, that is, less electron-donating. Examples are alkyl-
phosphanes or arylphosphanes bearing electron-withdrawing
substituents.[2] However, as late as 1995, the manifold li-
gands and reaction parameters led to the conclusion that
™the overall activity of phosphane-modified catalysts re-
mains completely unpredictable∫.[1b]


Thanks to enormous progress in methods of computation-
al chemistry in the field of transition metal catalysed reac-
tions,[3] since 1997 many theoretical studies on hydroformy-


lation have been published, some of which also deal with
issues of regioselectivity or stereoselectivity.[4±9] Apart from
a kinetic model including a semiquantitative structure±activ-
ity relationship for chelating phosphite ligands,[10] the
common theoretical approach for gaining information on ac-
tivity has been to calculate energy profiles of molecular re-
actions. Schmid et al. treated some hydroformylation pre-
equilibria with the model ligands PH3 and PMe3 using ab
initio and DFT methods.[11] In the same year, the first calcu-
lation of the whole catalytic cycle (ligand PH3, substrate
ethene) at an ab initio level was reported by Morokuma
et al.[12] Calculations with the hybrid density functional
B3LYP[13±15] were recently reported for systems containing
PH3,


[16,17a] monophosphane ligands with various alkyl and


Scheme 1. Hydroformylation of a terminal olefin. The chirality center dis-
appears for propene (R=Me), as do the n and iso regioisomers for
ethene.


[a] Dr. D. Gleich, Prof. Dr. J. Hutter
Physikalisch-Chemisches Institut
Universit‰t Z¸rich
Winterthurerstrasse 190
8057 Z¸rich (Switzerland)
Fax: (+41)1-6356838
E-mail : hutter@pci.unizh.ch


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


Abstract: In this theoretical study on
rhodium-catalysed hydroformylation
we examine an unmodified hydrido-
rhodium(i) carbonyl system a together
with three variants modified by the
model phosphane ligands PF3 (system
b), PH3 (system c) and PMe3 (system
d), which show increasing basicity on
the Tolman c parameter scale. The ole-
finic substrate for all systems is ethene.
Based on the dissociative hydroformy-
lation mechanism, static and dynamic
quantum-mechanical approaches are


made for preequilibria and the whole
catalytic cycle. Agreement with experi-
mental results was achieved with
regard to the predominance of phos-
phane monocoordination in systems b±
d, different sensitivity of unmodified
and modified systems towards hydro-


gen pressure and the early location of
the rate-determining step. Neither the
catalytic cycle as a whole nor olefin in-
sertion as an important selectivity-de-
termining step gives a clear picture of
activity differences among a±d. How-
ever, the crucial first catalytic step, as-
sociation of ethene to the active species
[HRhL3] (L=CO, PR3), may play the
key role in the experimentally ob-
served higher activity of a and systems
with less basic phosphane ligands mod-
elled by b.


Keywords: density functional
calculations ¥ hydroformylation ¥
molecular dynamics ¥ reaction
mechanisms ¥ rhodium
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phenyl substituents[17b] and even a bis-phosphane chelate of
real size.[18] In the last two cases, a two-layered ONIUM
coupling scheme[19] was applied which fails if activity differ-
ences are caused by subtle electronic effects in the outer
layer (e.g., substituents of phenyl rings connected to phos-
phorus atoms).[20]


So far, only parts of the catalytic cycle with an unmodified
rhodium system have been investigated by means of quan-
tum-mechanical methods.[8,21] Comparisons of different li-
gands were also confined to a single step.[17b] With the aim
of obtaining a more profound theoretical understanding of
the essential factors that govern hydroformylation activity,
we examine in the present work the whole catalytic cycle
for systems a±d at DFT and coupled cluster theory[22]


(CCSD(T) variant) levels. The CCSD(T) single-point calcu-
lations on DFT-optimised geometries can supply accurate
energy estimates for transition metal complexes.[3,11] System
a is the unmodified type, while the other three systems are
modified by model monophosphane ligands with increasing
basicity on the c parameter scale of Tolman:[23] PF3 (c=18.3,
system b), PH3 (c=8.3, system c) and PMe3 (c=2.0, system
d). Although ligand donor/acceptor properties deserve a
quantitative treatment and depend on the specific reference
complex,[24] the Tolman scale seems to give meaningful cor-
relations for hydridorhodium(i) phosphane complexes.[16b,25]


Moreover, d has more steric strain than c, b or a, that is,
steric effects are also considered. The olefinic substrate for
all systems is ethene. Static calculations are supplemented
with dynamic calculations, namely, Car±Parrinello molecular
dynamics (CPMD) simulations,[26] which have proven to be
a vigorous tool for understanding time-dependent processes
on a quantum-mechanical level.[26b] Some experience with
reactions catalysed by rhodium and its neighbours rutheni-
um and palladium has already been gathered.[27±31]


2. Methods of Calculation


2.1. Static calculations with Gaussian98 :[32] DZVP and TZVP basis sets
of Godbout et al.[33] were used for the elements H, C, O, F and P, while
Rh was described by the small-core quasirelativistic effective core poten-
tial of Christiansen et al. and a double-zeta valence basis (abbreviated
CE).[34]


Geometry optimisations with default values for grid and convergence pa-
rameters were carried out with the functional BP86.[13,35] DZVP(CE)-
and TZVP(CE)-optimised structures had in almost all cases quasicongru-
ent geometries.[36] All structures were verified to be true minima or first-
order transition states by analytical determination of harmonic frequen-
cies. CCSD(T)/TZVP(CE)//BP86/TZVP(CE) (abbreviated notation:
CCSD(T)//BP86) single-point energy calculations were also carried out.


2.2. Static and dynamic calculations with CPMD :[37] Relativistic dual-
space pseudopotentials of Hartwigsen et al. were used for all elements
(large core on rhodium, abbreviation HGH).[38] General settings were ap-
plied to the following parameters: cell size (simple cubic, 14 ä), energy
cutoff (70 Ry), electron mass (1000 a.u.) and time step (5 a.u.�0.12 fs).


To test the correspondence between localised and plane-wave basis sets,
geometry optimisations with default values for convergence parameters
were made with the functional BP86. In most cases there was a close sim-
ilarity to energies as well as geometries of TZVP(CE)-optimised struc-
tures.[36] Reaction pathways were searched for by ™dynamic relaxation∫
of the transition states: A critical distance in each transition-state struc-
ture optimised at the BP86/DZVP(CE) level (Gaussian98, cf. above) was


allowed to shrink or grow during simulations at T=350 K (Nosÿ±Hoover
thermostatisation[39] with a coupling frequency of 2000 cm�1). This
method does not exactly correspond to the ™dynamic reaction path∫ pro-
cedure at T�0 K (NVE conditions),[40] but test calculations on our sys-
tems at increasing temperatures significantly shortened the simulation
time without changing the results.


3. Results and Discussion


3.1. Mechanistic alternatives : The general course of rhodi-
um-catalysed hydroformylation was proposed by Wilkinson
et al.[41] They assumed a common mechanism which corre-
sponds to the Heck±Breslow mechanism of the cobalt-cata-
lysed reaction.[42] The mechanisms of unmodified and
ligand-modified systems are assumed to be identical, too.


For system a a common catalyst precursor is [Rh4(CO)12],
which fragments under hydroformylation conditions into
mononuclear species.[43] For modification with monophos-
phanes PR3, mononuclear precursors such as [Rh(acac)-
(CO)(PR3)] and [RhH(CO)(PR3)3] are converted to the ex-
perimentally observable dicarbonyl complex
[RhH(CO)2(PR3)2].


[2] As a consequence of the in situ prepa-
ration under a CO/H2 atmosphere one always obtains a frac-
tion of unmodified species that is diminished by an excess of
phosphane ligand. In general, pentacoordinate complexes
HRhL4 1 open the connection to the catalytically active spe-
cies H-hRhi.


3.1.1. Dissociative pathway : Dissociation of one ligand L
(CO/PR3) from 1 yields the active species 2 ; 16- and 18-elec-
tron species alternate with each other during catalysis (Sche-


Scheme 2. a) Dissociative pathway. b) Associative pathway.
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me 2a). The subsequent steps are olefin association 2!3,
olefin insertion 3!4, CO association 4!5, CO insertion
5!6, oxidative hydrogen addition 6!7, and reductive alde-
hyde elimination 7!2.


3.1.2. Associative pathway : The associative pathway starts
with olefin coordination to 1 and subsequent insertion with-
out ligand dissociation, that is, the hydroformylation cycle
up to complex 6 involves 18- and 20-electron species
(Scheme 2b). This alternative dates back to a tentative
explanation of Wilkinson et al. for differences in regioselec-
tivities in hydrogenation und hydroformylation.[41b] An
argument against the associative pathway is that neither
a stable adduct 8 nor a transition state 8,5 could be found
by geometry optimisations at the BP86/DZVP(CE) and
B3LYP/DZVP(CE) levels, which supports the 18-electron
rule.[44] Olefin association to 1 is also questioned by the
fact that CO dissociation from chelate-coordinated 1 is very
fast and clearly obeys a first-order rate law.[45] Since the
dissociative pathway moreover uncontradictably fits newer
experimental data[46] it was chosen for all calculations in this
work.


3.2. Preequilibria


3.2.1. System a : The last preequilibrium for a is the CO dis-
sociation [HRh(CO)4] (1-CO)![HRh(CO)3] (2-CO) + CO
(Scheme 2a). [HRh(CO)4] was recently observed under ex-
perimental hydroformylation conditions[43] after its trigonal-
bipyramidal C3v-symmetrical structure had been predicted
by theoretical calculations.[21]


The reaction 1-CO!2-CO + CO was found to be endo-
thermic (+115.8 kJmol�1) according to second-order
M˘ller±Plesset (MP2)[47] geometry optimisations.[3,21] At the
BP86/TZVP(CE) and CCSD(T)//BP86 levels, one obtains
+88.1 and +86.6 kJmol�1, respectively. A similar excellent
agreement between BP86 and CCSD(T) results was achiev-
ed for CO dissociation from PH3-modified systems.[11]


3.2.2. Systems b±d : As a consequence of phosphane modifi-
cation, several interconversions of isomers of 1 augment the
possible dissociation reactions. Thermochemical data of the
most relevant,[46] namely, 1-(PR3)2-ae/ee!2-(PR3)2-ct/cc/2-
PR3-t/c + CO/PR3,


[48] are listed in Scheme 3.
All CO dissociation energies are higher than for a. For 2-


(PR3)2-cc there seems to be a correlation between Tolman
basicity and CO dissociation energy, but the values are
nearly constant in the case of 2-(PR3)2-ct.


Phosphane dissociation is easier than its CO counterpart.
The highest value (2-PMe3-t) coincides with that of the CO
dissociation of a (see above). If one compares 2-PR3-t with
2-PR3-c the energies for R=F (system b) and R=Me
(system d) take on reverse values, while for R=H (system
c) there is almost no change. 2-PH3 is thus stabilised versus
2-(PH3)2 by about �50 kJmol�1. System b prefers 2-PF3 by
at least �35.3 kJmol�1 (2-PF3-c/t versus 2-(PF3)2-cc), but for
d the differences shrink to �18.4 kJmol�1 (2-PMe3-c versus
2-(PMe3)2-cc) and �8.3 kJmol�1 (2-PMe3-t versus 2-
(PMe3)2-cc), respectively.


3.2.3. Relation to experimental observations : The endother-
micity of reactions 1!2 is overcome by the experimental
temperature/pressure conditions and the exothermicity of
the first catalytic steps (see Section 3.3.2).


At the BP86/TZVP(CE) level, the destabilisation of 2-
PF3/2-PH3 versus 2-CO is +37.7 kJmol�1/+30.0 kJmol�1 at
best, whereas 2-PMe3 is stabilised versus 2-CO by up to
�13.2 kJmol�1. Hence the preequilibrium 1!2 + CO/PR3


should be easily influenced by CO pressure and/or phos-
phane concentration, as is known from experiment.


For phosphane-modified systems, our calculations as well
as mechanistic studies (ligand=PPh3, substrate=ethene)[46]


corroborate the dominance of phosphane monocoordina-
tion. We therefore based the comparison of systems b, c and
d on 2-PR3 and considered 2-(PR3)2 only for R=H in detail
(system c’, see Section 3.3.2).


CO dissociation from 1 is likely to be orders of magni-
tudes faster than the hydroformylation reaction.[45,46] A simi-
lar situation should be valid for phosphane dissociation.[46]


Hence, activity differences among systems a±d are expected
to emerge during the catalytic cycle.


3.3. Catalytic cycle : The energy profiles of the dissociative
pathway depicted in Scheme 2 were ascertained in two
stages.


3.3.1. Selection of isomers: Since after phosphane modification
each of the species in Scheme 2 exists as various isomers,
one must find the more stable ones and connect them by
suitable reaction pathways. Figure 1 shows selected isomers.


Early calculations showed that equatorial olefin coordina-
tion is strongly preferred in 3.[49] Hydrogen addition 6!7
can proceed along two bond axes;[50] the isomers 7-PR3-e/7-
(PH3)2-ae in Figure 1 are the most stable.[16b]


Reaction barriers of the CO association reaction 4!5 are
neglected, since for a similar complex a value that was
always zero was calculated.[51] First of all, barriers of the
olefin association 2!3 are assumed to be negligible, too


Scheme 3. Ligand dissociation reactions 1-(PR3)2-ae/ee!2-(PR3)2-ct/cc/2-
PR3-t/c+CO/PR3 for systems b±d. Energies [kJmol�1] were calculated at
the BP86/TZVP(CE) level; values in parentheses were taken from
ref. [11].
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(see Section 3.4.2). Energetically favoured isomers of the re-
maining transition states 3,4, 5,6, 6,7 and 7,2 were selected
in agreement with former calculations (see Supporting Infor-
mation).[5,17a] In most cases their dynamic relaxations to-
wards starting materials/products started within the first
0.1 ps and gave identical isomers for systems b, c and d after
a maximum simulation time of 0.6 ps. Ethene insertion re-
sulted for both 3-PR3-a and 3-PR3-e (the latter isomer is not
shown in Figure 1) in 4-PR3-c, whereas 3-(PR3)2-ae was con-
nected with 4-(PR3)2-cc, and 3-(PR3)2-ee (not shown in
Figure 1) with 4-(PR3)2-ct (not shown in Figure 1). The CO
insertion pathway for system c’, 5-(PH3)2-ee!5,6-(PH3)2-ee,
led, in contrast to former results,[17a] not to the cis±cis but to
the cis±trans complex 6-(PH3)2-ct, which consequently
changed the isomer distribution of the following steps. Back-
ward dynamic relaxations of 6,7 always proceeded via non-
classical dihydrogen complexes[52,53] 6A, which sometimes
dissociated during the run. Forward dynamic relaxations of


7,2 never led to formation of an adduct between 2 and pro-
pionaldehyde, as has been suggested previously.[12]


The pathways were combined to give the same isomer of
2 at the beginning and end of the catalytic cycle. Conse-
quently, 2-PR3-t and 2-(PH3)2-ct were chosen although they
are moderately higher in energy than 2-PR3-c and 2-(PH3)2-
cc (not shown in Figure 1, see Section 3.4.2). Note that after
olefin insertion both pathways from 2-PR3-c/t merge in 4-
PR3-c (cf. above).


3.3.2. Reaction profiles with energy corrections : In this sec-
tion, reaction profiles of all systems on the BP86/
TZVP(CE) level are discussed with a) no, b) zero-point and
c) free-energy (T=298.15 K) corrections. If not mentioned
explicitly, energies can be found in Table 1 and Figures 2
and 3.


For the hydroformylation sum reaction, the energy differ-
ences between intermediate 2 at the beginning and at the
end of the cycle correspond to the values of the hydroformy-
lation sum reaction (see last row of Table 1). After zero-
point correction, agreement with the experimental enthalpy
value of �125 kJmol�1 is sufficient.[1a] Since the number of
particles changes during the sum reaction from three to one,
the energy value is more than halved after free-energy cor-
rection.


For system a the associations 2!3/4!5 are far more exo-
thermic (2/3 of the sum reaction energy) than the insertions
3!4/5!6. Reductive elimination 7!2 has even lower exo-
thermicity, followed by dihydrogen addition 6A!7, which
is almost thermoneutral, whereas dihydrogen association
6!6A is clearly endothermic.


Beginning with the lowest barrier value, the ranking of
the four calculated transition states is 6A,7
(18.5 kJmol�1)!<7,2 (34.6 kJmol�1)!3,4 (46.9 kJmol�1)�
5,6 (51.0 kJmol�1).[54] If one does not consider 6A, the barri-
er of 6!7 comes very close to that of 7!2 (33.1 versus
34.6 kJmol�1).


Figure 3 compares BP86 and CCSD(T) energies. Up to
CO insertion transition state 5,6, agreement between the
two profiles is acceptable. Intermediate 6 alters this situa-
tion: Whereas 5!6 is predicted to be exothermic by BP86,
the CCSD(T) profile is endothermic. This discrepancy has
also been reported for a system with PH3 ligands.[17a] Transi-
tions 6!7 and 7!2 have inverted CCSD(T) thermochemis-
tries, too, and the value for the sum reaction differs by
about �35 kJmol�1. The CCSD(T) barriers are, with excep-
tion of 6A,7, up to 24.5 kJmol�1 (5,6) higher than the BP86
barriers. The graduation is more distinct, but the energetic
ranking is essentially identical: 6A,7!<7,2<3,4!5,6. The
discrepancies between BP86 and CCSD(T) energies may be
due to the different dependence of the methods on basis set
superposition errors.[55]


After zero-point correction, the exothermicities are re-
duced by up to 10.6 kJmol�1 (2!3), the same value by
which the endothermicity of 6!6A is raised. The transi-
tion-state ranking hardly changes (6A,7!<7,2!3,4<5,6).
After omission of 6A, however, the barrier of 6!7 be-
comes almost identical with that of 3!4 (40.8 versus
41.5 kJmol�1).


Figure 1. Selected isomers for the catalytic cycle with no (system a), one
[R=F, H, Me (systems b, c, and d)] or two (system c’) phosphane ligands.
Due to the schematic representation, isomers 6A are omitted in favour
of the identically coordinated complexes 7.
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As expected, the free-energy correction chiefly affects all
steps with significant entropic contributions, that is, 2!3,
4!5, 6!6A, 6!7 and 7!2. Step 7!2 is now the most ex-
ergonic reaction, 2!3 is weakly endergonic (see Sec-
tion 3.4.2) and 6!6A shows a strong increase of +


39.6 kJmol�1. If one neglects 6A, the barrier of 6!7 be-
comes the highest in the catalytic cycle (68.9 kJmol�1), fol-
lowed by that of 5!6 (49.2 kJmol�1).


For systems b±d (phosphane monocoordination), the most
obvious divergence from system a stems from 6!7 and 7!
2. Step 6!6A is rather thermoneutral, whereas 6A!7
shows increased exothermicity, so that 6!7 is thermoneu-
tral for b and exothermic for c and d. Step 7!2 is thermo-
neutral for b and endothermic for c and d. These opposite
effects on oxidative addition/reductive elimination by re-
placement of one CO ligand with a predominantly s-donat-
ing phosphane PR3


[24] can be explained by a general molecu-
lar orbital model.[56]


Going from b to d, the highest barrier is shifted from 5!
6 to 3!4, with a maximum difference of about 6 kJmol�1


(c), and the barriers of 6A!7 are lowered by the same
amount (c and d). In contrast to a, omission of 6A does not
lead to close approach of the barrier of 6!7 to that of 7!2.


Barrier variations correlating with Tolman values are not
evident. Thermodynamic trends can be observed for the as-
sociations 2!3/4!5 and the hydrogen addition 6!7: with
decreasing Tolman basicity, the exothermicities increase in
the former and decrease in the latter case, that is, in the
order d, c, b (see Section 3.4.2). For d, steric effects appa-
rently exert no influence on thermochemistry or barrier
heights.


After zero-point correction, the exothermicities are re-
duced by up to 10.3 kJmol�1 (b, 2!3), and the reaction en-
ergies of 6!6A are raised by about 13 kJmol�1. Conse-
quently, 6!6A is now clearly endothermic for c (+
11.0 kJmol�1), as is 6!7 for b (+12.5 kJmol�1). Other ther-
modynamic characteristics remain qualitatively unchanged,
as does the ranking of the transition states.


Similar to a, after free-energy correction 7!2 is now the
most exergonic reaction, whereas 6!6A shows a strong en-
dergonic shift. Therefore, 6!7 becomes endergonic also for
c and d. If one does not consider 6A, the barrier of 6!7
for b and d is the highest in the catalytic cycle; for c it lies
above that of 7!2.


System c’ (phosphane bis-coordination) differs conspicu-
ously from c in 6!7 and 7!2. Hydrogen addition in c’ is
also–owing to the almost zero barrier of 6A!7–the most


Figure 2. Reaction profiles of all systems at the BP86/TZVP(CE) level
with a) no, b) zero-point and c) free-energy corrections (T=298.15 K).


Figure 3. Reaction profiles of system a at the BP86/TZVP(CE) and
CCSD(T)//BP86 levels without energy correction.
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favourable for all systems studied here. On the other hand,
7!2 for c’ has the highest endothermicity and the highest
barrier (cf. above). Barriers for 3!4, 5!6 and 6A!7
merge with their counterparts in c to within 5 kJmol�1; the
values of the first two are nearly identical.


Relative to 2, all energies of c’ versus c are lower, with a
maximum difference of �19.7 kJmol�1 for intermediate 7.
Note, however, that 2-(PH3)2-ct is destabilised versus 2-PH3-t
by +49.0 kJmol�1 (cf. Section 3.2 and Scheme 3). A possible
transition from c to c’, as chosen by Morokuma et al.,[12] 4-
PH3-c+PH3!5-(PH3)2-ee (see Figure 1), recoups
�45.4 kJmol�1, but the CO addition within c, 4-PH3-c+
CO!5-(PH3)2-e (see Figure 1), gives �85.5 kJmol�1.
Though these gaps between c’ and c move together for li-
gands other than PH3 (cf. Section 3.2), industrial CO pres-
sures of more than 1MPa[1a] should support phosphane mono-
coordination.


With inclusion of zero-point and free-energy corrections
the trends are similar to system c (cf. above).


3.3.3. Connections to experimental observations and former
calculations : The deviating profiles for 6!7 explain why the
rate of the unmodified system a responds positively (in first
order) towards hydrogen pressure,[57] whereas the influence
of hydrogen on modified catalysts becomes zero with in-
creasing phosphane concentration,[46] that is, supersession of
in situ generated unmodified species in favour of phosphane
mono- or even bis-coordination (cf. Section 3.1).


Inhibiting effects of high CO pressure and/or phosphane
concentration can be attributed to the exothermic associa-
tions 2!1 (trapping of the active species) or 6!9 (see
Scheme 2).[2,46] Furthermore, in addition to the instability of
[HRh(CO)4] towards cluster formation (cf. Section 3.1), for
a the combination of an exothermic and unhindered reac-


Table 1. Relative energies [kJmol�1] of the whole catalytic cycle (see Scheme 2) for systems a±d at the BP86/TZVP(CE) level with no (first line of each
row), zero-point (second line of each row) and free-energy (T=298.15 K, third line of each row) corrections. For system a, additional CCSD(T)//BP86)
single-point energies are given after slashes. Values in parentheses belong to single reaction steps; those in italics refer to steps with calculated transition
states. Thermodynamic reaction energies are in boldface.


system a system b system c system d system c’


2 0[a] 0[b] 0[c] 0[d] 0[e]


3 �55.8/�80.6 �66.2 �60.1 �56.4 �67.1
�45.2 �55.9 �51.1 �47.4 �58.0
+4.5 �19.6 �6.9 +0.2 �9.8


3,4 �8.9 (46.9)/�18.5 (62.1) �20.0 (46.2) �5.1 (55.0) �4.0 (52.4) �15.4 (51.7)
�3.7 (41.5) �14.8 (41.1) �0.9 (50.2) �0.1 (47.3) �10.9 (47.1)


+43.4 (38.9) +26.9 (46.5) +44.2 (51.1) +51.2 (51.0) +37.6 (47.4)
4 �82.2 (�26.4)/�95.1 (�14.5) �81.5 (�15.3) �82.1 (�22.0) �81.3 (�24.9) �83.0 (�15.9)


�64.0 (�18.8) �63.8 (�7.9) �64.8 (�13.7) �62.5 (�15.1) �65.0 (�7.0)
�18.4 (�22.9) �24.5 (�4.9) �23.5 (�16.6) �15.1 (�15.3) �19.0 (�9.2)


5 �153.6 (�71.4)/�167.0 (�71.9) �173.1 (�91.6) �167.6 (�85.5) �159.8 (�78.5) �176.5 (�93.5)
�147.8 (�84.0) �143.2 (�78.4) �134.3 (�71.8) �152.3 (�87.3)


�128.4 (�64.4) �68.8 (�44.3) �59.4 (�35.9) �47.4 (�32.3) �66.3 (�47.3)
�39.9 (�21.5)


5,6 �102.6 (51.0)/�91.5 (75.5) �125.5 (47.6) �118.2 (49.4) �110.4 (49.4) �125.6 (50.9)
�79.3 (49.1) �101.6 (46.2) �95.7 (47.5) �86.4 (47.9) �103.5 (48.8)
+9.3 (49.2) �20.9 (47.9) �10.8 (48.6) +1.7 (49.1) �17.6 (48.7)


6 �182.8 (�29.2)/�146.0 (+21.0) �186.9 (�13.8) �177.8 (�10.2) �180.0 (�20.2) �184.4 (�7.9)
�158.0 (�10.2) �149.5 (�6.3) �150.8 (�16.5) �156.6 (�4.3)


�153.3 (�24.9) �79.6 (�10.8) �66.8 (�7.4) �65.9 (�18.5) �72.0 (�5.7)
�66.0 (�26.1)


6A �168.2 (+14.6)/�147.5 (�1.5) �181.1 (+5.8) �180.2 (�2.4) �176.5 (+3.5) �192.9 (�8.5)
�139.5 (+18.5) �138.5 (+11.0) �134.7 (+16.1) �150.9 (+5.7)


�128.1 (+25.2) �32.0 (+47.6) �24.6 (+42.2) �18.1 (+47.8) �35.0 (+37.0)
�11.8 (+54.2)


6A,7[f] �149.7 (18.5)/�134.6 (11.4) �168.9 (12.2) �173.7 (6.5) �170.0 (6.5) �190.1 (2.8)
�112.5 (15.6) �131.8 (7.7) �136.1 (2.4) �132.0 (2.7) �152.1 (�1.2)
+2.9 (14.7) �22.7 (9.3) �20.2 (4.4) �13.7 (4.4) �34.4 (0.6)


7 �172.9 (�4.7)/�162.7 (�16.7) �189.6 (�8.5) �199.4 (�19.2) �200.6 (�24.1) �219.1 (�26.2)
�145.5 (�6.0) �154.4 (�15.9) �155.5 (�20.8) �174.0 (�23.1)


�128.8 (�0.7) �35.3 (�3.3) �37.8 (�13.2) �36.1 (�18.0) �58.9 (�23.9)
�11.7 (+0.1)


7,2 �138.3 (34.6)/�118.1 (44.6) �151.0 (38.6) �160.2 (39.2) �165.3 (35.3) �176.7 (42.4)
�98.2 (30.6) �110.6 (34.9) �119.4 (35.0) �123.8 (31.7) �134.7 (39.3)
+19.5 (31.2) +0.1 (35.2) �3.6 (34.2) �3.7 (32.4) �17.3 (41.6)


2 �190.2 (�17.3)/�153.0 (+9.7) �190.2 (�0.6) �190.2 (+9.2) �190.2 (+10.4) �190.2 (+28.9)
�144.7 (+0.8) �144.7 (+9.7) �144.7 (+10.8) �144.7 (+29.3)


�144.7 (�15.9) �81.4 (�46.1) �81.4 (�43.6) �81.4 (�45.3) �81.4 (�22.5)
�81.4 (�69.7)


[a] Reference is 2-CO (see Section 3.3.1 and Figure 1). [b] Reference is 2-PF3-t (see Section 3.3.1 and Figure 1). [c] Reference is 2-PH3-t (see Section 3.3.1
and Figure 1). [d] Reference is 2-PMe3-t (see Section 3.3.1 and Figure 1). [e] Reference is 2-(PH3)2-ct (see Section 3.3.1 and Figure 1). [f] Barrier values
relative to 6A.
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tion 6!9[58] with the endothermic and rather hindered hy-
drogen addition 6!7 (cf. above) may be the reason why 9
and not 1 (see Scheme 2) is the resting state during cataly-
sis.[57]


For all systems 6A!7 has the lowest calculated barrier in
the cycle (2.8 (c’) to 18.5 kJmol�1 (a) at the uncorrected
BP86/TZVP(CE) level). Neglecting 6A, the position of the
hydrogen-addition barrier changes markedly after free-
energy correction, but the qualitative differences between
the systems remain constant (cf. above). The next in rank is
7!2 [35.3 (d) to 44.6 kJmol�1 (a)], while the barriers of in-
sertions 3!4/5!6 jointly amount to values of around
50 kJmol�1. This order was already found in previous theo-
retical studies,[12,17a] but the experimentally disproved as-
sumption that step 6!7 is always rate-determining[2,46,59, 60]


was defended in terms of possible solvent coordination to 6.
However, interactions of this kind could not be detected
spectroscopically.[46] An ethene adduct of the unmodified
complex 6, C2H4 + 6![C3H5ORh(CO)3(C2H4)], was postu-
lated recently.[61] There may be a connection to the kinetics
of ethene saturation or even inhibition at very low phos-
phane concentrations.[46] For more relevant higher phos-
phane concentrations the rate dependence on ethene is first-
order.[46] Since increasing CO pressure then lowers the cata-
lytic turnover (cf. above), CO insertion 5!6 has been ruled
out as rate-determining in favour of ethene association/in-
sertion 2!3/3!4.[46] It must be stressed, however, that ™hy-
droformylation reactions are extremely sensitive to experi-
mental conditions∫.[2] The model character of our systems
thus prevents an unequivocal statement about the step with
the highest reaction barrier. Nevertheless, we agree with
mechanistic studies that the activity race should be mainly
decided before hydrogen addition 6!7.


3.4. Early catalytic steps: The catalytic cycle as a whole
does not give a clear picture about activity differences be-
tween the systems. Especially the presumed better perform-
ances of unmodified system a and system b with the least
basic phosphane ligand (cf. Introduction) are still obscure.
With regard to the discussion in Section 3.3.2 we now take a
closer look at the first two steps, ethene association/insertion


2!3/3!4. This is also justified by the fact that insertion of
higher olefins into the rhodium±hydride bond has proven to
be decisive for hydroformylation selectivity (see
Scheme 1).[2,4±9,16, 17]


3.4.1. Ethene insertion : Energies with the alternative active
species 2-PR3-c/2-(PH3)2-cc (cf. Section 3.3.1) are listed in
Table 2.


The exothermicities of 3!4 for b, c and c’ are less pro-
nounced than for 2-PR3-t/2-(PH3)2-ct (see Table 1). Thus, to
an even greater extent b gains the lowest and a the highest
value. In contrast to 2-PR3-t/2-(PH3)2-ct, the barriers for b, c
and d increase with increasing Tolman basicity. The values
for b and c are lower by up to 10 kJmol�1, and those for d
and c’ increase by less than 5 kJmol�1. System a now reaches
only the barrier level of c, while in the case of 2-PR3-t/2-
(PH3)2-ct the lowest value was shared by a and b. Ethene in-
sertion therefore offers thermodynamic advantages for a,
but kinetic preferences for b.


3.4.2. Ethene association : The stabilisation of 2-PR3-c/2-
(PH3)2-cc versus 2-PR3-t/2-(PH3)2-ct (up to �10.0 kJmol�1,
see first row of Table 2) is for c and d nearly compensated
by the lower exothermicities of 2!3 (see second row of
Table 1 and Table 2, respectively).


Free-energy correction reduces the exothermicities drasti-
cally. For 2-CO and 2-PMe3-c/t the association even be-
comes thermoneutral or weakly endothermic. However, the
ranking for 2-PR3 (beginning with the lowest exothermicity)
remains qualitatively almost the same; for 2-PR3-c it is
PMe3�CO<PH3 !PF3, and for 2-PR3-t CO�PMe3<


PH3 !PF3.
[54] Decreasing Tolman basicity is therefore ex-


pected to make olefin association more exothermic, which,
together with the partially decreasing barriers of 3!4 (cf.
Section 3.4.1), may rationalise the higher activity of systems
with less basic phosphanes. Unfortunately, this argumenta-
tion cannot explain the outstandingly high activity of a, for,
in spite of a moderate subsequent insertion barrier (cf. Sec-
tion 3.4.1), the association energy of 2-CO is comparatively
unfavourable. A similar dilemma is posed by the low activity
of systems with two monophosphane ligands or chelates:[2]


Table 2. Relative energies [kJmol�1] of 2!3/3!4 for the alternative active species 2-PR3-c/2-(PH3)2-cc of systems b±d on the BP86/TZVP(CE) level
with no (first line of each row), zero-point (second line of each row), and free energy (T=298.15 K, third line of each row) corrections (see also
Table 1).


system a system b system c system d system c’


2 0[a] +0.0[b] �4.9[c] �10.0[d] �7.8[e]


+0.0[b] �4.5[c] �9.9[d] �6.2 [e]


�7.5[b] �3.6[c] �8.6[d] �2.9[e]


3 �55.8 �75.5 (�75.5) �62.2 (�57.3) �57.0 (�47.0) �68.0 (�60.2)
�45.2 �64.8 (�64.8) �52.5 (�48.0) �47.3 (�37.4) �57.5 (�51.3)
+4.5 �23.3 (�15.8) �7.1 (�3.5) +1.4 (+7.2) �9.0 (�6.1)


3,4 �8.9 (46.9) �35.2 (40.3) �16.2 (46.0) �1.5 (55.5) �13.6 (54.4)
�3.7 (41.5) �29.3 (35.5) �11.9 (40.6) +3.8 (51.1) �8.8 (48.7)


+43.4 (38.9) +12.1 (35.4) +33.7 (40.8) +50.0 (51.4) +39.4 (48.4)
4 �82.2 (�26.4) �81.5 (�6.0) �82.1 (�19.9) �81.3 (�24.3) �71.1 (�3.1)


�64.0 (�18.8) �63.8 (+1.0) �64.8 (�12.3) �62.5 (�15.2) �55.4 (+2.1)
�18.4 (�22.9) �24.5 (�1.2) �23.5 (�16.4) �15.1 (�16.5) �11.9 (�2.9)


[a] Reference is 2-CO (see Section 3.3.1 and Figure 1). [b] Reference is 2-PF3-t (see Section 3.3.1 and Figure 1). [c] Reference is 2-PH3-t (see Section 3.3.1
and Figure 1). [d] Reference is 2-PMe3-t (see Section 3.3.1 and Figure 1). [e] Reference is 2-(PH3)2-ct (see Section 3.3.1 and Figure 1).
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although the ethene-insertion barriers of the model system
c’ are rather high (see Tables 1 and 2), the association
energy of 2-(PH3)2-ct is similar to that of 2-PF3-t, and in the
case of 2-(PH3)2-cc it is comparable to that of 2-PH3-c.


Since substrate capture is indispensable for catalysis, the
question arises whether the catalytic activity is controlled by
reaction barriers of 2!3, the more so as the olefin concen-
tration is low under normal experimental conditions.[46] The
only published transition states 2,3 belong to systems with a
chelating bis-phosphane ligand and have been reported
without geometry information.[18] To obtain a first overview
of the potential energy surface we performed a series of
0.3 ps CPMD simulations under NVE conditions. The start-
ing geometries are depicted in Scheme 4.


Ethene was arranged parallel (p) or vertical (v) with re-
spect to the rhodium±hydride bond of 2 (further geometrical
parameters are given in Scheme 4). The initial distance X
between Rh and the pseudoatom CP was set to 3.0 and
3.5 ä, respectively, and the starting temperature was T=


0 K. These unified ™reaction conditions∫ are rather far from
experiment, but they give hints on the capability of 2 for
substrate capture: ethene will either associate (+ ) or move
away (�) (Table 3).


In five isomers–2-PH3-c, 2-PMe3-c, 2-PMe3-t, 2-(PH3)2-ct
and 2-(PH3)2-cc–association is apparently hindered. Static
transition-state searches for 2,3 indeed converged only in
these cases.[62] The transition-state geometries are essentially
similar and nearer to the v arrangement (Table 4 and
Figure 4).


The distance X lies between 3.27 (2,3-(PH3)2-cc) and
3.57 ä (2,3-PH3-c), and C1-CP-Rh-H0 ranges from +62.458


(2,3-PMe3-t) to +73.148 (2,3-(PH3)2-ct). H1-C1-CP-Rh devi-
ates for the latter two transition states significantly from
�908, that is, ethene is tilted with respect to the Rh�H0


bond.
Transition-state energies in Table 4 are almost exclusively


composed of entropic contributions. Steric strain seems to
raise them if one compares the values of 2,3-PMe3-c versus
2,3-PMe3-t, 2,3-(PH3)2-cc versus 2,3-(PH3)2-ct or the ener-


Scheme 4. Starting geometries for CPMD simulations of the olefin associ-
ation 2!3.


Table 3. Positive (+) or negative (�) olefin association tendencies in re-
action 2!3 during 0.3 ps CPMD simulations under NVE conditions (see
Scheme 4 and text).


R 2-CO!
3-CO[a]


2-PR3-c!
3-PR3-e


[a]
2-PR3-t!
3-PR3-a


[a]
2-(PR3)2-ct!
3-(PR3)2-ae


[a]
2-(PR3)2-cc!
3-(PR3)2-ee


[a]


±
(a)


3.0 ä/p
(+)


± ± ± ±


3.0 ä/v
(+)


3.5 ä/p
(+)


3.5 ä/v
(+)


F
(b)


± 3.0 ä/p
(+)


3.0 ä/p
(+)


± ±


3.0 ä/v
(+)


3.0 ä/v
(+)


3.5 ä/p
(+)


3.5 ä/p
(+)


3.5 ä/v
(+)


3.5 ä/v
(+)


H
(c)


± 3.0 ä/p
(+)


3.0 ä/p
(+)


3.0 ä/p
(+)


3.0 ä/p
(+)


3.0 ä/v
(+)


3.0 ä/v
(+)


3.0 ä/v
(�)


3.0 ä/v
(+)


3.5 ä/p
(�)


3.5 ä/p
(+)


3.5 ä/p
(�)


3.5 ä/p
(�)


3.5 ä/v
(�)


3.5 ä/v
(+)


3.5 ä/v
(�)


3.5 ä/v
(�)


Me
(d)


± 3.0 ä/p
(�)


3.0 ä/p
(�)


± ±


3.0 ä/v
(�)


3.0 ä/v
(+)


3.5 ä/p
(�)


3.5 ä/p
(�)


3.5 ä/v
(�)


3.5 ä/v
(�)


[a] See Section 3.3.1 and Figure 1.


Table 4. Energies E [kJmol�1] and geometrical parameters (see Scheme 4
and Figure 4) for the localised transition states 2,3.


2,3-PH3-
c


2,3-PMe3-
c


2,3-PMe3-
t


2,3-(PH3)2-
ct


2,3-(PH3)2-
cc


E[a] +0.4 +3.4 �5.1 +0.4 +5.7
+2.2 +5.6 �2.8 +1.8 +7.6


+35.2 +42.4 +34.9 +35.8 +42.7
X [ä] 3.57 3.34 3.49 3.51 3.27
C1-CP-Rh 57.42 60.12 54.91 55.15 64.46
CP-Rh-H0 91.32 93.14 91.78 93.19 91.19
CP-Rh-AL 108.77 104.77 112.39 111.74 105.70
H1-C1-CP-
Rh


�98.19 �95.63 �51.86 �65.23 �92.58


C1-CP-Rh-
H0


+63.49 +68.42 +62.45 +73.14 +67.10


[a] BP86/TZVP(CE) level with no (first line), zero-point (second line) and
free-energy (T=298.15 K, third line) corrections.


Figure 4. Structure of the localised transition state 2,3-PH3-c (see
Scheme 4 and Table 4).
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gies for the bis-phosphane systems (ca. 20 kJmol�1 before
and 80 kJmol�1 after free energy correction).[18] One could
argue that steric bulk is exclusively responsible for the barri-
ers, but there must be also an influence of electronic factors,
as is demonstrated by the apparent lack of 2,3-PF3-c. In the
case of real-size phosphane ligands, however, 2,3 should
always exist.


Taking into account transition states for ethene associa-
tion gives the only consistent explanation for expected activ-
ity differences: The performance of a is then chiefly the con-
sequence of unhindered olefin association, while phosphane-
modified systems suffer from association barriers which
depend on the steric demand (modelled by d and c’), and
for ligands with similar size but variable Tolman basicity
(substituted arylphosphanes, modelled by b and c) the ther-
mochemistry is decisive.


4. Conclusion


Static and dynamic quantum-mechanical approaches at dif-
ferent levels of theory allow several valuable statements to
be made regarding the catalytic activity of four rhodium hy-
droformylation sytems a±d, distinguished by phosphane
modification and corresponding phosphane (Tolman) basici-
ty:


1) In agreement with mechanistic studies, phosphane mono-
coordination in systems b±d is estimated to be predomi-
nant during catalysis.


2) The greater sensitivity of the unmodified system a to-
wards hydrogen pressure and its different resting state
can be explained by a less favourable energy profile of
hydrogen addition 6!7. Although the model character
of our systems prevents an unequivocal statement about
the step with the highest reaction barrier, the experimen-
tally disproved assumption that 6!7 is always rate-de-
termining is also questioned by our calculations. CO/
olefin insertions 5!6/3!4 are favoured instead, and the
preference of early catalytic steps matches conclusions
drawn from experiment.


3) Neither the catalytic cycle as a whole nor olefin insertion
3!4 as an important selectivity-determining step gives a
clear picture about activity differences among systems a±
d. Yet if one focuses the activity discussion on the crucial
first catalytic step, olefin association 2!3, new light is
thrown on the experimentally observed higher activity of
a and systems with less basic phosphane ligands, model-
led by b. For a, no transition state 2,3 could be found by
a combination of dynamic and static calculations, and
the association is barrierless. On the other hand, transi-
tion states should always exist for systems modified by
real-size phosphane ligands, that is, the substrate will
sometimes not be captured and move away, which ham-
pers the catalytic activity. Olefin association concurrently
becomes thermodynamically more favoured with de-
creasing Tolman basicity, that is, in the order d, c, b. The
catalytic performance thus depends on a subtle interplay
of kinetic and thermodynamic factors.
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Synthesis of (E)-a-Hydroxy-b,g-Unsaturated Amides with High Selectivity
from a,b-Epoxyamides by Using Catalytic Samarium Diiodide or Triiodide


Josÿ M. ConcellÛn,* Pablo L. Bernad, and Eva Bardales[a]


Introduction


The isomerisation of oxiranes[1] to allylic alcohols is a valua-
ble transformation in organic synthesis and has been accom-
plished by a variety of reagents including 1) organoselenium
compounds,[2] 2) dialkylaluminum amides,[3] 3) alkylboron
trifluoromethanesulfonates,[4] 4) silyl iodides,[5] 5) boron tri-
fluoride etherate[6] and 6) various dialkylamides.[7] These re-
agents have their own limitations, including poor yields or
diastereoselectivity, and failure to react with certain types of
oxiranes. However, transformations of a,b-epoxycarbonyl
compounds into a-hydroxy-b,g-unsaturated carbonyl com-
pounds have been very scarcely reported, and in these cases
the C=C bond is generated with low diastereoselectivity.[8]


In addition to the best of our knowledge, no transformation
of oxiranes into allylic alcohols, with catalytic SmI2 or SmI3
has been described, and only two examples of the synthesis
of a-hydroxy-b,g-unsaturated amides have been reported.[9]


On the other hand, a-hydroxyamides show synthetic po-
tential,[10] and some possess anticancer properties.[11] More-
over, the allylic alcohol moiety is an important building
block in organic synthesis.[12] For these reasons, synthesis of
a-hydroxy-b,g-unsaturated amides[13] are of much interest.


We recently reported a new methodology to obtain aro-
matic a-hydroxyamides from a,b-epoxyamides,[14] and a,b-
unsaturated esters from a,b-epoxy esters[15] by using samari-
um diiodide. We describe a novel synthesis of (E)-a-hy-


droxy-b,g-unsaturated amides starting from readily available
a,b-epoxyamides 1, in which the oxirane ring is tetra- or tri-
substituted, by using catalytic amounts of SmI2 or SmI3. This
transformation can also be carried out by using catalytic
amounts of SmI2 generated in situ from a mixture of samari-
um powder and diiodomethane. The new C=C double bond
is generated with high to total regio- and E stereoselectivity.
A mechanism has been proposed to explain this transforma-
tion. Finally, one example of cyclopropanation of the ob-
tained a-hydroxy-b,g-unsaturated amides, has also been per-
formed to demonstrate their synthetic applications.


Results and Discussion


Preparation of (E)-a-hydroxy-b,g-unsaturated amides by
using catalytic samarium diiodide or triiodide: The reaction
was first attempted with 2.5 equivalents of SmI2 in THF at
room temperature (RT). Treatment of aromatic a,b-epoxy-
amides in which the oxirane ring is tri- or tetrasubstituted,
with 2.5 equivalents of SmI2 in THF,[16] gave a mixture of
(E)-a-hydroxy-b,g-unsaturated amides and a,b-unsaturated
amides.[17] When lower amounts of SmI2 were used, higher
yields of (E)-a-hydroxy-b,g-unsaturated amides were ob-
tained, and consequently the yield of a,b-unsaturated
amides decreased. Thus, treatment of a,b-epoxyamides with
0.5 equivalents of SmI2 in THF at RT gave (E)-a-hydroxy-
b,g-unsaturated amides as the only product, in high yield,
and generated the C=C double bond with high diastereose-
lectivity (Scheme 1 and Table 1). When the amount of SmI2
was decreased to 0.2 equivalents, similar results were ach-
ieved.[18]


Tri- or tetrasubstituted a,b-epoxyamides 1 were prepared
by reacting the lithium enolate of chloroamides (generated


[a] Dr. J. M. ConcellÛn, Dr. P. L. Bernad, Dr. E. Bardales
Departamento de QuÌmica Orgµnica e Inorgµnica
Facultad de QuÌmica, Universidad de Oviedo
E-33071 Oviedo (Spain)
Fax: (+34)98-510-3446
E-mail : jmcg@sauron.quimica.uniovi.es


Abstract: The highly stereoselective
synthesis of (E)-a-hydroxy-b,g-unsatu-
rated amides starting from a,b-epoxy-
amides, by using catalytic SmI2 or
SmI3, was achieved. This transforma-
tion can also be carried out by using
SmI2 generated in situ from samarium


powder and diiodomethane. The start-
ing compounds 1 are easily prepared
by the reaction of enolates derived


from a-chloroamides with ketones at
�78 8C. A mechanism to explain this
transformation has been proposed. Cy-
clopropanation of (E)-a-hydroxy-b,g-
unsaturated amides has been per-
formed to demonstrate their synthetic
applications.


Keywords: amides ¥ homogenous
catalysis ¥ isomerization ¥ samarium
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by treatment of a-chloroamides with lithium diisopropyl-
amide at �85 8C) with different ketones at �78 8C, and
warming the reaction mixture to RT (Scheme 2).


The same isomerisation reaction from a,b-epoxyesters, by
using SmI2, was not observed and a,b-unsaturated esters


were isolated instead of the corresponding a-hydroxy-b,g-
unsaturated esters.[15] In the case of a,b-epoxyamides the re-
action seems to be general and a-hydroxy-b,g-unsaturated
amides 2 can be obtained from tri- or tetrasubstituted a,b-
epoxyamides[19] with the oxirane ring bearing aliphatic or ar-
omatic substituents (Table 1). However, no reaction took


place starting from tetrasubstituted a,b-epoxyamides with
R1=Ph and R4= iPr (R2=Me and Et, R3=Me), and the
starting compound 1 was recovered.


The diastereoisomeric excess of the generated C=C
double bond was determined on the crude reaction products
by GC-MS and 1H NMR spectroscopy, and the E stereo-
chemistry of the b,g-unsaturated amides 2 was assigned by
NOESY experiments on products 2e and 2 f. The stereo-
chemistry of the other compounds 2 was assigned by analo-
gy.


Better diastereoselectivity was obtained when starting
from tetrasubstituted rather than trisubstituted a,b-epoxy-
amides. In this case, higher diastereoselectivity was obtained
at lower temperatures (Table 1, entries 2±5). It is worth
noting that although 1:1 mixtures of diastereoisomers of
starting compounds 1 were used in these reactions, the
double bonds of amides 2 were obtained with high or total
E stereoselectivity.


When R1 and R2 in the epoxyamides 1 have hydrogen
atoms at Cg what can be eliminated, two regioisomers a-hy-
droxy-b,g-unsaturated amides are possible. For this reason,
the regioselectivity of the reaction was also studied. Thus,
when an internal or terminal C=C double bond could be
generated, the reaction led to an internal thermodynamical-
ly more stable alkene as the major product (Table 2).
Higher regioselectivity was also obtained at lower tempera-
tures (Table 2). The regioselectivity of the reactions from 1g
and 1 i and the structure of the major product were deter-
mined by NMR spectroscopy.


The reaction of epoxyamides at low temperature (�50 8C
or �78 8C) was carried out using higher amounts of SmI2
(see Table 1, entries 5, 10 and 12, and Table 2, entries 2, 3
and 5) as very long reaction times were necessary when
using lower amounts of SmI2. The reaction time in the case
of tetrasubstituted epoxyamides at low temperatures was
longer than those from trisubstituted epoxyamides (Table 1,
entries 4 and 10), probably due to steric hindrance.


The transformation of epoxyamides 1 into 2 can also be
carried out with SmI3, instead of SmI2, and similar yields


Abstract in Spanish: Se describe la sÌntesis con alta estereose-
lectividad de (E)-a-hidroxiamidas-b,g-insaturadas a partir de
a,b-epoxiamidas, mediante el empleo de diyoduro o triyodu-
ro de samario catalÌtico. Esta transformaciÛn se puede llevar
a cabo con diyoduro de samario generado in situ a partir de
samario en polvo y diyodometano. Los productos de partida
1 son fµcilmente preparados por tratamiento de a-cloroami-
das con cetonas a �78 8C. Se propone un mecanismo para ex-
plicar el proceso. Se ha llevado a cabo la ciclopropanaciÛn
de (E)-a-hidroxiamidas-b,g-insaturadas para demostrar sus
aplicaciones sintÿticas.


Scheme 1. Synthesis of (E)-a-hydroxy-b,g-unsaturated amides 2.


Table 1. Synthesis of (E)-a-hydroxy-b,g-unsaturated amides 2.


Entry[a] 2 R1 R2 R3 R4 t [h] T [8C] de [%][b] Yield [%][c]


1 2a H Ph H iPr 2 25 ± 91
2 2b Et Ph H iPr 0.166 25 47 76
3 2b Et Ph H iPr 0.166 �25 66 74
4 2b Et Ph H iPr 0.166 �50 71 74
5[d] 2b Et Ph H iPr 2 �78 80 74


6 2c H Et 2 25 ± 84


7 2d H Ph Me Et 2 25 ± 67
8 2e Me Et Me Et 2 25 >98 82
9 2 f Me Ph Me Et 2 25 >98 71


10[e] 2g allyl Me Me Et 12 �50 >98 42
11 2h -(CH2)4- Me Et 2 25 ± 86
12[e] 2 i C5H11 Me Me Et 12 �50 >98 45


[a] Unless otherwise noted, reactions were carried out with 0.5 equivalents of SmI2. [b] Diastereoisomeric excess (de) was determined by GC-MS, and
300 MHz 1H and 13C NMR analysis of the crude products. [c] Isolated yield after column chromatography based on compound 1. [d] The reaction was
carried out with 1 equivalent of SmI2. [e] The reaction was carried out with 2 equivalents of SmI2.


Scheme 2. Synthesis of a,b-epoxyamides 1.
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were obtained. However, SmI2 is preferred because cleaner
products 2 are obtained. Probably, the lower solubility of
SmI3 in THF relative to that of SmI2 could explain this
result (see below in the section on the mechanism).


Synthesis of (E)-a-hydroxy-b,g-unsaturated amides by using
samarium diiodide generated in situ: A limitation of the
synthetic applications of SmI2 is its high sensitivity to oxida-
tion by air that requires careful manipulation and storage.
For these reasons, the use of the cheaper and more stable
metallic samarium is more desirable. Thus, SmI2 can be pre-
pared in situ (for example, from diiodomethane and powder
metallic samarium) in the presence of the starting organic
compound,[20] and the total reaction time (generation of
SmI2 + reaction of SmI2) is then shorter than that obtained
by using pre-formed SmI2.


For this reason, an easier and simpler methodology to
prepare (E)-a-hydroxy-b,g-unsaturated amides has been de-
veloped, by using SmI2 generated in situ from a mixture of
metallic Sm and diiodomethane. Results in Table 3 show
that similar yields and diastereoisomer excess were obtained
using this methodology.


Functional groups of compounds 2 have very different re-
activities, and consequently they can be transformed selec-
tively into other products. To illustrate this potential, com-
pound 2e was cyclopropanated owing to the properties,[21]


synthetic usefulness,[22] and applications in mechanistic stud-
ies[23] of the cyclopropyl group. Moreover, cyclopropane de-
rivatives with hydroxy and carboxyl functionalities have im-
portant biological effects.[24] Thus, cyclopropanation of the
C=C double bond of 2e was carried out in 71% yield with a


mixture of Sm and CH2I2 by
using a stereospecific methodol-
ogy previously described
(Scheme 3).[25]


Mechanism: The synthesis of
product 2 could be explained
(Scheme 4) by assuming that it
is produced by catalytic SmI3.


[26]


Thus, the reaction is initiated
by the coordination of samari-


um with both oxygen atoms of
1. The coordination of samari-
um with the oxirane ring produ-
ces a similar effect to that of a
Lewis acid, and facilitates its
opening. This initial chelation is
favoured by the electron-donat-
ing capacity of the nitrogen
atom and could explain the ab-
sence of isomerisation of a,b-
epoxyesters. An abstraction of
a proton bonded to a Cg atom,
by a base (for example alkoxy-


samarium species), produces the oxirane ring-opening, af-
fording 4. Tentatively, we propose an anti-elimination pro-
cess of a proton from the Cg position resulting in the two
possible transition states I and II (Scheme 4, and Figure 1).
Transition state I would be preferred due to the lack of
steric hindrance between the R1 and CR3OCONR4


2 groups.
Elimination from I affords a trisubstituted (E)-a-hydroxy-
b,g-unsaturated amide 2. A product-like transition state
could justify the preferential formation of the more thermo-


Table 2. Regioselectivity of the synthesis of (E)-a-hydroxy-b,g-unsaturated amides 2 (R2=R3=Me, R4=Et).


Entry[a] 2 R1 t [h] T [8C] Ratio[b] de [%][c] Yield [%][d]


1 2g allyl 0.5 25 1:1 >98 54
2[e] 2g allyl 12 �50 5:1 >98 42
3[e] 2 i C5H11 12 �50 5:1 >98 45
4 2 i C5H11 0.5 25 1:1 >98 61
5[f] 2 i C5H11 48 �25 3:1 >98 61


[a] Unless otherwise noted, reactions were carried out with 0.5 equivalents of SmI2. [b] Ratio of internal/termi-
nal C=C double bonds Determined by 300 MHz 1H and 13C NMR analysis of the crude products. [c] Diaster-
eoisomeric excess (de) determined by GC-MS, and 300 MHz 1H and 13C NMR analysis of the crude products.
[d] Isolated yield after column chromatography based on compound 1. [e] The reaction was carried out with
2 equivalents of SmI2. [f] The reaction was carried out with 1 equivalent of SmI2.


Table 3. Synthesis of (E)-a-hydroxy-b,g-unsaturated amides 2 by using SmI2 generated in situ.


Entry[a] 2 R1 R2 R3 R4 de [%][b] Yield [%][c]


1 2a H Ph H iPr ± 69


2 2c H Et ± 85


3 2d H Ph Me Et ± 72
4 2e Me Et Me Et >98 82
5 2 f Me Ph Me Et >98 68


[a] Reactions were carried out with 0.5 equivalents of SmI2 at 25 8C for 2 h. [b] Diastereoisomeric excess (de)
determined by GC-MS, and 300 MHz 1H and 13C NMR analysis of the crude products. [c] Isolated yield after
column chromatography based on compound 1.


Scheme 3. Cyclopropanation of compound 2e.


Scheme 4. Mechanistic proposal for the synthesis of (E)-a-hydroxy-b,g-
unsaturated amides.
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dynamically stable product containing the C=C double bond
in an internal position.


Conclusion


We have described a simple and general methodology to
obtain (E)-a-hydroxy-b,g-unsaturated amides by treatment
of tri- or tetrasubstituted a,b-epoxyamides with catalytic
SmI2 or SmI3. These elimination reactions proceed with
total or high diastereoselectity and regioselectivity, and a
mechanism to explain these results has been proposed. This
isomerisation reaction can also be carried out by using SmI2
generated in situ. Cyclopropanation of the b,g-unsaturated
amides has also been carried out to illustrate their synthetic
applications.


Experimental Section


General : Reactions requiring an inert atmosphere were conducted under
dry nitrogen, and the glassware was oven dried at 120 8C. THF was distil-
led from sodium/benzophenone immediately prior to use. All reagents
were purchased from Aldrich or Merck and were used without further
purification. Samarium diiodide was prepared by reaction of CH2I2 with
samarium powder.[16] Silica gel for flash chromatography was purchased
from Merck (200î450 mesh), and compounds were visualised on analyti-
cal thin-layer chromatograms (TLC) by UV light (254 nm). 1H NMR
spectra were recorded at 200 or 300 MHz. 13C NMR spectra and DEPT
experiments were determined at 50 or 75 MHz. Chemical shifts are given
in ppm relative to tetramethylsilane (TMS), which was used as an inter-
nal standard, and coupling constants (J) are reported in Hz. GC-MS and
HRMS were measured at 70 eV or by using FAB conditions. When
HRMS could not be measured on molecular ion the HRMS of a signifi-
cant fragment is given. Only the most important IR absortions (cm�1)
and the molecular ions and/or base peaks in MS are given.


General procedure for the synthesis of 2,3-epoxyamides (1): Lithium dii-
sopropylamide [prepared from MeLi (3.2 mL of 1.5m solution in diethyl
ether, 5 mmol) and diisopropylamine (0.8 mL, 5 mmol) in THF 25 mL at
0 8C] was added dropwise to a �78 8C stirred solution of the correspond-
ing 2-haloamide (4.5 mmol) in dry THF (4 mL). After stirring for 10 min,
a solution of the corresponding ketone (3.5 mmol) in dry THF (4.5 mL)
was added dropwise at �78 8C and the mixture was allowed to warm to
RT. The resulting solution was quenched with a saturated aqueous solu-
tion of NH4Cl (20 mL). Crude 2,3-epoxyamides 1 were purified by
column flash chromatography over silica gel (hexane/ethyl acetate) elut-
ing compound 1 as a mixture of cis/trans diastereoisomers.


2,3-Epoxy-N,N-diisopropyl-3-phenylbutanamide (1a): 1H NMR
(200 MHz, CDCl3): d=7.23±6.96 (m, 5H), 3.87±3.74 (m, 1H), 3.40 (s,
1H), 2.97±2.84 (m, 1H), 1.59 (s, 3H), 0.98 (d, J=6.7 Hz, 3H), 0.92 (d,
J=6.4 Hz, 3H), 0.75 (d, J=6.7 Hz, 3H), 0.60 ppm (d, J=6.4 Hz, 3H);
13C NMR (50 MHz, CDCl3): d=163.3 (C), 136.8 (C), 127.1 (CH), 127.0
(CH), 125.7 (CH), 63.3 (CH), 61.6 (C), 47.2 (CH), 44.7 (CH), 22.0 (CH3),
20.2 (CH3), 20.0 (CH3), 19.3 (CH3), 19.1 ppm (CH3); IR (neat): ñ=2967,
1644, 1444, 1335, 1045 cm�1; Rf=0.2 (hexane/AcOEt 3:1); elemental


analysis calcd (%) for C16H23NO2: C 73.53, H 8.87, N 5.36; found: C
73.47, H 8.79, N 5.38.


2,3-Epoxy-N,N-diisopropyl-3-phenylhexanamide (1b): 1H NMR
(200 MHz, CDCl3): d=7.28±7.01 (m, 5H), 4.04±3.90 (m, 1H), 3.45 (s,
1H), 3.04±2.89 (m, 1H), 2.31±1.02 (m, 4H), 0.96 (d, J=6.7 Hz, 3H), 0.95
(t, J=6.7 Hz, 3H), 0.83±0.72 ppm (m, 9H); 13C NMR (50 MHz, CDCl3):
d=163.7 (C), 135.7 (C), 127.1 (CH), 126.9 (CH), 126.3 (CH), 65.0 (C),
62.1 (CH), 47.2 (CH), 44.9 (CH), 37.5 (CH2), 20.2 (CH3), 19.4 (CH3), 19.1
(CH3), 17.4 (CH2), 13.4 ppm (CH3); IR (neat): ñ=2968, 1648, 1446, 1371,
1043 cm�1; Rf=0.3 (hexane/AcOEt 3:1); elemental analysis calcd (%) for
C18H27NO2: C 74.70, H 9.40, N 4.84; found: C 74.61, H 9.31, N 4.79.


N,N-Diethyl-1,2,3,4-tetrahydronaphtalene-1-spiro-2’-oxirane-3’-carbox-
amide (1c): 1H NMR (200 MHz, CDCl3): d=7.31±6.99 (m, 4H), 3.70 (s,
1H), 3.67±3.00 (m, 4H), 2.99±1.82 (m, 6H), 1.23±1.05 ppm (m, 6H);
13C NMR (50 MHz, CDCl3): d=164.3 (C), 138.4 (C), 135.2 (C), 127.8
(CH), 127.1 (CH), 125.5 (CH), 122.5 (CH), 63.5 (CH), 59.7 (C), 40.2
(CH2), 38.9 (CH2), 28.4 (CH2), 26.5 (CH2), 20.8 (CH2), 13.4 (CH3),
12.0 ppm (CH3); IR (neat): ñ=2935, 1639, 1460, 1381, 1077 cm�1; Rf=0.4
(hexane/AcOEt 1:1); elemental analysis calcd (%) for C16H21NO2: C
74.10, H 8.16, N 5.40; found: C 74.18, H 8.13, N 5.46.


2,3-Epoxy-N,N-diethyl-2-methyl-3-phenylbutanamide (1d): The data
were in agreement with those given in reference [17a].


2,3-Epoxy-N,N,3-triethyl-2-methylpentanamide (1e): 1H NMR (200 MHz,
CDCl3): d=3.66±3.26 (m, 4H), 1.83±1.27 (m, 4H), 1.51 (s, 3H), 1.17 (t,
J=7.2 Hz, 3H), 1.11 (t, J=7.2 Hz, 3H), 0.99 (t, J=7.4 Hz, 3H), 0.98 ppm
(t, J=7.4 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=169.3 (C), 67.7 (C),
66.0 (C), 40.9 (CH2), 39.2 (CH2), 24.8 (CH2), 21.6 (CH2), 16.6 (CH3), 13.7
(CH3), 12.0 (CH3), 8.6 (CH3), 8.2 ppm (CH3); IR (neat): ñ=2972, 1637,
1462, 1380, 1113 cm�1; Rf=0.5 (hexane/AcOEt 1:1); elemental analysis
calcd (%) for C12H23NO2: C 67.57, H 10.87, N 6.57; found: C 65.65, H
10.80, N 6.49.


2,3-Epoxy-N,N-diethyl-2-methyl-3-phenylpentanamide (1 f): The data
were in agreement with those given in reference [17a].


2,3-Epoxy-N,N-diethyl-2,3-dimethylhep-6-enamide (1 g): Data on a 50:50
mixture of diastereoisomers: 1H NMR (300 MHz, CDCl3): d=5.95±5.75
(m, 2H), 5.11±4.94 (m, 4H), 3.67±3.27 (m, 8H) 2.47±2.09 (m, 4H), 1.83±
1.42 (m, 4H), 1.54 (s, 6H), 1.36 (s, 3H), 1.27 (s, 3H), 1.21 (t, J=7.0 Hz,
6H), 1.14 (t, J=7.0 Hz, 3H), 1.13 ppm (t, J=7.0 Hz, 3H); 13C NMR
(75 MHz, CDCl3): d=169.3 (2C), 137.6 (CH), 137.1 (CH), 114.5 (CH2),
113.9 (CH2), 65.4 (C), 65.2 (C), 64.0 (C), 63.8 (C), 41.2 (CH2), 41.0
(CH2), 39.5 (CH2), 39.2 (CH2), 35.2 (CH2), 32.3 (CH2), 29.0 (CH2), 28.6
(CH2), 19.6 (CH3), 16.9 (CH3), 16.6 (CH3), 16.3 (CH3), 13.8 (CH3), 13.7
(CH3), 12.1 ppm (2CH3); IR (neat): ñ=2973, 1636, 1458, 1382, 1114 cm�1;
Rf=0.3 (hexane/AcOEt 3:1); elemental analysis calcd (%) for
C13H23NO2: C 69.29, H 10.29, N 6.22; found: C 69.20, H 10.33, N 6.18.


N,N-Diethyl-2-methyl-1-oxaspiro[2.5]octane-2-carboxamide (1h):
1H NMR (200 MHz, CDCl3): d=3.55±2.98 (m, 4H), 1.68±1.10 (m, 10H),
1.34 (s, 3H), 1.02 (t, J=7.2 Hz, 3H), 0.95 ppm (t, J=7.2 Hz, 3H);
13C NMR (50 MHz, CDCl3): d=169.4 (C), 65.9 (C), 65.7 (C), 41.1 (CH2),
39.3 (CH2), 32.5 (CH2), 29.3 (CH2), 25.0 (CH2), 24.2 (CH2), 23.8 (CH2),
16.2 (CH3), 13.9 (CH3), 12.2 ppm (CH3); IR (neat): ñ=2934, 1638, 1485,
1380, 1081 cm�1; Rf=0.4 (hexane/AcOEt 1:1); elemental analysis calcd
(%) for C13H23NO2: C 69.29, H 10.29, N 6.22; found: C 69.37, H 10.35, N
6.21.


2,3-Epoxy-N,N-diethyl-2,3-dimethylnonanamide (1 i): Data on a 50:50
mixture of diastereoisomers: 1H NMR (200 MHz, CDCl3): d=3.62±3.18
(m, 8H), 1.60±1.37 (m, 26H), 1.47 (s, 6H), 1.26 (s, 6H), 1.07 (t, J=
7.0 Hz, 6H), 0.81 ppm (t, J=7.0 Hz, 6H); 13C NMR (75 MHz, CDCl3):
d=169.7 (2C), 65.7 (C), 65.5 (C), 64.8 (C), 64.6 (C), 41.4 (CH2), 41.2
(CH2), 39.6 (CH2), 39.4 (CH2), 36.0 (2CH2), 31.4 (CH2), 31.3 (CH2), 29.3
(CH2), 29.1 (CH2), 25.0 (CH2), 24.5 (CH2), 22.3 (2CH2), 17.2 (CH3), 16.8
(CH3), 16.5 (CH3), 15.8 (CH3), 14.1 (CH3), 13.8 (CH3), 12.4 (2CH3),
12.0 ppm (2CH3); IR (neat): ñ=2931, 1640, 1462, 1380, 1082 cm�1; Rf=


0.3 (hexane/AcOEt 3:1); elemental analysis calcd (%) for C15H29NO2: C
70.54, H 11.45, N 5.48; found: C 70.49, H 11.36, N 5.41.


General procedure for the synthesis of (E)-a-hydroxy-b,g-unsaturated
amides (2): A solution of SmI2 (0.2 mmol) in THF (2.5 mL) was added,
under a nitrogen atmosphere, to a stirred solution of a,b-epoxyamide 1
(0.4 mmol) in THF (2 mL) at 25 8C. When the reaction was carried out
by using in situ generated SmI2 (Table 1), CH2I2 (0.016 mL, 0.2 mmol)


Figure 1. Proposed transition states.
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was added to a stirred solution of a,b-epoxyamide 1 (0.4 mmol) and sa-
marium powder (0.034 g, 0.23 mmol) in THF (2.4 mL). The mixture was
stirred for 2 h at 25 8C, then quenched with aqueous HCl (0.1m, 15 mL)
and extracted with CH2Cl2 (3î5 mL). The combined organic layers were
dried (Na2SO4), filtered and concentrated in a vacuum affording the
crude (E)-a-hydroxy-b,g-unsaturated amides 2, which were then purified
by flash column chromatography on silica gel (hexane/AcOEt).


N,N-Diisopropyl-2-hydroxy-3-phenylbut-3-enamide (2a): 1H NMR
(300 MHz, CDCl3): d=7.58±7.28 (m, 5H), 5.52 (br, 1H), 5.26 (s, 1H),
4.99±4.96 (m, 1H), 4.88±4.85 (m, 1H), 3.77±3.64 (m, 1H), 3.48±3.35 (m,
1H), 1.46 (d, J=6.9 Hz, 3H), 1.36 (d, J=6.9 Hz, 3H), 1.13 (d, J=6.7 Hz,
3H), 1.03 ppm (d, J=6.7 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=170.2
(C), 147.6 (C), 139.0 (C), 128.3 (CH), 127.9 (CH), 126.3 (CH), 115.7
(CH2), 71.4 (CH), 47.9 (CH), 46.2 (CH), 20.5 (CH3), 20.3 (CH3), 19.5
(CH3), 18.9 ppm (CH3); HMS (70 eV): m/z (%): 261 [M+] (<1), 244
(49), 128 (86), 86 (100), 44 (77); HRMS calcd for C16H23NO2: 261.1729;
found: 261.1729; IR (neat): ñ=3396, 1639, 1446 cm�1; Rf=0.2 (hexane/
AcOEt 3:1); elemental analysis calcd (%) for C16H23NO2: C 73.53, H
8.87, N 5,36; found: C 73.21, H 8.91, N 5,41.


(E)-N,N-Diisopropyl-2-hydroxy-3-phenylhex-3-enamide (2b): 1H NMR
(200 MHz, CDCl3): d=7.41±7.23 (m, 5H), 5.85 (t, J=7.4 Hz, 1H), 5.11
(s, 1H), 5.08 (br, 1H), 3.88±3.75 (m, 1H), 3.36±3.22 (m, 1H), 2.46±2.30
(m, 2H), 1.40 (d, J=6.7 Hz, 3H), 1.13 (t, J=7.2 Hz, 3H), 1.11 (d, J=
6.7 Hz, 3H), 1.05 (d, J=6.7 Hz, 3H), 1.00 ppm (d, J=6.7 Hz, 3H);
13C NMR (75 MHz, CDCl3): d=170.7 (C), 140.5 (C), 138.0 (C), 136.7
(CH), 127.8 (CH), 127.1 (CH), 127.0 (CH), 68.4 (CH), 47.5 (CH), 46.2
(CH), 21.4 (CH2), 20.8 (CH3), 20.4 (CH3), 19.3 (2CH3), 13.9 ppm (CH3);
HMS (70 eV): m/z (%): 289 [M+] (<1), 272 (100), 128 (95), 77 (28);
HRMS calcd for C18H27NO2: 289.2042; found: 289.2160; IR (neat): ñ=
3358, 1633, 1446 cm�1; Rf=0.4 (hexane/AcOEt 3:1); elemental analysis
calcd (%) for C18H27NO2: C 74.70, H 9.40, N 4.84; found: C 74.99, H
9.46, N 4,77.


N,N-Diethyl-2-(3,4-dihydronaphtalen-1-yl)-2-hydroxyethanamide (2c):
1H NMR (300 MHz, CDCl3): d=7.54 (d, J=7.3 Hz, 1H), 7.21±7.02 (m,
3H), 5.97 (t, J=4.5 Hz, 1H), 5.08 (d, J=6.3 Hz, 1H), 4.46 (d, J=6.3 Hz,
1H), 3.64±3.05 (m, 4H), 2.74 (t, J=8.0 Hz, 2H), 2.32±2.26 (m, 2H), 1.16
(t, J=7.1 Hz, 3H), 1.06 ppm (t, J=7.1 Hz, 3H); 13C NMR (75 MHz,
CDCl3): d=171.4 (C), 136.1 (C), 135.8 (C), 132.7 (C), 128.1 (CH), 127.5
(CH), 127.2 (CH), 126.5 (CH), 123.0 (CH), 69.2 (CH), 40.9 (CH2), 40.3
(CH2), 27.6 (CH2), 22.8 (CH2), 13.3 (CH3), 12.4 ppm (CH3); HMS
(70 eV): m/z (%): 259 [M+] (3), 242 (59), 159 (8), 129 (43), 100 (88);
HRMS calcd for C16H21NO2: 259.1572; found: 259.1576; IR (neat): ñ=
3387, 1643, 1445 cm�1; Rf=0.5 (hexane/AcOEt 1:1); elemental analysis
calcd (%) for C16H21NO2: C 74.10, H 8.16, N 5.40; found: C 74.41, H
8.05, N 5.42.


N,N-Diethyl-2-hydroxy-2-methyl-3-phenylbut-3-enamide (2d): 1H NMR
(200 MHz, CDCl3): d=7.44±7.18 (m, 5H), 5.55 (m, 2H), 5.40 (br, 1H),
3.68±3.42 (m, 2H), 3.38±2.81 (m, 2H), 1.65 (s, 3H), 1.04 (t, J=7.0 Hz,
3H), 0.65 ppm (t, J=7.0 Hz, 3H); 13C NMR (75 MHz, CDCl3): d=173.7
(C), 150.8 (C), 139.6 (C), 127.7 (CH), 127.6 (CH), 127.3 (CH), 114.6
(CH2), 74.6 (C), 41.1 (CH2), 40.1 (CH2), 25.1 (CH3), 12.3 (CH3), 11.0 ppm
(CH3); HMS (70 eV): m/z (%): 247 [M+] (3), 230 (20), 147 (47), 100
(100), 77 (28); HRMS calcd for C15H21NO2: 247.1572; found: 247.1571;
IR (neat): ñ=3346, 1620, 1446 cm�1; Rf=0.3 (hexane/AcOEt 3:1); ele-
mental analysis calcd (%) for C15H21NO2: C 72.84, H 8.56, N 5.66; found:
C 73.11, H 8.60, N 5.80.


(E)-N,N,3-Triethyl-2-hydroxy-2-methylpent-3-enamide (2e): 1H NMR
(300 MHz, CDCl3): d=5.68 (q, J=6.8 Hz, 1H), 5.29 (br, 1H), 3.57±3.41
(m, 2H), 3.39±3.23 (m, 2H), 2.19±2.09 (m, 1H), 1.95±1.83 (m, 1H), 1.71
(d, J=6.8 Hz, 3H), 1.51 (s, 3H), 1.15 (t, J=7.0 Hz, 3H), 1.11 (t, J=
7.0 Hz, 3H), 1.03 ppm (t, J=7.5 Hz, 3H); 13C NMR (75 MHz, CDCl3):
d=174.3 (C), 143.2 (C), 120.7 (CH), 76.2 (C), 41.8 (CH2), 41.0 (CH2),
23.9 (CH3), 20.9 (CH2), 13.9 (CH3), 13.4 (CH3), 13.3 (CH3), 12.2 ppm
(CH3); MS (70 eV): m/z (%): 213 [M+] (2), 196 (6), 144 (3), 113 (100),
100 (42); HRMS calcd for C12H23NO2: 213.1729; found: 213.1748; IR
(neat): ñ=3384, 1620 cm�1; Rf=0.3 (hexane/AcOEt 3:1); elemental anal-
ysis calcd (%) for C12H23NO2: C 67.57, H 10.87, N 6,57; found; C 67.32,
H 10.80, N 6,72.


(E)-N,N-Diethyl-2-hydroxy-2-methyl-3-phenylpent-3-enamide (2 f):
1H NMR (200 MHz, CDCl3): d=7.32±7.18 (m, 5H), 5.98 (q, J=6.9 Hz,


1H), 5.40 (br, 1H), 3.84±2.86 (m, 4H), 1.57 (d, J=6.9 Hz, 3H), 1.55 (s,
3H), 1.15 (t, J=7.0 Hz, 3H), 0.74 ppm (t, J=7.0 Hz, 3H); 13C NMR
(75 MHz, CDCl3): d=173.7 (C), 143.1 (C), 137.1 (C), 129.1 (CH), 127.6
(CH), 126.9 (CH), 123.1 (CH), 75.3 (C), 41.5 (CH2), 40.3 (CH2), 24.4
(CH3), 14.7 (CH3), 13.4 (CH3), 11.2 ppm (CH3); HMS (70 eV): m/z (%):
261 [M+] (<1), 244 (8), 161 (100), 117 (23), 100 (24); IR (neat): ñ=3340,
1623, 1442 cm�1; Rf=0.3 (hexane/AcOEt 3:1); elemental analysis calcd
(%) for C16H23NO2: C 73.53, H 8.87, N 5.36; found: C 73.81, H 8.95, N
5.41.


(E)-N,N-Diethyl-2-hydroxy-2,3-dimethylhepta-3,6-dienamide (2g):
1H NMR (200 MHz, CDCl3): d=5.91±5.74 (m, 1H), 5.61 (t, J=7.2 Hz,
1H), 5.33 (br, 1H), 5.09±4.93 (m, 2H), 3.57±3.27 (m, 4H), 2.88±2.82 (m,
2H), 1.59 (s, 3H), 1.54 (s, 3H), 1.18±1.06 ppm (m, 6H); 13C NMR
(50 MHz, CDCl3): d=170.4 (C), 137.8 (C), 136.0 (CH), 123.1 (CH), 115.1
(CH2), 75.6 (C), 41.5 (CH2), 41.0 (CH2), 32.2 (CH2), 23.5 (CH3), 13.5
(CH3), 12.7 (CH3), 12.2 ppm (CH3); HMS (70 eV): m/z (%): 225 [M+]
(<1), 208 (4), 184 (15), 125 (96), 100 (59); HRMS calcd for C13H23NO2:
225.1729; found: 225.1749; IR (neat): ñ=3385, 1622 cm�1; Rf=0.3
(hexane/AcOEt 3:1); elemental analysis calcd (%) for C13H23NO2: C
69.29, H 10.29, N 6.22; Found: C 68.98, H 10.18, N 6.34.


2-(Cyclohex-1-en-1-yl)-N,N-diethyl-2-hydroxypropanamide (2h):
1H NMR (200 MHz, CDCl3): d=6.86±5.98 (m, 1H), 5.26 (br, 1H), 3.54±
3.17 (m, 4H), 2.03±1.49 (m, 8H), 1.45 (s, 3H), 1.08 ppm (t, J=7.0 Hz,
6H); 13C NMR (75 MHz, CDCl3): d=173.7 (C), 138.8 (C), 122.3 (CH),
74.5 (C), 41.1 (CH2), 40.6 (CH2), 24.7 (CH2), 23.5 (CH2), 23.1 (CH3), 22.1
(CH2), 21.6 (CH2), 13.2 (CH3), 11.9 ppm (CH3); MS (70 eV): m/z (%):
225 [M+] (<1), 208 (5), 125 (100), 100 (51); HRMS calcd for C13H23NO2;
225.1729; found: 225.1759; IR (neat): ñ=3364, 1621, 1446 cm�1; Rf=0.3
(hexane/AcOEt 3:1); elemental analysis calcd (%) for C13H23NO2: C
69.29, H 10.29, N 6.22; found: C 69.40, H 10.18, N 6.41.


(E)-N,N-Diethyl-2-hydroxy-2,3-dimethylnon-3-enamide (2 i): 1H NMR
(200 MHz, CDCl3): d=5.57 (t, J=6.6 Hz, 1H), 5.27 (br, 1H), 3.53±3.20
(m, 4H), 2.09±1.99 (m, 2H), 1.54 (s, 3H), 1.49 (s, 3H), 1.47±0.78 ppm (m,
15H); 13C NMR (75 MHz, CDCl3): d=174.0 (C), 136.2 (C), 126.0 (CH),
75.5 (C), 41.3 (CH2), 40.8 (CH2), 31.5 (CH2), 28.7 (CH2), 27.7 (CH2), 23.5
(CH3), 22.3 (CH2), 13.8 (CH3), 13.4 (CH3), 12.5 (CH3), 12.1 ppm (CH3);
HMS (70 eV): m/z (%): 255 [M+] (<1), 238 (4), 155 (67), 100 (35), 57
(28); IR (neat): ñ=3384, 1623 cm�1; Rf=0.3 (hexane/AcOEt 3:1); ele-
mental analysis calcd (%) for C15H29NO2: C 70.54, H 11.45, N 5.48;
found: C 70.81, H 11.54, N 5.32.


General procedure for the synthesis of compound 3e: A solution of mer-
curic chloride (0.2 mmol) in THF (5 mL) was added to a suspension of
Sm (2.1 mmol) in THF (5 mL). This mixture was stirred for 10 min and
then a-hydroxy-b,g-unsaturated amide 2e (0.5 mmol) was added. The
mixture was cooled to �78 8C, and diiodomethane (2.0 mmol) was added
dropwise. The mixture was allowed to warm to RT and stirred for 2 h.
The reaction was then quenched with saturated K2CO3 and extracted
with ethyl ether. The organic layer was washed with brine three times,
dried over K2CO3, filtered and concentrated in a vacuum affording the
crude compound 3c, which was purified by flash column chromatography
on silica gel (hexane/AcOEt 10/1).


N,N-Diethyl-2-(1-ethyl-2-methylcyclopropyl)-2-hydroxypropanamide
(3e): 1H NMR (200 MHz, CDCl3): d=3.88±3.22 (m, 5H), 1.46±1.02 (m,
11H), 1.02 (s, 3H), 0.95 ppm (t, J=7.2 Hz, 6H); 13C NMR (75 MHz,
CDCl3): d=175.4 (C), 77.8 (C), 40.8 (CH2), 40.5 (CH2), 30.2 (C), 23.1
(CH2), 22.8 (CH), 18.8 (CH3), 16.2 (CH2), 13.5 (CH3), 13.3 (CH3), 12.8
(CH3), 12.1 ppm (CH3); HMS (70 eV): m/z (%): 227 [M+] (<1), 198
(14), 144 (14), 127 (63), 100 (62); IR (neat): ñ=3385, 1620 cm�1; Rf=0.3
(hexane/AcOEt :1); elemental analysis calcd (%) for C13H25NO2: C
68.53, H 11.08, N 6.16; found: C 68.70, H 11.19, N 6.27.
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Tris(oxalato)phosphorus Acid and Its Lithium Salt


Ulrich Wietelmann,*[a] Werner Bonrath,[d] Thomas Netscher,[d] Heinrich Nˆth,[b]


Jan-Christoph Panitz,[a] and Margret Wohlfahrt-Mehrens[c]


Introduction


The development of new conducting salts for secondary lith-
ium batteries requires compounds of excellent conductance
and stability against oxidation. Besides LiPF6, that is being
used commercially, lithium tris(fluorocatecholato)phos-
phates show also promising properties.[1] There are two rea-
sons, why these salts are advantageous i) the high symmetry
of the anion makes them thermodynamically and kinetically
quite stable, and ii) the negative charge is distributed over a
large volume and this provides an opportunity for weak
cation/anion interactions in solution. The disadvantage of
the catecholatophosphates, is however, their comparatively
high molecular weight. Reducing the molecular weight
while maintaining the chelate effect to induce thermody-
namic stability of the P�O bonds led us to investigate
tris(oxalato)phosphates.


Results


Synthesis and properties : The conversion of dihydroxy com-
pounds and different phosphorus raw materials such as halo-
cyclophosphazenes or spiro[arylenedioxycyclophospha-
zenes],[2] phosphorylchloride,[3] phosphorus pentachloride[4]


or even trivalent P-derivatives such as phosphorus trichlor-
ide[4] in the presence of amine bases yields hexacoordinated
phosphate salts [Eq. (2)]. Likewise, the lithium salt of tris(o-
phenylenedioxy)phosphate, synthesized by the conversion of
PCl5 with dilithio-o-phenylenediolate was shown to contain
a hexacoordinate anion by spectroscopic methods (d31P =


�82 ppm).[5] In absence of bases, free acids may be formed
and their structure depends on the complexing behaviour of
the dihydroxy ligand. In the case of catechol as ligand,
NMR investigations suggest only pentacoordination,[6] while
its perfluorinated derivative is hexacoordinated,[1] see
Table 1.


According to our knowledge, dicarboxylic acids have not
yet been studied as ligands for the synthesis of tris(chelato)-
phosphates.


Anhydrous oxalic acid reacts with PCl5 in benzene under
reflux conditions only with incomplete evolution of HCl gas
(about 3 equiv per mol PCl5). 31P NMR measurements show
that a mixture of P-containing species is formed. The main
product is soluble in benzene, d31P=++5.1 ppm. However, in
polar, aprotic solvents HCl is evolved vigorously and quanti-
tatively and tris(oxalato)phosphorus acid 1 is formed in
good yield:[7]
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Abstract: The conversion of three
equivalents of anhydrous oxalic acid
with phosphorus pentachloride yields
tris(oxalato)phosphorus acid 1, which
crystallizes from diethyl ether solutions
as protonated diethyl ether complex
[(Et2O)2H]+[P(C2O4)3]


� . The superaci-


dic compound can be used as catalyst
for Friedel±Crafts-type reactions. Upon
neutralization with lithium hydride, the


lithium salt Li[P(C2O4)3] 2 is obtained,
which is highly soluble in aprotic sol-
vents and which exhibits a wide voltage
window. Thus, the lithium compound is
a promising candidate as electrolyte for
high performance non-aqueous batter-
ies.


Keywords: acidity ¥ electrolytes ¥
Friedel±Crafts reaction
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The most convenient solvent is dry diethyl ether, from
which the acid crystallizes with 2 moles of solvent. The
acid×s solubility is only 0.04 molkg�1 (1.2 wt %) at room tem-
perature. Instead of Et2O other aprotic solvents such as
esters (e.g. ethyl acetate), carbonates (e.g. dimethyl carbon-
ate, DMC or propylene carbonate, PC), or g-butyrolactone
are also suitable; however, in these solvents the acid is un-
stable. Interestingly, solvent mixtures, such as propylene car-
bonate/diethyl ether were found to be very suitable. 1±
2 moles of diethyl ether should be present per mole of PCl5.


Cyclic ethers such as tetrahydrofuran are not applicable,
because they are readily cleaved within a few hours. Also,
solutions in glymes are not stable: freshly prepared colorless
solutions turn brown within minutes or hours.


The synthesis reported herein is not generally applicable
to other dicarboxylic acids. As an example, from mixtures of
3 equiv of malonic acid and PCl5 in diethyl ether only part
of the expected HCl is liberated and NMR studies show no
incidents for the formation of tris(malonato)phosphorus
acid or its lithium salt after conversion with lithium bases
(several signals in the 31P NMR spectrum between 1 and
5 ppm).


Acid 1 shows only one signal in the 31P NMR spectrum in
all solvents tested so far (Et2O; CHCl3/Et2O; PC/Et2O; 1,2-
dimethoxyethane (1,2-DME)/Et2O) at about �141 ppm. The
high field shift proves a phosphorus coordination number of
six, that is, a structure similar to that of the perfluorocate-
chol compound mentioned above.


The crystalline 1¥2 Et2O complex can be further dried in
vacuo at about 30±60 8C, and one equivalent of diethyl ether
is readily removed. Further removal of diethyl ether is im-
possible without decomposition of the tris(oxalato)phos-
phate anion. Figure 1 shows a DSC test of the crystalline
1¥2 Et2O and 1¥Et2O complexes.


(Et2O)2H[P(C2O4)3] melts at about 80 8C and starts to de-
compose exothermally at about 90 8C with DHdecomp=


�265 J g�1 (�117 kJ mol�1 for 1). During this process non-
condensable gases are released and at about 170 8C the pres-
sure in the hermetically closed RADEX autoclave reaches
almost 70 bar. The monoetherate melts at about 95 8C and
starts to decompose at about 100 8C. Its molar heat of de-


composition corresponds with that of the dietherate. Ther-
mogravimetry shows a weight loss of 77 % up to 400 8C,
while no further change of weight is observed until 500 8C.
These data fit a decomposition reaction as shown in Equa-
tion (3) (theoretic weight loss 78.4 %) and the formation of
a polyphosphoric acid residue:


n½HPðC2O4Þ3 � Et2O� !
ðHPO3Þn þ nð3CO2 " þ 3CO " þEt2O "Þ1 � Et2O


ð3Þ


The spectroscopic data (see Table 2) of solutions in 1,2-
DME and CDCl3 support a symmetric hexacoordinated tris-
(oxalato)phosphate anion in the solution state. Compared
with oxalic acid, the carbonyl 13C NMR resonance is shifted
6 ppm to higher field. The IR data show a stronger double
bond character of the C=O double bond (higher frequency).


In the 1H NMR spectrum of the dietherate signals at d


15.3 (in 1,2-DME) and 15.6 ppm (in CDCl3) are observed
for the acidic proton. This is a very significant downfield
shift compared with oxalic acid, dissolved in 1,2-DME
(11.3 ppm). Another characteristic feature is the lower field
shift of the OCH2 signal from 67.4 ppm (pure Et2O) to
69.5 ppm for 1¥2 Et2O in CDCl3. In contrast, in the more
polar 1,2-DME solvent the ether OCH2 carbon is better


Table 1. Coordinated phosphate salts.


X solvent[a] d31P Structure Ref.


H benzene �29.65 (THF) pentacoordinated [6]
F Et2O �71.35 (DMSO) hexacoordinated [1]


[a] For synthesis.


Figure 1. DSC data measured with RADEX system in closed autoclaves
(~ 1¥Et2O, c 1¥2Et2O).
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shielded. This reflects interactions (or complex formation)
of 1 with the stronger (compared with Et2O) Lewis base 1,2-
DME.


The NMR data of the mono-
etherate in 1,2-DME solution
are only very slightly different
from that of the dietherate. In
chloroform, 1¥Et2O is nearly in-
soluble. The 31P NMR reso-
nance of the monoetherate is
observed at marginally lower
field, while the resonance of
the acidic proton is shifted sig-
nificantly to high field (from 15.6 in 1¥2 Et2O to 13.1 ppm in
1¥Et2O). This indicates interactions between the proton and
the tris(oxalato)phosphate anion, thus the monoetherate×s
solution structure seems to be characterized by a dynamic
equilibrium between the penta- and hexacoordinated forms
1a and 1b, see Equation (7). The spectroscopic data can
also be explained by significant interactions between the
cation Et2OH]+ and the phosphate anion, that is, the forma-
tion of contact ion pairs.


The extraordinary strength of acidity with concomitant
low nucleophilicity of the corresponding anion qualifies 1 as
an unusually well-suited catalyst for acid-induced chemical
transformations. A remarkably efficient Friedel±Crafts-type
alkylation reaction is depicted in Equation (4). The industri-
ally important condensation reaction of trimethylhydroqui-
none 3 with (all-rac)-isophytol 4, catalyzed by 0.5 mol % 1,
delivers (all-rac)-a-tocopherol (synthetic vitamin E, 5) in up
to 92 % yield.[8] Investigations about further synthetic appli-
cations of 1 are ongoing.


Acid 1 can be neutralized with lithium bases to afford the
lithium salt ™LiTOP∫, 2.[7] As the acid and the salt are not
stable against hydrolysis, non-oxidic lithium bases (i.e., not
LiOH or Li2CO3) have to be employed for this purpose.


Lithium hydride is preferred because of its stability in ether
solvents and the fact that no inconvenient by-products are
formed [Eq. (5)]:


For reactions according to Equation (5) solvents such as
diethyl ether or other polar aprotic solvents such as esters
or carbonates can be employed. Another convenient salt
synthesis starts from lithium oxalate, oxalic acid, and phos-
phorus pentachloride, as shown in Equation (6):


The lithium salt is slightly soluble in diethyl ether
(0.09 %), but dissolves excellently in more polar solvents
(e.g. 43 % in diethyl carbonate, 47 % in THF, 53 % in 1,2-
DME). From dimethyl carbonate solutions a solvate 2¥DMC
can be isolated. This complex is desolvated at about 107 8C
(TGA measurements).


Pure, unsolvated 2 is stable until about 150 8C, but decom-
poses quickly above 190 8C. This decomposition process is
exothermic and large quantities of gases (presumably CO
and CO2) are released. Figure 2 shows a RADEX experi-
ment: the enthalpy of decomposition is measured to be ap-
proximately �127 kJ mol�1, which is very close to the value
of the free acid.


The spectroscopic data of the salt×s anion (Table 2) are
identical to that of the acid.


Electrochemical measurements : The cyclic voltammogram
(CV) of LiTOP 2 in EC/DMC solvent mixture recorded
against Pt electrodes is shown in Figure 3. In the first anodic
sweep during the first cycle, a broad signal at ~5 V versus
Li/Li+ is observed. In the following cathodic sweep, a peak
at 2.7 V versus Li/Li+ is observed. In the following, a
number of signals appear with lower current density. In the
anodic sweep of the second and third cycle, an additional


Table 2. Spectroscopic data for 1¥2 Et2O and 1¥Et2O.


Compound Solvent IR [cm�1] d31P d1H d13C
(C=O) (O¥¥¥H) C=O O�CH2- O�CH2�CH3


1¥2Et2O 1,2-DME* 1813/1792/1748 �142.0 15.3 153.4 65.9 15.0
1¥1Et2O 1,2-DME* n.d. �141.8 14.8 153.3 65.8 14.7
1¥2Et2O CDCl3 n.d. �140.7 15.6 153.3 69.5 13.9
1¥1Et2O CDCl3 n.d. �139.7 13.1 n.d. 67.8 14.6
2 1,2-DME* 1814/1794/1747 �141.8 n.a. 153.2 n.a. n.a.
H2C2O4 1,2-DME* 1772/1743 n.a. 11.3 159.3 n.a. n.a.
Et2O ±* n.a. n.a. n.a. n.a. 67.4 17.1


n.a.=not applicable n.d.=not determined * CDCl3 added as reference.
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peak at 4.3±4.4 V versus Li/Li+ is evident. The peak at 4.9
to 5.0 V increases in intensity. In the cathodic sweep of the
second and third cycle, a split of the signal at 2.7 V into two
signals located at 2.6 V and 2.1 V is recorded. We give the
following tentative interpretation: the oxidation limit of the
LiTOP based electrolyte is about 5.5 V. The signals at 5 and
those in the 2±3 V range are due to impurities, most likely
oxalic acid, hydrogenoxalate or oxalate, but a confirmation
is pending.


The CV against the carbon electrode is shown in Figure 4.
In the first halfcycle, a signal at 2070 mV versus Li/Li+ is
observed, which does not appear afterwards (cf. inset of
Figure 4). In the first halfcycle of Li insertion, a rather struc-
tureless I/U response is measured. In the following de-inter-
calation step, zero current is found at 320 mV and the de-in-
tercalation peaks at 850 mV. In the second Li insertion step,
the I/U response shows more structure than before. Upon
de-insertion, zero current is again observed at 320 mV, but
the peak current density is now observed at 890 mV. Thus, it
is demonstrated that Li can be reversibly inserted into a
carbon host. The nature of the signal is tentatively assigned
to the reduction of the anion, possibly at one of the oxalate
moieties.


Figure 5 compares the typical charge discharge curves of a
carbon electrode in LiTOP electrolyte during the first and
the following cycles. A small additional voltage plateau at


2150 mV versus Li/Li+ is observed in the first charge curve,
which is in good agreement with the results obtained from
CV measurements. This reduction process leads to a quite
high irreversible capacity in the first cycle but does not
affect the following cycles. The carbon electrode demon-
strates a good electrochemical performance in terms of both
recharge- and cycle-ability from the second cycle onwards.
There are no changes of charge and discharge curves be-
tween two adjacent cycles after the first charge, which indi-
cates a highly reversible lithium insertion into the carbon
electrode.


Figure 6 shows the cycle-ability of a carbon electrode in
LiTOP electrolyte. The electrode demonstrates full dis-
charge capacity in the first cycle. No capacity fading is ob-
served during subsequent cycles. The charge-discharge effi-
ciency is nearly hundred percent from the second cycle,
which implies that no electrolyte decomposition or other ir-
reversible side reactions take place during lithium insertion.


Crystal structures : Tris(oxalato)phosphoric acid 1 crystalli-
zes from diethyl ether as [(Et2O)2H][P(C2O4)3], 1¥2 Et2O, in
the centrosymmetric space group P1≈ with two molecules in
the unit cell. Figure 7 depicts the molecular structure with-


Figure 3. CV of LiTOP (2) electrolyte vs Pt WE electrode. The LiTOP
was dissolved in EC/DMC solvent mixture. Sweep rate is 5 mV s�1.


Figure 4. CV of LiTOP (2)±electrolyte against graphite.


Figure 5. Charge and discharge curves of MCMB/Cu foil in LiTOP elec-
trolyte; LiTOP was dissolved in EC/DMC (1:1) solvent mixture. The
electrode was cycled between 0 and 1000 mV vs Li/Li+ , charge±discharge
rate C/20; MCMB=mesocarbon microbeads.


Figure 2. DSC and pressure data of 2 measured with RADEX system
(c DSC, g pressure).


¹ 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 2451 ± 24582454


FULL PAPER U. Wietelmann et al.



www.chemeurj.org





out showing the disorder of one of the diethyl ether mole-
cules of the proton complex [(Et2O)2H]+ . As expected, the
P�O bond lengths vary little
and span the range from
1.684(2) to 1.705(2) ä with O-
P-O bond angles from 88.4(2)
to 91.8(2)8 and 176.7(2) to
178.8(2)8, respectively. Thus,
there is only little deviation
from an octahedral geometry
about the P atom. Particularly
uniform are the C�C bond
lengths of the oxalato unit (see
Table 3). The endocyclic C�O
bonds (1.324(4) to 1.347(4) ä)
are significantly longer than the
exocyclic C�O bonds (1.184(4)
to 1.194(4) ä), which have defi-
nitely more double-bond char-
acter than the exocyclic C�O
bonds. As expected, the oxalato
groups are planar with dihedral
angles between adjacent OCO
unit varying only from 1.2 to
3.18.


The cation (Et2O)2H
+ shows


an almost symmetrical hydro-
gen bridge (H�O distances are


1.09 to 1.25 ä with an O�H¥O bond angle of 1728). Both di-
ethyl ether molecules show site disorder. Refinement in split
positions lead to SOF values close to 0.5. In the final refine-
ment these values were fixed to 0.5.


Relevant structural parameters are summarized in
Table 3.


Compound (MeO)2CO±LiP(C2O4)3, 2¥DMC, crystallizes
in the monoclinic system, space group P21/n with Z=4. As
shown in Figure 8, there is a close Li±O contact. Expansion
of the asymmetric unit reveals that each Li ion is coordinat-
ed to four oxygen atoms, three from three different oxalato
groups of three P(C2O4)3 anions. Consequently, each tris(ox-
alato)phosphate unit coordinates to three different Li ions.
The Li�O bond to the dimethyl carbonate molecule is
0.01 ä shorter than those to the carbonyl groups, which are
of equal lengths. The C=O bonds that coordinate to Li are
slightly longer (av. 1.198 ä) than the non coordinated ones
(av. 1.190 ä), but the difference is marginal considering the
estimated standard deviations. The endocyclic C�O bonds
are longer (av. 1.344 ä) when the exocyclic C=O group is
not interacting with Li as compared with the other three en-
docyclic C�O bonds (av. 1.323 ä). This points to an uneven
charge distribution within the oxalato units. However, there
is no influence on the O-P-O bond angles which compare
very nicely for the two compounds described here. The oxa-
late groups are almost planar; the interplanar O2C bond
angles for the three oxalato ligands vary from 1.6 to 3.28.


Discussion


Synthesis and properties : The new acid tris(oxalato)phos-
phorus acid 1 can be synthesized in polar, aprotic solvents in


Figure 6. Galvanostatic cycle test of MCMB/Cu foil, lithium foil as refer-
ence and counter electrode in LiTOP electrolyte, LiTOP was dissolved in
EC/DMC (1:1) solvent mixture. The cell was galvanostatically cycled be-
tween 0±1000 mV, charge, discharge rate C/20 MCMB=mesocarbon mi-
crobeads.


Figure 7. The molecular structure of [(Et2O)2H][P(C2O4)3] 1¥2 Et2O. Only
one of the two orientations of the ether molecules in the cation are
shown. Thermal ellipsoids represent a 25% probability.


Table 3. Selected bond lengths [ä] and bond angles [8] for 1¥2 Et2O and 2¥DMC.


1¥2Et2O 2¥DMC 1¥2Et2O 2¥DMC


bond lengths
P1�O1 1.696(2) 1.712(1) P1�O3 1.694(2) 1.700(1)
P1�O5 1.705(2) 1.717(2) P1�O7 1.684(2) 1.713(1)
P1�O9 1.691(2) 1.683(1) P1�O11 1.686(2) 1.680(2)
C1�C2 1.515(5) 1.534(3) C3�C4 1.516(5) 1.526(3)
C5�C6 1.515(5) 1.515(3) C1�O1 1.336(4) 1.326(2)
C2�O3 1.328(5) 1.335(2) C3�O5 1.324(4) 1.321(3)
C4�O7 1.327(4) 1.323(3) C5�O9 1.347(4) 1.344(3)
C6�O11 1.335(5) 1.354(2) C1�O2 1.191(4) 1.191(2)
C2�O4 1.184(4) 1.191(2) C3�O6 1.188(3) 1.200(2)
C4�O8 1.191(4) 1.204(3) C5�O10 1.178(4) 1.192(2)
C6�O12 1.191(4) 1.187(3)
Li1�O8b 1.951(4) Li1�O15 1.841(4)
Li1�O 1.953(4) Li1�O7a 1.954(4)
bond angles
O1-P1-O3 90.0(1) 90.17(6) O5-P1-O7 89.9(1) 89.71(7)
O9-P1-O11 90.8(1) 90.81(7) O1-P1-O7 88.4(1) 176.72(7)
O1-P1-O5 91.8(1) 176.72(7) O1-P1-O9 178.8(1) 88.84(7)
O3-P1-O7 177.7(1) 88.33(6) O3-P1-O9 88.8(1) 178.91(8)
O5-P1-O11 178.7(1) 178.83(7) O5-P1-O9 88.5(1) 88.59(7)
O7-P1-O11 89.0(1) 89.31(7) O1-C1-O2 123.9(4) 125.3(2)
O3-C2-O4 124.4(4) 125.8(2) O5-C3-O6 125.4(3) 126.0(2)
O11-C6-O12 124.7(3) 124.0(2) O9-C5-O10 124.6(4) 124.0(2)
O7-C4-O8 125.7(3) 123.9(2) O6-Li1-O15 119.9(2)
O6D-Li1-O2 103.1(2) O6D-Li1-O2 102.7(2)
O2-Li1-O8E 103.3(2)
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high yields. Because of its high acidity, only few solvents are
suitable as reaction media. Cyclic ethers, polyfunctional
ethers or esters are attacked, and the acid is decomposed at
RT within hours or days. Diethyl ether is specifically suitable
to stabilize 1; compound 1 forms two crystalline complexes
with this solvent: a mono- and a dietherate. Spectroscopic
studies show that the diethyl ether is protonated and the
phosphate anion is not interacting with the proton. Howev-
er, in solutions of the monoetherate 1¥Et2O in non-coordi-
nating solvents, there are significant cation/anion interac-
tions (contact ion pairs) observed or there is an equilibrium
between the five- and six-coordinated structures 1a and 1b,
in which 1b clearly prevails [Eq. (7)]:


The highly symmetric anion of 1 is very efficiently deloc-
alizing the negative charge due to the high number of car-
bonyl groups. Thus it is a strong non-nucleophilic soft base.
The acidity of 1 is higher than that of the tris(catecholato)-
phosphate, which is pentacoordinated in solvents with even
relatively high donor capacity: Handa et al.[6] found a 31P
NMR shift of �29.65 ppm for the catechol compound in
THF, which is clearly a value typical for pentacoordination.


The lithium salt 2 can be obtained from the acid 1 and an
oxygen-free lithium base, most conveniently lithium hydride.
It is stable until 150±190 8C and decomposes above this tem-
perature, with evolution of large quantities of gases and for-
mation of, presumably, lithium polyphosphate [Eq. (8)]:


The decomposition is exothermic (DHdecomp=ca.�127 kJ
mol�1). In water, the lithium salt is not stable, but is hydro-
lyzed within minutes with formation of an unidentified main
product with d31P=3.8 ppm. Compound 2 is very soluble in
many aprotic polar solvents such as dimethyl carbonate,
THF, ethyl acetate, dioxolane, acetone.


Structures : Compounds 1¥2 Et2O and 2¥DMC are the first
examples of structurally characterized tris(oxalato)phos-
phates, where the P atoms are hexacoordinated. As already
mentioned, hexacoordinated phosphates are known for a
number of catecholato phosphates such as Et3NH[P(cat)3]
(cat=dianion of catechol),[9] K[P(cat-3,6-(tBu)2)3],[10]


Et2NH2[P(cat-3,4,5,6-Cl4)3],[11] [(Me2NCHO)2H][P(cat)2(cat-
3,4,5,6-Cl4)],[12] Et3NH[P(cat-3,4,5,6-Cl4)2(O2C3H6)],[13]


Et3NH[P(cat-3,4,5,6-Cl4)2(OCH2CMeEtCH2O)],[14] Et3NH-
[P(cat-3,4,5,6-Cl4)2OCH2CHtBuCH2O)][14] or [Et3NH]-
[P(cat)(OC6H5)2(O2C2CF3)2)], 6.[14] The structural parame-
ters of these anions are similar to those found for 1¥2 Et2O
and 2¥DMC, with some deviation for those anions that carry
a propanediolate unit. In addition, there are also hexacoor-
dinated phosphates known that carry a 2,2’-binaphtholato
unit[15] or a bis(2,4-di-tert-butyl)phenolatosulfonate group
besides pentafluorophenoxo units.[16] The compound that is
closest to the oxalatophosphates is the bis(trifluoromethyl)-
ethenediolate compound 6, but due to three different li-
gands, the coordination around the P atom is much less sym-
metric than for 1¥2 Et2O and 2¥DMC. While there is no inter-
action between the cations and the anions of the hexacoor-
dinated phosphates cited above, the slight differences found
in the anions for compounds 1¥2 Et2O and 2¥DMC is a result
of the interaction of the Li ion with the anion.


The proton of the bis(catecholato-3,4,5,6-tetrachlorocate-
cholato)phosphoric acid[13] is coordinated to the oxygen
atoms of two molecules of dimethylformamide, and in this
respect it is similar to that of 1¥2 Et2O. However, the oxoni-
um ion (Et2O)2H


+ has also been found, and has been struc-
turally characterized in [(Et2O)2H]2[Zn2Cl6]


[17] or [(Et2O)2H]
[B(C6F5)4]


[18] and [Et2O)2H]2[Ti2Cl7].[19] In each of these
cases the proton does not interact with the anion. However,
in contrast to 1¥2 Et2O, the tris(tetrafluorocatecholato)phos-
phoric acid, which like 1¥2 Et2O also crystallizes with two
moles of diethyl ether[1] shows only the simple oxonium ion
Et2OH+ , that is the proton is evenly distributed between the
two ether oxygen atoms.


Applications : The fact that tris(oxalato)phosphorus acid
protonates diethyl ether and cleaves for example, THF
proves it to be super acidic. This property qualifies it as
active Br˘nsted acid promotor for acid-induced transforma-
tions, as has been demonstrated for a Friedel±Crafts-type
condensation reaction [Eq. (4)].[8] Systematic investigations
to compare the new fluorine-free acid with more standard
ones such as HPF6, CF3SO2OH, (CF3SO2)2NH are desirable
in order to exploit its full synthetic scope.


The phosphate anion is characterized by a high symmetry
and the negative charge is very efficiently distributed by the
mesomeric delocalizing effect of the six carbonyl functions
of the oxalate ligands. This is the basis of the high solubility


Figure 8. The coordination in compound 2¥DMC. Thermal ellipsoids are
shown on a 5 % probability scale.
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and conductivity of the lithium salt 2 in aprotic solvents.
The anion also exhibits a remarkably high stability against
anodic decomposition. Furthermore, according to first
charge/discharge tests, lithium can be reversibly intercalated
into graphitic materials from solutions of 2 in carbonate sol-
vents. A reductive peak at about 2.15 V only in the first
cycle suggests that the anion is involved in the so called for-
mation process of the graphite anode, that is, the build-up of
a passivating layer (SEI, solid electrolyte interface).


In this respect, it resembles other fluorine-free electro-
lytes like the lithium bis(oxalato)borate, which shows a for-
mation peak at about 1.6±1.7 V.[20] This behaviour is in con-
trast to that of fluorinated salts such as LiPF6 or LiBF4, in
which cases the SEI is mainly formed by the decomposition
of ethylene carbonate, which is a prerequisite component of
conventional liquid electrolytes for secondary lithium batter-
ies with fluorinated conductive salts.[21,22] Thus, lithium tris-
(oxalato)phosphate potentially is a new candidate as con-
ductive salt or additive for nonaqueous electrolytes in high
energy nonaqueous batteries.


Experimental Section


General procedures : All manipulations were carried out under inert gas
(preferably argon) in dried glassware equipment.


NMR spectra were recorded at RT on Bruker Advance DPX 250. All d
values are given relative to tetramethylsilane (1H, 13C) and external
H3PO4/D2O in the case of 31P. As internal secondary reference CDCl3 is
employed (d1H=77.0 ppm, d13C=128.0 ppm). Infrared samples were
measured as solutions in 0.05 mm cuvettes on a Nicolet Impact 400.
Raman samples were filled into 5 mm NMR tubes and measured in solu-
tion on a Nicolet Raman 950.


Solvents were purified according to standard procedures or used as ob-
tained. Anhydrous oxalic acid was dried over night at 80 8C and 50 mbar
in a vacuum oven. PCl5 was sieved through a 1 mm sieve before use.
Lithium hydride powder from Chemetall has a D50 of about 0.1 mm.


DSC tests : Thermal analyses were performed with the RADEX system
from company Systag, Switzerland. About 2±2.5 g of the substance to be
analyzed were placed in hermetically closed 5 mL autoclaves or auto-
claves connected with a pressure measuring device. The heating rate was
normally 45 Kh�1.


X-ray structure determinations : Single crystals of compounds 1¥2Et2O
and 2¥DMC (see Table 4) were covered with perfluoro ether oil and
mounted on top of a glass fiber on the goniometer head of a Siemens P4
diffractometer equipped with a CCD area detector and cooled to �80 8C.
MoKa radiation and a graphite monochromator was used. The unit cell di-
mensions were determined from the reflections collected on 15 frames
each for five different settings. Data collection was performed in the
hemisphere mode of the program SMART.[23] The data were reduced
with the program SAINT and the structures solved by direct methods im-
plemented in the program SHELXTL.[24] Non-hydrogen atoms were
given anisotropic thermal parameters, while the hydrogen atoms were re-
fined isotropically. The position and the Ui value of the oxonium hydro-
gen atom was freely refined. The site disordered ethyl group gave about
equal occupancies for two orientations, and SOF was fixed to 0.5 in the
final steps of refinement.


CCDC-211 204 (1b) and 211 203 (2b) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/conts/retrieving.html, or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (+44)1223±336033; or email: deposit@ccdc.cam.ac.uk.


Electrochemical investigations : The studies were carried out using solu-
tions of LiTOP 2 in an ethylene carbonate (EC)/dimethyl carbonate
(DMC) solvent mixture. The EC (battery grade, Digirena EC-20) was ob-


tained from Honeywell and the DMC was obtained from Merck (Selecti-
pur battery grade).


For the CV experiment, a solution of 10.5 wt % LiTOP in EC/DMC (1:1
w/w) was prepared, which was further dried using alumina (AluN, ICN
Eschwege). One part of this solution was used to measure the CV against
a Pt working electrode. A three-electrode cell without diaphragm was
used. Two lithium strips (Chemetall, battery grade) fixed to nickel wire
were used as counter and reference electrodes, respectively. Only the lith-
ium strips were wetted by the solution. The cell was assembled in an
argon-filled glove box (MB 200, M. Braun, M¸nchen (Germany)); after-
wards, it was connected to a Sycopel AEW-1000 electrochemical worksta-
tion. The CV was started by an anodic sweep from OCV to 6 V vs. Li/
Li+ , followed by a cathodic sweep to 0.5 V vs. Li/Li+ , followed by an
anodic sweep back to OCV. Three consecutive cycles were recorded,
using a sweep rate of 5 mV s�1. An additional CV experiment was per-
formed using a graphite electrode and a Li counter electrode. The graph-
ite electrode was prepared using a standard doctor blade coater. Graph-
ite (Superior Graphite, Illinois) was dispersed in a solution of PVDF
(polyvinylidene difluoride, Solvay 6020) in NMP (N-methyl pyrrolidin-2-
one, Aldrich, Biotech grade) and coated on a copper current collector.
After drying, electrodes were punched from the sheet and mounted in
spring-loaded coin cells. For assembly, the cell was transferred to the
glove box. A separator (Celgard 2400) and a Li metal disc were placed
on top of the carbon electrode. After filling in the LiTOP-based electro-
lyte, the test cell was closed and transferred to the electrochemical work-
station. The OCV of this cell was 3120 mV. Two complete cycles were re-
corded within the potential range OCV �5 mV, using a sweep rate of
200 mVs�1. Because of the low sweep rate, potentials recorded are be-
lieved to be accurate, even without the use of a Li metal reference elec-
trode.


Galvanostatic tests were performed in a three-electrode cell using lithium
metal foil as counter and reference electrode. The carbon electrode was
prepared by coating slurries of MCMB powder and PVDF dissolved in


Table 4. Crystallographic data of the acid 1¥2 Et2O and its Li salt 2¥DMC.


1¥2Et2O 2¥DMC


formula C14H21O14P C9H6LiO15P
Fw 444.27 392.05
cryst. size [mm] 0.50 î 0.60 î 0.70 0.27 î 0.22 î 0.34
cryst. system triclinic monoclinic
space group P1≈ P2(1)/n
a [ä] 7.4186(8) 12.2152(7)
b [ä] 11.285(1) 9.3340(5)
c [ä] 12.790(2) 13.3391(7)
a [8] 72.051(2) 90.00
b [8] 89.905(2) 104.251(1)
g [8] 82.973(2) 90.00
V [ä3] 1010.3(2) 1474.1(1)
Z 2 4
1calcd [Mg m�3] 1.444 1.767
m [mm�1] 0.205 0.273
F(000) 454 792
index range �7
h
9 �15<h<15


�14
k
14 �11<k<11
�15
 l
15 �17< l<2


2 q [8] 57.74 58.14
T [K] 193(2) 193(2)
refl. collected 5698 8425
refl. unique 2990 2576
refl. observed (4s) 2430 2112
R (int.) 0.0157 0.0780
no. variables 346 253
weighting scheme[a] x/y 0.1058/0.1893 0.0466/0.4657
GoF 1.068 1.027
final R (4s) 0.0499 0.0356
final wR2 0.1478 0.0919
larg. res. peak [e ä�3] 0.444 0.280


[a] w�1 = s 2F 2
o+(xP)2+yP; P= (F 2


o+2F 2
c )/3.
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NMP onto a copper foil. Celgard 2400 was used as separator. The cells
were assembled in an argon-filled glove box and galvanostatically cycled
between 0 and 1000 mV vs. Li/Li+ with C/20 rate.


Synthesis : [(Et2O)2H][P(C2O4)3] (1¥2Et2O): Anhydrous oxalic acid
(756 g, 8.40 mol) and dry diethyl ether (1100 g; water content < 0.05 %)
were added while stirring into a 2 L double wall glass reactor equipped
with corrosion resistant metal stirrer, condenser, distillation unit, Pt 100
thermocouple, gas volume measuring device, and a flask for solids addi-
tion. At temperatures between 20 and 25 8C, only parts of the acid dis-
solved.


After about 10 min stirring, lump-free phosphorus pentachloride (564 g,
2.71 mol) was added portion wise over a period of about 90 minutes.
During the first quarter of administering, the temperature rose due to
the exothermic reaction. Initially, the hydrogen chloride by-product dis-
solved in the ether, but after about 10±20 g of PCl5 addition, HCl gas
evolved and mild foaming was sometimes observed. By cooling, the reac-
tion temperature was kept between 20 and 30 8C. After about 150 g of
PCl5 had been added, the reaction temperature decreased due to the en-
dothermic vigorous evolution of gaseous HCl. At this stage, the mixture
was heated in order to keep the temperature above ca. 20 8C. Two liquid
phases were formed and the heavier one crystallized during the second
half of the addition.


After the PCl5 addition was completed, about 160 L of HCl were gener-
ated. In order to complete the gas evolution, the reaction mixture was
heated under reflux with vigorous stirring by raising the temperature of
the heating mantle to 40±43 8C for 1±2 h. Thereafter as much diethyl
ether was boiled off as possible while stirring (about 500 mL). In order to
reduce the content of chloride impurities, the solids were then dried
under vacuum (membrane pump).


After this procedure, the white to slightly pale solids were redispersed in
fresh diethyl ether (about 500±800 g). The slurry which forms was poured
onto a filter unit and washed three times with diethyl ether. The crystal-
line solid was vacuum dried at RT for about two hours. yield: 910 g
1¥2Et2O (75 %); m.p. �80 8C (decomp); elemental analysis calcd (%) for
P: 6.97, Cl� : 0; found: P (ICP) 6.97, Cl� (argentometric): 0.11; NMR
(CDCl3): d1H = 1.47 (t, H3C), 4.08 (q, CH2), 15.5 (s, H¥Et2O); d13C =


14.39, 69.98 (Et2O), 153.79 (ligand); d31P = �140.7; NMR (1,2-DME/
C6D6): d1H = 0.96 (t, H3C), 2.3±4.0 (1,2-DME and H2C), 15.6 (s,
H¥Et2O); d13C = 14.86, 65.77 (Et2O), 153.2 (ligand); d31P = �141.97; IR
(5 % solution in 1,2-DME):ñ = 1813 (s), 1792 (sh), 1748 cm�1 (w);
Raman (NMR tube, 5% solution in 1,2-DME): ñ = 1842, 1799 cm�1


(both w).


Remarks : 1¥2 Et2O was not stable in 1,2-DME over longer periods of
time, therefore solutions have to be measured quickly (within 1±2 h).


[Et2OH] [P(C2O4)3] (1¥Et2O): crystalline 1¥2Et2O was kept for 1±2 h at
50±60 8C under vacuum (< 1 mbar). Elemental analysis calcd (%) for P:
8.37; found: P 8.36.


Li[P(C2O4)3] (crude 2, step 1): In a 1 L flask equipped with a stirrer, con-
denser, thermocouple and solids addition flask 1¥2Et2O (250 g, 0.56 mol)
was suspended in dry diethyl ether (500 mL). To this suspension lithium
hydride powder (5.6 g, 0.71 mol) was added under vigorous stirring at
RT. Rapid hydrogen evolution was observed and care had to be taken in
order to prevent foaming. After complete addition, the mixture was
heated under reflux for 1±3 h until no more hydrogen evolution was ob-
served. The mixture was evaporated to dryness at 30±80 8C with a rotary
evaporator to yield a white to slightly greyish powder (160±175 g). Cau-
tion : The solid still contains excess lithium hydride.


Step 2–Purification of crude 2 : The crude reaction product of Step 1
was dissolved in dry diethyl carbonate (addition of the raw solid to stir-
red solvent at about 20±50 8C, so that an about 30 % solution was
formed). Whereas 2 dissolved quickly, LiH and other impurities did not
dissolve and were removed by filtration over a G4 glass filter frit. The
clear filtrate obtained was vacuum evaporated (60±75 8C, 80±100 mbar).


When the salt concentration exceeded about 35%, pure 2 crystallized in
the form of coarse colourless crystals. The evaporation was continued as
long as the stirring was not affected. Then, the suspension was cooled to
RT and poured onto a filter frit (G2 or G3). The crystals were washed
with a small quantity of diethyl carbonate (DEC), then with tert-butyl


methyl ether. Finally, the salt was vacuum dried at 50±90 8C for about
one hour. Yield: 85±120 g.


From the mother liquor another 10±30 % 2 could be isolated. The chlo-
ride impurity level was typically between 50 and 300 ppm. It was reduced
by repeated recrystallizations. NMR (1,2-DME/C6D6): d1H = only sig-
nals from 1,2-DME (3.11, 3.28); d13C = 58.22, 71.68 (1,2-DME), 153.17
(C=O); d31P = �141.8; IR (5 % solution in 1,2-DME): ñ = 1814 (s),
1794 (sh), 1747 cm�1 (w); Raman (NMR tube, 5% solution in 1,2-DME):
ñ = 1841, 1799 cm�1 (both w).


(MeO)2CO¥Li[P(C2O4)3] (2¥DMC): Compound 2 was added to dry di-
methyl carbonate so that an ~35 % suspension was formed. If turbid, the
resulting solution was filtered over a G4 glass frit. Next, the clear filtrate
was concentrated under vacuum (200±500 mbar) at 50±70 8C, until white
crystals formed. The solution was then cooled slowly to 0 8C, and the
solid was isolated by filtration. Yield: 40±60 % of theory; elemental anal-
ysis calcd (%) for P 7.90, Li 1.77; found P (ICP) 7.74, Li (ICP) 1.74. The
solubility of 2 in dimethyl carbonate was as follows: T [8C] (conc.
[wt. %]): 0 (40), 25 (41), 50 (43), 70 (44).
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Hydrogenation Studies Involving Halobis(phosphine)±Rhodium(i) Dimers:
Use of Parahydrogen Induced Polarisation To Detect Species
Present at Low Concentration


Simon A. Colebrooke,[a] Simon B. Duckett,*[a] Joost A. B. Lohman,[b] and
Richard Eisenberg[c]


Introduction


Transition-metal complexes are used to catalyse an enor-
mous range of chemical reactions in solution, many of which
are of considerable industrial or synthetic significance. How-
ever, probably the most extensively studied group of homo-
geneous catalysts are those associated with the hydrogena-
tion of unsaturated carbon�carbon bonds, with by far the
best known and most widely used of these being
[RhCl(PPh3)3].


[1] Discovered by Wilkinson and his co-work-
ers in 1965 (and often referred to as Wilkinson×s catalyst),
this species was found to be capable of effecting the rapid
homogeneous hydrogenation of alkenes at ambient temper-
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Abstract: Reaction of [RhCl(PPh3)2]2
with parahydrogen revealed that the
binuclear dihydride [Rh(H)2(PPh3)2(m-
Cl)2Rh(PPh3)2] and the tetrahydride
complex [Rh(H)2(PPh3)2(m-Cl)]2 are
readily formed. While magnetisation
transfer from free H2 into both the hy-
dride resonances of the tetrahydride
and [Rh(H)2Cl(PPh3)3] is observable,
neither transfer into [Rh(H)2(PPh3)2(m-
Cl)2Rh(PPh3)2] nor transfer between
the two binuclear complexes is seen.
Consequently [Rh(H)2(PPh3)2(m-Cl)]2
and [Rh(H)2(PPh3)2(m-Cl)2Rh(PPh3)2]
are not connected on the NMR time-
scale by simple elimination or addition
of H2. The rapid exchange of free H2


into the tetrahydride proceeds via re-
versible halide bridge rupture and the
formation of [Rh(H)2(PPh3)2(m-
Cl)RhCl(H)2(PPh3)2]. When these re-
actions are examined in CD2Cl2, the
formation of the solvent complex
[Rh(H)2(PPh3)2(m-Cl)2Rh(CD2Cl2)-
(PPh3)] and the deactivation products


[Rh(Cl)(H)(PPh3)2(m-Cl)(m-H)Rh(Cl)-
(H)(PPh3)2] and [Rh(Cl)(H)(CD2Cl2)-
(PPh3)(m-Cl)(m-H)Rh(Cl)(H)(PPh3)2] is
indicated. In the presence of an alkene
and parahydrogen, signals correspond-
ing to binuclear complexes of the type
[Rh(H)2(PPh3)2(m-Cl)2(Rh)(PPh3)(al-
kene)] are detected. These complexes
undergo intramolecular hydride inter-
change in a process that is independent
of the concentration of styrene and cat-
alyst and involves halide bridge rup-
ture, followed by rotation about the re-
maining Rh±Cl bridge, and bridge re-
establishment. This process is facilitat-
ed by electron rich alkenes. Magnetisa-
tion transfer from the hydride ligands
of these complexes into the alkyl group
of the hydrogenation product is also
observed. Hydrogenation is proposed


to proceed via binuclear complex frag-
mentation and trapping of the resultant
intermediate [RhCl(H)2(PPh3)2] by the
alkene. Studies on a number of other
binuclear dihydride complexes includ-
ing [(H)(Cl)Rh(PMe3)2(m-H)(m-Cl)Rh-
(CO)(PMe3)], [(H)2Rh(PMe3)2(m-Cl)2-
Rh(CO)(PMe3)] and [HRh(PMe3)2-
(m-H)(m-Cl)2Rh(CO)(PMe3)] reveal
that such species are able to play a sim-
ilar role in hydrogenation catalysis.
When the analogous iodide complexes
[RhI(PPh3)2]2 and [RhI(PPh3)3] are
examined, [Rh(H)2(PPh3)2(m-I)2Rh-
(PPh3)2], [Rh(H)2(PPh3)2(m-I)]2 and
[Rh(H)2I(PPh3)3] are observed in addi-
tion to the corresponding binuclear
alkene±dihydride products. The higher
initial activity of these precursors is
offset by the formation of the trirhodi-
um phosphide bridged deactivation
product, [{(H)(PPh3)Rh(m-H)(m-I)(m-
PPh2)Rh(H)(PPh3)}(m-I)2Rh(H)2(PPh3)2]


Keywords: homogeneous catalysis ¥
hydrogenation ¥ NMR spectrosco-
py ¥ parahydrogen ¥ rhodium


Chem. Eur. J. 2004, 10, 2459 ± 2474 DOI: 10.1002/chem.200305466 ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2459


FULL PAPER







atures and pressures,[2,3] and although the slow reduction of
unsaturated alkenes by H2 in the presence of metal ions
such as Ag+ or Cu2+ was already known,[4] [RhCl(PPh3)3]
represented the first practical catalyst system. The chemistry
of [RhCl(PPh3)3] is dominated by reactions involving either
the substitution of one phosphine ligand to yield trans prod-
ucts of the form [RhCl(CO)(PPh3)2] or
[RhCl(C2H4)(PPh3)2], or the oxidative addition of small
molecules producing RhIII complexes. In addition to facili-
tating efficient hydrogenation under ambient conditions,
[RhCl(PPh3)3] is capable of promoting selective hydrogena-
tion of C=C or C�C groups in the presence of other easily
reducible functionalities such NO2 or CHO.[1,3] At the same
time, interest in [RhCl(PPh3)3] is not solely limited to hydro-
genation since hydrosilation, decarbonylation, and transfer
dehydrogenation reactions can also be initiated.[1]


The mechanism by which [RhCl(PPh3)3] catalyses the hy-
drogenation of alkenes has been the subject of extensive re-
search with the core mechanistic pathway proposed to in-
volve four key intermediates, [RhCl(PPh3)2],
[RhCl(H)2(PPh3)2], [RhCl(H)2(alkene)(PPh3)2] and
[RhCl(alkyl)(H)(PPh3)2]. Whilst the extremely reactive 14
electron species, [RhCl(PPh3)2], is never observed in solu-
tion under hydrogenation conditions, it has been generated
during flash photolysis studies[5] on [RhCl(CO)(PPh3)2] and
a solid sample of [RhCl(PtBu3)2], stabilised by the bulky
phosphine ligands, has been prepared.[6] Despite the resul-
tant low concentration of [RhCl(PPh3)2],


[7,8] it remains kinet-
ically significant since H2 addition to it is 104 times faster
than that to [RhCl(PPh3)3].


[9] Indeed, based on results with
[RhCl[P(p-tolyl)3]3], Tolman proposed that about 90% of
the [RhCl(H)2(PPh3)3] in solution is formed via
[RhCl(PPh3)2].


[10] A number of related species have been
synthesised using bulky phosphines that mimic the H2 addi-
tion product [RhCl(H)2(PPh3)2] and these culminated in a
crystal structure for [RhCl(H)2(PtBu3)2].


[6] This complex
possesses approximately C2v symmetry, with equivalent and
mutually trans-PtBu3 ligands and matches that proposed by
Brown for [RhCl(H)2(PPh3)2].


[7] Alkene coordination to the
resultant 16 electron dihydride species corresponds to the
next step in the cycle, and a number of geometries for
[RhCl(H)2(alkene)(PPh3)2] are possible, even though this
complex has traditionally been depicted with trans phos-
phines. However, when crystal structure data results were
used to enable the energies of potential [RhCl(H)2(alke-
ne)(PPh3)2] intermediates to be quantified for many sub-
strates (such as cyclohexene and bicylco[2.2.1]heptene),
complexes with trans phosphine arrangements were found
to be highly sterically strained due to interactions between
the coordinated alkene and the other ligands.[11] Only with
much smaller alkenes such as cis-but-2-ene do alkene dihy-
dride complexes with trans phosphines result in viable inter-
mediates. Thus, intermediates with cis phosphines may exist
at greater concentrations than those with trans arrange-
ments, and based on modelling studies with cyclohexene,
they may even have the higher activity.[12] A further compli-
cation arises from the fact that coordination of alkene to
[RhCl(H)2(PPh3)2] is reversible.[11] However, it should also
be noted that in the case of alkenes that coordinate more


strongly than cyclohexene such as styrene, Halpern pro-
posed that an additional parallel route to hydrogenation
exists, via a complex containing two alkene ligands and only
one phosphine.[13] Indeed, the kinetic studies of Halpern sug-
gest that under the catalytic conditions usually employed
with [RhCl(PPh3)3], the majority of the hydrogenation pro-
ceeds via this bis(alkene) route.


Theoretical methods using PH3 as the phosphine have
also been applied to this problem by Dedieu, Morukuma
and others.[14±16] On the basis of these studies, two pathways
involving intermediates with cis- or trans-phosphine ligands
were validated, with the trans pathway typically correspond-
ing to the lower energy route. Interestingly, the cis- and
trans-phosphine pathways were shown to have different rate
limiting steps corresponding to reductive elimination in the
former and alkene insertion in the latter. It was also noted
that the relative energies of the species might change when
bulkier PPh3 ligands were involved along with alkenes other
than C2H4.


There is a further twist to these descriptions since in the
initial publications concerning solutions of [RhCl(PPh3)3],
Wilkinson noted the gradual formation of the virtually in-
soluble dimeric complex [Rh(m-Cl)(PPh3)2]2.


[2] This complex
has been shown to react with hydrogen according to UV and
31P NMR spectroscopy to form [Rh(H)2(PPh3)2(m-
Cl)2Rh(PPh3)2] rather than [Rh(H)2(PPh3)2(m-Cl)]2 as origi-
nally proposed by Wilkinson. The [Rh(m-Cl)(PPh3)2]2 dimer
thus provides access to another potential hydride containing
intermediate.[2] Indeed, Tolman revealed that the equilibri-
um constant for the formation of [Rh(H)2{P(p-tolyl3)2}2(m-
Cl)2Rh{P(p-tolyl)2}2}] from [RhCl[P(p-tolyl)3]2]2 and H2 is
only 3.6 times lower than that for the formation of
[RhCl(H)2(PPh3)3] from [RhCl(PPh3)3]. In addition, he also
obtained evidence for the transfer of the hydride ligands of
[Rh(H)2{P(p-tolyl3)2}2(m-Cl)2Rh{P(p-tolyl)2}2] to cyclohexene
while reforming [RhCl[P(p-tolyl)3]2]2, and subsequently esti-
mated that as much as 25% of the cyclohexene hydrogena-
tion might occur via this route.


These studies clearly reveal that the detailed study of re-
action mechanisms requires the direct detection and moni-
toring of the key reaction intermediates. Since these species
are by their nature present in low concentration, NMR
might initially be thought to be unsuitable for this work.
One route to achieving high concentrations of reactive spe-
cies is to use photochemistry to prepare them at tempera-
tures where they are stable. Through the use of this ap-
proach, Ball recently characterized the first s-alkane com-
plex by NMR spectroscopy.[17] However, another method
exists involving the independent synthesis of molecules in
specific nuclear spin states. Under these conditions, the ob-
servable NMR signals have strengths that are not governed
by Boltzmann statistics but rather by the efficiency of the in-
itial nuclear spin state preparation. In this study, the techni-
que first described by Bowers and Weitekamp involving the
addition of dihydrogen enriched in the para-spin state is em-
ployed to achieve this.[18] To date, parahydrogen induced po-
larisation or PHIP has been used to characterise metal dihy-
drides formed by H2 oxidative addition in a rapidly expand-
ing number of systems which include complexes of Ru0, RhI,
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TaIII, IrI and Pt0, and a number of reviews describe the bene-
fits of this approach.[19] Studies of [RhCl(PPh3)3] have been
featured in this area, with complexes of the type [RhCl(al-
kene)(H)2(PPh3)2] having cis-phosphine ligands and coordi-
nated styrenes being previously described.[20] Here we de-
scribe how parahydrogen induced polarisation, and normal
NMR methods can be employed with [RhCl(PPh3)2]2,
[RhCl(PPh3)3], [RhI(PPh3)2]2 and [RhI(PPh3)3] to detect a
number of previously unseen species and demonstrate their
involvement in hydrogenation. The primary thrust of this
work focuses on exploring the role that binuclear intermedi-
ates play in the hydrogenation reaction. Some of this work
has already been published in preliminary communication
form.[21]


Experimental Section


All sample preparations were performed using either a nitrogen filled
glove box or a Schlenk line. Solvents were dried and degassed prior to
use using potassium for the C6D6 and C7C8 and molecular sieves for
CD2Cl2 and CDCl3. NMR measurements were made using NMR tubes
that were fitted with J. Young Teflon valves and solvents were added by
vacuum transfer on a high vacuum line. Triphenyl phosphine (Aldrich),
trimethyl phosphine (Aldrich) and hydrogen (99.99%, BOC) were used
as received. [RhCl(PPh3)2]2, [RhCl(PPh3)3], [RhCl(CO)(PMe3)2] and
[RhI(CO)(PMe3)2] were prepared according to established methods.[22]


[RhI(PPh3)3] was prepared by refluxing an ethanol solution containing
PPh3 (3.0 g), RhCl3¥3H2O (0.5150 g) and LiI (2.0 g) under an N2 atmos-
phere. Selected spectroscopic data: 1H NMR (C7D8, 273 K): d = 7.71 (m,
o-H), 7.25 (m, m-H), 6.87 (m, p-H); 31P NMR (CD2Cl2, 263 K): d =


44.35 (dt, 1JP,Rh = 195.6 Hz, 2JP,P = 34.7 Hz, PPh3/trans to iodide), 28.62
(dd, 1JP,Rh = 138.8 Hz, 2JP,P = 34.7 Hz, PPh3/trans to P). Although
[RhI(PPh3)2]2 could be produced by warming solutions of [RhI(PPh3)3],
the best results were obtained by refluxing a toluene solution containing
[RhCl(PPh3)3] (100 mg) and LiI (0.15 g) for 18 h. After cooling, the fine
deep red product was separated by filtration and purified by washing
with dry toluene or hexane. Selected spectroscopic data: 1H NMR (C7D8,
273 K): d = 7.92 (m, o-H), 7.72 (m, m-H), 7.00 (m, p-H); 31P NMR
(C6D6, 295 K): d = 50.2 (d, 1JPRh = 190.0 Hz, PPh3)].


For the PHIP experiments, hydrogen enriched in the para spin state was
prepared by cooling H2 to 77 K over a paramagnetic catalyst as described
previously.[23] A pressure of H2 equivalent to ca. 3 atm at 298 K was intro-
duced into the NMR tube on a high vacuum line. The samples were
thawed immediately prior to use and introduced into the NMR spectrom-
eter at the pre-set temperature. parahydrogen-enhanced NMR spectra
were recorded on a Bruker DRX-400 spectrometer with 1H at 400.130,
31P at 161.975, 13C at 100.613, and 103Rh at 12.594 MHz, respectively. 1H
NMR chemical shifts are reported in ppm relative to residual 1H NMR
signals in the deuterated solvents ([D5]benzene, d=7.13, and [D7]toluene,
d=2.13). 31P{1H} NMR spectra are reported in ppm downfield of an ex-
ternal 85% solution of phosphoric acid, 13C NMR spectra are reported
relative to [D6]benzene, d=128.0, and [D8]toluene, d=21.3, and 103Rh
spectra are reported relative to 12.64 MHz, d=0. Modified 1H-1H, -
COSY, -HMQC, and -NOESY pulse sequences were used as previously
described.[24]


The NOE spectra were analysed according to standard methods.[25] Im-
portantly, no exchange cross peaks to free hydrogen were observed for
the range of mixing times used to extract rate information and a simple
two-site exchange mechanism was assumed. The rate of hydride inter-
change, k [s�1], was determined for a mixing time, tm, using Equation (1),
where I is the ratio of intensities of the diagonal and exchange cross
peaks.


k ¼ 1
tm


�
Iþ1
I�1


�
ð1Þ


Results and Discussion


Observations on the reaction of [RhCl(PPh3)2]2 (1) with
H2–Characterisation and dynamic behaviour of
[Rh(H)2(PPh3)2(m-Cl)]2 : When a C6D6 solution of
[RhCl(PPh3)2]2 (1) is observed by 1H NMR spectroscopy
under n-H2 (n=normal) at 295 K, two distinct hydride reso-
nances are observed in the high-field region of the spectrum
at d �19.45 and �20.01, respectively. Figure 1a illustrates
the corresponding 1H{31P} spectrum where both these reso-
nances appear as rhodium coupled doublets and can hence
be deduced to arise from terminal hydride ligands. Surpris-
ingly, the signal intensity of the d �20.01 resonance was
temporarily increased relative to that of the d �19.45 peak
if the NMR sample was shaken and immediately returned to
the probe. This imbalance rapidly decays until after approxi-
mately 30 seconds the initial signal intensities are restored.
It should also be noted that the observation of the d �20.01
resonance is totally suppressed during the hydrogenation ex-
periments described later.


The chemical shift of the hydride signal at d �19.45
matches that previously reported for [Rh(H)2(PPh3)2(m-
Cl)2Rh(PPh3)2] (2),[3] with the high-field chemical shift prov-
ing to be indicative of a hydride ligand positioned trans to
bridging chloride ligand. Since the d �20.01 hydride reso-
nance of species 3 is comparable to that of 2 it is also likely
to arise from a hydride ligand positioned trans to a bridging
chloride; however, since its line-width is 20 Hz at 295 K
complete characterisation was not possible in this solvent.


Figure 1. a) 1H{31P} spectrum showing high field resonances of 2 and 3 ob-
tained from the reaction of [Rh(m-Cl)(PPh3)2]2 with normal hydrogen in
[D8]toluene at 295 K. b) 1D 1H NOE spectrum at 295 K on the same
sample acquired following the selective excitation of the free H2 signal
and a 400 ms mixing time, magnetisation transfer into the hydride ligands
of 3 is indicated; c) 1D NOE spectrum acquired at 295 K following the
selective excitation of the free H2 signal with magnetisation transfer into
the hydrides of 4 indicated. NOE connections to the ortho-phenyl pro-
tons are also illustrated. This corresponds to monitoring the reaction of
[Rh(Cl)(PPh3)3] with H2.
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The line-width of the hydride resonance for 2 is 2.5 Hz
under the same conditions. In order to characterise 3 more
fully, the solvent was changed to CD2Cl2 where the solubility
of 1 is significantly higher.


The reaction of [RhCl(PPh3)2]2 with n-H2 in CD2Cl2 yields
hydride signals due to 2 and 3 at d �19.92 and �20.16, re-
spectively. The hydride resonance of 3 was again considera-
bly broader than that of 2 but a series of 1H{31P} spectra, re-
corded at progressively lower temperatures, resulted in a
gradual reduction in the line-width of this resonance as it
moved to higher frequency. At 203 K, in the fully coupled
1H NMR spectrum, the hydride resonance of 3 appears at d
�18.96 and exhibits a doublet of triplet multiplicity where
two equivalent phosphines provide a JH,P value of 13.5 Hz
and the value of JH,Rh is 25.2 Hz. In the corresponding
1H,103Rh HMQC spectrum, this hydride resonance connects
to a single 103Rh resonance at d 661 which exhibited passive
coupling to two equivalent 31P nuclei which resonate at d


39.1 in the 31P NMR spectrum. These data clearly confirm
that 3 corresponds to the highly symmetrical tetrahydride
complex, [Rh(H)2(PPh3)2(m-Cl)]2, with the structure shown
in Scheme 1.


Both the associated hydride resonance line-widths, and
the temperature dependence of the hydride ligand×s chemi-
cal shift require that 3 is undergoing a fluxional process.
When the hydride resonance of 3 was selected in a 1D-
EXSY sequence at 285 K, and a mixing time of 100 ms used
to monitor chemical exchange, the resulting spectrum con-
tained a single resonance at d 4.47 corresponding to the de-
tection of free H2. Reducing the mixing time to 10 ms led to
the observation of resonances due to both the irradiated hy-
dride and free H2 in a 1:0.1 ratio in accord with a rate of H2


elimination of 10 s�1 at 285 K. Interestingly, while the re-
verse process–exchange of free H2 into 3–could also be
observed using the same 1D-EXSY method (kobs=0.025 s�1


at 285 K, Figure 1b), no transfer of H2 into 2, or H2 elimina-
tion from 2, was seen until 312.5 K. At this point, the rate of
H2 loss from 2 was determined to be 0.025 s�1. It can there-
fore be concluded that the rate of hydrogen elimination
from 2 at 312.5 K is around 400 times slower than that for 3
at 285 K.


The dynamic processes involving the interchange of the
hydride ligands of [RhCl(H)2(PPh3)3], 4 and their reversible


exchange with H2 have already been investigated extensively
by Brown.[7] We note here that irradiation of either hydride
signal for 4 in a 1D-EXSY sequence at 295 K led to the ob-
servation of hydride interchange and H2 elimination with a
rate of 3.3 s�1. When the resonance of free H2 was selected
in this experiment, at 295 K, exchange peaks were observed
into both hydride positions in 4 (Figure 1c). Importantly, no
evidence for the interconversion of 4, 2 and 3 was obtained
in these EXSY spectra for mixing times up to 500 ms; it
should be noted that 4 and 3 were not observed simultane-
ously since 3 is not observed during the reaction of
[RhCl(PPh3)3] with H2 or when 1 reacts with H2 in the pres-
ence of an excess of PPh3. A point of particular interest re-
lates to the absence of exchange peaks connecting the hy-
dride resonances of 2 and 3. This enables the conclusion to
be drawn that the tetrahydride is not formed on the NMR
timescale by the direct addition of hydrogen to the RhI


centre of 2 ; this proposal supports Tolman×s early suggestion
that the addition of H2 to 2 would be inhibited by electronic
factors.[2] Furthermore, since the formation of 2 from
[RhCl(PPh3)3] and H2 coincides with the generation of free
PPh3 it is clear that free PPh3 suppresses the formation of 3.


If 3 undergoes rapid and reversible rupture of one of the
halide bridges, then the chemical environment of the hy-
dride ligands will fluctuate between that of the dimer and
those typical of the corresponding unsaturated intermediate
[Rh(H)2(PPh3)2(m-Cl)RhCl(H)2(PPh3)2] (5). In this species,
the unsaturated rhodium centre could either adopt a square
based pyramidal structure where one hydride is trans to a
vacant site[26,27] or a trigonal-bipyramidal geometry where
both hydrides are in equatorial positions without a direct
trans ligand.[28] Both of these situations will result in the res-
onance of the associated hydride ligands moving to higher
field (lower frequency) and thus reversible halide bridge
rupture in 3 will shift the hydride resonance to high field.
At lower temperatures, the rate of this process would be ex-
pected to reduce and the contribution of the chemical shift
of unsaturated intermediate to the observed chemical shift
would fall, with resonances moving to higher frequency.
This is consistent with the observation that on cooling, the
hydride resonance of 3 is observed at progressively higher
frequencies. The failure to observe hydride exchange from 3
to 2, and the observation of free H2 exchange with 3 indi-
cates that H2 must add to the RhI. Centre of the product
formed by H2 loss from 5 rapidly, and preserve 3, before 2 is
formed or fragmentation occurs. This is further supported
by the fact that while the rates of hydrogen addition to
[RhCl(PPh3)3] and [RhCl(PPh3)2]2 have been found to be
similar (k=4.81 mol�1 s�1 for the monomer), they are con-
siderably lower than the rate of addition to the 14 electron
species [RhCl(PPh3)2], which was estimated to be 7î
104 mol�1 s�1.[3]


Utilisation of transfer NOE protocols to probe the ligand
sphere of [Rh(H)2(PPh3)2(m-Cl)]2 (3) and
[RhCl(H)2(PPh3)3] (4): During the 1D-EXSY experiments
involving 4 in C6D6 when the peak for free H2 was selected,
and a mixing time of 400 ms employed, two further resonan-
ces, possessing opposite phase to the irradiated signal were


Scheme 1. H2 addition products of [Rh(PPh3)Cl] and [Rh(PPh3)2(m-Cl)]2.
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seen at d 7.79 and 7.55 in the final spectrum. 1H NMR reso-
nances in this region are characteristic of phenyl protons in
metal bound phosphine ligands. Indeed, the same two reso-
nances are observed when the hydride signal at d �16.63 is
selected and a 400 ms mixing time utilised. From this result,
the origin of the signals at d 7.79 and 7.55 can be attributed
to NOE interactions between the irradiated hydride nuclei
and the ortho-phenyl protons in the two types of PPh3 li-
gands of 4. A mechanism accounting for this observation
has been reported previously and termed transfer NOE.
Transfer NOE methods have been developed for predomi-
nantly biochemical applications, with particular emphasis
being placed on the investigation of ligands binding to pro-
teins.[29,30] Thus, under conditions where rapid chemical ex-
change occurs between free and coordinated ligand mole-
cules, information concerning the bound state of a ligand±-
protein complex can be deduced by probing NOE interac-
tions via nuclei in the free ligand.[30±34] The chemistry of the
rapid addition and elimination of H2 to 4 is analogous to
that of a protein and a reversibly coordinating ligand and ir-
radiation of the H2 resonance results in the observation of
NOE interactions reflecting the environment of the proton
nuclei originating from H2 in the ™bound state∫. We note
that increasing the temperature and hence rate of H2±RhH2


exchange increases the intensity of these NOE connections.
The opposite trend was produced by the addition of 2 mg of
free PPh3 to a solution of [RhCl(PPh3)3] in toluene; Halpern
has demonstrated that the rate of H2 addition to form 4 is
approximately 105 times slower than that to generate the un-
saturated species [RhCl(H)2(PPh3)2]. Under these conditions
no NOE or exchange connections were observed to 4 when
the H2 resonance was selected. We also note that for an
equivalent number of scans and mixing time, the intensity of
the NOE peaks in 4 were greater when the free H2 reso-
nance, rather than the hydride resonance, was irradiated.
Furthermore, at 325 K the line-width of the hydride signals
for 4 exceeds 600 Hz and only irradiation of the free H2


signal led to NOE connections being observed to the phos-
phine. Clearly the monitoring
of the ligand sphere of minor,
or highly fluxional, complexes
is readily facilitated by this ap-
proach.


When the free hydrogen
peak is irradiated in this way
for a sample of 1 and H2 in
C6D6 at 305 K, a negative NOE
peak is visible in the corre-
sponding 1H NMR spectrum at
d 7.82. Since the chemical shift
of this new resonance does not
match those expected for 4 or 2
it must correspond to the ortho-
phenyl proton resonance of the
tetrahydride 3.


Reactions of [RhCl(PPh3)2]2
(1) with H2 in chlorinated sol-
vents : We described above how


n-H2 reacts with 1 at 295 K in CD2Cl2 to form both 2 and 3.
We now note that at very early reaction times, a further pair
of weak hydride resonances, both of the same intensity,
could be detected at d �19.77 and �20.50. These chemicals
shifts are characteristic of those found for hydride ligands in
binuclear structures that are located trans to bridging chlor-
ides. These resonances are only visible within the first ten
minutes of starting the reaction and their signal intensity did
not permit the acquisition of 31P nor 103Rh NMR data. None-
theless, in the 1H{31P} spectrum these resonances appear as
simple doublets of doublets of 22 and 10.2 Hz couplings, and
in the 31P coupled 1H NMR spectrum, each resonance shows
an additional triplet splitting of approximately 15 Hz consis-
tent with the presence of two cis phosphines. The formation
of [Rh(H)2(PPh3)2(m-Cl)2Rh(CD2Cl2)(PPh3)] (6), a species
that contains inequivalent hydride ligands is totally consis-
tent with these observations. We note that even though the
hydride resonances for 6 were sharp, they did not display
PHIP with p-H2. This observation can be explained by the
fact that complex 3 rapidly quenches the p-H2 reservoir due
to its extremely high reactivity.


A more noteworthy feature of this reaction is the fact
that five additional hydride resonances become visible after
25 minutes. These resonances appear at d �10.86, �16.26,
�16.46, �17.84, and �19.19 and while they continue to in-
crease in intensity at the expense of signals due to 2 and 3,
over time their appearance in the corresponding 1H NMR
spectra is unchanged between 310 and 203 K. The full char-
acterisation of these species by NMR spectroscopy is descri-
bed in the Supporting Information. This details how the two
hydride signals of relative intensity 1:2 at d �10.86 and
�16.46 arise from [Rh(Cl)(H)(PPh3)2(m-Cl)(m-H)Rh(Cl)(H)-
(PPh3)2] (7). Those at d �17.84, �16.26 and �19.19, with
identical intensities, arise from the solvent complex
[Rh(Cl)(H)(PPh3)(CD2Cl2)(m-Cl)(m-H)Rh(Cl)(H)(PPh3)2]
(8). Scheme 2 illustrates the structures of these species
and includes key NOE connections that support the assign-
ments.


Scheme 2. NOE connectivities in 7 and 8.
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One of the most notable differences in the NMR proper-
ties of 7 and 8 is the chemical shift of the bridging hydride.
It shifts from d �10.86 when it is trans to two phosphines, to
d �17.84 when it is trans to only one, and hence is also trans
to chloride or coordinated CD2Cl2. A number of rhodium
hydride complexes containing ligated solvent molecules
have been reported including some with dimeric struc-
tures.[35,36] The role of the solvent was subsequently con-
firmed by the fact that in 50% CD2Cl2/CH2Cl2 an additional
NOE interaction between this hydride and a signal at d 4.57
is observed. Further evidence supporting a solvated struc-
ture was obtained by adding CDCl3 into a CD2Cl2 solution
containing 7 and 8. While the terminal resonance at d


�19.19 moves by 56 Hz for a 1:4 solvent ratio, the 4 other
resonances shift by less than 10 Hz.


It should be noted that 7 and 8 are only formed in chlori-
nated solvents, and the formation of CD2HCl is indicated by
the observation of a quintet at d 3.37. The chemical shift of
the proton in CD2HCl has been reported as d 3.05 in
CCl4.


[37] In addition, when [RhCl(PPh3)3] reacts with n-H2 in
CD2Cl2 solution only 2, 4 and 7 were observed. Thus, the
generation of 8 is suppressed by added PPh3 which is consis-
tent with solvent coordination in this species. It should be
noted that direct exchange between 7 and 8 was not observ-
able on the NMR timescale.[38]


The reactivity of these trihydrides was further investigated
by placing an NMR sample containing both 7 and 8 under
an atmosphere of D2. When a 1H NMR spectrum was ac-
quired, a 1:1:1 triplet at d 4.57 (superimposed upon the reso-
nance of H2) was observed. This triplet is due to the forma-
tion of HD, the 1JH,D coupling being 42.4 Hz, and requires
the existence of a pathway for D2/H, HD/D exchange.
During this process, all the hydride resonances in each com-
plex were found to decrease in intensity at essentially the
same rate, although the rate of deuterium incorporation into
8, the solvent stabilised complex, substantially exceeded that
for 7. Interestingly, placing a benzene solution of 8 and 7
under p-H2 did not yield any polarisation in the hydride res-
onances of these species. Thus, although the deuterium ex-
periment confirms that these complexes undergo exchange
with H2, the rate is insufficient to see enhancement of these
resonances.


Observations on the reaction of [RhCl(PPh3)2]2, 1, with H2


in the presence of an alkene : A number of studies have
demonstrated that when the hydrogenation of styrene cata-
lysed by 1 or [RhCl(PPh3)3] is examined with p-H2, polarised
resonances are readily observed in the hydrogenation prod-
uct ethylbenzene due to the pairwise hydrogenation of the
substrate by the catalyst, as shown in Figure 2a. However,
when 1 is employed, close examination of the hydride
region of the associated 1H NMR spectrum reveals the pres-
ence of two additional polarised resonances at d �18.72 and
�19.51 (Figure 2b). These resonances have previously been
reported to arise from terminal hydride ligands in the binu-
clear species [Rh(H)2(PPh3)2(m-Cl)2Rh(PPh3)(styrene)]
(9a).[20, 21] Consequently, when the corresponding 1H NMR
spectrum is acquired with broadband phosphorus decoupling
during data acquisition, both hydride resonances simplify


into doublets of antiphase doublets from which JH,H=


�10.9 Hz and JRh,H �22.5 Hz can be determined. The loca-
tion of these hydride resonances as high-field signals con-
firms the presence of the two halide bridges, and by compar-
ison with the position of those in the related complexes
[Rh(H)2(PPh3)2(m-Cl)2Rh(PPh3)2] and [Rh(H)2(PPh3)2(m-
Cl)2Rh(CO)(PPh3)], it can be deduced that the d �19.51
resonance arises from the hydride that is cisoid to the PPh3


ligand on the RhI centre. The NMR data for 9 can be found
in Table 1.


Since the observation of this species was first described[20]


we have developed a high sensitivity approach to observe
heteronuclei signals via heteronuclear multiple quantum cor-
relation (HMQC) spectroscopy. Surprisingly, when the hy-
dride resonances of 9a are used in this way to learn about
the associated 31P chemical shifts, the resultant spectrum, il-
lustrated in Figure 2c, indicates that each hydride ligand
couples to two different phosphorus centres. Consequently,
the 31P domain contains two resonances with distorted dou-
blet of doublets multiplicity from which passive couplings of
127 and 417 Hz can be determined. These couplings corre-
spond to 1JRh,P and 2JP,P, respectively and suggest that the
two phosphine ligands giving rise to these signals are trans
and inequivalent.


The observation of 9a was not unique. When styrene was
replaced with para-methylstyrene, para-chlorostyrene and 1-


Figure 2. a) The hydride region of the 1H NMR spectrum obtained when
1 reacts with H2 in [D8]toluene at 298 K with signals for 2 and 3 illustrat-
ed; a) 1H NMR spectrum illustrating the effect of utilising p-H2 as a sub-
strate during the hydrogenation of styrene by 1; b) expansion of the hy-
dride region of a 1H{31P} NMR spectrum obtained for the sample used in
a) revealing signals due to 9a ; c) selected cross peaks (absolute value dis-
play) and projections in the 1H,31P HMQC correlation spectrum of 9a
(31P decoupled).
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Table 1. Selected NMR Data for complexes 2±12.


Complex (L=PPh3) Nucleus, Sol-
vent, T [K]


d (multi-
plicity)


Assignment J [Hz] d (multi-
plicity)


Assignment J [Hz]


[H2Rh(L)2(m-Cl)2Rh(L)2]
(2)


1H C6D6, 295 7.96 (m) (o-H)/PbPh3 5.6 3JH,H �19.35 (dt) Ha 21.6 1JH,Rh, 17.5
2JH,P


31P C6D6, 295 54.57 (d) Pa 195.1 1JP,Rh 37.47 (d) Pb 119.0 1JP,Rh
103Rh C6D6, 295 957 (t) RhIII 110[a] 1JRh,P
1H CD2Cl2, 295 �19.92 (dt) Ha 21.6 1JH,Rh, 17.5


2JH,P
31P CD2Cl2, 295 54.38 (d) Pa 195.1 1JP,Rh 38.32 (d) Pb 119.0 1JP,Rh
103Rh CD2Cl2,
213


909 (t) RhIII 110[a] 1JRh,P


[H2Rh(L)2(m-I)2Rh(L)2]
(2-I)


1H C7D8, 295 8.05 (m) (o-H)/PbPh3 7.5 3JH,H �16.06 (dt) Ha 22.3 1JH,Rh, 13.7
2JH,P


31P C7D8, 295 50.7 (d) Pa 186.9 1JP,Rh 39.9 (d) Pb 114.9 1JP,Rh
103Rh C7D8, 295 387(t) RhIII 114.9 1JRh,P


[H2Rh(L)2(m-I)-
(m-Cl)Rh(L)2]
(2-Cl-I)


1H C6D6, 295 �15.86
(ddt)


Ha 9.7 2JH,H, 22.5
1JH,Rh, 15


2JH,P �19.45
(ddt)


Hb 9.7 2JH,H, 20.9
1JH,Rh, 17


2JH,P


31P C6D6, 295 38.23 (d) Pa 111.2 1JP,Rh
103Rh C6D6, 295 710 (t) RhIII 110[a] 1JRh,P


[H2Rh(L)2(m-
Cl)2(L)2RhH2] (3)


1H C6D6, 295 7.82 (m) (o-H)/PaPh3 �20.01 (dt) Ha 25.2 1JH,Rh, br


31P C6D6, 295 39.1 (d) Pa 118.8 1JRh,P
1H CD2Cl2, 295 �20.16 (dt) Ha 25.2 1JH,Rh, 13.5


2JH,P
31P CD2Cl2, 203 43.16 (d) Pa 140[a] 1JP,Rh
103Rh CD2Cl2,
213


661 (t) RhIII 118.8 1JRh,P


[H2Rh(L)2(m-
I)2Rh(H)2(L)2] (3-I)


1H C7D8, 295 �15.91 (m) Ha 24.8 1JH,Rh, br


103Rh C7D8, 295 246 (m) RhIII


[H2RhCl(L)3] (4) 1H C7D8, 273 �9.33
(dddt)


Ha �7.6 2JH,H, 11.7
1JH,Rh, 154.4


2JH,P(a), 13.5
2JH,P(b)


�16.60
(ddq)


Hb �7.6 2JH,H, 19.2
1JH,Rh, 15.5


2JH,P
31P C7D8, 273 39.52 (dd) Pa 115.2 1JP,Rh, 21.5


2JP,P 20.48 (dt) Pb 98.7 1JP,Rh, 21.5
2JP,P


103Rh C7D8, 268 260 RhIII


1H, C6D6, 295 7.79 (m) (o-H)/PaPh3 7.3 3JH,H 7.55 (m) (o-H)/PbPh3 8.7 3JH,H


�9.31
(dddt)


Ha 155 2JH,P(a) �16.63
(ddq)


Hb br


[H2RhI(L)3] (4-I) 1H C7D8, 270 �9.56
(dddt)


Ha �8.5 2JH,H, 19.3
1JH,Rh, 149.3


2JH,P(a), 11.6
2JH,P(b)


�13.71
(ddq)


Hb �8.5 2JH,H, 19.7
1JH,Rh, 14.5


2JH,P
31P C7D8, 270 37.03 (dd) Pa 114.1 1JPR,h, 18.6


2JP,P 19.90 (dt) Pb 91.2 1JP,Rh, 18.6
2JP,P


103Rh C7D8, 268 �80 (m) RhIII


1H C7D8, 295 7.70 (m) (o-H)/PaPh3 5.7 3JH,H 7.36 (m) (o-H)/PbPh3


�9.80
(dddt)


Ha 150 2JH,P �13.89
(ddq)


Hb br


[H2Rh(L)2(m-
Cl)2Rh(L)(CD2Cl2)] (6)


1H CD2Cl2, 295 �19.77 (m) Ha 10.2 2JH,H, 22.4
1JH,Rh �20.50 (m) Hb 10.2 2JH,H, 23.2


1JH,Rh


[(L)2RhHCl(m-Cl)-
(m-H)ClHRh(L)2] (7)


1H CD2Cl2, 295 7.19 (m) (o-H)/PaPh3 7.14 (m) (o-H)/PbPh3


�10.86 (ttt) Ha 21.3 1JH,Rh, 74.9
2JH,P(a), 9.8


2JH,P(b) �16.46 (dt) Hb 18.1 1JH,Rh, 18
2JH,P, 18


2JH,P
31P CD2Cl2, 295 51.58 (dd) Pa 140 1JP,Rh, 28.5


2JP,P 36.30 (dd) Pb 120 1JP,Rh, 28.5
2JP,P


103Rh CD2Cl2,
263


814 (dd) RhIII 120 1JRh,P, 140
1JRh,P


[(L)2RhHCl(m-Cl)-
(m-H)H(solv)RhCl(L)] (8)


1H CD2Cl2, 295 7.50 (m) (o-H)/PaPh3 7.33 (m) (m-H)/PaPh3


7.28 (m) (o-H)/PcPh3 7.18 (m) (o-H)/PbPh3


7.08 (m) (m-H)/PbPh3


�16.26 (dt) Ha 16.6 1JH,Rh, 21.7
2JH,P(a), 14.5,


2JH,P(b) �17.84 (m) Hb 27.4 1JH,Rh, 20.8
1JH,Rh, 64


2JH,P(c), 9
2JH,P, 9


2JH,P


�19.19 (dd) Hc 17.4 1JH,Rh, 16.9
2JH,P


31P CD2Cl2, 295 52.77 (d) PaPh3 151.9 1JP,Rh 49.51 (dd) PbPh3 123.4 1JP,Rh, 50
2JP,P


36.62 (dd) PcPh3 123.4 1JP,Rh, 50
2JP,P


103Rh CD2Cl2,
263


1645 (d) Rha
III 150[a] 1JRh,P 861 (dd) Rhb


III 140[a] 1JRh,P, 120
[a] 1JRh,P


[H2Rh(L)2(m-Cl)2Rh(L)-
(styrene)] (9a)


1H C6D6, 295 8.20 (m) (o-H)/L 6.5 3JH,H, 6.5
3JH,P 7.85 (m) (o-H)/L 6.5 3JH,H


�18.72
(ddt)


Ha �10.9 2JH,H, 22.1
1JH,Rh, 17


2JH,P �19.51
(ddt)


Hb �10.9 2JH,H, 22.7
1JH,Rh, 17


2JH,P
31P C6D6, 295 42.73 (dd) (L-RhIII) 127 1JP,Rh, 417


2JP,P 35.23 (dd) (L-RhIII) 127 1JP,Rh, 417
2JP,P


103Rh C6D6, 300 950 RhIII
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Table 1. (Continued)


Complex (L=PPh3) Nucleus, Sol-
vent, T [K]


d (multi-
plicity)


Assignment J [Hz] d (multi-
plicity)


Assignment J [Hz]


[H2Rh(L)2(m-I)2Rh(L)-
(styrene)] (9a-I)


1H C7D8, 268 �15.79 (m) Ha �11.5 2JH,H, 20.8
1JH,Rh �16.03 (m) Hb �11.5 2JH,H, 20.1


1JH,Rh


[H2Rh(L)2(m-Cl)(m-
I)Rh(L)-
(styrene)] (9a-Cl-I)


1H C7D8, 290 �15.85 (m) Ha �9.8 2JH,H, 20.2
1JH,Rh �19.20 (m) Hb �9.8 2JH,H, 22.0


1JH,Rh


[H2Rh(L)2(m-Cl)2Rh(L)-
(p-Me-styrene)] (9b)


1H C6D6, 295 8.09 (m) (o-H)/L 7.74 (m) (o-H)/L 7.9 3JH,H


�18.82
(ddt)


Ha �11.0 2JH,H, 22.3
1JH,Rh, 20


2JH,P �19.59
(ddt)


Hb �11.0 2JH,H, 22.9
1JH,Rh, 17


2JH,P
31P C6D6, 295 42.38 (dd) (L-RhIII) 125 1JP,Rh, 427


2JP,P 33.96 (dd) (L-RhIII) 125 1JP,Rh, 427
2JP,P


[H2Rh(L)2(m-Cl)2Rh(L)-
(p-Cl-styrene)] (9c)


1H C6D6, 295 8.08 (m) (o-H)/L 9.0 3JH,H 7.74 (m) (o-H)/L 6.6 3JH,H


�18.89
(ddt)


Ha �11.0 2JH,H, 22.3
1JH,Rh, 20


2JH,P �19.73
(ddt)


Hb �11.0 2JH,H, 23.0
1JH,Rh, 17


2JH,P
31P C6D6, 295 43.44 (dd) (L-RhIII) 122 1JP,Rh, 425


2JP,P 34.43 (dd) (L-RhIII) 125 1JP,Rh, 425
2JP,P


[H2Rh(L)2(m-Cl)2Rh(L)-
(1-hexene)] (9d)


1H C6D6, 295 8.24 (m) (o-H)/L 8.09 (m) (o-H)/L


�18.66
(ddt)


Ha �11.0 2JH,H, 22.6
1JH,Rh, 17


2JH,P �19.46
(ddt)


Hb �11.0 2JH,H, 22.4
1JH,Rh, 17


2JH,P
31P C6D6, 295 40.42 (dd) (L-RhIII) 121 1JP,Rh, 417


2JP,P 36.78 (dd) (L-RhIII) 128 1JP,Rh, 417
2JP,P


[H2Rh(L)2(m-I)2Rh(L)-
(1-hexene)] (9d-I)


1H C7D8, 268 �15.85 (m) Ha �10.8 2JH,H, 22.0
1JH,Rh �15.93 (m) Hb �10.8 2JH,H, 24.6


1JH,Rh


[H2Rh(L)2(m-Cl)2Rh(L)-
(cis-stilb)] (9e)


1H C6D6, 295 �18.73
(ddt)


Ha �10.8 2JH,H, 23.4
1JH,Rh, 17


2JH,P �19.46
(ddt)


Hb �10.8 2JH,H, 23.0
1JH,Rh, 17


2JH,P
31P C6D6, 295 39.6 (d) Pa 126.6 1JP,Rh


[H2Rh(L)2(m-Cl)2Rh(L)-
(diphen-eth)] (9 f)


1H C6D6, 295 �19.12
(ddt)


Ha �10.5 2JH,H, 23.7
1JH,Rh, 16


2JH,P �19.43
(ddt)


Hb �10.5 2JH,H, 23.8
1JH,Rh, 16


2JH,P
31P C6D6, 295 41.2 (d) Pa 132.9 1JP,Rh


[H2Rh(L)2(m-Cl)2Rh(L)-
(F-styrene)] (9g)


1H CD2Cl2, 263 �19.61
(ddt)


Ha 10.8 2JH,H, 23.1
1JH,Rh, 12


2JH,P �20.56
(ddt)


Hb 10.8 2JH,H, 23.8
1JH,Rh, 12


2JH,P


31P CD2Cl2, 280 50.34 (d) Pa 178.0 1JP,Rh
31P CD2Cl2, 263 44.56 (dd) (L-RhIII) 123.4 1JP,Rh, 427.1


2JP,P 37.41 (dd) (L-RhIII) 123.4 1JP,Rh, 427.1
2JP,P


103Rh CD2Cl2,
268


910 (m) RhIII


1H C6D6, 295 �19.05 (dt) Ha �10.8 1JH,Rh, 23.0
2JH,H �20.21 (dt) Hb �10.8 2JH,H, 23.8


1JH,Rh


[H2Rh(L)2(m-I)2Rh(L)-
(F-styrene)] (9g-I)


1H CD2Cl2, 263 �16.47
(ddt)


Ha 8.6 2JH,H, 23.7
1JH,Rh �16.76


(ddt)
Hb 8.6 2JH,H, 23.0


1JH,Rh


31P CD2Cl2, 263 40 (m) Pa 2nd order
1H C7D8, 280 �15.92


(ddt)
Ha 8.6 2JH,H, 23.7


1JH,Rh �16.46
(ddt)


Hb 8.6 2JH,H, 23.0
1JH,Rh


[H2Rh(L)2(m-Cl)-
(m-I)Rh(L)-
(F-styrene)] (9g-Cl-I)


1H CD2Cl2, 263 �16.91
(ddt)


Ha 9.5 2JH,H, 24.7
1JH,Rh, 11


2JH,P �20.01
(ddt)


Hb 9.5 2JH,H, 22.5
1JH,Rh, 11


2JH,P


31P CD2Cl2, 280 54.11 (d) Pa 172.6 1JP,Rh
31P CD2Cl2, 263 43.16 (dd) (L-RhIII) 117 1JP,Rh, 402


2JP,P 39.47 (dd) (L-RhIII) 120 1JP,Rh, 402
2JP,P


103Rh CD2Cl2,
268


680 (m) RhIII


[H2Rh(L)2(m-
I)2Rh2H2(L)2(m-I)-
(m-H)(m-PPh2)] (10)


1H C7D8, 295 7.86 (m) (o-H)/PcPh3 7.83 (m) (o-H)/PcPh3


7.57 (m) (o-H)/PbPh3 7.21 (m) (o-H)/PaPh3


�10.31
(dtt)


Ha 14.1 1JH,Rh, 69.9
2JH,P(a), 14.2


2JH,P(b) �15.11 (dt) Hb 21.2 1JH,Rh, 14.4
2JH,P


�16.88 (m) Hc 18.2 1JH,Rh, 16.6
2JH,P(a), 4


2JH,P(c)
31P C7D8, 295 203.1 (t) Pa 113 1JP,Rh 44.4 (m) Pb 2nd order ABX


37.8 (m) Pc 2nd order AA’MXX’
103Rh C7D8, 295 172 (t) Rha


III 120 1JP,Rh 84 (m) Rhb
III 2nd order AA’MXX’


[H2Rh(L)2(m-
I)2Rh2H2(L)2-
(m-Cl)(m-H)(m-PPh2)] (11)


1H C7D8, 295 �9.90 (dtt) Ha 16.5 1JH,Rh, 73.7
2JH,P(a), 16.6


2JH,P(b) �14.82 (dt) Hb 21.6 1JH,Rh, 14.7
2JH,P


�19.25 Hc 19.1 1JH,Rh, 20.4
2JH,P(a), 5.8


2JH,P(c)
31P C7D8, 295 196.8 (t) Pa 118.5 1JPRh 44.0 Pb 2nd order ABX


37.9 Pc 2nd order AA’MXX’
103Rh C7D8, 295 316 (m) Rha


III 117 (m) Rhb
III


[HClRh(PMe3)2(m-H)-
(m-Cl)Rh(CO)(PMe3)]
(12)


1H C6D6, 295 �17.09
(ddddt)


Ha �3.2 2JH,H, 29
1JH,Rh, 19


1JH,Rh 30 2JH,P(a),
15.5 2JH,P(b)


�17.57
(ddt)


Hb �3.2 2JH,H, 24.8
1JH,Rh, 15.5


2JH,P
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hexene, hydrogenation with p-H2 at 298 K led to the detec-
tion of the analogous species 9b, 9c and 9d, respectively
(Scheme 3). In the corresponding 1H,31P HMQC spectra,
second order phosphine resonances of an AB type represen-
tation are again observed. However, the frequency separa-
tion between the signals falls from 1210 Hz in 9a to 590 Hz
in 9d (400 MHz for 1H). Furthermore, when 1 catalysed the
hydrogenation of cis-stilbene and 1,1-diphenyl ethylene, the
corresponding products 9e and 9 f yielded only single 31P
signals at d 39.6 and 41.2, respectively, which suggests that
the corresponding phosphine ligands are now in apparently
equivalent environments. When trans-stilbene was em-
ployed, no evidence for a species corresponding to 9 was ob-
served. These results are consistent with the fact that when
9 contains a prochiral alkene, the two trans phosphines of
the RhI centre are diastereotopic and hence inequivalent,
whereas with both 1,1-diphenylethene and cis-stilbene,
equivalence will exist between the two phosphines. This


view holds true regardless of whether the alkene is rigid or
undergoing rotation. Unfortunately we were unable to dem-
onstrate whether the phosphines in 9 interconvert and we
are therefore unable to exclude either of these options.


Additional structural information concerning 9a±f was ob-
tained using NOE measurements to probe the spatial ar-
rangement of ligands within each complex as described in
the supplementary section. However, peaks indicative of
site-exchange were also observed from the selected hydride
to signals corresponding to free H2 and the second hydride
ligand in these complexes. These features require 9 to un-
dergo a fluxional process whereby the hydride ligands can
interchange their identities. A second reaction involving the
reductive elimination of H2 is also required. Data were
measured for a number of mixing times and the change in
magnetisation intensity modelled to determine the rate of
hydride interchange (see Experimental Section). Since the
concentration of free alkene falls due to hydrogenation


during these experiments, a
number of observations were
undertaken with a common
400 ms mixing time and vary-
ing excesses of free styrene rel-
ative to 1 (from 1500:1 to
100:1). These spectra revealed
that the magnitude of the in-
tramolecular hydride±hydride
exchange peak was independ-
ent of styrene concentration.


Table 1. (Continued)


Complex (L=PPh3) Nucleus, Sol-
vent, T [K]


d (multi-
plicity)


Assignment J [Hz] d (multi-
plicity)


Assignment J [Hz]


31P C6D6, 333 �1.5 (d) Pa 160 1JP,Rh �5.7 (d) Pb 120 1JP,Rh


[H2Rh(PMe3)2-
(m-Cl)2Rh(PMe3)-
(CO)] (13)


1H C6D6, 295 �20.75
(ddt)


Ha �11 2JH,H, 30.9
1JH,Rh, 19


2JH,P �21.36
(ddt)


Hb �11 2JH,H, 30.0
1JH,Rh, 22


2JH,P


31P C6D6, 295 �5.76 (d) Pa 98.1 1JP,Rh


[(PMe3)2HRh(m-Cl)2-
(m-H)Rh(PMe3)(CO)] (14)


1H C6D6, 295 �10.14
(ddddt)


Ha �7 2JH,H, 20.2
1JH,Rh, 20.2


1JH,Rh, 115
2JH,P, 20


2JH,P, 17
2JH,P


�17.95
(dddd)


Hb �7 2JH,H, 18.5
1JH,Rh, 19


2JH,P,
11 2JH,P


31P C6D6, 295 �2.95 (m) �20.63 (m)
[HClRh(PMe3)2(m-H)-
(m-Cl)Rh(PMe3)(CO)]
(15)


1H C6D6, 295 �14.46 (m) Ha �3.9 2JH,H, 19.1
1JH,Rh, 31.7


1JH,Rh �17.21 (m) Hb �3.9 2JH,H, 22.4
1JH,Rh


31P C6D6, 295 �3.50 (d) Pa 170 1JP,Rh �10.37 (d) Pb 90 1JP,Rh


[HIRh(PMe3)(styrene)-
(m-H)(m-I)Rh(PMe3)(CO)]
(16)


1H C6D6, 323 �15.53 (m) Ha �5.4 2JH,H, 29.1
1JH,Rh, 7.7


1JH,Rh, 66.3
2JH,P(b), 10


2JH,P(a)


�17.18 (m) Hb �5.4 2JH,H, 18.3
1JH,Rh, 18.5


2JH,P


31P C6D6, 323 22.34 (d) Pa 133 1JP,Rh �5.21 (m) Pb -not seen
[H2Rh(L)2-
(m-I)2Rh(L)(CO)]


1H C6D6, 333 �16.28
(ddt)


Ha �8.9 2JH,H, 24.7
1JH,Rh, 14.2


2JH,P �16.64
(ddt)


Hb �8.9 2JH,H, 24.8
1JH,Rh, 14.7


2JH,P
31P C6D6, 333 39.73 (d) Pa 118.7 1JP,Rh


[Rh(H)2(I)(L)2-
(m-I)2Rh(L)3]


1H C7D8, 258 �15.29
(ddt)


Ha �9.7 2JH,H, 23.4
1JH,Rh,13.5


2JH,P �16.19
(ddt)


Hb �9.7 2JH,H, 17.1
1JH,Rh


31P C7D8, 258 48.98 (d) Pa 122.8 1JPRh


[Rh(H)2(I)(L)2-
(m-I)Rh(L)2]


1H C7D8, 258 �13.49
(ddt)


Ha �9.1 2JH,H, 24.6
1JH,Rh, 13.5


2JH,P �16.11
(ddt)


Hb �9.1 2JH,H, 15.8
1JH,Rh, 14.6


2JH,P
31P C7D8, 258 47.69 (d) Pa 108.9 1JPRh


[Rh(H)2(I)(L)2-
(m-I)Rh(L)3]


1H C7D8, 258 �13.95
(ddt)


Ha �9.1 2JH,H, 24.2
1JH,Rh, 10.5


2JH,P �16.71
(ddt)


Hb �9.1 2JH,H, 15.0
1JH,Rh, 13.5


2JH,P
31P C7D8, 258 47.67 (d) Pa 115.2 1JP,Rh


[a] Accuracy of the coupling limited by resolution of 1H,103Rh HMQC experiment.


Scheme 3. Structures of binuclear alkene dihydride complexes.
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Varying the concentration of rhodium by a factor of three
also had no visible effect. These results therefore suggest
that hydride±hydride exchange occurs without dinuclear
complex break-up and alkene loss. These findings are consis-
tent with those previously reported for [Rh(H)2(PPh3)2(m-
Cl)2Rh(PPh3)(CO)].[40] Table 2 lists the associated rates at
296 K and DH� and DS� values for hydride exchange in
complexes 9a±d.


Experimental evidence for solvent participation in this
process was obtained when the exchange in 9a was moni-
tored in [D5]nitrobenzene rather than [D8]toluene. Under
these conditions, no exchange was observed at 295 K within
400 ms. This would suggest that exchange proceeds via the
formation of a 16 electron rhodium centre that is capable of
facile solvation.


Direct evidence for hydrogenation catalysis by
[Rh(H)2(PPh3)2(m-Cl)2Rh(L)(PPh3)] [L=alkene]: The ex-
change processes involving the hydride ligands of 9 were
then monitored at the point where the ratio of 1 to styrene
was 1:1200. Under these conditions, after a mixing time of
400 ms, 6% of the total hydride peak intensity of the select-
ed hydride resonance due to 9a had moved into a position
corresponding to free H2 and kobs, the rate of hydride trans-
fer into free H2, was calculated as 0.15 s�1. However, when
the corresponding ratio of 1 to styrene was 100:1, the H2 ex-
change peak area increased to 17% of the total peak area,
which corresponds to kobs for hydrogen elimination of
0.75 s�1. Consequently, it can be stated that the observed
rate of H2 elimination from 9a increases as the alkene con-
centration falls.


Interestingly, the absolute intensity of the hydride signals
of 9a also increases as the concentration of styrene falls.
This change is illustrated qualitatively in Figure 3 where the
associated 1H NMR spectra correspond to eight scan averag-
es in order to ensure that the [H2] in solution remains essen-
tially constant during data measurement. Interpreting these
results is complicated by the fact that the absolute size of
the hydride resonance relates both to the concentration of
the species yielding the signal and to the purity of the para-
hydrogen derived spin-state. The latter parameter relates to
the lifetime of the metal dihydride product and the extent
of relaxation prior to the read pulse which creates the ob-
servable magnetic state. Since these experiments are record-
ed with the same delay between repetitions, the effects of
relaxation in the absence of enhanced hydride exchange
should be identical, and the lower alkene concentrations
should inherently act to reduce the concentration of 9a.


Clearly, the promotion of hydride exchange is the only
factor that can account for this effect.


A third process is observed in these spectra that has a
direct impact on this view. This process involves the hydride
ligands of 9a moving into positions that yield NMR signals
at d 2.43 and 1.06 (Figure 3d). These chemical shifts match
those of the hydrogenation product ethylbenzene and only
become visible when there is a relatively small alkene
excess relative to 1. The observed rate of hydrogen transfer
from 9a into ethylbenzene for the situation illustrated in
Figure 3d corresponds to 1�0.5 s�1 at 295 K. In the light of
this result it is clear that 9a can function as an intermediate
in alkene hydrogenation involving 1 and that its effective-
ness as a hydrogenation catalyst increases as the concentra-
tion of alkene falls. Since it has previously been estimated
that rate limiting hydride migration to the alkene in
[Rh(H)2(Cl)(cyclohexene)(PPh3)2] proceeds at a rate of
0.22 s�1 at 298 K,[13] it can be deduced that under the right
conditions hydrogenation via binuclear complexes of type
9a is significant.


Reactions of [RhCl(CO)(PMe3)2] with H2–Demonstration
of a role for binuclear dihydride complexes during hydroge-
nation catalysis : In a number of related studies it has been
shown that the complexes [RhX(CO)(PR3)2] [X=Cl, Br, I;
R=Ph] react thermally with H2 to form binuclear com-
plexes of the type [Rh(H)2(PR3)2(m-X)2Rh(CO)(PR3)].


[40]


However, upon replacing PPh3 by PMe3, complexes with a
bridging hydride, [H(X)Rh(PMe3)2(m-H)(m-X)Rh(PMe3)


Table 2. Hydride exchange rates and activation parameters for hydride
interchange in 9a±d.


Complex k [s�1] (296 K) DH� [kJmol�1] DS� [J�1K�1mol�1]


9a 0.94�0.04 42�4 �100�12
9b 1.43�0.76 32�14 �131�45
9c 1.40�0.27 25�11 �157�35
9d 1.63�0.27 34�5 �127�17


Figure 3. Series of selective 1D-EXSY (left trace, mixing time 400 ms),
and 1H{31P} spectra (right trace, constant vertical expansion) acquired
when styrene to [RhCl(PPh3)2]2 (1) ratios were: a) 1200:1, b) 550:1,
c) 190:1. (d) 1H{31P} 1D-NOE spectrum of p-H2 enhanced 9a at 295 K
with resonance selection at d �19.51 and a mixing time of 200 ms at the
point where there is a 20-fold excess of styrene relative to 1. Positive sig-
nals arise due to intramolecular hydride interchange and conversion to
ethylbenzene. The negative signals in traces a)±c) at �d 7 arise from
NOE interaction between the hydride to ortho-phenyl protons.
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(CO)] (X=Cl, Br and I), are most readily observed. The
effect of added alkene on this reaction is remarkable. When
a solution containing a 1.5-fold excess of styrene relative to
[RhCl(CO)(PMe3)2], is monitored with p-H2, the hydride
resonances of [(Cl)(H)(Rh)(PMe3)2(m-Cl)(m-
H)Rh(CO)(PMe3)] (12) become enhanced by a factor of 16
over those observed for the same species without styrene
(Figure 4a). Furthermore, the new species
[Rh(H)2(PMe3)2(m-Cl)Rh(CO)(PMe3)] (13)
[(H)(PMe3)2Rh(m-Cl)2(m-H)Rh(CO)(PMe3)] (14) and a
second isomer of [(Cl)(H)Rh(PMe3)2(m-Cl)(m-
H)Rh(CO)(PMe3)] (15) are detected (Scheme 4, NMR data
Table 1 and similar to that previously reported for the analo-
gous iodide complexes[40]). These data require that the addi-
tion of styrene enhances the rate of hydrogen cycling
through the system via sacrificial hydrogenation (visible as
polarised ethylbenzene), and consequently enables the de-
tection of additional species that normally undergo relative-
ly slow exchange with free H2.


When a sample of the more reactive complex [RhI-
(CO)(PMe3)2] is monitored with p-H2 and styrene, signals
corresponding to [Rh(H)2(PMe3)2(m-I)2Rh(CO)(PMe3)] (13-
I), two isomers of [(H)(I)Rh(PMe3)2(m-H)(m-
I)Rh(CO)(PMe3)] (12-I and 14-I), [Rh(H)2I(PMe3)3 and
(PMe3)2HRh(m-H)(m-I)2Rh(CO)(PMe3)] (15-I), which are all
visible without free alkene, are detected. In addition, signals
for a new rhodium-based product are observed at d �15.53
and �17.18 (Figure 4b). Since these resonances couple to
two rhodium and two phosphorus centres and one rhodium
and one phosphorus centre, respectively, the product must
contain the fragment [H(I)Rh(PMe3)(m-H)(m-I)Rh(PMe3)].
In earlier studies, 12-I and 14-I were distinguished by intro-
ducing a 13CO label; the isomer where the bridging hydride
is trans to CO yields a JH,C coupling of 11 Hz and a cis JH,P


coupling of 14 Hz while that where the bridging hydride is


trans to PMe3 and cis to CO yielded couplings of 3 and
32 Hz, respectively.[40] When [Rh(I)(13CO)(PMe3)2] was em-
ployed here, no evidence for 13C coupling to the bridging hy-
dride was observed, and therefore JH,13C can be concluded to
be <2 Hz; however, the corresponding JH,P value of 66.3 Hz
confirms that the bridging hydride lies trans to PMe3. When
these experiments were repeated with 1-hexene or para-
methylstyrene, species with hydride resonances with appa-
rently identical chemical shifts were observed. The identity


Figure 4. a) 1H NMR spectrum (lower trace) showing the hydride region
of a sample containing [RhCl(CO)(PMe3)2] and p-H2 in C6D6 at 295 K,
upper trace corresponds to the spectrum obtained after introducing sty-
rene. b) 1H NMR spectrum showing the hydride region of a sample con-
taining [RhI(CO)(PMe3)2] and p-H2 in C6D6 at 295 K in the absence
(lower trace) and presence of styrene (upper trace).


Scheme 4. For X = I products A, B, C and D, and for X = Cl product C only, are detected using p-H2 in the absence of an alkene. For X = Cl products
A and B and D are detected at 295 K in the presence of p-H2 and alkene.
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of this product most likely corresponds to the binuclear
complex [H(I)Rh(alkene)(PMe3)(m-H)(m-I)Rh(CO)(PMe3)]
(16). In view of the apparent insensitivity of the terminal hy-
dride ligands chemical shift to the identity of the alkene, it
is likely that alkene binding to the RhIII centre is rapid and
reversible. This is further supported by the dramatic high
field shift of the 31P signal of the PMe3 group trans to this
site that now appears at d 22.34 rather than d �6 in the
analogous [H(I)Rh(PMe3)2(m-H)(m-I)Rh(CO)(PMe3)] com-
plex.


It proved possible to demonstrate that 13-I plays a direct
role during hydrogenation by showing that selective excita-
tion of the associated hydride resonances at 333 K leads to
the observation of magnetisation transfer into the corre-
sponding alkane. In contrast, when the hydride resonances
of the remaining four binuclear species are interrogated in a
similar way, no direct transfer of the magnetisation in to the
alkane is observed. This establishes the fact that
[Rh(H)2(PMe3)2(m-I)2Rh(CO)(PMe3)] (13-I) is the most
active of the five potential binuclear hydrogenation catalysts
described here. It should be remembered, however, that the
results described above for [RhCl(CO)(PMe3)2] confirm that
13, 12 and 14 are indeed active, albeit much less efficient,
hydrogenation catalysts than their mononuclear analogues.


In order to probe the role of 9 more closely, 1 was treated
with pentafluorostyrene and the analogous complex 9g,
[Rh(H)2(PPh3)2(m-Cl)2Rh(PPh3)(C2H3C6F5)], was character-
ised at 263 K in CD2Cl2 where it is visible without the need
for p-H2 amplification. At 295 K, in C6D6, while the same
species is produced, alkene hydrogenation is extremely slow,
and very weak polarisation is observed in the associated hy-
dride resonances. Significantly, when 1 mL of styrene is
added to the system, a considerable increase in the rate of
hydrogen cycling is observed with polarised resonances for
ethylbenzene being detected. In addition, the signals due to
the hydride resonances of 9g dramatically increase in size.
This result suggests that while 9g participates in alkene hy-
drogenation, the hydrogenated alkene does not originate
from the RhI centre (see Figure 5a and b).


Reactions of [RhI(PPh3)3] and [RhI(PPh3)2]2 with H2 : In
view of the fact that binuclear complexes were more readily
observed during the reaction of [RhI(CO)(PMe3)2] with p-
H2 than in the corresponding case with [RhCl(CO)(PMe3)2],
a logical extension of the present study involved the exami-
nation of [RhI(PPh3)3] and [RhI(PPh3)2]2. It is interesting to
note that despite being synthesised along with the well
known chloride complexes in 1966,[39] relatively little work
has been performed using these iodide derivatives. When
the reaction of p-H2 with [RhI(PPh3)3] is followed in C6D6


at 295 K, very broad hydride resonances are observed for
[Rh(H)2I(PPh3)3] (4-I), which precludes the observation of
PHIP at this temperature. However, transfer NOE methods
involving free H2 enable the location of the corresponding
ortho-phenyl resonances at d 7.70 and 7.36 in an analogous
way to that described earlier for 4. It should be noted at this
point that these results are complicated by the fact that
[RhI(PPh3)3] undergoes substantial phosphine dissociation
even at 295 K and appreciable amounts of [RhI(PPh3)2]2 and


PPh3 are visible in the initial 31P{1H} spectrum recorded
prior to H2 addition. Furthermore, in this reaction no evi-
dence for the formation of 2-I was obtained at 295 K even
though [RhI(PPh3)2]2 was clearly visible in the correspond-
ing 31P{1H} spectrum (at higher temperatures 2-I is also ob-
served).


When the reaction of a toluene solution of [RhI(PPh3)2]2
with hydrogen was monitored by NMR spectroscopy at
295 K, two unpolarised hydride resonances were observed
immediately at d �16.06 and �15.91 due to 2-I and 3-I, re-
spectively. These assignments are supported by the fact that
resonances at d �16.35 and �16.72 have been reported for
the hydrides ligands in the related complex
[Rh(H)2(PPh3)2(m-I)2Rh(CO)(PPh3)].


[40] The NMR charac-
teristics of 2-I, 3-I and 4-I are described in Table 1.


Observation of intermediates involved in the formation of
[Rh(H)2(PPh3)2(m-I)2Rh(PPh3)2]: Although no polarised hy-
dride signals were detected during the reaction of
[RhI(PPh3)2]2 (1-I) with p-H2 at room temperature, the same
experiment at 268 K in toluene solution enabled the obser-
vation of eight polarised hydride signals. The corresponding
1H{31P} spectrum is shown in Figure 6a. By comparison with
the data obtained using [RhI(PPh3)3], two of these resonan-
ces, located at d �9.66 (not shown in Figure 6a) and d


�13.80, can immediately be assigned to the tris(phosphine)
complex 4-I ; the observation of 4-I indicates that there are
traces amounts of free PPh3 in this sample. The remaining
resonances, occurring at d �13.49, �13.96, �15.30, �16.11,
�16.19 and �16.71 were less intense, with each correspond-
ing to a terminal hydride ligand. The fact that each of these
signals couples to two equivalent phosphorus nuclei, and
that the JH,H splitting is of the order of �10 Hz, is reminis-
cent of many of the binuclear complexes already described.
COSY Spectroscopy confirmed that the resonances at d


�13.49 and �16.11, �13.95 and �16.71, and �15.29 and
�16.18 were coupled. We note that the resonances at d


�13.49 and �13.95 sandwich the resonance of 4-I corre-
sponding to the hydride that is trans to iodide. This suggests
that they arise from a similar arrangement. Furthermore,


Figure 5. a) Expansion of the hydride region of a 1H{31P} NMR spectrum
obtained when 1 catalyses the p-H2 based hydrogenation of pentafluros-
tyrene, visible signals due to 9h. b) Expansion of the hydride region of a
1H{31P} NMR spectrum obtained when 1 catalyses the p-H2 based hydro-
genation of pentaflurostyrene and sytrene illustrating that the hydride
resonances for 9h are now substantially enhanced.
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their respective partners at d �16.11 and 16.71 are very
close to those of 2-I or 3-I. We interpret this to suggest that
these three species most likely correspond to the
[Rh(H)2(I)(PPh3)2(m-I)Rh(PPh3)2], [Rh(H)2(I)(PPh3)2(m-
I)Rh(PPh3)3] and [Rh(H)2(I)(PPh3)2(m-I)2Rh(PPh3)3] which
are involved in the formation of 2-I. A reaction sequence
accounting for the formation of 2-I is shown in Scheme 5
where [RhI(PPh3)3] is the precursor. When this reaction was


repeated in the presence of a slight excess of PPh3,
[41] the


signal intensity of the d �13.96 and �16.71 resonances were
reduced relative to those at d �13.49 and �16.11. This is
consistent with the phosphine deficient structure indicated.


Observation of binuclear complexes during hydrogenation
catalysis with [RhI(PPh3)2]2 : When a 1H{31P} spectrum was
recorded on a sample of 1-I at 268 K in the presence of p-H2


and styrene, two additional, but extremely weak, polarised
terminal hydride resonances were detected at d �15.79 and
d �16.03 which were not observed when [RhI(PPh3)2]2
alone was reacted with p-H2. A pair of enhanced hydride
resonances, at d �15.85 and �15.93, were detected during
the analogous reaction with 1-hexene, and with pentafluor-
ostyrene, the corresponding resonances appear at d �15.92
and �16.46. Although the intensity of these resonances
were too low to allow the acquisition of heteronuclear NMR
data, the detection of [Rh(H)2(PPh3)2(m-I)2Rh(PPh3)(styr-
ene)] (9a-I), [Rh(H)2(PPh3)2(m-I)2Rh(PPh3)(1-hexene)] (9d-
I) and [Rh(H)2(PPh3)2(m-I)2Rh(PPh3)(pentafluorostyrene)]
(9g-I) can be proposed by analogy with the results described
for 1 above. It should be noted that when 9g-I was detected
using n-H2, a second-order multiplet centred at d 40 was
seen in the corresponding 31P NMR spectrum.


Characterisation of the trirhodium phosphide bridged deac-
tivation product [(H)(PPh3)Rh(m-H)(m-I)(m-PPh2)Rh(H)-
(PPh3)](m-I)2Rh(H)2(PPh3)2 : We note that when the toluene
solutions of [RhI(PPh3)2] were left under H2 for extended
periods of time, signals at d �10.31, �15.11 and �16.88 ap-
peared in the ratio 1:2:2 due to species 10 with structure
shown in Scheme 6. The hydride region of the corresponding
1H{31P} NMR spectrum is shown in Figure 6b. A notable fea-
ture of the NMR characteristics of 10 corresponds to the ob-
servation of cross-peaks between the d �10.31 and �16.88
hydride ligand resonances in the corresponding 1H,31P
HMQC experiment to a 31P signal with the unusual chemical


shift of d 203.1. 31P NMR reso-
nances with similar chemical
shifts have been observed
before and are characteristic
of phosphide complexes pos-
sessing bridging (m-PR2) li-
gands.[42] The full NMR char-
acterisation of 10 is described
in the Supporting Information.
Complex 10 is a trinuclear
compound, which possesses
two equivalent rhodium cen-
tres (bridged by the phos-
phide) and a third, distinct
rhodium centre to which the
hydrides resonating at d


�15.11 are coordinated. The
bridging hydride spans the
same rhodium nuclei as does
the phosphide ligand and is ap-
proximately trans to two PPh3


groups, one of which is con-


Figure 6. a) The hydride region of the 1H NMR spectrum obtained when
[RhI(PPh3)2]2 reacts with p-H2 in [D8]toluene at 268 K b) The hydride
region of the 1H NMR spectrum obtained 24 h after [RhI(PPh3)2]2 was
placed under p-H2 in [D8]toluene and left at 295 K. c) The hydride region
of the 1H NMR spectrum obtained when a mixture of [RhI(PPh3)2]2 and
[RhCl(PPh3)2]2 reacts with pentafluorostyrene with H2 in CD2Cl2 at
263 K.


Scheme 5. Route to the formation of [Rh(H)2(PPh3)2(m-I)2Rh(PPh3)2] from the reaction of [Rh(PPh3)3(I)] with
H2.
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nected to each of the equivalent metal centres. Two mutual-
ly trans phosphines are attached to the unique rhodium
centre and a total of three iodide bridges are indicated by
virtue of the number of hydride ligands and their associated
chemical shifts.


In order to learn more about this result, a sample contain-
ing both [RhI(PPh3)2]2 and [RhCl(PPh3)2]2 was also studied.
After 24 h resonances due to 10 and the chloride substituted
derivative 11 were observed. The dramatic 2.4 ppm shift in
the d �16.88 resonance to d �19.25 reflects the change in
bridging iodide to chloride and is consistent with previous
deductions.[40]


Conclusion


This paper has described the characterisation of a number
of new hydride complexes detected during the reactions of
[RhCl(PPh3)2]2 and [RhCl(PPh3)3] with hydrogen. The distri-
bution of products that is obtained has been shown to
depend upon the identity of the catalyst precursor, the
nature of the solvent and the temperature. The solvents em-
ployed in this study correspond in the main to toluene, ben-
zene and methylenechloride which have been featured in
previous mechanistic studies as described in the introduc-
tion. Ethanol provides another example of a suitable sol-
vent, used because of the enhanced solubility of
[RhCl(PPh3)3], and we expect the results presented here to
be relevant to both hydrocarbon and polar media. In both
solvent types when the precursor is [Rh(m-Cl)(PPh3)2]2, the
major hydride containing products that are visible in solu-
tion correspond to the dihydride [Rh(H)2(PPh3)2(m-
Cl)2Rh(PPh3)2] (2) and the tetrahydride [Rh(H)2(PPh3)2(m-
Cl)]2 (3). However, when [RhCl(PPh3)3] is employed, the
major hydrogen addition product is [Rh(H)2Cl(PPh3)3] (4)
with [Rh(H)2(PPh3)2(m-Cl)2Rh(PPh3)2] (2) produced to a
lesser extent. While magnetisation transfer from free H2


into the hydride resonances of 3 and 4 is observable on the
NMR timescale, direct transfer of H2 into 2 is not observed,
nor is exchange between 2 and 3. We conclude that 3 is not
formed on the NMR timescale by the direct addition of H2


to 2 and propose that exchange of free H2 into 3 proceeds
via reversible halide bridge rupture to form 5,
[Rh(H)2(PPh3)2(m-Cl)RhCl(H)2(PPh3)2], which subsequently
undergoes rapid H2 exchange before reformation of 3. Since
exchange of 3 into 2 is not observed at this stage, H2 addi-
tion to [Rh(PPh3)2(m-Cl)RhCl(H)2(PPh3)2] must be signifi-
cantly faster than halide bridge closure.


We fully characterised these species in CD2Cl2 where the
solubility of the precursors is much higher. Under these con-
ditions there is evidence for the formation of the solvent
complex [Rh(H)2(PPh3)2(m-Cl)2Rh(CD2Cl2)(PPh3)] (6) in ad-
dition to 2 and 3. Reaction of these complexes via hydride
exchange with the solvent leads to the corresponding trihy-
dride complexes [Rh(Cl)(H)(PPh3)2(m-Cl)(m-
H)Rh(Cl)(H)(PPh3)2] (7) and [Rh(Cl)(H)(CD2Cl2)(PPh3)(m-
Cl)(m-H)Rh(Cl)(H)(PPh3)2] (8) being generated.


When the reaction of [RhCl(PPh3)2]2 with H2 in the pres-
ence of a number of alkenes is examined, the formation of
[Rh(H)2(PPh3)2(m-Cl)2(Rh)(PPh3)(alkene)] (9) is indicated.
When 9 contains a prochiral alkene, the two trans phos-
phines of the RhI centre are diastereotopic and hence ineq-
uivalent, whereas with both 1,1-diphenylethene and cis-stil-
bene, equivalence between the two phosphines is observed.
Hydride interchange was observed to occur in 9 in a process
that was independent of the concentration of styrene and
catalyst, suggesting that the hydride interchange process is
intramolecular. Eyring data for this process is listed in
Table 2 with DH� consistently falling as the alkene changes
from styrene through para-methyl to para-chlorostyrene. A
process involving halide bridge rupture, followed by rotation
about the remaining Rh±Cl bridge, and bridge re-establish-
ment is consistent with this information. This process is fa-
cilitated as the alkene becomes electron rich, and the large
negative values of DS� for this process imply a degree of
solvent participation.


In these studies, the observed hydride signals for species
of type 9 decay rapidly as the hydrogen present in solution
is consumed by alkane formation. The absolute intensity of
the hydride signals for 9, however, increased consistently
when solutions were examined that contained a lower
alkene concentration but the same rhodium and p-H2 con-
centrations. Surprisingly, as the concentration of alkene in
solution decreases the significance of the reductive elimina-
tion of H2 from 9 also increased. At even lower alkene con-
centrations magnetisation transfer from the hydrides of 9a
to the alkyl protons of the hydrogenation product ethylben-
zene was observed. This corresponds to direct evidence for
the corresponding binuclear metal dihydride complex being
linked to alkene hydrogenation. In order to account for the
complex kinetic behaviour, the hydrogenation process
cannot simply involve bridge opening followed by alkene
binding. A logical option would be for hydrogenation to
proceed via binuclear complex fragmentation with trapping
of the resultant [RhCl(H)2(PPh3)2] fragment by the alkene.
This would be consistent with the fact that the binuclear
complexes act as a hydrogen reservoir during catalysis and a
reduced stability for the potential intermediate
[Rh(H)2(PPh3)2(m-Cl)RhCl(PPh3)(alkene)] with fall in
alkene concentration as summarised in Scheme 7.


Scheme 6. Deactivation products observed in the reaction chemistry of
[Rh(PPh3)3(I)] with H2.
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The role of binuclear complexes in the hydrogenation
cycle was even more clearly illustrated when the precursor
[RhCl(CO)(PMe3)2] was examined. In a control experiment,
the reaction of [RhCl(CO)(PMe3)2] with p-H2 at 295 K es-
sentially yielded only polarised signals due to
[(H)(Cl)Rh(PMe3)2(m-H)(m-Cl)Rh(CO)(PMe3)] (12). How-
ever, when an identical sample was prepared and monitored
in the presence of 1.5-fold excess of styrene relative to
[RhCl(CO)(PMe3)2], the new species [(H)2Rh(PMe3)2(m-
Cl)2Rh(CO)(PMe3)] (13) and [HRh(PMe3)2(m-H)(m-
Cl)2Rh(CO)(PMe3)] (14) were clearly visible, and there was
a dramatic 16-fold increase in size of the associated hydride
signal intensities of [(H)(Cl)Rh(PMe3)2(m-H)(m-Cl)-
Rh(CO)(PMe3)] (12). The observation of these additional
complexes is possible due to the fact that hydrogenation
acts to pull the hydrogen through the system and thereby
promote p-H2 cycling which in turn leads to a corresponding
gain in the time averaged non-Boltzmann spin populations
associated with the hydride nuclear spin states in these prod-
ucts. This effect was also observed when the analogous com-
plex [RhI(CO)(PMe3)2] was examined and in related studies
involving [Ru3(CO)10(PPh3)2] where a more quantitative link
was demonstrated.[43] In these experiments the new dihy-
dride complex [H(I)Rh(alkene)(PMe3)(m-H)(m-I)Rh(CO)-
(PMe3)] (16) was also detected. This deduction is further
supported by the fact that direct transfer of H2 from
[Rh(H)2(PMe3)3(m-I)2Rh(CO)(PMe3)] (12-I) into ethylben-
zene was visible in suitable magnetisation transfer experi-
ments.


When the analogous iodide complexes [RhI(PPh3)2]2 and
[RhI(PPh3)3] were examined, hydrogenation was observed
and [Rh(H)2(PPh3)2(m-I)2Rh(PPh3)2] (2-I),
[Rh(H)2(PPh3)2(m-I)]2 (3-I) and [Rh(H)2I(PPh3)3] (4-I) were
characterised. Although no polarised hydride signals were
detected during the reaction of [RhI(PPh3)2]2 with p-H2


alone at 295 K, when this reaction was repeated at 268 K,
three new complexes were observed, corresponding to inter-
mediates involved in the formation of 2-I. The catalytic
studies involving [RhI(PPh3)2]2 were complicated by the
high initial hydrogenation activity but the observation of a
number of analogous complexes to 9 was achieved. This fur-
ther supports the suggestion that binuclear complexes play a
significant role in hydrogenation in these systems. In these
reactions, formation of the trirhodium phosphide bridged


deactivation product, [(H)(PPh3)Rh(m-H)(m-I)(m-PPh2)-
Rh(H)(PPh3)](m-I)2Rh(H)2(PPh3)2 (10) was observed at
longer reaction times. This product arises via P�C bond
cleavage and the elimination of benzene, and accounts for
the fact that although the iodide system shows a higher ini-
tial activity deactivation is facile.
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Road Maps for Nitrogen-Transfer Catalysis: The Challenge of the
Osmium(viii)-Catalyzed Diamination


Dirk V. Deubel*[a] and Kilian MuÊiz[b]


Introduction


Because vicinal diamines have been used as ligands in asym-
metric catalysis[1] and in platinum anticancer drugs,[2] explor-
ing efficient strategies for their synthesis is of current inter-
est.[3] An elegant catalytic route to vicinal diols and amino
alcohols consists of the addition of osmium tetraoxide and
its monoimido derivatives to olefins, subsequent oxidation
of the metallacyles, and hydrolytic release of the products.[4]


Twenty-three years after the pioneering work on the enan-
tioselective catalytic dihydroxylation[5] and seven years after


the first report of a stereoselective catalytic aminohydroxy-
lation,[6] the reactions are still under active development.[7]


However, an analogous osmium(viii)-catalyzed diamination
has not yet been discovered. Early work opened up the syn-
thesis of imido complexes and demonstrated their reactivity
to olefins; however, liberating the diamine requires a stoi-
chiometric reductive workup of the metallacycles.[8] We
present herein a density functional theory (DFT) study to
identify potential challenges in as-yet hypothetical processes
for the osmium(viii)-catalyzed 1,2-diamination. The DFT
methods used herein were previously employed for evaluat-
ing mechanistic suggestions of organometallic intermediates
in metal-mediated oxygen-transfer reactions, focusing on the
initial step of dihydroxylation.[9±11]


The paper is organized as follows: first, the peri- and che-
moselectivity in the addition of diimidodioxoosmium(viii) to
ethylene is predicted and rationalized. Second, the thermo-
dynamic reaction profile for a model cycle of catalytic dihy-
droxylation is predicted and compared to an analogous
model cycle for diamination. Third, an analysis of the elec-
tronic structure of key intermediates and a study of substitu-
ent effects aim to show the steric and electronic control of
the reaction free enthalpies. Fourth, an analogous scenario
is developed for state-of-the-art catalytic aminohydroxyla-
tion, to which a corresponding diamination process is com-
pared. Analyses of the nature of metal±ligand bonding ac-
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Abstract: Although the Sharpless dihy-
droxylation has been used on laborato-
ry and industrial scales for several dec-
ades, an analogous osmium-catalyzed
diamination is unknown. To explore
the reaction of osmium(viii) oxo±imido
complexes with C=C bonds, density
functional calculations have been per-
formed. The calculations predict a che-
moselective and perispecific [3+2] ad-
dition of the NH=Os=NH moiety of
diimidodioxoosmium(viii) to ethylene,
yielding dioxoosma-2,5-diazolidine. At
first sight, this metallacycle seems ex-
tremely stable; it is more stable than


diimidoosma-2,5-dioxolane by 40 kcal -
mol�1. However, a comparison of the
thermodynamic reaction profiles for
catalytic model cycles of dihydroxyla-
tion, aminohydroxylation, and diamina-
tion reveals that, contrary to common
belief, the instability of the metal=N
bond in the osmium(viii) imido com-
plex rather than the stability of the
metal�N bond in the osmium(vi) inter-


mediate causes most of the energy dif-
ference between the metallacycles.
Substituents on the substrate have a
small effect on the thermodynamic re-
action profiles, whereas substituents on
the imido ligands allow steric and elec-
tronic control of the reaction free en-
thalpies in the range of up to 25 kcal -
mol�1. The results of this study help
identify potential challenges in the de-
velopment of the as-yet hypothetical
title reaction and provide a modular
concept for exploring novel catalytic
routes.


Keywords: density functional
calculations ¥ diamination ¥
dihydroxylation ¥ osmium
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company the calculations, thus exploiting both the predictive
and rationalizing power of our quantum-chemical approach.


Results and Discussion


Addition of oxo±imido complexes across C=C bonds : The
mechanism of the initial step of cis-dihydroxylation, the ad-
dition of osmium tetraoxide across a C=C bond, had been
controversial for several decades, until quantum-chemical
calculations together with experimental kinetic isotope ef-
fects showed a concerted [3+2] addition to be preferred
over a stepwise mechanism (Scheme 1).[12,13] While the reac-


tion of (pentamethylcyclopentadienyl)(trioxo)rhenium(-
viii)[10,14] and [tris(3,5-dimethyl pyrazolyl)](borato)(trioxo)-
rhenium(viii)[15] with C=C bonds also follows a [3+2] mecha-
nism, recent quantum-chemical[10] and experimental[16] inves-
tigations revealed that certain ™spectator∫ ligands L in
LReO3 may invert the relative height of the [3+2] and
[2+2] barriers. Little is known about the mechanism if a ™re-
active∫ oxo ligand itself in metal oxides, such as osmium tet-
raoxide, is replaced by an imido ligand. Since reactions of
imido complexes with C=C bonds are particularly relevant
to the addition of amino functionalities to olefins, there is a
current call for further studies on the mechanism of these
nitrogen-transfer events.[4e,17]


To clarify the mechanism of the reaction of osmium(viii)
oxo±imido complexes with olefins, density functional theory
at the B3LYP level has been used. The reaction of diimido-
dioxoosmium(viii) with ethylene has been studied, because
precursors of vicinal diols, amino alcohols, and diamines
could in principle be obtained (Scheme 2). Table 1 lists the


theoretically predicted activation energies DEa and activa-
tion free enthalpies DGa (Gibbs free energies) for the addi-
tion of the Os=O, Os=NH, O=Os=O, O=Os=NH, and NH=
Os=NH moieties to ethylene. Note that the DGa values are
systematically higher than the DEa values by approximately
13 kcalmol�1 (Table 1), arising primarily from the loss of
translational and rotational entropy as a result of the bimo-
lecular reaction. The calculations reveal the general trend
that all activation free enthalpies for [2+2] additions (>
55 kcalmol�1) are much higher than the activation free en-
thalpies DGa for any [3+2] addition (<25 kcalmol�1).
Figure 1 displays the calculated transition structures for the
[3+2] reactions. The predicted distances between the reac-
tants in the TS (dashed lines) show that the TS for the NH=
Os=NH addition is the earliest on the reaction coordinate
and the TS for the O=Os=O addition is the latest, potential-
ly indicating that the former reaction is fastest and the latter
reaction is slowest.[18] Indeed, the activation free enthalpies
for the [3+2] additions decrease in the order O=Os=O
(23 kcalmol�1)>O=Os=NH (20 kcalmol�1)>NH=Os=NH
(12 kcalmol�1). These results are consistent with the prod-
ucts of the reaction of bis(tert-butylimido)(dioxo)osmium(-
viii) with olefins.[8] The calculated lengths of 1.72 ä for the
Os�O double bond and of 1.92 ä for the Os�N single bond
compare well to those observed in solid-state structures,
namely 1.71±1.73 ä and 1.88±1.90 ä, respectively.[19]


To rationalize the chemoselectivity of the reaction, a com-
parative energy decomposition analysis[20±23] of the C2v-sym-
metric transition state for the O=Os=O addition shown in
Figure 1 and of an analogous structure for the NH=Os=NH
addition was performed. The analysis of the TS for the O=
Os=O addition to ethylene is presented in Table 2. The


Scheme 1. [3+2] versus [2+2] addition of osmium tetraoxide to C=C
bonds.


Scheme 2. Metallacycles as potential precursors of diols, amino alcohols,
and diamines.


Table 1. Peri- and chemoselectivity in the addition of OsO2(NH)2 to eth-
ylene. Activation energies (DEa) and reaction energies (DEr) calculated
at the B3LYP/III+ //B3LYP/II level and free enthalpies (DGa, DGr) at
298.15 K. All values in kcalmol�1.


Reaction DEa DGa DEr DGr


[2+2] Os=O[a] 46.5 59.8 7.1 22.3
[2+2] Os=NH[a] 42.5 56.3 �8.4 8.5
[3+2] O=Os=O 8.3 22.8 �23.9 �6.0
[3+2] O=Os=NH 6.1 19.9 �46.4 �27.3
[3+2] NH=Os=NH 0.4 12.1 �67.2 �46.2


[a] Only the stereoisomer lowest in energy is listed.
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method was previously described[21] and is implemented as
follows: 1) the two reactants, metal complex and olefin,
must be deformed from their equilibrium structure to their
geometry in the transition states. This requires a strain
energy DEstr = 12 and 15 kcalmol�1 for ethylene and for


the metal complex, respectively
(Table 2). 2) The deformed re-
actants interact with each other.
The interaction energy DEint


can be partitioned into three
contributions: repulsion DEPauli


of the two reactants on account
of the Pauli principle, electro-
static interactions DEelst, and
stabilizing orbital interactions
DEorb. The sum of strain energy
and interaction energy gives the
activation energy DE. The ratio
DEorb/DEelst of 1.4 indicates that
stabilizing orbital interactions
are more important than elec-
trostatics in the TS and thus the
reaction is orbital-controlled. In
contrast, [2+2] additions of rhe-
nium(vii) oxides to the C=C
bond of ketene were shown to


be charge-controlled, whereas organic [2+2] additions were
shown to be orbital-controlled.[24]


The stabilizing orbital interactions can in turn be decom-
posed into the contributions from symmetry orbitals
(Table 2). The a1 and b2 irreducible representations are


Figure 1. Calculated structures of the reactants (top), transition states (middle), and products (bottom) for the [3+2] additions of OsO2(NH)2 to
ethylene.


Table 2. Factors governing the chemoselectivity in the addition of OsO2(NH)2 to ethylene. Energy decomposi-
tion of the C2v-symmetric transition structures for the [3+2] addition of the O=Os=O and NH=Os=NH moiet-
ies calculated at the BLYP/IV’ level. Bold: Contributions from the Gi symmetry orbitals to the stabilizing orbi-
tal-interaction energy DEorb. All energies in kcalmol�1.


Contribution Gi O=Os=O NH=Os=NH[a] change in%[b]


DEstr ethylene 12.0 12.0
DEstr OsO2(NH)2 15.2 10.0 �34
DEstr total 27.2 22.0
DEPauli 138.6 172.0 25
DEelst �65.8 �81.8 24
DEorb �92.1 �116.6 27
DEorb (Gi) a1 �61.4 �70.6 15


a2 �1.3 �2.9
b1 �1.2 �1.8
b2 �28.2 �41.3 46


DEint = DEPauli + DEelst + DEorb �19.4 �26.4 36
DE = DEstr + DEint 7.8 �4.4
DEorb/DEelst 1.40 1.42
DEorb(a1)/DEorb(b2) 2.17 1.71


[a] To compare the two reactions, a post-TS structure for the NH=Os=NH addition was evaluated on the basis
of a geometry with N�C distances set equal to the O�C distances in the TS for the O=Os=O addition
(1.938 ä at BLYP/IV’) and with the Os�N distances set equal to the Os�O distance in the TS for the O=Os=O
addition (1.809 ä at BLYP/IV’). [b] NH=Os=NH[a] relative to the O=Os=O TS.
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found to contribute significantly to DEorb, where a1 corre-
sponds to the electron donation from the p orbital of ethyl-
ene into a p* orbital of the metal complex (Figure 2, top),


and b2 corresponds to electron backdonation from the anti-
symmetric linear combinations of oxo lone pairs into the p*
orbital of ethylene (Figure 2, bottom). The calculations
reveal that the contribution of donation (a1, 61 kcalmol�1)
to the stabilizing orbital-interaction energy is twice as high
as that of backdonation (b2, 28 kcalmol�1).
The analysis of the TS for the NH=Os=NH addition to


ethylene is also presented in Table 2. The theoretically pre-
dicted N�C distances of 2.47 ä show this transition state to
be much earlier than the TS for the O=Os=O addition with
O�C distances of 2.10 ä (at B3LYP, Figure 1). When analyz-
ing the two reactions, it is important to know that the
energy contributions are highly distance-dependent.[22,25]


Therefore, a post-transition structure for the NH=Os=NH
addition with N�C distances set equal to the O�C distances
in the TS for the O=Os=O addition has been analyzed. The
calculations show a much smaller strain energy DEstr in the
structure for the NH=Os=NH addition (Table 2), indicating
that the elongation of the Os=N bonds requires significantly
less energy than the elongation of the Os=O bonds. Further-
more, in the structure for the NH=Os=NH addition, the
contributions to the interaction energy have increased by
approximately 25% compared to the TS for O=Os=O addi-
tion (Table 2). This is not surprising because the structure
evaluated for the NH=Os=NH addition has already passed
the transition state. The ratio of stabilizing orbital interac-
tions and electrostatics is the same in both structures (DEorb/
DEelst = 1.4). However, electron backdonation (b2) from the
antisymmetric linear combination of the imido lone pairs
into the p* orbital of ethylene is larger than electron back-
donation in the TS for the O=Os=O addition by approxi-
mately 45%. The larger atomic orbital coefficients on the N


atoms in the occupied b2 molecular orbital of OsO2(NH)2 in
the NH=Os=NH addition (Figure 2) compared with those
on the O atoms in the corresponding orbitals of the O=Os=
O addition are in agreement with the relative strength of
backdonation in the former reaction. This type of interac-
tion is apparently an important factor which contributes to
the chemoselectivity of the reaction.
The calculated reaction free enthalpies of the metalla-


analogous cycloadditions are also presented in Table 1. In
contrast to the addition of rhenium(vii) oxides across C=C
bonds,[9,10] each activation free enthalpy reported in this
work is in agreement with the thermodynamics of the reac-
tion.[18] The [2+2] additions are predicted to be endergonic,
while the [3+2] additions are exergonic (Table 1). Most re-
markably, the calculations reveal a very large stability of the
dioxoosma-2,5-diazolidine. This structure is more stable
than the isomeric diimidoosma-2,5-dioxolane by 40 kcal -
mol�1. The relative energy of imidooxoosma-2,5-oxazolidine,
the potential precursor of an amino alcohol, lies in between,
that is, it is more stable than the dioxolane by �21 kcal -
mol�1. These very large energy differences of the five-mem-
bered metallacycles are not evident from their geometries,
which do not show characteristic discrepancies (Figure 1).
One may anticipate that there is a price to be paid for the


large energy gain in the initial step of diamination: �
40 kcalmol�1 relative to the formation of the oxygen-con-
taining metallacyle. The extreme stability of the nitrogen-
containing metallacyle may produce a thermodynamic gap
in a hypothetical catalytic diamination. The subsequent
steps of a potential catalytic cycle, namely, oxidation to the
osmium(viii) metallacycle and hydrolytic release of the dia-
mine, are thus expected to be considerably less favorable
than the analogous reactions of catalytic dihydroxylation.
This also seems to be the opinion of experimentalists who
reported examples of metalla-2,5-diazolidines.[3,19]


Because former computational studies focused only on
the initial step of dihydroxylation, the thermodynamic-hole
hypothesis requires further investigation. In the following,
we present the calculated thermodynamic reaction profiles
for entire catalytic cycles of the three reactions compared in
this work, dihydroxylation, aminohydroxylation, and diami-
nation. Although the mechanisms of the subsequent steps
are mechanistically more complicated than the initial cyclo-
addition, their thermodynamics provide the first information
on the feasibility of the reactions.


Diamination versus dihydroxylation : To identify the chal-
lenging steps in the hypothetical osmium(viii)-catalyzed 1,2-
diamination of olefins, the thermodynamic reaction profile
has been predicted starting with computationally simple
models. We will first discuss the analogous profile for cata-
lytic dihydroxylation, which is used as a reference reaction.
Scheme 3a shows the three steps of a simplified catalytic
cycle of dihydroxylation;[26] the calculated reaction free en-
thalpies are presented in Table 3. In the first step, the metal
oxide adds across the C=C bond (vide supra). This step is
exergonic by �4 kcalmol�1. Second, the dioxoosma-2,5-diox-
olane is oxidized to a trioxoosma-2,5-dioxolane. With hydro-
gen peroxide as a model oxidant, this step is exergonic by as


Figure 2. a1 and b2 symmetry orbitals in the C2v-symmetric transition state
for [3+2] additions of OsO2(NH)2 to ethylene. Orbital coefficients in
OsO2(NH)2.
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much as �36 kcalmol�1. Third, hydrolysis of trioxoosma-2,5-
dioxolane liberates the vicinal diol and osmium tetraoxide
with a theoretical reaction free enthalpy of �18 kcalmol�1.


An analogous diamination would require the addition of
the diimido complex with the C=C bond (Scheme 3b), a re-
action which is shown to be more exergonic than the addi-
tion of osmium tetraoxide across C=C bonds by �42 kcal -
mol�1 (Table 3). We have predicted the free enthalpies of
the oxidation of the dioxoosmium(vi) metallacycles to their
trioxoosmium(viii) analogues by hydrogen peroxide.[27] Sur-
prisingly, the oxidation of the nitrogen-containing metallacy-
cles is less favorable than the oxidation of the oxygen-con-
taining metallacycles by only 11 kcalmol�1, a fraction of the
difference in the reaction energies for the metalla-analogous
cycloadditions. The next step of catalytic diamination, the
hydrolysis of the trioxoosma-2,5-diazolidine, releases
osmium tetraoxide and the diamine. Remarkably, this reac-
tion is predicted to be less favorable than the hydrolysis of
trioxoosma-2,5-dioxolane by only 4 kcalmol�1.
The final reaction to complete the diamination cycle is


oxo±imido ligand exchange. The free enthalpy of the forma-
tion of the diimido complex OsO2(NH)2 from osmium tetra-
oxide is calculated to be endergonic by 24 kcalmol�1 when
ammonia is used as a model nitrogen donor.[28] Now it be-
comes clear that the large driving force in the formation of
dioxoosma-2,5-diazolidine mainly arises from the weak
metal=N bond in the osmium(viii) imido complex rather
than from a stability of the metal�N bond in the osmium(vi)
intermediate itself. The thermodynamic hill created by the
instability of the imido complexes may be overcome by the
use of activated N-transfer agents.[29]


The apparent instability of the metal=N bond is unexpect-
ed in the light of the Lewis acidity of the osmium(viii) com-
plexes. We have calculated the stabilization energy for the
coordination of an ammine ligand with OsO4, OsO3(NH),
and OsO2(NH)2; the results are listed in Table 4. The bind-
ing of ammonia to osmium tetraoxide is calculated to be
exothermic (by �9 kcalmol�1) but slightly endergonic (by
3 kcalmol�1). The theoretically predicted approximate ther-
moneutrality of the reaction is in agreement with an equili-
brium between osmium tetraoxide and amine ligands ob-
served spectroscopically.[30, 31] Substitution of an oxo ligand
by an imido ligand considerably decreases the Lewis acidity.


The coordination of ammonia
to imidotrioxoosmium is calcu-
lated to be less favorable (by
3 kcalmol�1 relative to OsO4,
see Table 4), whereas no stable
structure of [OsO2(NH)2(NH3)]
has been obtained with the
ammine ligand in the first coor-
dination sphere. The trend in
the Lewis acidity of the os-
mium(viii) complexes is corro-
borated by calculated atomic
partial charges listed in Table 5.
The change at the metal succes-
sively decreases from 2.20 in
OsO4 to 1.89 in OsO2(NH)2. It


is important to note that the weak Lewis acidity of the bisi-
mido complexes implies that the traditional concept of
transferring stereochemical information by coordination of


Scheme 3. Model cycles for catalytic a) dihydroxylation and b) diamina-
tion. X-O = oxidant, T-NR = imido-transfer agent.


Table 3. Calculated thermodynamic reaction profile (DGr) for model catalytic cycles of dihydroxylation and
diamination, according to Scheme 3a and 3b. Free enthalpies relative to the corresponding reaction in the di-
hydroxylation cycle are also given. All values in kcalmol�1.


Reaction absolute relative to dihydrox.


Dihydroxylation (Scheme 3a)
OsO4 + C2H4!dioxoosma-2,5-dioxolane �4.1 0.0
dioxoosma-2,5-dioxolane + H2O2!triioxoosma-2,5-dioxolane + H2O �35.7 0.0
triioxoosma-2,5-dioxolane + H2O!OsO4 + (HO)CH2CH2(OH) �18.0 0.0
Diamination (Scheme 3b)
OsO2(NH)2 + C2H4!dioxoosma-2,5-diazolidine �46.2 �42.1
dioxoosma-2,5-diazolidine + H2O2!trioxoosma-2,5-diazolidine + H2O �24.5 11.2
trioxoosma-2,5-diazolidine + H2O!OsO4 + (H2N)CH2CH2(NH2) �13.9 4.1
OsO4 + 2NH3!OsO2(NH)2 + 2H2O 24.4 24.4
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chiral ligands,[3] such as cinchona alkaloids, will probably not
succeed in case of diamination. Therefore, alternative con-
cepts should be explored, for instance, incorporating chiral
auxiliaries in the substrate.[19]


To rationalize the apparent discrepancy between the
weaker Lewis acidity of the imido complexes and the rela-
tive instability of Os=N bond, an energy decomposition
analysis of OsO4 and OsO3(NH) has been performed. The
bonds have been analyzed in terms of OsO3


2+ interacting
with O2� and NH2�, respectively, to give partial triple bonds
(Table 6). Because the Cs-symmetric structure of OsO3(NH)


with a bent imido ligand is found to be more stable than a
C3v-symmetric structure with a linear imido ligand by only
0.2 kcalmol�1,[32] the latter has been considered for group-
theoretical reasons.[21] The analysis shows a larger bond


energy and a much stronger electrostatic component DEelst


for OsO4 (Table 6). In contrast, the stabilizing orbital-inter-
action energy DEorb is significantly stronger in OsO3(NH),
indicating the more covalent nature of the imido bond com-
pared to the oxo bond. The contributions from the a1 and e
symmetry orbitals to DEorb show that O2� is a slightly stron-
ger s donor but a much weaker p donor than (NH)2�


(Figure 3). The s/p ratio is approximately 1:1 in the Os=O
bond and 2:3 in the Os=NH bond. It is the greater cova-
lence in the metal=N bonds which decreases the Lewis acid-


ity of the imido complexes, al-
though the stronger electrostat-
ics in osmium tetraoxide cause
the larger stability of the Os=O
bond.


Steric and electronic control of
thermodynamic profiles : Al-
though the oxidation of dioxo-
osma-2,5-diazolidines is less fa-
vorable than the oxidation of
dioxoosma-2,5-oxolanes by
™only∫ 11 kcalmol�1, decreasing
this difference by modifying the


metallaazacycles remains a challenge on account of the
structural similarity of the dioxo and trioxo species. To ex-
plore concepts of controlling the relative stability of the
dioxo- and trioxoosma-2,5-diazolidines, we have compared
their atomic partial charges to those in the corresponding
metallaoxacycles (Table 5). The calculations show that the
charge at the metal in the dioxo- and trioxo-2,5-dioxolanes
remains very high (2.13 and 2.12), almost as high as the
metal charge in osmium tetraoxide (2.20). In contrast, the
charge at the metal in OsO2(NH)2 (1.89) decreases upon
NH=Os=NH addition to ethylene (1.71), and increases in


turn upon oxidation (1.98). The
charge of the ethylene moiety
in the metallaoxacycles (0.64) is
more positive than that in the
metallaazacycles (0.37 and
0.39). If the electronic structure
of the metallaoxacycles repre-
sents a constellation for a suc-
cessful oxidative catalytic cycle,
electron-withdrawing substitu-
ents on the metallaazacycles
are anticipated to improve the
thermodynamics of the oxida-
tion.
To investigate how the free


enthalpies of the reaction steps
can be controlled, we have pre-
dicted the effect of modifica-
tions in the substrate (CH2=


CHR’) on the free enthalpies of
the catalytic reaction (see Supporting Information,
Table S1). Electron-deficient C=C double bonds are repre-
sented by acrolein (R’ = CHO), electron-rich C=C double
bonds by propylene (R’ = Me). The calculations predict rel-


Table 4. Lewis acidity of osmium(viii) imido and oxo complexes. Stabili-
zation energies (DEr) calculated at the B3LYP/III+ //B3LYP/II level and
free enthalpies (DGa, DGr) at 298.15 K for the coordination of NH3 to
OsO4, OsO3(NH), and OsO2(NH)2. All values in kcalmol�1.


Reaction DEr DGr


OsO4 + NH3![OsO4(NH3)] �8.6 2.6
OsO3(NH) + NH3!cis-[OsO3(NH)(NH3)] �3.6 7.8
OsO3(NH) + NH3!trans-[OsO3(NH)(NH3)] �5.8 5.9
OsO2(NH)2 + NH3!cis-[OsO2(NH)2(NH3)] ±[a] ±
OsO2(NH)2 + NH3!trans-[OsO2(NH)2(NH3)] ±[a] ±


[a] The ammine ligand is displaced from the first coordination shell.


Table 5. Calculated NPA charges of selected intermediates.


Os O N O N C2H4
[a]


Molecule Os=O Os=N cycle cycle cycle


OsO4 2.20 �0.55
OsO3(NH) 2.05 �0.56 �0.75
OsO2(NH)2 1.89 �0.59 �0.73
diimidoosma-2,5-dioxolane 1.59 �0.73 �0.70 0.56
dioxoosma-2,5-dioxolane 2.13 �0.58 �0.81 0.64
trioxoosma-2,5-dioxolane 2.12 �0.48 �0.67 0.64
dioxoosma-2,5-diazolidine 1.71 �0.65 �0.77 0.37
trioxoosma-2,5-diazolidine 1.98 �0.54 �0.77 0.39


[a] Sum of the charges at the C and H atoms of the ethylene moiety.


Table 6. Electrostatic versus covalent nature of oxo and imido-osmium(viii) bonds. Energy decomposition of
the Os=O and Os=NH bonds in C3v-symmetric OsO4 and OsO3(NH), respectively, at the BLYP/IV’ level.
Bold: contributions of the Gi symmetry orbitals to the stabilizing orbital-interaction energy DEorb. All energies
in kcalmol�1.


Contribution Gi OsO4 OsO3(NH)[a]


DEstr O
2� or NH2� 0.0 1.8


DEstr OsO3
2+ 5.2 5.7


DEstr total 5.2 7.5
DEPauli 539.0 492.4
DEelst �1101.7 �1011.3
DEorb �425.7 �452.6
DEorb(Gi) a1 �196.0 �173.6


a2 �1.2 �1.2
e �228.6 �277.8


DEint = DEPauli + DEelst + DEorb �988.4 �971.5
DE = DEstr + DEint �983.2 �964.0
DEorb/DEelst 0.39 0.45
DEorb(a1)/DEorb(e) 0.86 0.62


[a] A Cs-symmetric structure of OsO3(NH) with a bent imido ligand (Os-N-H angle 135.4) is more stable by
0.2 kcalmol�1.
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atively small changes in the thermodynamic reaction profile
when compared to the reactions of ethylene (R’ = H), with
the greatest change being the destabilization of dioxoosma-
2,5-diazolidine in the case of acrolein by 5 kcalmol�1.
In contrast, the results presented in Table 7 reveal that


steric and electronic effects of the imido substituents R
open up a much larger potential of controlling the thermo-
dynamic reaction profile. The important free enthalpies rela-
tive to the corresponding reactions in dihydroxylation are


displayed in Figure 4. The [3+2] cycloaddition of bis(methy-
limido)dioxoosmium(viii) to ethylene is less exergonic than
the addition of OsO2(NH)2 by 11 kcalmol�1; nevertheless,
this reaction step remains the most exergonic of the entire
cycle (Table 7). As expected from the calculated atomic
charges (vide supra), the oxidation of the dioxoosmium(vi)


species to the trioxoosmium(viii) species is less favorable in
case of R = Me, by 6 kcalmol�1. The free enthalpy of hy-
drolysis is the same for the imido and methylimido com-
plexes. While the oxo±imido exchange was predicted to be
strongly endergonic (with ammonia as a model nitrogen
donor), the analogous reaction with R = Me is endergonic
by only 2 kcalmol�1 (Table 7).
A comparison of the thermodynamic reaction profile for


R = Me and R = tert-butyl provides a measure of steric ef-
fects (Figure 4, Table 7). The formation of [OsO2(NR)2]
from OsO4 remains unaffected by steric strain, because the
reaction free enthalpies for R = Me and tert-Bu are approx-
imately equal. In contrast, the cycloaddition of OsO2(NR)2
is 13 kcalmol�1 less favorable for R = tBu. Moreover, the
oxidation of the dioxoosma-2,5-diazolidine is less favorable
by additional 15 kcalmol�1, accumulating a total steric strain
of 28 kcalmol�1 in the trioxoosma-2,5-diazolidine. Partial
relief of steric strain renders subsequent hydrolysis more ex-
ergonic by �17 kcalmol�1 compared to that of the methyl
derivative.
Electron-withdrawing trifluoromethyl groups at the imido


moieties strongly disfavor oxo±imido exchange by 11 kcal -
mol�1 relative to R = H, showing the opposite trend to that
of electron-releasing methyl groups. Cycloaddition is prefer-
red by �3 kcalmol�1 relative to R = H, but subsequent oxi-
dation is less exergonic than that for R = H by 13 kcal -
mol�1 and even less exergonic than that for R = Me by


8 kcalmol�1, indicating a con-
siderable amount of steric
strain induced by CF3 substitu-
ents.
In summary, steric effects dis-


favor cycloaddition, strongly
disfavor oxidation, slightly
favor hydrolysis, and do not sig-
nificantly affect oxo±imido ex-
change. Electron-releasing
groups at the imido ligands dis-
favor cycloaddition, slightly dis-
favor oxidation, do not signifi-
cantly affect hydrolysis, and
strongly favor oxo±imido ex-
change. In principle, the oppo-
site electronic effects can be in-
duced by electron-withdrawing
groups at the imido ligands, but
steric effects may mask elec-
tronic effects in the reactions of
the metallacycles.


Diamination versus aminohy-
droxylation: In state-of-the-art
protocols for catalytic aminohy-


droxylation, oxidation and nitrogen transfer are typically
combined in a single step.[4] Nitrogen sources include N-halo
amides derived from sulfonamides, carbamates, amides, and
nitrogen heterocycles,[4c±e,33] which oxidize dioxoosma-2,5-ox-
azolidines to imidodioxoosma-2,5-oxazolidines (Scheme 4a).
Theory predicts the initial cycloaddition of the NH=Os=O


Table 7. Electronic and steric ligand control of the diamination model cycle. Calculated thermodynamic reac-
tion profile (DGr) for ethylene diamination with OsO2(NR)2 (R = Me, tBu, CF3), according to Scheme 3b.
All values in kcalmol�1.


Reaction Absolute Relative to dihy-
drox.


Relative to R
= H


R = Me
OsO2(NR)2 + C2H4!dioxoosma-2,5-diazolidine �35.1 �31.0 11.1
dioxoosma-2,5-diazolidine + H2O2!trioxoosma-2,5-diazoli-
dine + H2O


�18.8 16.9 5.7


trioxoosma-2,5-diazolidine + H2O!OsO4 +


(NHR)CH2CH2(NHR)
�13.3 4.7 0.6


OsO4 + 2RNH2!OsO2(NR)2 + 2H2O 2.4 2.4 �22.0
R = tBu
OsO2(NR)2 + C2H4!dioxoosma-2,5-diazolidine �22.5 �18.4 23.7
dioxoosma-2,5-diazolidine + H2O2!trioxoosma-2,5-diazoli-
dine + H2O


�4.1 31.6 20.4


trioxoosma-2,5-diazolidine + H2O!OsO4 +


(NHR)CH2CH2(NHR)
�31.0 �13.0 �17.1


OsO4+ 2RNH2!OsO2(NR)2 + 2H2O 0.6 0.6 �23.8
R = CF3


OsO2(NR)2 + C2H4!dioxoosma-2,5-diazolidine �49.4 �45.3 �3.2
dioxoosma-2,5-diazolidine + H2O2!trioxoosma-2,5-diazoli-
dine + H2O


�11.1 24.6 13.4


trioxoosma-2,5-diazolidine + H2O!OsO4 +


(NHR)CH2CH2(NHR)
�38.2 �20.2 �24.3


OsO4 + 2RNH2!OsO2(NR)2 + 2H2O 35.7 35.7 11.3


Figure 3. a1 and e symmetry orbitals in C3v-symmetric OsO4 and
OsO3(NH).
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moiety to ethylene to be exergonic by �25 kcalmol�1, which
lies between the reaction free enthalpies for less exergonic
O=Os=O additions and more exergonic NH=Os=NH addi-
tions (vide supra). The second step, oxidative imido transfer
was studied with the simple model N-transfer agent chloroa-
mine (RNH2Cl, here R = H) and has a reaction free enthal-
py of 15 kcalmol�1. Note that this value can easily be ren-
dered exothermic by the choice of the nitrogen source. The
discussion again focuses on relative reaction free enthalpies,
which do not depend on the nitrogen source. Hydrolysis, the
third and last step of aminohydroxylation according to Sche-
me 4a, is calculated to be exergonic by �14 kcalmol�1,
which seems a typical value for the hydrolysis of the metal-
lacycles.
This reaction profile for aminohydroxylation according to


Scheme 4a is used as a reference in the evaluation of an
analogous scenario for diamination according to Sche-
me 4b.[34] Free enthalpies relative to the corresponding reac-
tions in aminohydroxylation are visualized in Figure 5 (for
the values, see Tables S2 and S3 in the Supporting Informa-
tion). While cycloaddition is more favorable in the latter
case by �21 kcalmol�1 (R = H), oxidative nitrogen transfer
is less favorable by 8 kcalmol�1. Since the hydrolysis of the
imidodioxoosma-2,5-diazolidines yields the diamine and imi-
dotrioxoosmium(viii), diamination according to Scheme 4b
requires an additional non-oxidative nitrogen transfer step
giving diimidodioxoosmium(viii) in a 13 kcalmol�1 ender-
gonic reaction (with ammonia as the N-transfer agent).
Substituents on the imido ligands are found to induce


steric and electronic effects in a very similar manner as that
shown in the catalytic model cycle in Scheme 3b and


Figure 4 discussed in the former section. However, the
changes in free reaction enthalpies appear less dramatic
when diamination (Scheme 4b) is compared to aminohy-
droxylation (Scheme 4a) with the same imido substituent R
because the effects are already partly present in the latter
reactions. This can be impressively demonstrated by compar-
ing the thermodynamic profiles relative to dihydroxylation
and aminohydroxylation shown in Figure 4 and 5, respec-
tively, with the latter showing the same patterns as the
former but reaching only half of the magnitude.


Conclusion


The osmium-catalyzed dihydroxylation and aminohydroxyla-
tion of olefins provide an elegant route to 1,2-functionalized
compounds, but an analogous diamination remains a holy
grail. This challenge was the motivation for a density func-
tional study on the reaction of oxo-imido osmium(viii) com-
plexes with C=C bonds and the subsequent steps of as-yet
hypothetical catalytic reaction courses. Catalytic model
cycles have been designed for diamination, which are based
on the counterparts of the frequently used dihydroxylation
and aminohydroxylation methods. The catalytic cycles con-
sist of five modules: 1) cycloaddition, 2) hydrolysis,
3) oxygen transfer, 4) oxidative nitrogen transfer, and
5) oxo±imido exchange. The results of this work can be sum-
marized as follows:


1) Theory predicts a chemoselective and perispecific [3+2]
addition of the NH=Os=NH moiety of diimidodioxoos-


Figure 4. Thermodynamic reaction profile for OsO2(NR)2-catalyzed diamination according to Scheme 3b relative to that of dihydroxylation (zero line)
shown in Scheme 3a. Free enthalpies in kcalmol�1.
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mium(viii) to ethylene. An analysis of the activation en-
ergies for the [3+2] additions of the NH=Os=NH and
O=Os=O moieties shows both reactions to be orbital-
controlled and identifies two important factors governing
chemoselectivity: first, elongation of the Os=NH groups
toward the transition state geometry requires less energy
than the elongation of the Os=O bonds. Second, decom-
position of the stabilizing orbital interactions into the
contributions from symmetry orbitals indicates that the
energy contribution of p backdonation from the imido li-
gands to the p* orbital of the olefin is particularly en-
hanced in the NH=Os=NH addition.


2) The thermodynamic reaction profile for a catalytic
model cycle of diamination including cycloaddition, oxi-
dation, hydrolysis, and oxo±imido exchange has been de-
termined and compared to the profiles for osmium-cata-
lyzed dihydroxylation (Scheme 3b versus 3a). The [3+2]
cycloaddition of NH=Os(O)2=NH to ethylene is more
exergonic than the corresponding reaction in dihydroxy-


lation by �42 kcalmol�1. Surprisingly, this large free en-
thalpy difference does not cause a deep thermodynamic
hole because the subsequent oxidation of the osmium(vi)
azacycles to the osmium(viii) azacycles is less exothermic
than the corresponding oxidation of the osmium(vi) oxa-
cycles in catalytic dihydroxylation by only 11 kcalmol�1.
Moreover, the free enthalpies of the hydrolytic release
of the products from the osmium(viii) cycles differ by
only 4 kcalmol�1. The endergonic formation of diimido-
dioxoosmium(viii) from osmium tetraoxide, which is not
required in the parent dihydroxylation, creates an intrin-
sic thermodynamic hill of 24 kcalmol�1 (calculated
versus NH3/H2O) to be bulldozed by the use of activated
nitrogen sources. Despite the instability of the Os=N
bonds (relative to the Os=O bonds), their greater cova-
lence decreases the Lewis acidity of the metal, depriving
diimidodioxoosmium(viii) of the ability to bind addition-
al ligands that could have been used for transferring
chiral information in a stereoselective diamination.


3) Substituents on the imido ligands control the thermody-
namic reaction profile for the hypothetical diamination
to a very large extent. Electron-releasing methyl groups
on the nitrogen atoms render the oxidation of the diox-
oosma-2,5-diazolidine to the trioxo species slightly less
preferred, but significantly favor oxo±imido exchange.
Electron-withdrawing trifluoromethyl groups destabilize
imidotrioxoosmium(viii) and stabilize the dioxoosma-2,5-
diazolidine. Steric effects induced by bulky tert-butyl
groups particularly destabilize the trioxoosmium(viii)
azacycle relative to the dioxoosmium(vi) azacycle. Sub-
stituents in the substrate can, in principle, change the
free enthalpies of the model cycle in a similar manner,
but their effect is smaller than that induced by N-substi-
tution by an order of magnitude.


4) The thermodynamic reaction profile for an alternative
catalytic model cycle of diamination including cycloaddi-
tion, oxidative N transfer, hydrolysis, and oxo±imido ex-
change has also been evaluated and compared to the
profile for osmium-catalyzed aminohydroxylation (Sche-
me 4b versus 4a). The free enthalpies of the four reac-
tion steps relative to those in aminohydroxylation are
predicted to be �20 kcalmol�1, 8 kcalmol�1, 0 kcalmol�1,
and 12 kcalmol�1, identifying oxidative and non-oxida-
tive N transfer as the greatest challenges. Electron-re-
leasing groups at the imido ligands particularly favor the
non-oxidative N-transfer event, whereas the presence of
sterically demanding substituents increase the free en-
thalpy of oxidative N transfer.


Computational Methods


The geometries of the molecules and transition states (TS) were opti-
mized at the gradient-corrected DFT level with the 3-parameter fit of ex-
change and correlation potentials introduced by Becke (B3LYP),[35] as
implemented in Gaussian98.[36] Shape-consistent quasirelativistic small-
core ECPs[37] and a (441/2111/21) valence-basis set were employed for
Os, while 6-31G(d) all-electron basis sets were used for the other
atoms.[38] This basis-set combination is denoted II.[39] Vibrational frequen-


Scheme 4. Model cycles for catalytic a) aminohydroxylation, and b) di-
amination. Z-NR = oxidative imido-transfer agent, T-NR = non-oxida-
tive imido-transfer agent.
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cies and zero-point energies (ZPE) were also calculated at the B3LYP/II
level. All structures reported here are either minima (NIMAG = 0) or
transition states (NIMAG = 1) on the potential energy surfaces. Im-
proved total energies were calculated at the B3LYP level with the same
ECP and valence-basis set at the metals, but totally uncontracted and
augmented with a set of f functions,[40] together with a 6-311+G(d,p)
basis set for the other atoms. This basis-set combination is denoted III+ .
Unless otherwise mentioned, the values discussed in the text are activa-
tion and reaction free enthalpies (DGa, DGr), also denoted Gibbs free en-
ergies. These were calculated by adding corrections from zero-point
energy (ZPE), thermal energy, work, and entropy evaluated at the
B3LYP/II level at 298.15 K to the activation and reaction energies (DEa,
DEr), which were calculated at the B3LYP/III+ //II level. Single-point
calculations of selected molecules at the CCSD(T)/III+ //B3LYP/II level
using the coupled-cluster-singles-doubles method with perturbative tri-
ples[41,42] show very good agreement of relative energies with those at the
B3LYP/III+ //II level (Supporting Information). tert-Butyl substituents
were considered by means of the STO-3G basis set at the terminal
methyl groups for optimization, and the 6-31G(d) basis set was used for
calculating improved energies. Atomic partial charges were predicted
with the NPA scheme.[43]


Energy decomposition analyses were performed at the BLYP level[44,45]


as implemented in the Amsterdam Density Functional 2002 program
(ADF).[46] Scalar-relativistic effects were considered by the zeroth-order
regular approximation (ZORA).[47] Uncontracted Slater-type orbitals
(STOs) were used as basis functions.[48] The valence basis functions at Os
have triple-z quality, augmented with a set of p and f functions. The va-
lence basis set at the other atoms has triple-z quality, augmented with a
set of d functions. The (1s)2 core electrons of C, N, and O and the
(1s2sp3spd4spdf)60 core electrons of Os were treated within the frozen-
core approximation.[49] The structures to be investigated are divided into
two fragments. If the structure of interest is a metal complex, the stabili-
zation energy DEr is decomposed; if it is a transition state, the activation
energy DEa is decomposed. DEa (or DEr) is the sum of two contributions,
strain energy DEstr and interaction energy DEint (DEa (or DEr) = DEstr +


DEint). Strain energy DEstr is the difference between the energy of the iso-
lated fragments in the geometry of the complex or transition state and


the sum of the energy of the two fragments in their equilibrium geome-
try. DEint, which is the energy of interaction between the fragments, can
in turn be partitioned into three components (DEint = DEelst + DEPauli +


DEorb). DEelst gives the electrostatic interaction energy between the frag-
ments, which is calculated with a frozen electron-density distribution in
the geometry of the complex or TS. Pauli repulsion (DEPauli) considers
the energy required for antisymmetrization and re-normalization of the
Kohn±Sham orbitals of the superimposing fragments. DEPauli represents
the repulsive interaction energy between the fragments which is caused
by the fact that two electrons with the same spin cannot occupy the same
region in space (Pauli principle). Finally, the stabilizing orbital-interac-
tion term DEorb is calculated with the Kohn±Sham orbitals relaxing to
their optimal form.
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A Catalytic Antibody against a Tocopherol Cyclase Inhibitor


Roman Manetsch,[a, c] Lei Zheng,[b] Martine T. Reymond,[b] Wolf-Dietrich Woggon,*[a] and
Jean-Louis Reymond*[b]


Introduction


The concept of transition-state analogy has provided an in-
credibly productive guiding principle for making enzyme in-
hibitors[1] and has also led to the discovery of catalytic anti-
bodies as tailor-made catalysts.[2] The majority of catalytic
antibodies reported to date accelerate either ester/amide-
bond hydrolysis or pericyclic reactions.[3] By contrast, only a
very few examples of catalytic antibodies for acid-catalyzed
processes have been reported. Herein we report our investi-


gation towards a tocopherol cyclase catalytic antibody. We
describe the preparation of catalytic antibody 16E7, ob-
tained from immunizations against transition-state ana-
logues 1±3 of the tocopherol cyclase reaction, and its catalyt-
ic reactivity (Scheme 1).


Results


The acid-promoted cyclization of phytyl-hydroquinone 6 to
g-tocopherol (7) is the key step in the biosynthesis of the
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Scheme 1. Transition±state analogues 1±3 of the tocopherol cyclase reac-
tion and inhibitors 4 and 5 of the enzyme tocopherol cyclase.


Abstract: The cyclic ammonium cation
5 and its guanidinium analogue 4 are
inhibitors of tocopherol cyclase. Mono-
clonal antibodies were raised against
protein conjugates of the haptens 1±3
and screened for catalytic reactions
with alkene 8, a short chain analogue
of the natural substrate phytyl-hydro-
quinone 6, and its enol ether analogues
10a,b. Antibody 16E7 raised against
hapten 3 was found to catalyze the hy-
drolysis of Z enol ether 10a to form
hemiacetal 12 with an apparent rate ac-
celeration of kcat/kuncat=1400. Antibody


16E7 also catalyzed the elimination of
Kemp×s benzisoxazole 59. The absence
of cyclization in the reaction of enol
ether 10a was attributed to the compe-
tition of water molecules for the oxo-
carbonium cation intermediate within
the antibody binding pocket. Hapten
and reaction design features contribu-
ting to this outcome are discussed. An-


tibody 16E7 provides the first example
of a carboxyl group acting both as an
acid in an intrinsically acid-catalyzed
process and as a base in an intrinsically
base-catalyzed process, as expected
from first principles. In contrast to the
many examples of general-acid-cata-
lyzed processes known to be catalyzed
by catalytic antibodies, the specific-
acid-catalyzed cyclization of phytyl-hy-
droquinone 6 or its analogue 8 still
eludes antibody catalysis.


Keywords: acid catalysis ¥ base cat-
alysis ¥ catalytic antibodies ¥ cycliza-
tion ¥ transition-state theory
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chromanol substructure of the vitamin E family
(Scheme 2).[4] This reaction is of potential industrial interest
for the preparation of this important food additive. This
enzyme-catalyzed ring closure proceeds by Si protonation of
the double bond of 6 and concomittant Re attack of the phe-
nolic oxygen atom.[5] Although the exact nature of the cata-
lytic machinery of this enzyme is not known, the reaction
mechanism clearly requires an acidic residue for catalysis.


Reaction and hapten design : Due to its long isoprene side
chain, phytyl-hydroquinone 6 is strongly hydrophobic and
only poorly soluble in water. We initially decided to delete
this sesquiterpene side chain, which is only important for
recognition by the enzyme,[6] in order to enhance water solu-
bility and therefore enable a reaction setup in the homoge-
neous phase, where most catalytic antibodies have been de-
scribed. The second problematic element in the natural sub-
strate 6 is the dimethylhydroquinone nucleus, which is both
synthetically demanding and highly sensitive to air oxida-
tion. Substitution by a simple ortho-substituted p-methoxy-
phenol would allow a shorter synthesis and would essentially
suppress oxidation sensitivity, while preserving the chemical
reactivity of the system towards cyclization. Modification of
the g-tocopherol precursor 6 along these lines led to the al-
lylic p-methoxyphenol 8 as a model substrate (Scheme 2).


The cyclization of phytyl-hydroquinone 6 is specific-acid
catalyzed, which means that in solution only strong acids
can promote the reaction.[7] Preliminary investigations
showed that this was also the case for the cyclization of sub-


strate 8 to form product 9. By contrast, antbodies have been
almost exclusively described for general-acid-catalyzed proc-
esses, which are promoted by weak acids, usually a carboxy-
late side chain within the antibody binding pocket.[8] We
therefore also prepared Z and E enol ethers 10a and 10b.
These substrates undergo a cyclization similar to that of sub-
strate 8 to form acetal 11 or hemiacetal 12, with the advant-
age that the reaction can be promoted by weak acids such
as acetic acid.[9] Additional test substrates were designed to
back up the search for catalysis. These included methylene
derivative 35, enol ethers 44a,b and 45a,b, vinyl ether 50,
and unsaturated esters 55 and 56, all of which might poten-
tially undergo an intramolecular cyclization reaction with
the phenolic hydroxy group.


The design of haptens possibly leading to antibodies pro-
moting specific-acid catalysis of the tocopherol cyclase reac-
tion followed the same principles as those used in previous
systems for acid catalysis. The design should emphasize elec-
trostatic complementarity to the transition state, that is, pos-
itively charged functional groups in the hapten, since specif-
ic-acid catalysis should be triggered not by the presence of a
carboxyl group but by a local electrostatic effect stabilizing
positively charged intermediates more strongly than the sol-
vent water.[10] The quaternary tetrahydroquinolinium cations
1 and 2 and the guanidinium analogue 3 were selected as
transition-state analogues for the reaction. The guanidinium
cation 4 and the ammonium cation 5 are nanomolar inhibi-
tors of the enzyme tocopherol cyclase[11] and related ammo-
nium cations have been used frequently to induce catalytic
antibodies for related acid-catalyzed processes.[8a, c,12] The
guanidinium cation 3 was designed along the lines of related
compounds used previously as haptens to raise catalytic an-
tibodies.[13] A carboxylate was expected on the antibody as a
charge-neutralizing group against the guanidinium group.


Synthesis : Tetrahydroquinolinium hapten 1 was obtained by
quaternization of 2-methyl-6-methoxytetrahydroquinoline
(13) with ethyl 8-bromo-octanoate[14] (Scheme 3). It was
conjugated to carrier proteins KLH (keyhole limpet hemo-
cyanin) and BSA (bovine serum albumin) through its N-hy-
droxysuccinimide ester. Hapten 2 was synthesized by reduc-
tive amination of 6-methoxytetrahydroquinoline (16) with
aldehyde 15. Alkylation of the resulting amine 17 with di-
methylsulfate gave ammonium compound 18. Acidic hydrol-
ysis of the ester gave hapten 2. Conjugation to carrier pro-
teins was carried out as for hapten 1. Guanidinium hapten 3
was prepared from 5-hydroxy-2-nitrobenzaldehyde (19),
which was first protected as the corresponding methyl ether
20 and then transformed into the benzonitrile 21[15] (see
Scheme 4). Reduction of the nitro group with stannous chlo-
ride gave 22, and reduction of the cyano group with LiAlH4/
AlCl3 yielded o-aminobenzylamine 23 in moderate yields.
The thione 24 was prepared by condensation between ben-
zylamine 23 and thiophosgene and was alkylated to give 25.
Substitution with ethyl 8-amino-octanoate[16] gave 26, which
was hydrolyzed under acidic conditions to give hapten 3.
Conjugation to carrier proteins was carried out as above.


Substrate 8 was prepared according to a reported
method[17] and its cyclization product 9 was obtained by


Scheme 2. Cyclization of phytyl-hydroquinone 6 to g-tocopherol (7) cata-
lyzed by the enzyme tocopherol cyclase and corresponding model reac-
tions with olefin 8, enol ether 10a and enol ether 10b that were used for
the selection of catalytic antibodies.
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treatment of 8 with boron trifluoride etherate. Its methylene
analogue 35, poised for exo-trig cyclization, was prepared
from anisole 27 (Scheme 5). O-allylation, Claisen rearrange-
ment, and silylation gave ether 30, which was transformed in
four steps into methyl ketone 34. Wittig reaction with meth-
yltriphenylphosphonium bromide and deprotection gave
substrate 35. Enol ethers 10a,b, 44a,b, and 45a,b were ob-
tained from the corresponding acetals 36±38 by reaction
with trimethylsilyl triflate[18] or trimethylsilyl iodide[19] fol-
lowed by desilylation. Classical desilylation procedures with


fluoride reagents failed in this case due to the reactivity of
the enol ether function. Nevertheless, desilylation proceeded
smoothly by treatment with ethanolamine, to give the de-
sired hydroxy enol ethers. Purification of the isomeric mix-
tures 10a,b and 44a,b by preparative RP-HPLC provided
the isomerically pure enol ethers. In the case of the enol
ether 45a,b, the separation of the E,Z isomers was per-
formed easily by simple column chromatography. Treatment
of acetal 36 with aqueous hydrochloric acid afforded the hy-
drolysis product 12, which in turn was transformed into the
corresponding cyclization acetals 11, 42, and 43 according to
a known procedure.[20]


Scheme 3. Synthesis of haptens 1 and 2. a) Br(CH2)7CO2Et, DMF, 60 8C,
3 h, 84%; b) 1n HCl/DMF 1:1, RT, 24 h, RP18 HPLC, 71%; c) NaBH-
(OAc)3, DCE, RT, 2 h, 74%; d) dimethylsulfate, CH3CN, RT, 16 h, RP18
HPLC, 55%; e) 4m HCl in dioxane, H2O, RT, 6 h, RP18 HPLC 71%.
DCE=1,2-dichloroethane.


Scheme 4. Synthesis of hapten 3. a) Cs2CO3, DMF, 90 min; MeI, RT, 15 h,
96%; b) H2NOH¥HCl, MgSO4, p-TSA, toluene, D, 15 h, 88%;
c) SnCl2¥2H2O, MeOH, D, 3 h, 56%; d) LiAlH4, AlCl3, Et2O, RT, 5 h,
78%; e) thiophosgene, Et3N, THF, �78 8C!RT, 8 h, 84%; f) EtBr,
EtOH, D, 14 h, 98%; g) H2N(CH2)7CO2Et, EtOH, D, 24 h, 65%; h) 1n
HCl/THF, RT, 24 h, RP18 HPLC, 87%. p-TSA=para-toluenesulfonic
acid.


Scheme 5. Synthesis of substrates 35, 10, 44, and 45 as well as the corre-
sponding reference compounds 12, 11, 42, and 43. a) NaH, THF, allyl
bromide, D, 4 h, 95%; b) neat, 240 8C, 45 min, 89%; c) TBSCl, imidazole,
DMF, RT, 1 h, 96%; d) BH3¥THF, THF, RT, 2 h; NaOH, H2O2, 0 8C!RT,
89%; e) DMSO, Et3N, CH2Cl2, oxalyl chloride, �78 8C!RT, 90 min,
94%; f) CH3MgCl, THF, RT, 1 h, 89%; g) DMSO, Et3N, CH2Cl2, oxalyl
chloride, �78 8C!RT, 1 h, 95%; h) methyltriphenylphosphonium bro-
mide, nBuLi, THF, 0 8C, 60 min, 75%; i) TBAF, THF, 20 min, 93%; j) for
39 : (iPr)2NEt, TMSTf, CH2Cl2 �78!�20 8C for 4 h, 59%; for 40 :
(iPr)2NEt, TMSTf, CH2Cl2 �78!�20 8C for 4 h, 63%; for 41: HMDS,
TMSI, CCl4, �15 8C for 30 min, 75 8C for 5 h, 29%; k) for 10 : ethanola-
mine, 90 8C, 4 h, prep. RP18 HPLC, 46% 10b and 44% 10a ; for 44 : etha-
nolamine, 90 8C, 3 h, prep. RP18 HPLC, 46% 44b and 37% 44a ; for 45 :
ethanolamine, 90 8C, 3 h, 47% 45b and 45% 45a ; l) dioxane/18% HCl
25:1, 50 8C, 18 h, 94%; m) for 11: thionyl chloride, CH2Cl2, 0 8C, 15 min;
MeOH, 0 8C, 15 min, 72%; for 42 : thionyl chloride, CH2Cl2, 0 8C, 15 min;
EtOH, 0 8C, 15 min, 86%; for 43 : thionyl chloride, CH2Cl2, 0 8C, 15 min;
iPrOH, 0 8C, 15 min, 76%. TBS= tert-butyldimethylsilyl, TBAF= tetrabu-
tylammonium fluoride, Tf= triflate= trifluoromethanesulfonyl, HMDS=
1,1,1,3,3,3-hexamethyldisilazane.
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Vinyl ether 50 was synthesized from 2-hydroxy-4-methox-
ybenzaldehyde 46 by silylation to 47, reduction with sodium
borohydride to 48, transetherification catalyzed by
Hg(OAc)2


[21] to form 49, and mild desilylation with ethanol-
amine (Scheme 6). Reduction of 46 with lithium aluminium
hydride gave benzylalcohol 51, which was transformed into
acetal 52 by acidic treatment with acetaldehyde.[22] Wit-
tig±Horner olefination of aldehyde 32 gave the E-configured
a,b-unsaturated ester 53, which was desilylated with TBAF
to yield 55 together with its cyclization product 57 in 56 and
27% yield, respectively. Application of the Still±Gennari
variant of the Wittig±Horner olefination to aldehyde 32
gave the Z-configured a,b-unsaturated ester 54. Deprotec-
tion with TBAF provide the pure Z isomer 56 together with
its cyclization product 58 in 38 and 39% yield, respectively.


Immunizations and hybridoma selection : The KLH conju-
gates of the haptens were used for immunization following
standard procedures by using either single-hapten or mixed
immunizations (Table 1). Hybridoma generation and initial
screening by ELISA against hapten±BSA conjugates gave a
total of 131 positives. Further cell culture up to a volume of
5 mL gave 27 hybridoma cell lines, which were assayed for
catalysis of the cyclization of olefin 8 and enol ethers 10a
and 10b by HPLC. Hybridoma 16E7 (anti-3) and 16G7
(anti-2) catalyzed the hydrolysis of enol ether 10a and their
activity was quantitatively inhibited by addition of the re-
spective haptens. Both hybridomas were subcloned twice to
give stable and homogeneous cell lines. The catalytic activity
and the hapten binding activities were preserved during the
cloning process. Antibodies
were produced from the cell
lines by in vitro cell culture up
to a volume of 1 L and were
purified by ammonium sulfate
precipitation followed by prote-
in G affinity-column purifica-
tion.


Kinetic characterization : Anti-
body 16E7 was studied in detail
since assays with purified anti-
bodies showed it to be the
more active protein. The anti-
body catalyzed the hydrolysis
of the Z enol ether 10a to form
hemiacetal 12 with multiple
turnover. The reaction was
quantitatively inhibited by
hapten 3, with the indication of
two active sites per antibody
molecule. Isomeric E enol ether
10b was not accepted as a sub-
strate. The antibody showed a
pronounced hysteresis effect, in
that it required up to eight hours to reach its full catalytic
activity (Figure 1). Similar kinetic retardation effects have
been described in other catalytic antibodies.[23] The kinetics
of antibody 16E7 followed Michaelis±Menten kinetics in


both the initial phase and the steady-state phase of conver-
sion, with a result indicating a rate acceleration in the range
of kcat/kuncat=1400 (Table 2), which is a typical value for anti-
body catalysis.


Scheme 6. Synthesis of substrates 50, 55, and 56 as well as the corre-
sponding reference compounds 51, 52, 57, and 58. a) (iPr)2NEt, DMF,
TBSCl, 45 min, RT, 97%; b) NaBH4, EtOH, RT, 45 min, 91%; c) ethyl
vinyl ether, Hg(OAc)2 (cat), D, 72%; d) ethanolamine, RT, 16 h, 94%;
e) LiAlH4, THF, RT, 15 min, 84%; f) acetaldehyde, H2SO4, 0 8C, 4 h,
91%; g) phosphonoacetic acid triethyl ester, NaH, THF, 0 8C!RT, 14 h,
77%; h) TBAF, THF, RT, 5 min, 56% 55 and 27% 57; i) phosphonoacetic
acid P,P-bis(2,2,2-trifluoroethyl)methyl ester, [18]crown-6, KHDMS,
THF, �78 8C, 90 min, 96%; j) TBAF, THF, RT, 5 min, 38% 56 and 39%
58. KHDMS=potassium hexamethyldisilazanide.


Table 1. Data for immunization with haptens 1±3 and screening for catalysis with substrates 8, 10a, and 10b.


Hapten[a] Number
of


Serum titers Number
of


Number of
screened


Number of Clone
name


mice[b] (conjugate)[c] binders[d] cell lines[e]
catalytic hybrido-


ma[f] and sub-
type


1/1/1 2 1 mouse 6400 and 22 4 0 ±
1 mouse 3200 (1±BSA)


2/2/2 4 3 mice 25600 and 5 1 1 16G7
1 mouse 12800 (2±


BSA)
kg1


3/3/3 2 2 mice 12800 (3±BSA) 40 9 1 16E7
kg2a


1/3/3 2 1 mouse 12800±25600
and


34 5 0 ±


1 mouse 6400 (1±BSA)
3/1/1 2 1 mouse 12800 and 30 8 1 ±


1 mouse 0 (3±BSA)


[a] First, second, and final boost of the corresponding hapten conjugates used for the immunization. [b] In
total, twelve 129GIX+ mice were immunized according to standard procedures. [c] Dilution factor of blood
serum (after immunization with the hapten±KLH conjugates) for 50% reduction of ELISA signal against the
hapten±BSA conjugates. A high number indicates a strong immune response. [d] Number of cell lines that test
positive for binding by ELISA against the hapten±BSA conjugate after fusion. [e] Number of cell lines that
were grown up to a volume of 5 mL for catalysis testing. [f] Number of fully subcloned and stabilized hybrido-
ma producing antibodies with catalytic properties.
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Substrate variation studies : Investigations with the pure an-
tibody 16E7 showed that the tocopherol cyclase like cycliza-
tion of the olefinic phenol 8 to form 9 was not catalyzed by
the antibody, even under very low pH conditions and in con-
centrated antibody solution. Even the noncatalyzed reaction
could not be detected under these conditions. The formation
of hemiacetal 12 instead of acetal 11 in the reaction of enol
ether 10a might be caused by a competing water molecule
in the active site. Therefore, the ethyl enol ether 44a,b and
its isopropyl analogue 45a,b were also tested with 16E7,
since these more hydrophobic substrates might reduce the
water content of the active site and suppress the water reac-
tion, thereby leading to hydrolysis. Although both 44a and
45a were accepted as substrates, their reaction led exclusive-
ly to the formation of hemiacetal 12. Acetal 11 was not hy-
drolyzed by the antibody and also did not show any compet-
itive inhibition of the enol ether hydrolysis, a result implying
that it was very poorly recognized by the antibody.


A series of alternative substrates that would potentially
lead to cyclized products under acid±base catalysis was
tested for catalysis by antibody 16E7. The methylene ana-
logue 35 might be protonated to form the same carbocation-
ic intermediate as that expected with the original substrate
8, yet starting with an energetically higher point (a disubsti-
tuted versus a trisubstituted olefin) and following a more fa-
vorable overall exo-trig cyclization pathway to the desired
cyclized product as opposed to a relatively disfavored endo-
trig process for the tocopherol cyclase like cyclization of 8.
Similarly, vinyl ether 50 might be as reactive as enol ether
10a and also lead to a cyclized product following a favored
overall exo-trig process. Finally, the unsaturated hydroxy
esters 55 and 56 were expected to undergo a facile acid±
base-catalyzed 1,4-addition of the hydroxy group to form 57
and 58, respectively. While all of these substrates indeed un-
derwent the expected processes in organic solvent upon
treatment with strong acid, only vinyl ether 50 was accepted
as a substrate by antibody 16E7 to give alcohol 51 without
cyclization.


Figure 1. Kinetic measurements of the hydrolysis of enol ether 10a by an-
tibody 16E7. All data shown have already been corrected for the uncata-
lyzed reaction. All assays were performed at an antibody concentration
of 0.2mgmL�1 (3.33 mm active-site concentration) in 104 mm NaCl and
29 mm BisTris (bis(2-hydroxyethyl)iminotris(hydroxymethyl)methane) in
water with 10% acetonitrile at 37 8C and pH 6.24. a) The time-course
plot observed for hydrolysis of enol ether 10a (300 mm) catalyzed by anti-
body 16E7. In general, three parameters can be graphically estimated
from a time-course plot.[42] The initial velocity vi and the steady-state ve-
locity vss can each be obtained by simple linear regression and the appa-
rent rate constant t�1 can be calculated from the intercept of the vss slope
on the time axis (see Equation (1) in the Experimental Section). b) Mi-
chaelis±Menten plot for the hydrolysis of the enol ether 10a in the ad-
vanced stages of the catalysis, with constant vss velocities.


Table 2. Kinetic parameters for reactions catalyzed by antibody 16E7.[a]


Substrates Enol ethers[b] Benzisoxazoles[c]


10a 44a 45a 50 59 67


vi [mm s�1][d] 3.22î10�4[e] 3.19î10�4[e] 1.56î10�4[e] n.d. 1.23î10�2[f] 3.08î10�3[f]


vss [mm s�1][g] 1.75î10�3[e] 1.68î10�3[e] 1.45î10�3[e] n.d. 2.34î10�2[f] 1.23î10�2[f]


t [h][h] 7.9[e] 8.1[e] 8.2[e] n.d. 1.2[f] 9.1[f]


kcat [s
�1] 1.11î10�3 6.93î10�4 5.56î10�4 7.42î10�4 n.d. n.d.


kuncat [s
�1] 7.99î10�7 1.66î10�6 4.78î10�6 8.02î10�6 3.62î10�6 5.96î10�7


kcat/kuncat 1392 417 116 92 n.d. n.d.
KM [mm] 171 40 107 132 n.d. n.d.
kcat/KM [mm�1 s�1] 6.47î10�6 1.73î10�5 5.20î10�6 5.64î10�6 1.30î10�4[i] 7.19î10�5[i]


KTS [mm]
[j] 0.124 0.096 0.919 1.43 2.79î10�2 8.29î10�3


[a] All assays were measured in 104 mm NaCl and 29 mm BisTris in water with 10% acetonitrile at 37 8C and pH 6.24. [b] All assays were performed at
an active-site concentration of 3.33 mm. [c] All assays were performed at an active-site concentration of 0.32 mm. [d] vi is the initial velocity. [e] For the de-
termination of the values vi, vss, and t an initial substrate concentration of 300 mm was used. [f] For the determination of the values vi, vss, and t an initial
substrate concentration of 671 mm was used. [g] vss is the steady-state velocity. [h] t�1 is the observed rate of the transition between the initial state and
the steady state. [i] The low solubility of 59 and 67 prevented measurements at substrate concentrations above 2500 mm and hence only exact values of
kcat/KM could be obtained. [j] KTS is defined as the dissociation constant of the complex between the catalyst and the transition state of the reaction and
can be calculated by following equation: KTS=kuncat/(kcat/KM).
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Ring-opening reactions : Since our antibody 16E7 did not
induce any acid-catalyzed cyclization, we set out to test its
ability to promote a reverse ring-opening base-catalyzed
process. The deprotonation of Kemp×s benzisoxazole 59,
which undergoes precisely such a base-catalyzed ring-open-
ing process,[24] was therefore investigated (Scheme 7). Two
previous accounts of catalysis of this reaction by antibodies
raised against guanidinium and amidinium haptens similar
to guanidinium 3 were taken into account.[13]


Antibody 16E7 efficiently catalyzed the ring-opening re-
action of benzisoxazole 59 to form the yellow cyanonitro-
phenolate 60. As for the hydrolysis of enol ether 10a, the re-
action was quantitatively inhibited by hapten 3, a result
demonstrating that both reactions were taking place within
the antibody binding pocket. A retardation effect similar to
that detected with enol ether 10a was observed (Figure 2).
While there was no detectable substrate binding under the
accessible substrate concentration range (Michaelis±Menten
constant of KM>2.5 mm), the catalysis was efficient with a
transition-state dissociation constant of KTS=27.9 nm, which
corresponds to a rate enhancement of 8î106 over the corre-
sponding acetate-catalyzed reaction, if a carboxylate catalyt-
ic group is assumed. Rate-limiting proton transfer was con-
firmed by comparing the kinetics of benzisoxazole 59 with
its deuterated analogue 67.


Initially, compound 67 was prepared by a reported reac-
tion sequence,[25] which caused unexpected difficulties. De-
spite repeated attempts, the oxidation of the deuterated
benzylalcohol 65 provided the corresponding benzaldehyde
63 only in very poor yields, presumably by a primary isotope
effect. We therefore developed an alternative synthesis.
Lithiation of the THP-protected bromophenol 61[26] fol-
lowed by treatment with [D7]-N,N-dimethylformamide to


form 62 and THP deprotection afforded the desired benzal-
dehyde 63 in good yields. Aldehyde 63 was then trans-
formed by the known procedures[27] to the nitrobenzisoxa-
zole 67.


The comparison of reaction rates between the benzisoxa-
zole 59 and its deuterated analogue 67 was complicated by
the hysteresis effect. Indeed, 59 was converted by more than
30% before the antibody had reached full activity, so the re-
action rate was not approaching its true maximum at any
point during the reaction. With the slower-reacting deuterat-
ed substrate 67, the fully active state of the antibody was
reached at a lower conversion, thereby allowing the rate to
approach closer to a true maximum. Considering these limi-
tations, we estimated that the kinetic isotope effect on the
deprotonation reaction is approximately 2±4, which is con-
sistent with rate-limiting proton transfer and the critical role
of acid±base catalysis in the antibody-catalyzed process.
Similar isotope effects have been observed with other cata-
lytic antibodies for the same reaction.[13]


Discussion


The cyclization of phytyl-hydroquinone 6 to g-tocopherol
(7) is, in principle, a two-step process requiring protonation
of the double bond followed by trapping of the intermediate
carbocation by the hydroxy group. It is believed that preio-
nization of the phenol to a phenolate occurs in the enzyme
binding pocket to favor double-bond protonation, thereby
resulting de facto in a single-step process without an actual
carbocation intermediate. In any case, the enantioselectivity
of the enzyme-catalyzed cyclization implies that the enzyme
induces and immobilizes a single enantiomeric conformation
of the substrate during the reaction.


Tetrahydroquinolinium haptens 1 and 2 provide almost
perfect transition-state analogues: the molecules perfectly
mimic the product-like geometry of a late transition state
while displaying the positive charge of the carbocationic in-
termediate. The cyclic nature of these transition-state ana-


Scheme 7. Deprotonation of Kemp×s benzisoxazole 59 by antibody 16E7
and synthesis of deuterated benzisoxazole 67. a) LiAlD4, THF, 12 h, D,
86%; b) different oxidation methods, low yields; c) nBuLi, Et2O, �10 8C,
2 h; [D7]DMF, RT, 8 h, 97%; d) aqueous 1m HCl/THF 1:1; e) hydroxyla-
mine-O-sulfonic acid, Na2SO4, H2O, CH2Cl2; NaHCO3, RT, 1 h, 82%;
f) H2NO3/H2SO4, 0 8C, 30 min, 53%. Ab=antibody, THP= tetrahydropyr-
an.


Figure 2. The time-course for the decomposition of benzisoxazole 59 (&)
and its deuterated analogue 67 (&). All assays were performed at an anti-
body active-site concentration of 0.32mm and at an initial substrate con-
centration of 671mm in 104 mm NaCl and 29 mm BisTris in water with
10% acetonitrile at 37 8C and pH 6.24.
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logues should ensure that the complementary binding pock-
ets of the induced antibodies are able to preorganize the
acyclic precursors for cyclization. The same reasoning ap-
plies, although less perfectly, to the corresponding guanidini-
um hapten 3. Within the framework of an immunization ex-
periment, the positive charge in the haptens 1±3 naturally
induces a charge-neutralizing carboxylate, thereby providing
the necessary catalytic machinery for the reaction. The full
positive charge available in the haptens at neutral pH values
also ensures electrostatic complementarity in the binding
pocket.


As far as can be judged from binding studies by ELISA,
the isolated catalytic antibody 16E7 displays the expected
binding properties, since it binds with both its original
hapten 3 and the quaternary ammonium cations 1 and 2.
This suggests that the antibody binding pocket is indeed
complementary to the geometry of the cyclic product. The
efficient ring-opening reaction with benzisoxazole 59 proba-
bly takes place in the corresponding arrangement, as for the
closely related antibody 34E4 raised against a very similar
hapten.[12a] The question then arises as to why ring closure
with participation of the hydroxy group is never observed
with any of the cyclization precursors tested, despite of the
ability of the antibody binding pocket to react with the
cyclic benzisoxazole 59 in a ring-opening process.


In the case of enol ether 10a, which was used for screen-
ing and could be considered as the ™natural∫ substrate of
antibody 16E7, ring closure would result from intramolecu-
lar trapping of the oxocarbonium cation intermediate, which
occurs in competition with intermolecular trapping by a
water molecule from the solvent. We have described a simi-
lar process in catalytic antibody 14D9,[8,28] in which protona-
tion of hydroxyethyl enol ether 68 led to the formation of
the optically pure cyclic acetal 70 in a 1:10 ratio to ketone
69, which would result from the water reaction
(Scheme 8).[29] In the absence of any directing effect for cyc-


lization in the hapten design, the acetal versus ketone ratio
was interpreted in terms of a low (approximately 3%) water
content of the antibody binding site. Considering the known
versatility of antibody 14D9, we tested whether this anti-
body also catalyzed reactions with enol ethers 10a and 10b,


olefin 8, and benzisoxazole 59, but without success. Striking-
ly, antibody 14D9 was obtained from an immunization
against the hydrophobic quaternary ammonium hapten 71,
which is very similar to our tetrahydroquinolinium hapten 1.
In the present series of experiments the fact that hapten 1
did not induce any catalytic antibody could be due to pure
chance.[30] The guanidinium hapten 3 that induced antibody
16E7 probably induces a more hydrophilic binding site.


The present series of experiments to prepare antibody
16E7 was designed in close analogy to our own experience
with the series leading to the hydrolytic antibody 14D9,
which could be interpreted as a bias towards hydrolytic
processes. Janda and co-workers have reported several cata-
lytic antibodies towards hydroxy epoxide and olefinic tosy-
late cyclizations.[31] The functional groups and overall struc-
ture of their haptens is very similar to haptens 1±3 used
here and they incorporate quaternary ammonium and guani-
dinium functional groups next to an immunogenic aromatic
group. However, in contrast to our design, Janda and co-
workers systematically placed the aromatic group of their
haptens between the cationic groups and the linker to the
carrier proteins, which would tend to induce binding pockets
that would become readily sealed off from the solvent upon
substrate binding. Yet another factor affecting the hydrolytic
tendency in the system of Janda and co-workers lies in the
experimental conditions used. Most of their systems, particu-
larly those leading to olefin tosylate cyclizations, operated in
a biphasic hexane/water system,[32] whereby the substrate is
dissolved in the organic phase and comes into contact with a
concentrated buffered antibody solution upon shaking.
These reaction conditions may seem artificial but they may
indeed be quite similar to the membrane-bound conditions
under which many of the natural olefin±cyclization enzymes
operate, including various terpene cyclases and tocopherol
cyclase itself.[4±6,31f] Unfortunately, we did not observe any
conversion of enol ether substrates 10a,b and olefin 8 under
these biphasic conditions. This lack of reactivity under the
biphasic conditions might be related to the particular retar-
dation effect in the onset of activity of 16E7 in aqueous
buffer. Indeed modeling investigations suggest that the ki-
netic retardation effect is induced by a large conformational
movement of the CDR3 loop; such a movement could well
be inhibited under phase-transfer conditions.[33]


One of the striking aspects of the reactivity of antibody
16E7 is its dual reactivity consisting in general-acid catalysis
of enol ether hydrolysis on one side and general-base cataly-
sis of the benzisoxazole deprotonation on the other side. In-
hibition of both reactions by hapten 3 implies that they take
place within the same binding pocket. Mutagenesis of
active-site residues on the recombinant chimeric Fab-16E7,
expressed in Escherichia coli, shows that catalysis can be
traced back to glutamate GluL39 in the Fv region of the light
protein chain. (Mutation of GluL39 to either alanine or gluta-
mine completely abolished activity and GluL39 is in direct
contact with the hapten as shown by molecular modeling.)[33]


Antibody 16E7 therefore provides a clear experimental ex-
ample that a general acid±base carboxyl group can indeed
function both as an acid in an intrinsically acid-catalyzed
process (enol ether hydrolysis) and as a base in an intrinsi-


Scheme 8. 14D9-catalyzed hydrolysis and ring closure of hydroxyethyl
enol ether 68.
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cally base-catalyzed process (benzisoxazole deprotonation).
Both reactions involve rate-limiting proton transfer between
the substrate and the carboxyl group, as proved directly by
the isotope-effect studies discussed above.


While this dual reactivity can be interpreted as a trivial
manifestation of microscopic reversibility in catalysis, the
particular conditions of each of the two reactions still de-
serves comment. Indeed both reactions show opposite be-
haviors towards solvent effects. Enol ether hydrolysis is
strongly accelerated in polar protic solvents and the reaction
essentially stops as soon as the water content of the medium
decreases, as was studied in detail for the case of hydroxy
enol ether 68 discussed above.[29] In contrast, the deprotona-
tion of benzisoxazole 59 has been extensively discussed in
the literature due to its unusual inverse solvent dependence,
by which the reaction is strongly accelerated in aprotic
media.[27b,34] The effect has been invoked as a key triggering
factor in the benzisoxazole deprotonation by antibody 34E4
of Hilvert and co-workers, as well as in the related decar-
boxylation reaction of antibody 21D8[35] raised against a sul-
fonate hapten. The solvent effect on the benzisoxazole de-
composition by carboxylates can be interpreted in a desolva-
tion of the carboxylate base in aprotic media, which enhan-
ces its basicity.[36]


In contrast, enhancement of basicity of the catalytic gluta-
mate GluL49 side chain within the binding pocket of antibody
16E7 leading to benzisoxazole deprotonation catalysis
cannot be interpreted in terms of medium effects. Indeed,
any decrease in polarity or proticity would be fatal to the
rate of enol ether hydrolysis. This favors an interpretation in
terms of specific interactions within the antibody binding
pocket, such as electrostatic stabilization of the carboxylate
or a particular arrangement preventing the formation of
strong hydrogen-bonding interactions except with the
hapten. Such an arrangement should indeed be selected
during the immune response selecting for the strongest and
most selective hapten binding interactions.


Any effect resulting in an enhanced basicity of the car-
boxylate in antibody 16E7 should indeed enhance its reac-
tivity for both the acid- and the base-catalyzed process.
While it is clear that a higher pKa value of the carboxylic
acid increases the reactivity of the conjugate carboxylate as
a base, it must be stressed that the effect also improves the
acid-catalyzed process at pH values above the pKa value of
the acid, under which the present experiments were done.
The rate enhancement of acid catalysis occurs because a
higher pKa value of the acid increases the effective concen-
tration of the catalytically active carboxyl group at pH
values higher than the pKa. More precisely, this effect is
more pronounced than the corresponding decrease in the re-
activity of the acid for protonation.[14] The ratio of pKa var-
iation to the effect on catalysis is the value a, which can be
interpreted as the extent of proton transfer occurring at the
transition state. The a value is generally around 0.7 for enol
ether protonation by carboxylic acids.[37]


Conclusion


Cationic tight-binding inhibitors of tocopherol cyclase were
used as transition-state analogues to search for catalytic an-
tibodies promoting the cyclization of the o-allylphenol sub-
strate 8 and its more reactive enol ether analogues 10a,b as
short-chain models for the natural substrate phytyl-hydro-
quinone 6. Antibody 16E7 was isolated against hapten 3 and
catalyzed the reaction of enol ether 10a to deliver the hy-
drolysis product hemiacetal 12, without participation of the
phenolic function. The antibody also catalyzed the ring-
opening reaction of benzisoxazole 59, thereby demonstrating
its ability to handle cyclic substrates. The more difficult to-
copherol cyclase like cyclization of substrate 8 remained out
of reach. This might be attributed in part to the low reactivi-
ty of the system, as seen by the fact that there is no observa-
ble spontaneous reaction in aqueous buffered systems down
to pH 2.0. Molecular modeling and mutational investigations
with antibody 16E7 are in progress to explain the reaction
mechanism and the unusual hysteresis effect in more detail.


Experimental Section


General : Reactions requiring anhydrous conditions were run under
argon in vacuum- and flame-dried glassware. Diethyl ether and tetrahy-
drofuran were distilled from sodium/benzophenone prior to use. Di-
chloromethane was distilled from calcium hydride. Reagents were pur-
chased from Fluka or Aldrich and were used as received. Reaction prog-
ress was monitored by TLC on Merck silica gel 60 F-254 with detection
by UV light or by immersion in an acidic staining solution (ceric ammo-
nium molybdate or phosphomolybdic acid). Merck silica gel 60 (40±
63 mm) was used for column chromatography and flash chromatography.
The following compounds were prepared as previously described: 6-me-
thoxy-2-methyl-1,2,3,4-tetrahydroisoquinoline,[38] ethyl 8-bromo-octa-
noate,[14] 6-methoxy-1,2,3,4-tetrahydroisoquinoline hydrochloride,[38] ethyl
8-amino-octanoate,[16] 4-methoxy-2-(3-methyl-2-butenyl)phenol,[17] 5-
nitro-benzisoxazole,[27b] 2-hydroxy-5-nitrobenzonitrile,[39] 2-(2-bromo-phe-
noxy)tetrahydropyran.[26]


Instrumentation : Melting points were determined on a Kofler apparatus
or with a B¸chi 510 apparatus and are uncorrected. 1H NMR and
13C NMR spectra were recorded with Bruker DRX-600, Bruker DRX-
500, Varian VXR-400, or Varian Gemini 300 spectrometers. Proton mag-
netic resonance (1H NMR) spectra were recorded at 600, 500, 400, or
300 MHz. Chemical shifts are expressed in parts per million (d scale)
downfield from tetramethylsilane and are referenced to the residual pro-
tium signals in the solvent (CDCl3, d=7.26 ppm; [D4]MeOH, d=


3.31 ppm; [D6]DMSO, d=2.49 ppm). Data are presented as follows:
chemical shift, multiplicity (s= singlet, d=dublet, t= triplet, q=quartet,
quin=quintet, m=multiplet), integration, and coupling constant (in Hz).
Carbon magnetic resonance (13C NMR) spectra were recorded at 150,
125, 100, or 75 MHz. Chemical shifts are referenced to the carbon signal
for the solvent (CDCl3, d=77.00 ppm; [D4]MeOH, d=49.00 ppm;
[D6]DMSO, d=39.5 ppm). IR spectroscopy was performed on a Perkin±
Elmer 1600 FTIR apparatus. Data are presented as follows: frequency of
transmission (cm�1), intensity (s= strong, m=medium, w=weak). The
mass spectra were determined on Varian VG-70±250 (EI), Varian MAT-
312 (EI), or Finnigan Mat LCQ (ESI) spectrometers. HPLC was done on
a Waters 600 controller with a Waters 996 photodiode array detector and
using three different solvents: A (0.1% trifluoroacetic acid (TFA) in
H2O), B (H2O/CH3CN 1:1), and C (H2O). HPLC conditions for selected
compounds are given in Table 3. Preparative HPLC was performed on a
Waters Prep LC and Delta Prep 4000 apparatus with a Waters 486 tuna-
ble absorbance detector.
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Synthesis of the haptens


2-(7-Ethoxycarbonylheptyl)-6-methoxy-2-methyl-1,2,3,4-tetrahydroisoqui-
nolinium bromide (14): 6-Methoxy-2-methyl-1,2,3,4-tetrahydroisoquino-
line (13 ; 530 mg, 2.99 mmol, 1.0 equiv) and ethyl 8-bromo-octanoate
(750 mg, 3.00 mmol, 1.0 equiv) were dissolved in DMF (1 mL) and the re-
sulting solution was heated for 3 h at 60 8C. After evaporation to dryness,
the crude solid was purified by flash chromatography (CH2Cl2/CH3OH
85:15) to give 14 (1.08 g, 2.51 mmol, 84%) as an oil. Rf=0.35 (CH2Cl2/
CH3OH 9:1); 1H NMR (300 MHz, CDCl3): d=7.05 (d, 3J(8,7)=8.5 Hz,
1H; H-C(8)), 6.79 (dd, 4J(7,5)=2.5 Hz, 1H; H-C(7)), 6.72 (d, 1H; H-
C(5)), 4.80 (d, 2J(1,1)=15.1 Hz, 1H; H-C(1)), 4.68 (d, 1H; H-C(1)),
4.22±4.11 (m, 1H; H-C(3)), 4.09 (q, 3J(CO2CH2CH3,CO2CH2CH3)=
7.1 Hz, 2H; CO2CH2CH3), 3.88±3.83 (m, 1H; H-C(3)), 3.79 (s, 3H;
OCH3), 3.71±3.60 (m, 2H; H-C(1’)), 3.42 (s, 3H; NCH3), 3.31±3.05 (m,
2H; H-C(4)), 2.26 (t, 3J(7’,6’)=7.4 Hz, 2H; H-C(7’)), 1.86±1.70 (m, 2H;
H-C(2’)), 1.56 (quin, 3J(6’,7’) = 3J(6’,5’)=7.4 Hz, 2H, H-C(6’)), 1.41±1.25
(m, 6H; H-C(5’), H-C(4’), H-C(3’)), 1.22 (t, 3H; CO2CH2CH3) ppm;
13C NMR (75 MHz, CDCl3): d=174.34 (C(8’)), 160.60 (C(6)), 130.89
(C(4a)), 129.35 (C(8)), 118.59 (C(8a)), 114.91 (C(7)), 114.08 (C(5)), 62.91
(C(1’)), 62.68 (C(1)), 60.87 (CO2CH2CH3), 58.42 (C(3)), 56.09 (OCH3),
48.90 (NCH3), 34.76 (C(7’)), 29.39, 29.32, 26.71 (C(5’), C(4’), C(3’)), 25.26
(C(6’)), 24.88 (C(4)), 23.04 (C(2’)), 14.89 (CO2CH2CH3) ppm; IR (NaCl):
ñ=3180 (m), 2950 (s), 2860 (w), 1730 (s), 1610 (m), 1510 (s), 1460 (m),
1440 (m), 1380 (w), 1320 (m), 1250 (m), 1180 (m), 1160 (m), 1100 (s),
1030 (s), 910 (w), 860 (w) cm�1; UV/Vis (CHCl3): l=280 nm; MS (FAB):
m/z (%): 348 [M +�Br] (100), 214 (12), 176 (19), 147 (5), 58 (11); HRMS
(ESI): m/z : calcd for C21H34NO3: 348.2538; found: 348.2554 [M +�Br].


2-(7-Carboxyheptyl)-6-methoxy-2-methyl-1,2,3,4-tetrahydroisoquinolini-
um trifluoroacetate (1): A solution of compound 14 (45.5 mg, 107 mmol)
in DMF (10 mL) was treated with 1n aqueous HCl (10 mL) and the reac-
tion mixture was stirred at 25 8C for 24 h. The solution was neutralized
by adding solid KOH and the resulting mixture was lyophilized. Purifica-
tion by preparative HPLC gave product 1 (32.9 mg, 76.0 mmol, 71%).
Rf=0.24 (CH2Cl2/CH3OH/CH3COOH 8:2:0.1); 1H NMR (500 MHz,
[D6]DMSO): d=11.92 (s, 1H; COOH), 7.10 (d, 3J(8,7)=8.1 Hz, 1H; H-
C(8)), 6.88 (dd, 4J(7,5)=2.2 Hz, 1H; H-C(7)), 6.85 (d, 1H; H-C(5)); 4.50


(d, 2J(1,1)=15.2 Hz, 1H; H-C(1)), 4.44 (d, 1H; H-C(1)), 3.75 (s, 3H;
OCH3), 3.68±3.58 (m, 2H; H-C(3)), 3.31 (m, 2H; H-C(1’)), 3.11 (m, 2H;
H-C(4)), 3.02 (s, 3H; NCH3), 2.19 (t, 3J(7’,6’)=7.4 Hz, 2H; H-C(7’)),
1.80±1.70 (m, 2H; H-C(2’)), 1.52±1.46 (m, 2H; H-C(6’)), 1.37±1.21 (m,
6H; H-C(5’), H-C(4’), H-C(3’)) ppm; 13C NMR (125 MHz, [D6]DMSO):
d=174.92 (C(8’)), 159.40 (C(6)), 131.71 (C(4a)), 128.73 (C(8)), 119.36
(C(8a)), 114.08 (C(7)), 113.64 (C(5)), 62.77 (C(1’)), 61.14 (C(1)), 57.14
(C(3)), 55.66 (OCH3), 47.13 (NCH3), 34.01 (C(7’)), 28.66, 28.62 (C(5’),
C(3’)), 26.07 (C(4’)), 24.75 (C(6’)), 23.88 (C(4)), 21.67 (C(2’)) ppm; IR
(NaCl, CH3Cl): ñ=3180 (m), 2950 (s), 2860 (w), 1730 (s), 1610 (m), 1500
(m), 1460 (m), 1440 (m), 1370 (w), 1100 (s), 1010 (s), 910 (w), 860
(w) cm�1; UV/Vis (EtOH): l=282 nm; MS (FAB): m/z (%): 320 [M +


�CF3COO] (100), 200 (19), 162 (26), 58 (19); HRMS (ESI): m/z : calcd
for C19H30NO3: 320.2226; found: 320.2224 [M +�CF3COO].


Carrier protein conjugates with hapten 1: The KLH and BSA conjugates
of hapten 1 were prepared according to the previously described
method.[40]


5-{[4-(Ethyl-2-one)phenyl]amino}-5-oxo-pentanoic acid ethyl ester (15):
A solution of Dess±Martin periodinane (961 mg, 2.26 mmol, 2 equiv) in
CH2Cl2 (30 mL) was added to a stirred suspension of 5-{[4-(ethyl-2-ol)-
phenyl]amino}-5-oxo-pentanoic acid ethyl ester (300 mg, 1.13 mmol,
1 equiv) in CH2Cl2 (10 mL) at �78 8C and the resulting suspension was
allowed to warm to room temperature over a period of 1 h with vigorous
stirring. After 16 h, additional Dess±Martin periodinane (471.2 mg,
1.1 equiv) was added and the reaction mixture was stirred for an addi-
tional 24 h at room temperature. The mixture was then poured into a vig-
orously stirred mixture of a saturated solution of NaHCO3 (100 mL) and
a saturated solution of Na2S2O3 (100 mL). The organic layer was separat-
ed and washed with brine (100 mL), dried (Na2SO4), and concentrated.
The residue was purified by chromatography (EtOAc/hexane 3:1) to give
pure product 15 (248.2 mg, 0.94 mmol, 83%). Rf=0.40 (EtOAc/hexane
3:1); 1H NMR (400 MHz, CDCl3): d=9.71 (t, 3J(2’’,1’’)=2.4 Hz, 1H; H-
C(6)), 7.52 (d, 3J(2’,3’)=8.0 Hz, 2H; H-C(2’)), 7.17 (d, 2H; H-C(3’)), 4.14
(q, 3J(CH2CH3,CH2CH3)=7.2 Hz, 2H; (OCH2CH3)), 3.65 (d, 2H; H-
C(1’’)), 2.42 (m, 4H; H-C(4),H-C(2)), 2.04 (m, 2H; H-C(3)), 1.26 (t, 3H;
(OCH2CH3)) ppm; 13C NMR (300 MHz, CDCl3): d=199.66 (C(2™)),
173.73 (C(1)), 170.92 (C(2’)), 137.59 (C(1’)), 130.49 (C(4’)), 127.77
(C(3’)), 120.60 (C(2’)), 60.88 (OCH2CH3), 50.26 (C(1∫)), 36.73 (C(4)),
33.50 (C(2)), 21.12 (C(3)), 14.53 (OCH2CH3) ppm; IR (KBr): ñ=3290
(s), 3130 (w), 3060 (w), 2940 (w), 2820 (w), 1740 (s), 1670 (s), 1600 (m),
1540 (s), 1410 (m), 1320 (m), 1260 (w), 1180 (m), 1170 (m), 1120 (m),
1070 (m), 1000 (s), 820 (m) cm�1; UV/Vis (MeOH): l (%)=208 (72), 248
(100) nm; MS (EI): m/z (%): 278 (5), 277 [M +] (26), 248 (14), 232 (32),
231 (7), 202 (12), 143 (44), 135 (31), 115 (25), 106 (100), 87 (22), 55 (16);
HRMS (EI): m/z : calcd for C15H19NO4: 277.1314; found: 277.1319 [M +].


2-{5-[(4-Ethyl)phenylamino]-5-oxo-pentanoic acid ethyl ester}-6-me-
thoxy-1,2,3,4-tetrahydroisoquinolium acetate (17): 6-Methoxy-1,2,3,4-tet-
rahydroisoquinoline hydrochloride (16 ; (803 mg, 3.17 mmol, 4 equiv) was
dissolved in a 50% aqueous K2CO3 solution (35 mL) and extracted with
tert-butyl methyl ether (MTBE) (3î50 mL). The combined organic
layers were dried (Na2SO4), and evaporated under reduced pressure. The
residue was mixed with aldehyde 15 (220 mg, 0.793 mmol, 1 equiv), dis-
solved in 1,2-dichloroethane (20 mL) and then treated with sodium tria-
cetoxyborohydride (252 mg, 1.18 mmol, 1.5 equiv). The mixture was stir-
red at room temperature for 30 min, then the reaction was quenched by
adding aqueous saturated NaHCO3 (100 mL) and the product was ex-
tracted with EtOAc (4î100 mL). The combined organic layers were
dried (Na2SO4) and concentrated. The residue was purified by chroma-
tography (MeOH/CH2Cl2 1:9) to give pure product 17 (285.0 mg,
0.588 mmol, 74%). Rf=0.50 (MeOH/CH2Cl2 1:9); m.p. 88±90 8C;
1H NMR (400 MHz, CDCl3): d=7.48 (s, 1H; NH), 7.45 (d, J(2’’,3’’)=
8.5 Hz, 2H; H-C(2’’)), 7.18 (d, 2H; H-C(3’’)), 6.96 (d, 3J(8,7)=8.7 Hz,
1H; H-C(8)), 6.74 (dd, 4J(7,5)=2.5 Hz, 1H; H-C(7)), 6.66 (d, 1H; H-
C(5)), 4.15 (q, 3J(OCH2CH3,OCH2CH3)=7.6 Hz, 2H; (OCH2CH3)), 3.78
(s, 3H; (OCH3)), 3.65 (s, 2H; H-C(1)), 3.05 (m, 4H; H-C(3), H-C(4)),
2.64 (m, 4H; (NCH2CH2-C(4’’)), 2.42 (m, 4H; H-C(4’), H-C(2’)), 2.09 (s,
3H; CH3COO), 2.05 (m, 2H, H-C(3’)), 1.24 (t, 3H; (OCH2CH3)) ppm;
13C NMR (400 MHz, CDCl3): d=175.96 (CH3COO), 173.79 (C(1’)),
170.92 (C(5’)), 158.72 (C(6)), 136.72 (C(1’’)), 135.59 (C(3’’)), 134.89
(C(4a)), 129.59 (C(2’’)), 128.10 (C(8)), 125.21 (C(2’’)), 120.45 (C(8a)),
113.61 (C(7)), 112.96 (C(5)), 60.91 (NCH2CH2-C(4’’)), 59.11 (OCH2CH3),


Table 3. Analytical reversed-phase HPLC conditions for selected com-
pounds.[a]


Compound % A % B % C tR [min]


1[b] 50 50 0 4.3
2[b] 50 50 0 7.6
3[b] 50 50 0 6.5
18[b] 50 50 0 13.1
8[c] 0 100 0 7.3
9[c] 0 100 0 13.2
10a[c] 0 64 36 4.7
10b[c] 0 64 36 4.2
11[c] 0 64 36 7.1
12[c] 0 64 36 2.9
35[c] 0 100 0 7.1
44a[c] 0 64 36 6.9
44b[c] 0 64 36 6.5
45a[c] 0 72 28 7.7
45a[c] 0 72 28 7.0
42[c] 0 64 36 14.0
43[c] 0 72 28 15.3
50[b] 0 43 57 18.2
51[b] 0 43 57 3.1
52[b] 0 43 57 27.4
55[c] 0 30 70 5.5
56[c] 0 30 70 6.1
57[c] 0 30 70 10.6
58[c] 0 30 70 10.3


[a] Isocratic elution at 1.0 mLmin�1. A=0.1% TFA in H2O, B=CH3CN/
H2O (50:50), C=H2O. [b] Analytical column: Vydac 218TP-54 (C18,
pore size 300 ä), 0.45î22 cm, at 1.5 mLmin�1. [c] Analytical column:
Bischoff LiChrospher 100 (C18, pore size 300 ä), 0.46î12.5 cm, at
1.0 mLmin�1.
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55.65 (C(1)), 54.64 (CH3O-C(6)), 50.38 (C(3)), 36.77 (C(4’)), 33.64
(NCH2CH2-C(4’’)), 28.25 (C(4)), 22.21 (C(3’)), 21.25 (CH3COO), 14.62
(OCH2CH3) ppm; IR (KBr): ñ=3450 (m), 3310 (m), 3020 (w), 2940 (m),
1730 (s), 1690 (s), 1660 (s), 1610 (s), 1540 (m), 1510 (s), 1410 (m), 1380
(w), 1310 (m), 1240 (s), 1160 (w), 1030 (m), 830 (w) cm�1; UV/Vis
(MeOH): l (%)=208 (100), 246 (86) nm; MS (FAB): m/z (%): 426 (20),
425 [M +] (72), 424 (8), 423 (19), 192 (10), 177 (12), 176 (100), 175 (6),
162 (14), 160 (5), 146 (5), 143 (11), 134 (4), 120 (17), 115 (8), 106 (5), 55
(10); elemental analysis calcd (%) for C27H36N2O6: C 66.92, H 7.49, N
5.78, O 19.81; found: C 66.68, H 7.68.


2-Methyl-2-{5-[(4-ethyl)phenylamino]-5-oxo-pentanoic acid ethyl ester}-
6-methoxy-1,2,3,4-tetrahydroisoquinolinium trifluoroacetate (18): Com-
pound 17 (50 mg, 0.117 mmol) was dissolved in a 50% aqueous K2CO3


solution (35 mL) and extracted with TBME (3î50 mL). The combined
organic layers were dried (Na2SO4) and evaporated under reduced pres-
sure. The residue was redissolved in CH3CN (5 mL) and then dimethyl-
sulfate (14 mL, 0.106 mmol, 1.1 equiv) was added to this solution. The re-
action mixture was stirred for 15 h at room temperature and then the sol-
vent was evaporated under reduced pressure. The residue was purified by
preparative HPLC to yield 18 (29.1 mg, 0.053 mmol, 55%). Rf=0.35
CH2Cl2/CH3OH/CH3COOH 8:2:0.1); 1H NMR (400 MHz, CDCl3): d=


7.45 (d, 3J(2’’,3’’)=8.6 Hz, 2H; H-C(2’’)), 7.01 (d, 2H; H-C(3’’)); 6.98 (d,
3J(8,7)=7.8 Hz, 1H; H-C(8)), 6.81 (dd, 4J(7,5)=2.4 Hz, 1H; H-C(7)),
6.71 (d, 1H; H-C(5)), 4.56 (d, 2J(1,1)=15.2 Hz, 1H; H-C(1)), 4.39 (d,
1H; H-C(1)), 4.08 (q, 3J(OCH2CH3,OCH2CH3)=7.4 Hz, 2H;
(OCH2CH3)), 3.78 (s, 3H; (CH3O)), 3.72 (m, 2H; H-C(3)), 3.60 (s, 3H;
(NCH3)), 3.50 (m, 2H; (NCH2CH2-C(4’’))), 3.13 (m, 2H; H-C(4)), 2.96
(m, 2H; (NCH2CH2-C(4’’))), 2.39 (t, 3J(2’,3’)=7.5 Hz, 2H; H-C(2’)), 2.34
(t, 3J(4’,3’)=7.4 Hz, 2H; H-C(4’)), 1.92 (m, 2H; H-C(3’)), 1.21 (t, 3H;
(OCH2CH3)) ppm; 13C NMR (400 MHz, CDCl3): d=173.74 (C(1’)),
172.06 (C(5’)), 160.45 (C(6)), 138.35 (C(1’’)), 130.34 (C(4’’)), 129.60
(C(4a)), 129.05 (C(2’’)), 121.20 (C(8)), 117.95 (C(8a)), 114.82 (C(7)),
113.78 (C(5)), 64.91 (NCH2CH2-C(4’’)), 62.55 (C(1)), 60.78 (C(3)), 58.45
(OCH2CH3), 55.78 (CH3O)), 47.26 (NCH3)), 36.32 (C(4’)), 33.84 (C(2’)),
28.41 (NCH2CH2-C(4’’)), 24.41 (C(4)), 1.19 (C(3’)), 14.56
(OCH2CH3)) ppm; IR (CHCl3, NaCl): ñ=3570 (w), 3160 (w), 2990 (w),
2960 (w), 2840 (w), 2250 (s), 1790 (m), 1730 (m), 1690 (s), 1610 (m), 1560
(w), 1510 (w), 1460 (s), 1380 (s), 1320 (w), 1280 (w), 1100 (s), 1010 (m),
910 (s), 820 (w) cm�1; UV/Vis (MeOH): l (%)=210 (82), 246 (100) nm;
MS (ESI): m/z (%): 440 (28), 439 [M +] (100), 305 (29); HRMS (EI): m/
z : calcd for C26H35N2O4: 279.1471; found: 279.1470 [M +�CF3COO].


2-Methyl-2-{5-[(4-ethyl)phenylamino]-5-oxo-pentanoic acid}-6-methoxy-
1,2,3,4-tetrahydroisoquinolinium trifluoroacetate (2): Compound 18 was
dissolved in a mixture of 4m HCl in dioxane (2 mL) and water (250 mL)
and the resulting reaction mixture was stirred for 6 h. With aqueous
K2CO3 solution the pH value was adjusted to 7. The mixture was then
purified by preparative HPLC to yield 2 (19.6 mg, 0.037 mmol, 71%).
Rf=0.22 (CH2Cl2/CH3OH/CH3COOH 8:2:0.1); 1H NMR (500 MHz,
[D4]MeOH): d=7.54 (d, 3J(2’’,3’’)=8.5 Hz, 2H; H-C(2’’)), 7.25 (d, 2H;
H-C(3’’)), 7.11 (d, 3J(8,7)=7.7 Hz, 1H; H-C(8)), 6.91 (m, 1H; H-C(7)),
6.89 (m, 1H; H-C(5)), 4.62 (d, 2J(1,1)=15.2 Hz, 1H; H-C(1)), 4.54 (d,
1H; H-C(1)), 3.81 (s, 3H; (CH3O)), 3.78 (m, 2H; H-C(3)), 3.60 (m, 2H;
NCH2CH2-C(4’’)), 3.26 (m, 2H; H-C(4)), 3.22 (s, 3H; (NCH3)), 3.19 (m,
2H; NCH2CH2-C(4’’)), 2.43 (t, 3J(2’,3’)=7.5 Hz, 2H; H-C(2’)), 2.38 (t,
3J(4’,3’)=7.4 Hz, 2H; H-C(4’)), 1.96 (m, 2H; H-C(3’)) ppm; 13C NMR
(500 MHz, [D4]MeOH): d=176.79 (C(1’)), 173.79 (C(5’)), 161.55 (C(6)),
139.21 (C(1’’), 132.45 (C(4’’)), 132.06 (C(4a)), 130.38 (C(3’’)), 129.57
(C(8)), 121.74 (C(2’’)), 119.42 (C(8a)), 115.28 (C(7)), 114.37 (C(5)), 65.52
(NCH2CH2-C(4’’)), 63.04 (C(1)), 59.26 (C(3)), 55.85 (CH3O), 47.80
(NCH3)), 36.84 (C(4’)), 34.06 (C(2’)), 28.96 (NCH2CH2-C(4’’)), 24.99
(C(4)), 2.05 (C(3’)) ppm; UV/Vis (MeOH): l (%)=208 (100), 248
(87) nm; IR (CHCl3, NaCl): ñ=3570 (w), 3160 (w), 2990 (w), 2960 (w),
2840 (w), 2250 (s), 1790 (m), 1730 (m), 1680 (s), 1610 (m), 1560 (w), 1510
(w), 1470 (s), 1380 (s), 1320 (w), 1280 (w), 1100 (s), 1010 (m), 910 (s), 820
(w) cm�1; MS (ESI): m/z (%): 412 (25), 411 [M +�CF3COO] (100), 277
(21); HRMS (ESI): m/z : calcd for C24H31N2O4: 411.2284; found: 411.2286
[M +�CF3COO].


Carrier protein conjugates of hapten 2 : The KLH and BSA conjugates of
hapten 2 were prepared according to the previously described method.[40]


5-Methoxy-2-nitrobenzaldehyde (20): Methyl iodide (80.0 mL, 182.4 g,
1.285 mol, 21 equiv) was added to a suspension of 5-hydroxy-2-nitroben-


zaldehyde (19 ; 10.0 g, 59.8 mmol, 1.0 equiv) and Cs2CO3 (27.3 g,
83.7 mmol, 1.4 equiv) in DMF (60 mL). After stirring for 15 h at room
temperature, the reaction was quenched by adding H2O (300 mL) and
the aqueous solution was extracted with EtOAc (7î60 mL). The organic
layers were dried (Na2SO4) and evaporated, then the crude residue was
purified by column chromatography (hexane/MTBE 1:1) to give 20
(10.3 g, 56.8 mmol, 96%) as a yellow solid. Rf=0.34 (hexane/MTBE 1:1);
m.p. 85 8C; 1H NMR (500 MHz, CDCl3): d=10.50 (s, 1H; CHO), 8.17 (d,
3J(3,4)=9.1 Hz, 1H; H-C(3)), 7.34 (d, 4J(6,4)=2.8 Hz, 1H; H-C(6)), 7.16
(dd, 1H; H-C(4)), 3.97 (s, 3H; OCH3) ppm; 13C NMR (125 MHz,
CDCl3): d=188.53 (CHO), 164.00 (C(5)), 142.31 (C(2)), 134.34 (C(1)),
127.26 (C(3)), 118.68 (C(4)), 113.19 (C(6)), 56.35 (OCH3) ppm; IR
(KBr): ñ=3100 (w), 3030 (m), 2980 (m), 2940 (w), 1740 (s), 1580 (s),
1520 (s), 1500 (m), 1480 (m), 1440 (m), 1420(m), 1250 (m), 1160 (m),
1080 (m), 1030 (m), 930 (s), 900 (m) cm�1; UV/Vis (CHCl3): l (%)=248
(100), 322 (74) nm; MS (EI): m/z (%): 181 [M +] (56), 151 (60), 123 (39),
108 (82), 106 (58), 95 (54), 63 (100); HRMS (EI): m/z : calcd for
C8H7NO4: 181.0375; found: 181.0377; elemental analysis calcd (%) for
C8H7NO4: C 53.04, H 3.90, N 7.73, O 35.33; found: C 52.86, H 4.05, N
7.61, O 35.59.


5-Methoxy-2-nitrobenzonitrile (21): A suspension of compound 20
(9.50 g, 52.4 mmol, 1.0 equiv), H2NOH¥HCl (4.00 g, 57.7 mmol,
1.1 equiv), MgSO4 (25.2 g, 210 mmol, 4.0 equiv), and p-toluenesulfonic
acid monohydrate (2.00 g, 10.5 mmol, 0.2 equiv) in toluene (200 mL) was
stirred under reflux conditions. After stirring for 15 h, CHCl3 (100 mL)
was added to the warm suspension. The warm suspension was filtered
and the filtrate was washed with H2O (3î100 mL), dried (Na2SO4), and
evaporated. The crude residue was purified by flash chromatography
(hexane/EtOAc 1:1) to give 21 (8.21 g, 46.1 mmol, 88%) as a yellow
solid. Rf=0.34 (hexane/EtOAc 1:1); m.p. 96 8C; 1H NMR (300 MHz,
CDCl3): d=8.32 (d, 3J(3,4)=9.2 Hz, 1H; H-C(3)), 7.33 (d, 4J(6,4)=
2.8 Hz, 1H; H-C(6)), 7.22 (dd, 1H; H-C(4)), 3.98 (s, 3H; OCH3) ppm;
13C NMR (75 MHz, CDCl3): d=163.67 (C(5)), 141.39 (C(2)), 127.84
(C(3)), 120.60 (C(4)), 118.14 (C(6)), 114.98 (CN), 109.87 (C(1)), 56.62
(OCH3) ppm; IR (NaCl, CHCl3): ñ=3120 (w), 3030 (w), 2950 (w), 2850
(w), 2210 (m), 1580 (s), 1520 (s), 1490 (m), 1460 (m), 1440 (w), 1340 (s),
1280 (s), 1130 (m), 1100 (m), 1090 (s), 1080 (m), 1030 (m), 890 (w) cm�1;
UV/Vis (CH2Cl2): l=314 nm; MS (EI): m/z (%): 178 [M +] (100), 148
(68), 117 (65), 89 (31); elemental analysis calcd (%) for C8H6N2O3: C
53.94, H 3.39, N 15.72, O 26.94; found C 53.78, H 3.53, N 15.53, O 26.95.


2-Amino-5-methoxybenzonitrile (22): A mixture of compound 21 (5.73 g,
32.2 mmol, 1.0 equiv) and SnCl2¥H2O (32.0 g, 141.9 mmol, 4.4 equiv) in
MeOH (30 mL) was heated at 70 8C under argon. After 3 h the solution
was allowed to cool and then poured into ice (400 g). The pH value was
made slightly basic (pH 8) by addition of saturated aqueous NaHCO3


before being extracted with ethyl acetate (3î60 mL). The organic phase
was thoroughly washed with brine, dried (Na2SO4), and evaporated. The
crude residue was purified by column chromatography (hexane/MTBE
1:1) to give 22 (2.67 g, 18 mmol, 56%) as a white solid. Rf=0.30 (hexane/
MTBE 1:1); m.p. 46 8C; 1H NMR (300 MHz, CDCl3): d=6.95 (dd,
3J(4,3)=8.9, 4J(4,6)=2.9 Hz, 1H; H-C(4)), 6.86 (d, 1H; H-C(6), 6.66 (d,
1H; H-C(3)), 4.15 (s, 2H; NH2), 3.72 (s, 3H; OCH3) ppm; 13C NMR
(75 MHz, CDCl3): d=151.69 (C(5)), 144.32 (C(2)), 122.77 (C(4)), 117.67
(CN), 117.20 (C(6)), 114.73 (C(3)), 96.20 (C(1)), 55.94 (OCH3) ppm; IR
(KBr): ñ=3460 (s), 3440 (s), 3370 (s), 3240 (m), 3060 (w), 3010 (w), 2920
(w), 2840 (w), 2220 (s), 1640 (m), 1620 (w), 1510 (s), 1470 (m), 1430 (m),
1310 (m), 1280 (s), 1250 (m), 1180 (m), 1160 (m), 1130 (m), 1040 (s), 930
(w), 890 (m), 810 (m) cm�1; UV/Vis (CH2Cl2): l (%)=244 (100), 308
(40) nm; MS (EI): m/z (%): 148 [M +] (78), 134 (15), 133 (100), 105 (32);
elemental analysis calcd (%) for C8H8N2O: C 64.85, H 5.44, N 18.91, O
10.80; found: C 64.64, H 5.44, N 18.71, O 10.91.


2-Amino-5-methoxybenzylamine (23): LiAlH4 (133 mg, 3.50 mmol,
12.0 equiv) and AlCl3 (467 mg, 3.50 mmol, 3.0 equiv) were suspended in
dry Et2O (15 mL) at 0 8C. After 15 min, a solution of compound 22
(173 mg, 1.17 mmol, 1.0 equiv) in Et2O (15 mL) was added dropwise.
After 5 h at room temperature, the reaction was quenched with water
(60 mL) until no further evolution of hydrogen was observed. 6n aque-
ous H2SO4 (120 mL) was then added and the mixture was stirred for a
further 30 min. The grey suspension was then washed with Et2O (3î
50 mL). The grey aqueous layer was basicified by addition of solid KOH,
which resulted in the formation of a white suspension. This suspension
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was filtered over celite and the filtrate was extracted with Et2O (4î
50 mL). The combined organic layers were dried (Na2SO4) and filtered,
then the solvent was removed by evaporation to yield product 23
(138 mg, 0.91 mmol, 78%). Rf=0.51 (EtOH/16% aq NH3 17:3);


1H NMR
(300 MHz, CDCl3): d=6.68±6.59 (m, 3H; H-C(6), H-C(4), H-C(3)), 3.89
(s, 2H; CH2NH2), 3.84 (s, 3H; OCH3), 1.80 (s, 4H; NH2, CH2NH2) ppm;
13C NMR (75 MHz, CDCl3): d=152.36 (C(5)), 139.57 (C(2)), 127.82
(C(1)), 116.81 (C(3)), 115.12 (C(6)), 113.16 (C(4)), 55.75 (OCH3), 44.86
(CH2NH2) ppm; IR (NaCl, CHCl3): ñ=3320 (w), 3000 (m), 2960 (s), 2860
(m), 2830 (m), 1600 (s), 1500 (s), 1470 (m), 1440 (m), 1380 (w), 1160 (w),
1100 (s), 1010 (m), 860 (w) cm�1; UV/Vis (MeOH): l (%)=246 (100),
308 (41) nm; MS (EI): m/z (%): 152 [M +] (55), 136 (75), 135 (100), 134
(41), 120 (52), 93 (18); HRMS (EI): m/z : calcd for C8H12N2O: 152.0950;
found: 152.0948 [M +].


6-Methoxy-3,4-dihydro-(1H)-quinazoline-2-thione (24): A solution of
benzylamine 23 (117 mg, 0.77 mmol, 1.0 equiv) and Et3N (250 mL,
181 mg, 1.79 mmol, 2.3 equiv) in dry Et2O (3.5 mL) was cooled to �78 8C.
A solution of thiophosgene (70 mL, 103 mg, 0.93 mmol, 1.2 equiv) dis-
solved in dry Et2O (1.2 mL) was added to this mixture. After 30 min, the
heterogeneous mixture was allowed to warm to 25 8C and stirred at this
temperature for an additional 9 h. The mixture was concentrated to half
the original volume and the remaining solution was purified by column
chromatography (CH2Cl2/MeOH 37:3) to give 24 (126 mg, 0.65 mmol,
84%) as a brown solid. Rf=0.54 (CH2Cl2/MeOH (37:3)); m.p. 178 8C;
1H NMR (400 MHz, [D6]DMSO): d=10.24 (s, 1H; H-N(1)), 8.40 (s, 1H;
H-N(3)), 6.85 (d, 3J(8,7)=8.6 Hz, 1H; H-C(8)), 6.73 (dd, 4J(7,5)=2.9 Hz,
1H; H-C(7)), 6.70 (dd, 1H; H-C(5)), 4.31 (s, 2H; H-C(4)), 3.67 (s, 3H;
OCH3) ppm; 13C NMR (100 MHz, [D6]DMSO): d=175.00 (C(2)), 155.16
(C(6)), 128.86 (C(4a)), 118.63 (C(8a)), 114.98 (C(8)), 113.54 (C(5)),
111.12 (C(7)), 55.28 (OCH3), 42.94 (C(4)) ppm; IR (KBr): ñ=3600 (m),
3240 (s), 3020 (s), 2830 (m), 1570 (s), 1540 (s), 1380 (m), 1270 (s), 1240
(m), 1200 (s), 960 (m), 900 (m), 880 (w), 840 (w) cm�1; UV/Vis (MeOH):
l (%)=218 (49), 288 (100) nm; MS (EI): m/z (%): 194 [M +] (100), 193
(31), 136 (59), 120 (24); HRMS (EI): m/z : calcd for C9H10N2OS:
194.0514; found: 194.0515 [M +].


2-(Ethylsulfanyl)-6-methoxy-3,4-dihydroquinazolinium bromide (25):
Ethylbromide (7.0 mL) was added to a solution of compound 24 (120 mg,
0.62 mmol) in dry EtOH (5.0 mL). The mixture was stirred under reflux
conditions for 14 h. The resulting solution was concentrated on the rotary
evaporator, whereupon product 25 crystallized (185 mg, 0.64 mmol,
98%). Rf=0.27 (CH2Cl2/MeOH 19:1); m.p. 194 8C; 1H NMR (500 MHz,
[D6]DMSO): d=12.08 (s, 1H; H-N(1)), 10.24 (s, 1H; H-N(3)), 7.03 (d,
3J(8,7)=8.5 Hz, 1H; H-C(8)), 6.90 (dd, 4J(7,5)=2.8 Hz, 1H; H-C(7)),
6.85 (dd, 1H; H-C(5)), 4.72 (s, 2H; H-C(4)), 3.67 (3îs, 3H; OCH3), 3.29
(q, 3J(SCH2CH3,SCH2CH3)=7.3 Hz, 2H; SCH2CH3), 1.31 (t, 3H;
SCH2CH3) ppm; 13C NMR (125 MHz, [D6]DMSO): d=160.40 (C(2)),
157.87 (C(6)), 125.44 (C(8a)), 119.78 (C(4a)), 117.53 (C(8)), 114.19
(C(7)), 111.69 (C(5)), 55.51 (OCH3), 43.12 (C(4)), 25.92 (SCH2CH3),
14.29 (SCH2CH3) ppm; IR (NaCl, CHCl3): ñ=3410 (s), 2960 (s), 2840
(w), 1600 (s), 1500 (m), 1460 (w), 1400 (w), 1260 (s), 1100 (s), 1010 (s),
865 (m), 640 (w) cm�1; UV/Vis (EtOH): l=296 nm; MS (FAB): m/z
(%): 223 [M +] (100), 102 (51), 57 (30), 55 (29); HRMS (ESI): m/z : calcd
for C11H15N2OS: 223.0910; found: 223.0917 [M +�Br].


2-(N-Aminocapryl acid ethyl ester)-6-methoxy-3,4-dihydroquinazolinium
acetate (26): A solution of compound 25 (130 mg, 0.43 mmol, 1.0 equiv)
and ethyl 8-amino-octanoate (160 mg, 0.86 mmol, 2.0 equiv) in dry EtOH
(10.0 mL) was heated under reflux conditions for 24 h. After evaporation
of the solvent, the residue was purified by flash chromatography
(CH2Cl2/MeOH/CH3COOH 19:1:0.2) to give 26 (115 mg, 0.28 mmol,
65%) as an oil. Rf=0.34 (CH2Cl2/MeOH/CH3COOH 19:1:0.2); 1H NMR
(600 MHz, CDCl3): d=7.02 (d, 3J(8,7)=8.6 Hz, 1H; H-C(8)), 6.75 (dd,
4J(7,5)=2.7 Hz, 1H; H-C(7)), 6.52 (d, 1H; H-C(5)), 4.52 (s, 2H; H-
C(4)), 4.13 (q, 3J(CO2CH2CH3,CO2CH2CH3)=7.2 Hz, 2H; CO2CH2CH3),
3.76 (s, 3H; OCH3), 3.17 (m, 2H; H-C(2’)), 2.29 (t, 3J(8’,7’)=7.4 Hz, 2H;
H-C(8’)), 2.07 (s, 3H; CH3COO), 1.73±1.64 (m, 4H; H-C(7’), H-C(3’)),
1.62±1.58 (m, 2H; H-C(4’)), 1.38±1.24 (m, 4H; H-C(6’), H-C(5’)), 1.22 (t,
3H; CO2CH2CH3) ppm; 13C NMR (125 MHz, CDCl3): d=181.53
(CH3COO), 173.88 (C(9’)), 156.66 (C(6)), 151.78 (C(2)), 126.58 (C(8a)),
118.60 (C(4a)), 116.94 (C(8)), 114.02 (C(7)), 111.22 (C(5)), 60.23
(CO2CH2CH3), 55.58 (OCH3), 42.42 (C(4)), 41.89 (C(2’)), 34.21 (C(8’)),
28.85, 28.79, 28.68 (C(6’), C(5’), C(4’)), 26.60 (CH3COO), 26.48 (C(3’)),


24.79 (C(7’)), 14.23 (CO2CH2CH3) ppm; IR (NaCl, CHCl3): ñ=3190 (m),
2960 (s), 2940 (s), 2860 (m), 1720 (s), 1670 (s), 1630 (s), 1600 (w), 1510
(s), 1460 (m), 1380 (w), 1350 (w), 1170 (w), 1100 (m), 1040 (m), 870
(w) cm�1; UV/Vis (CHCl3): l=262 nm; MS (FAB): m/z (%): 348 [M +


�CH3COO] (100), 347 (14); HRMS (ESI): m/z : calcd for C19H30N3O3:
348.2287; found: 348.2302 [M +�CH3COO].


2-(N-Aminocapryl acid)-6-methoxy-3,4-dihydroquinazolinium trifluoro-
acetate (3): A solution of compound 26 (45.5 mg, 111 mmol) in THF
(5 mL) was treated with 1n aqueous HCl (15 mL) and the reaction mix-
ture was stirred at 25 8C for 24 h. The solution was neutralized by adding
solid KOH and the resulting mixture was lyophilized. Purification by
preparative HPLC gave 3 (41.8 mg, 96.6 mmol, 87%). Rf=0.72 (CH2Cl2/
MeOH/CH3COOH 24:16:0.5); 1H NMR (600 MHz, [D4]MeOH): d=7.1
(d, 3J(8,7)=8.6 Hz, 1H; H-C(8)), 6.85 (dd, 4J(7,5)=2.7 Hz, 1H; H-C(7)),
6.77 (d, 1H; H-C(5)), 4.52 (s, 2H; H-C(4)), 3.81 (s, 3H; OCH3), 3.28 (t,
3J(2’,3’)=7.2 Hz, 2H; H-C(2’)), 2.29 (t, 3J(8’,7’)=7.4 Hz, 2H; H-C(8’)),
1.66±1.60 (m, 4H; H-C(7’), H-C(3’)), 1.42±1.28 (m, 6H; H-C(6’), H-C(5’),
H-C(4’)) ppm; 13C NMR (125 MHz, [D4]MeOH): d=177.84 (C(9’)),
158.50 (C(6)), 154.87 (C(2)), 127.69 (C(8a)), 121.02 (C(4a)), 117.71
(C(8)), 115.03 (C(7)), 112.31 (C(5)), 56.06 (OCH3), 42.77 (C4), 42.59
(C(2’)), 35.21 (C(8’)), 30.98, 30.68, 30.56 (C(6’), C(5’), C(4’)), 27.48
(C(3’)), 25.79 (C(7’)) ppm; IR (KBr): ñ=3440 (s), 3080 (m), 2940 (s),
2860 (m), 2800 (m), 1600 (s), 1510 (w), 1470 (m), 1380 (m), 1350 (m),
1280 (w), 1250 (w), 1120 (m), 1020 (m) cm�1; UV/Vis (MeOH): l=


258 nm; MS (FAB): m/z (%): 320 [M +�CF3COO] (100); HRMS (ESI):
m/z : calcd for C17H26N3O3: 320.1974; found: 320.1961 [M +�CF3COO].


Carrier protein conjugates of hapten 3 : The KLH and BSA conjugates of
hapten 3 were prepared according to the previously described method.[40]


Synthesis of the substrates and reference compounds


4-Methoxy-2-(3-methyl-2-butenyl)phenol (8): Olefin 8 was prepared ac-
cording to a known procedure.[17]


2,2-Dimethyl-6-methoxychroman (9): Olefin 8 (1.39 g, 7.23 mmol,
1.0 equiv) and BF3¥Et2O (7.23 mmol, 1.0 equiv) in CH2Cl2 (5 mL) were
stirred for 24 h at RT. The reaction mixture was partitioned between
water (50 mL) and MTBE (50 mL). The aqueous layer was separated
and extracted further with MTBE (2î50 mL). The combined organic
layers were washed with 2m aqueous HCl, water, saturated aqueous
Na2CO3 solution, and finally water. The organic layers were dried over
Na2SO4 and the solvent was removed by evaporation. The residue was
purified by flash chromatography (hexane/EtOAc 9:1) to give 9 (1.19 g,
6.22 mmol, 86%) as a colorless oil. Rf=0.32 (hexane/EtOAc 9:1);
1H NMR (300 MHz, CDCl3): d=6.80±6.56 (m, 3H; H-C(8), H-C(7), H-
C(5)), 3.75 (s, 3H; OCH3), 2.78 (t, 3J(3,4)=7.2 Hz, 2H; H-C(3)), 1.77 (t,
2H; H-C(4)), 1.25 (s, 6H; (CH3)2-C(2)) ppm; 13C NMR (75 MHz,
CDCl3): d=152.88 (C(6)), 147.95 (C(8a), 121.45 (C(4a)), 117.73 (C(8)),
113.96 (C(5)), 113.39 (C(7)), 73.78 (C(2)), 55.72 (OCH3), 32.83 (C(3)),
26.76 ((CH3)2-C(2)), 22.83 (C(4)) ppm; IR (NaCl, CHCl3): ñ=2980 (m),
2940 (m), 2900 (m), 2880 (m), 1500 (s), 1450 (m), 1440 (w), 1410 (w),
1310 (w), 1300 (m), 1280 (s), 1240 (m), 1200 (s), 1150 (m), 1100 (s), 1040
(s), 910 (m), 890 (s) cm�1; UV/Vis (CHCl3): l=292 nm; MS (EI): m/z
(%): 193 (16), 192 [M +] (100), 177 (20), 163 (6), 138 (11), 137 (98), 136
(74), 108 (21), 79 (6), 78 (9), 77 (11), 65 (11), 55 (5); HRMS (EI): m/z :
calcd for C12H16O2: 192.1150, found: 192.1150 [M +]; elemental analysis
calcd (%) for C12H16O2: C 74.97, H 8.39, O 16.64; found: C 74.99, H 8.41,
O 16.54.


1-Allyloxy-4-methoxybenzene (28): A solution of hydroquinone mono-
methyl ether (27; 87.0 g, 701 mmol, 1 equiv) in THF (200 mL) was added
to a suspension of sodium hydride (25.2 g, 1.05 mol, 1.5 equiv) in THF
(1.5 L) at 0 8C. The mixture was stirred for 30 min prior to the addition
of allyl bromide (90 mL, 128.7 g, 1.06 mol, 1.5 equiv). The mixture was
heated under reflux conditions for 4 h and then the reaction was
quenched by addition of saturated aqueous NH4Cl solution. The volume
of the reaction was reduced to 400 mL and the remaining mixture was
extracted with MTBE (5î80 mL). The organic phases were combined,
washed with brine, dried (Na2SO4), and evaporated. The crude residue
was purified by distillation at reduced pressure (114 8C/10 mbar) to
afford pure 28 (109 g, 664 mmol, 95%) as a colorless oil. Rf=0.46
(hexane/MTBE 9:1); b.p. 114 8C/10 mbar; 1H NMR (400 MHz, CDCl3):
d=6.88±6.81 (m, 4H; H-C(3), H-C(2)), 6.05 (ddt, 3J(2’,3’a)=17.3,
3J(2’,3’b)=10.6, 3J(2’,1’)=5.1 Hz, 1H; H-C(2’)), 5.40 (dq, 2J(3’,3’) and
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4J(3’,1’)=1.5 Hz, 1H; H-C(3’)), 5.27 (dq, 1H; H-C(3’)), 4.49 (dt, 2H; H-
C(1’)), 3.93 (s, 3H; OCH3) ppm; 13C NMR (100 MHz, CDCl3): d=154.34,
153.18 (C(4), C(1)), 134.04 (C(2’)), 117.86 (C(3’)), 116.16, 115.03 (C(3),
C(2)), 69.95 (C(1’)), 56.12 (OCH3) ppm; IR (NaCl, CHCl3): ñ=3010 (m),
2960 (m), 2940 (m), 2910 (m), 2870 (w), 2840 (m), 1650 (w), 1590 (w),
1510 (s), 1470 (m), 1440 (m), 1430 (w), 1410 (w), 1360 (w), 1290 (m),
1110 (m), 1040 (s), 1000 (m), 930 (m), 830 (s) cm�1; UV/Vis (EtOH): l
(%)=228 (100), 290 (37) nm; MS (EI): m/z (%): 164 [M +] (29), 124
(11), 123 (100), 95 (23), 41 (17), 39 (10); HRMS (EI): m/z : calcd for
C10H12O2: 164.0837; found: 164.0836 [M +].


2-Allyl-4-methoxyphenol (29): Allyl phenyl ether 28 was heated at 240 8C
until the starting material had been consumed. The crude residue was pu-
rified by distillation at reduced pressure (102 8C/10�1 mbar) to yield 29
(85.9 g, 523 mmol, 89%) as an oil. Rf=0.27 (hexane/EtOAc 9:1); b.p
102 8C/10�1 mbar; 1H NMR (400 MHz, CDCl3): d=6.78±6.66 (m, 3H; H-
C(6), H-C(5), H-C(3)), 6.01 (ddt, 3J(2’,3’a)=17.6, 3J(2’,3’b)=9.8,
3J(2’,1’)=6.3 Hz, 1H; H-C(2’)), 5.19±5.12 (m, 2H; H-C(3’)), 4.56 (s, 1H;
OH), 3.76 (s, 3H; OCH3), 3.38 (d, 2H; H-1’) ppm; 13C NMR (100 MHz,
CDCl3): d=154.24 (C(4)), 148.38 (C(1)), 136.55 (C(2’)), 126.81 (C(2)),
116.97 (C(6)), 116.92 (C(3)), 116.36 (C(3’)), 113.06 (C(5)), 56.12 (OCH3),
35.75 (C(1’)) ppm; IR (NaCl, CHCl3): ñ=3530 (m), 3360 (s), 3080 (m),
3000 (s), 2980 (s), 2940 (s), 2910 (m), 2840 (s), 1850 (w), 1640 (m), 1610
(m), 1500 (s), 1470 (s), 1450 (s), 1430 (s), 1330 (s), 1280 (s), 1110 (m),
1100 (m), 1040 (s), 1000 (s), 920 (s), 870 (m), 850 (m) cm�1; UV/Vis
(EtOH): l (%)=228 (100), 294 (87) nm; MS (EI): m/z (%): 164 [M +]
(100), 149 (66), 91 (20), 77 (27); HRMS (EI): m/z : calcd for C10H12O2:
164.0837; found: 164.0834 [M +].


(2-Allyl-4-methoxyphenoxy)-tert-butyldimethylsilane (30): Imidazole
(68.9 g, 1.01 mol, 2.0 equiv) and tert-butyldimethylsilyl chloride (100 g,
658 mmol, 1.3 equiv) were added sequentially to a solution of compound
29 (83.1 g, 506 mmol, 1.0 equiv) in DMF (350 mL). After being stirred
for 1 h at room temperature, the reaction mixture was partitioned be-
tween water (600 mL) and MTBE (200 mL). The aqueous layer was sepa-
rated and extracted further with MTBE (3î200 mL). The combined or-
ganic layers were dried (Na2SO4) and concentrated. The residue was pu-
rified by distillation at reduced pressure (117 8C/10�1 mbar) to yield 30
(135.4 g, 486 mmol, 96%) as a colorless oil. Rf=0.64 (hexane/EtOAc
5:1); b.p. 117 8C/10�1 mbar; 1H NMR (400 MHz, CDCl3): d=6.78±6.69
(m, 2H; H-C(6), H-C(3)), 6.64 (dd, 3J(5,6)=8.6, 4J(5,3)=3.3 Hz, 1H; H-
C(5)), 5.97 (ddt, 3J(2’,3’a)=17.7, 3J(2’,3’b)=9.6, 3J(2’,1’)=6.6 Hz, 1H; H-
C(2’)), 5.11±5.04 (m, 2H; H-C(3’)), 3.90 (s, 3H; OCH3), 3.35 (dt,
4J(1’,3’)=1.5 Hz, 2H; H-C(1’)), 1.03 (s, 9H; SiC(CH3)3), 0.21 (s, 6H;
Si(CH3)2) ppm; 13C NMR (100 MHz, CDCl3); d=154.24 (C(4)), 147.58
(C(1)), 137.21 (C(2’)), 131.94 (C(2)), 119.33 (C(6)), 116.12 (C(3’)), 116.07
(C(3)), 112.16 (C(5)), 55.99 (OCH3), 35.01 (C(1’)), 26.25 (SiC(CH3)3),
18.64 (SiC(CH3)3), �3.78 (Si(CH3)2) ppm; IR (NaCl, CHCl3): ñ=3080
(w), 3010 (s), 2960 (s), 2930 (s), 2900 (m), 2860 (s), 2840 (w), 1640 (m),
1610 (w), 1590 (w), 1500 (s), 1470 (s), 1430 (m), 1390 (w), 1360 (w), 1150
(m), 1100 (w), 1040 (s), 1000 (m), 950 (m), 920 (s), 880 (s), 840 (s) cm�1;
UV/Vis (MTBE): l=290 nm; MS (EI): m/z (%): 278 [M +] (48), 222,
(26), 221 (100), 193 (31), 181 (42); HRMS (EI): m/z : calcd for
C16H26O2Si: 278.1702; found: 278.1703 [M +]; elemental analysis calcd
(%) for C16H26O2Si: C 69.01, H 9.41, O 11.49, Si 10.09; found: C 68.87, H
9.63.


3-[2-(tert-Butyldimethylsilanyloxy)-5-methoxyphenyl]propan-1-ol (31):
BH3¥THF (56.4 mL of a 1m solution in THF, 56.4 mmol, 1.1 equiv) was
added dropwise to a stirred solution of alkene 30 (14.5 g, 52.1 mmol,
1.0 equiv) in THF (200 mL) at 0 8C over a period of 15 min. After stirring
for 10 min, the ice bath was removed and stirring was continued for an
additional 2 h at room temperature. The reaction mixture was cooled to
0 8C and then aqueous NaOH (20 mL of a 3m solution) and H2O2 (20 mL
of a 30% solution) were slowly added. After stirring for 15 min, the cool-
ing bath was removed and stirring was continued for additional 1 h. Then
the aqueous solution was extracted with MTBE (3î200 mL). The organic
layers were dried and evaporated, then the crude residue was purified by
column chromatography (hexane/EtOAc 3:1) to give 31 (13.8 g,
46.4 mmol, 89%) as a colorless oil. Rf=0.16 (hexane/EtOAc 4:1);
1H NMR (400 MHz, CDCl3): d=6.72 (d, 3J(3,4)=8.7 Hz, 1H; H-C(3)),
6.70 (d, 3J(6,4)=3.3 Hz, 1H; H-C(6)), 6.61 (dd, 1H; H-C(4)), 3.92 (s,
3H; OCH3), 3.60 (t, 3J(3’,2’)=6.3 Hz, 2H; H-C(3’)), 2.66 (t, 3J(1’,2’)=
7.4 Hz, 2H; H-C(1’)), 1.90±1.85 (m, 2H; H-C(2’)), 1.71 (s, 1H; OH), 1.02


(s, 9H; SiC(CH3)3), 0.21 (s, 6H; Si(CH3)2) ppm; 13C NMR (100 MHz,
CDCl3): d=154.33 (C(5)), 147.74 (C(2)), 133.49 (C(1)), 119.51 (C(3)),
116.20 (C(6)), 111.94 (C(4)), 62.51 (C(1’)), 55.97 (OCH3), 33.38 (C(2’)),
27.07 (C(3’)), 26.24 (SiC(CH3)3), 18.63 (SiC(CH3)3), �3.79
(Si(CH3)2) ppm; IR (NaCl): ñ=3360 (s), 2990 (s), 2900 (m), 2860 (s),
1490 (s), 1470 (s), 1420 (m), 1390 (m), 1360 (m), 1250 (s), 1220 (s), 1150
(m), 1120 (w), 1060 (s), 1030 (s), 950 (s), 900 (s), 840 (s), 800 (m) cm�1;
UV/Vis (MTBE): l=289 nm; MS (EI): m/z (%): 296 [M +] (15), 223 (6),
222 (22), 221 (100), 211 (13); HRMS (EI): m/z : calcd for C16H28O3Si:
296.1808; found: 296.1808 [M +]; elemental analysis calcd (%) for
C16H28O3Si: C 64.82, H 9.52, O 16.19, Si 9.47; found: C 64.60, H 9.75.


3-[2-(tert-Butyldimethylsilanyloxy)-5-methoxyphenyl]-propionaldehyde
(32): Oxalyl chloride (1.2 mL, 1.78 g, 13.6 mmol, 1.3 equiv) was added
dropwise to a solution of DMSO (2.0 mL, 2.18 g, 27.3 mmol, 2.6 equiv) in
CH2Cl2 (100 mL) at �78 8C. After 10 min, a solution of alcohol 31
(3.09 g, 10.5 mmol, 1.0 equiv) in CH2Cl2 (5 mL) was added dropwise.
Triethylamine (8.6 mL, 6.28 g, 62 mmol, 5.0 equiv) was added after stir-
ring at �78 8C for 15 min and the reaction mixture was allowed to warm
to room temperature. The reaction mixture was partitioned between
water (300 mL) and MTBE (300 mL). The aqueous layer was separated
and extracted further with MTBE (2î150 mL). The combined organic
layers were washed with 2m aqueous HCl, water, saturated aqueous
Na2CO3 solution, and finally water. The organic layers were dried over
Na2SO4 and the solvent was removed by evaporation to give 32 (2.90 g,
9.85 mmol, 94%) as a colorless oil. An analytical sample was purified by
column chromatography over basic aluminium oxide (hexane/EtOAc
12:1). Rf=0.22 (hexane/MTBE 9:1); 1H NMR (400 MHz, CDCl3): d=


9.81 (t, 3J(1’,2’)=1.5 Hz, 1H; H-C(1’)), 6.71 (d, 3J(3,4)=8.8 Hz, 1H; H-
C(3)), 6.69 (d, 4J(6,4)=2.8 Hz, 1H; H-C(6), 6.62 (dd, 1H; H-C(4)), 3.88
(s, 3H; OCH3), 2.88 (t, 3J(3’,2’)=7.9 Hz, 2H; H-3’), 2.72 (td, 2H; H-
C(2’)), 1.03 (s, 9H; SiC(CH3)3), 0.21 (s, 6H; Si(CH3)2) ppm; 13C NMR
(100 MHz, CDCl3): d=202.35 (C(1’)), 154.21 (C(5)), 147.78 (C(2)),
132.07 (C(1)), 119.35 (C(3)), 116.20 (C(6)), 112.38 (C(4)), 56.01 (OCH3),
44.36 (C(2’)), 26.20 (SiC(CH3)3), 24.23 (C(3’)), 18.59 (SiC(CH3)3), �3.78
(Si(CH3)2) ppm; IR (NaCl): ñ=2960 (s), 2930 (s), 2860 (s), 1730 (s), 1610
(w), 1580 (w), 1500 (s), 1470 (m), 1430 (m), 1390 (w), 1360 (w), 1260 (m),
1230 (s), 1160 (m), 1120 (w), 1040 (m), 940 (m), 900 (s), 840 (m), 780
(m) cm�1; UV/Vis (MTBE): l=290 nm; MS (EI): m/z (%): 294 [M +]
(12), 238 (20), 237 (89), 209 (23), 208 (20), 207 (100), 181 (31); HRMS
(EI): m/z : calcd for C16H26O3Si: 294.1651; found: 294.1655 [M +].


4-[2-(tert-Butyldimethylsilanyloxy)-5-methoxyphenyl]-butan-2-ol (33):
Methyl magnesium chloride (15 mL of a 3m solution in THF, 45 mmol,
4.5 equiv) was added dropwise to a solution of aldehyde 32 (2.91 g,
9.87 mmol, 1.0 equiv) in anhydrous THF (50 mL). After stirring for 1 h at
room temperature, saturated aqueous NH4Cl solution (200 mL) was
added. The aqueous mixture was extracted with MTBE (3î150 mL) and
the combined organic layers were dried over Na2SO4. The solvent was re-
moved by evaporation and the residue was purified by flash chromatog-
raphy (hexane/EtOAc 4:1) to give 33 (2.73 g, 8.81 mmol, 89%) as a color-
less oil. Rf=0.19 (hexane/EtOAc 4:1); 1H NMR (400 MHz, CDCl3): d=
6.72 (d, 3J(3,4)=8.8 Hz, 1H; H-C(3)), 6.70 (d, 3J(6,4)=3.1 Hz, 1H; H-
C(6)), 6.61 (dd, 1H; H-C(4)), 3.76 (s, 3H; OCH3), 3.72 (tq, 3J(2’,3’) and
3J(2’,1’)=6.3 Hz, 1H; H-C(2’)), 2.76±2.59 (m, 2H; H-C(4’)), 2.66 (t,
3J(1’,2’)=7.4 Hz, 2H; H-C(1’)), 1.94 (s, 1H; HO-C(2’)), 1.75±1.68 (m,
2H; H-C(3’)), 1.19 (d, 3H; H-C(1’)), 1.02 (s, 9H; SiC(CH3)3), 0.21 (s,
6H; Si(CH3)2) ppm; 13C NMR (100 MHz, CDCl3): d=154.38 (C(5)),
147.65 (C(2)), 133.69 (C(1)), 119.58 (C(3)), 116.10 (C(6)), 111.90 (C(5)),
67.61 (C(2’)), 55.98 (OCH3), 40.05 (C(3’)), 27.13 (C(4’)), 26.26
(SiC(CH3)3), 23.71 (C(1’)), 18.66 (SiC(CH3)3), �3.79 (Si(CH3)2) ppm; IR
(NaCl, CHCl3): ñ=3600 (s), 3490 (s), 3010 (s), 2960 (s), 2940 (s), 2860
(s), 2840 (s), 1600 (m), 1580 (m), 1490 (s), 1460 (s), 1420 (m), 1390 (w),
1370 (w), 1150 (m), 1120 (w), 1060 (s), 1040 (s), 940 (s), 900 (s), 860 (s),
840 (m) cm�1; UV/Vis (MTBE): l=290 nm; MS (EI): m/z (%): 310 [M +]
(21), 235 (15), 211 (100), 193 (33); HRMS (EI): m/z : calcd for
C17H30O3Si: 310.1964; found: 310.1968 [M +].


4-[2-(tert-Butyldimethylsilanyloxy)-5-methoxyphenyl]-butan-2-one (34):
Oxalyl chloride (570 mL, 864 mg, 6.8 mmol, 1.4 equiv) was added drop-
wise to a solution of DMSO (1.0 mL, 1.09 g, 13.6 mmol, 2.8 equiv) in
CH2Cl2 (50 mL) at �78 8C. After 10 min, a solution of alcohol 33 (1.51 g,
4.86 mmol, 1.0 equiv) in CH2Cl2 (5 mL) was added dropwise. After stir-
ring at �78 8C for 15 min, triethylamine (4.0 mL, 2.95 g, 29.1 mmol,
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6.0 equiv) was added and the reaction mixture was allowed to warm to
room temperature. The reaction mixture was partitioned between water
(300 mL) and MTBE (300 mL). The aqueous layer was separated and ex-
tracted further with MTBE (2î150 mL). The combined organic layers
were washed with 2m aqueous HCl, water, saturated aqueous Na2CO3


solution, and finally water. The organic layers were dried over Na2SO4,
and the solvent was removed by evaporation. The residue was purified
by flash chromatography (hexane/MTBE 4:1) to give 34 (1.42 g,
4.59 mmol, 95%) as a colorless oil. Rf=0.22 (hexane/MTBE 4:1);
1H NMR (400 MHz, CDCl3): d=6.70 (d, 3J(3,4)=8.8 Hz, 1H; H-C(3)),
6.69 (d, 4J(6,4)=3.0 Hz, 1H; H-C(6)), 6.61 (dd, 1H; H-C(4)), 3.86 (s,
3H; OCH3), 2.81 (m, 2H; H-C(4’)), 2.72 (m, 2H; H-C(3’)), 2.02 (s, 3H;
H-C(1’)), 1.04 (s, 9H; SiC(CH3)3), 0.21 (s, 6H; Si(CH3)2) ppm; 13C NMR
(100 MHz, CDCl3): d=208.59 (C(2’)), 154.19 (C(5)), 147.78 (C(2)),
132.74 (C(1)), 119.31 (C(3)), 116.18 (C(6)), 112.23 (C(4)), 56.00 (OCH3),
44.08 (C(3’)), 30.33 (C(1’)), 26.18 (SiC(CH3)3), 25.84 (C(4’)), 18.56
(SiC(CH3)3), �3.79 (Si(CH3)2) ppm; IR (NaCl, CHCl3): ñ=3010 (m),
2960 (s), 2930 (s), 2860 (s), 2840 (w), 1710 (s), 1610 (m), 1580 (m), 1490
(s), 1470 (m), 1440 (w), 1430 (w), 1360 (m), 1160 (m), 1120 (w), 1060
(m), 1030 (s), 940 (s), 890 (s), 840 (m) cm�1; UV/Vis (CHCl3): l=


288 nm; MS (EI): m/z (%): 308 [M +] (8), 251 (100), 235 (15), 207 (36),
181 (28); HRMS (EI): m/z : calcd for C17H28O3Si: 308.1808; found:
308.1812 [M +]; elemental analysis calcd (%) for C17H28O3Si: C 66.19, H
9.15, O 15.56, Si 9.10; found: C 66.14, H 9.36.


4-Methoxy-2-(3-methylbut-3-enyl)phenol (35): nBuLi (1.7 mL of a 1.6m
nBuLi solution in hexane, 2.75 mmol, 2.2 equiv) was added to a suspen-
sion of methyltriphenylphosphonium bromide (893 mg, 2.5 mmol,
2 equiv) in THF (50 mL) at 0 8C. The mixture was stirred for 15 min at
room temperature and then ketone 34 (385 mg, 1.25 mmol, 1.0 equiv) dis-
solved in THF (5 mL) was added dropwise. After stirring for 60 min, the
reaction was quenched with water (100 mL) and extracted with MTBE
(3î50 mL). The combined organic layers were dried over Na2SO4 and
and the solvent was removed by evaporation. The residue was purified
by flash chromatography (hexane/MTBE 9:1) to yield 4-[2-(tert-butyldi-
methylsilanyloxy)-5-methoxyphenyl]-2-methyl-but-1-enyl (287 mg,
937 mmol, 75%) as an oil. Rf=0.45 (hexane/MTBE 4:1); 1H NMR
(400 MHz, CDCl3): d=6.73 (d, 4J(6,4)=3.0 Hz, 1H; H-C(6)), 6.70 (d,
3J(3,4)=8.8 Hz, 1H; H-C(3)), 6.61 (dd, 1H; H-C(4)), 4.71 (s, 2H; H-
C(1’)), 3.86 (s, 3H; OCH3), 2.71 (t, 3J(4’,3’)=8.3 Hz, 2H; H-(4’)), 2.72 (t,
2H; H-C(3’)), 1.83 (s, 3H; CH3C(2’)), 1.02 (s, 9H; SiC(CH3)3), 0.23 (s,
6H; Si(CH3)2) ppm; 13C NMR (100 MHz, CDCl3): d=154.12 (C(5)),
147.74 (C(2)), 146.15 (C(2’)), 132.07 (C(1)), 119.20 (C(3)), 116.06 (C(6)),
111.67 (C(4)), 110.25 (C(1’)), 55.99 (OCH3), 38.34 (C(3’)), 29.64 (C(4’)),
26.22 (SiC(CH3)3), 23.09 (CH3C(2’)), 18.61 (SiC(CH3)3), �3.79
(Si(CH3)2) ppm; IR (NaCl, CHCl3): ñ=3090 (w), 3000 (w), 2940 (m),
2830 (m), 1660 (m), 1610 (w), 1500 (s), 1460 (m), 1440 (m), 1430 (m),
1380 (w), 1340 (w), 1260 (m), 1150 (m), 1100 (w), 1040 (s), 890 (s) cm�1;
UV/Vis (MeOH): l=288 nm; MS (EI): m/z (%): 306 [M +] (100), 251
(33), 249 (31), 207 (67), 193 (83); HRMS (EI): m/z : calcd for C18H30O2Si:
306.2015; found: 306.2012 [M +]. A solution of tetrabutylammonium fluo-
ride (250 mL of a 1m TBAF in THF, 250 mmol, 1.3 equiv) was added to a
solution of 4-[2-(tert-butyldimethylsilanyloxy)-5-methoxyphenyl]-2-
methyl-but-1-enyl (59.1 mg, 192 mmol, 1 equiv) in THF (2 mL) at 0 8C.
After being stirred at 0 8C for 20 min, the reaction mixture was parti-
tioned between saturated aqueous NaHCO3 solution (20 mL) and MTBE
(20 mL). The aqueous layer was separated and extracted further with
MTBE (2î20 mL). The combined organic layers were dried over Na2SO4


and concentrated. The oily residue was purified by flash chromatography
(hexane/MTBE 2:1) to give product 35 (34.4 mg, 179 mmol, 93%) as a
colorless oil. Rf=0.33 (hexane/MTBE 2:1); 1H NMR (400 MHz, CDCl3):
d=6.75 (d, 4J(3,5)=3.0 Hz, 1H; H-C(3)), 6.71 (d, 3J(6,5)=8.8 Hz, 1H;
H-C(6)), 6.59 (dd, 1H; H-C(5)), 4.81 (s, 2H; H-C(4’)), 4.40 (s, 1H; OH),
3.77 (s, 3H; OCH3), 2.73 (t, 3J(1’,2’)=8.2 Hz, 2H; H-(1’)), 2.42 (t, 2H; H-
C(2’)), 1.83 (s, 3H; CH3C(3’)) ppm; 13C NMR (100 MHz, CDCl3): d=


154.13 (C(4)), 147.83 (C(1)), 146.10 (C(3’)), 129.84 (C(2)), 116.34 (C(6)),
116.22 (C(3)), 112.21 (C(5)), 110.69 (C(4’)), 56.14 (OCH3), 38.14 (C(2’)),
29.24 (C(1’)), 23.06 (CH3C(3’)) ppm; IR (NaCl, CHCl3): ñ=3600 (m),
3350 (m), 3080 (w), 3010 (w), 2940 (m), 2840 (m), 1650 (m), 1610 (w),
1510 (s), 1470 (m), 1450 (m), 1430 (m), 1380 (w), 1330 (w), 1260 (m),
1150 (m), 1100 (w), 1040 (s), 890 (s) cm�1; UV/Vis (CHCl3): l=292 nm;


MS (EI): m/z (%): 192 [M +] (60), 137 (100), 109 (10); HRMS (EI): m/z :
calcd for C12H16O2: 192.1150; found: 192.1146 [M +].


3-[2-(tert-Butyldimethylsilanyloxy)-5-methoxyphenyl]-1,1-dimethoxypro-
pane (36): Aldehyde 32 (2.78 g, 9.49 mmol, 1.0 equiv) was treated with
methanol (30 mL), trimethyl orthoformate (15 mL), and (� )-camphorsul-
fonic acid (175 mg, 0.76 mmol, 8 mol%) at 45 8C for 30 min. The mixture
was evaporated to dryness and the crude solid was purified by flash chro-
matography (hexane/MTBE 85:15) to yield 36 (2.75 g, 8.09 mmol, 85%)
as an oil. Rf=0.26 (hexane/MTBE 9:1); 1H NMR (300 MHz, CDCl3): d=
6.71 (d, 4J(6,4)=3.2 Hz, 1H; H-C(6)), 6.69 (d, 3J(3,4)=8.8 Hz, 1H; H-
C(3)), 6.61 (dd, 1H; H-C(4)), 4.37 (t, 3J(1’,2’)=5.8 Hz, 1H; H-(C1’)),
3.88 (s, 3H; OCH3), 3.33 (s, 6H; (CH3O)2C(1’)), 2.65±2.55 (m, 2H; H-
C(3’)), 1.88 (td, 3J(2’,3’)=5.8 Hz, 2H; H-C(2’)), 1.01 (s, 9H; SiC(CH3)3),
0.20 (s, 6H; Si(CH3)2) ppm; 13C NMR (75 MHz, CDCl3): d=153.71
(C(5)), 147.41 (C(2)), 133.04 (C(1)), 118.93 (C(3)), 115.67 (C(6)), 111.53
(C(4)), 104.22 (C(1’)), 55.60 (OCH3), 52.79 (CH3O)2C(1’)), 32.55 (C(2’)),
26.05 (C(3’)), 25.84 (SiC(CH3)3), 18.24 (SiC(CH3)3), �4.10
(Si(CH3)2) ppm; IR (NaCl, CHCl3): ñ=3010 (s), 2960 (s), 2930 (s), 2900
(s), 2860 (s), 2830 (m), 1610 (w), 1580 (w), 1500 (s), 1470 (s), 1450 (m),
1430 (w), 1390 (w), 1360 (w), 1160 (m), 1130 (s), 1080 (s), 1050 (s), 940
(m), 900 (s), 840 (s) cm�1; UV/Vis (CH3OH): l (%)=222 (100), 288
(68) nm; MS (EI): m/z (%): 340 [M +] (39), 251 (28), 225 (69), 196 (22),
195 (100), 89 (24), 75 (20); elemental analysis calcd (%) for C18H32O4Si:
C 63.49, H 9.47, O 18.79, Si 8.25; found: C 63.53, H 9.41.


3-[2-(tert-Butyldimethylsilanyloxy)-5-methoxyphenyl]-1,1-diethoxypro-
pane (37): Aldehyde 32 (2.49 g, 8.46 mmol, 1.0 equiv) was treated with
ethanol (30 mL), triethyl orthoformate (15 mL), and (� )-camphorsulfon-
ic acid (181 mg, 0.78 mmol, 9 mol%) at 45 8C for 30 min. The mixture
was evaporated to dryness and the crude solid was purified by flash chro-
matography (hexane/MTBE 9:1) to yield 37 (2.34 g, 6.36 mmol, 76%) as
an oil. Rf=0.21 (hexane/MTBE 9:1); 1H NMR (400 MHz, CDCl3): d=
6.73 (d, 4J(6,4)=3.1 Hz, 1H; H-C(6)), 6.70 (d, 3J(3,4)=8.5 Hz, 1H; H-
C(3)), 6.63 (dd, 1H; H-C(4)), 4.73 (t, 3J(1’,2’)=5.7 Hz, 1H; H-C(1’)),
3.78 (s, 3H; OCH3), 3.74±3.46 (m, 4H; C(OCH2CH3)2), 2.70±2.60 (m,
2H; H-C(3’)), 1.98±1.86 (m, 2H; H-C(2’)), 1.24 (t, 3J(C(OCH2CH3)2,-
C(OCH2CH3)2)=5.7 Hz, 6H; C(OCH2CH3)2), 1.04 (s, 9H; SiC(CH3)3),
0.24 (s, 6H; Si(CH3)2) ppm; 13C NMR (100 MHz, CDCl3): d=154.10
(C(5)), 147.79 (C(2)), 133.59 (C(1)), 119.29 (C(3)), 115.93 (C(6)), 111.83
(C(4)), 103.08 (C(1’)), 61.46 (C(OCH2CH3)2), 55.98 (OCH3), 33.93
(C(2’)), 26.54 (C(3’)), 26.29 (SiC(CH3)3), 18.62 (SiC(CH3)3), 15.79
(C(OCH2CH3)2), �4.16 (Si(CH3)2) ppm; IR (NaCl, CHCl3): ñ=3010 (s),
2960 (s), 2930 (s), 2900 (s), 2880 (m), 1610 (m), 1580 (m), 1490 (s), 1470
(s), 1440 (m), 1420 (w), 1390 (w), 1370 (m), 1340 (w), 1130 (s), 1060 (s),
1040 (s), 1000 (m), 940 (m), 900 (s), 840 (s) cm�1; UV/Vis (MeOH): l
(%)=222 (100), 288 (62) nm; MS (EI): m/z (%): 368 [M +] (36), 252
(17), 251 (26), 239 (21), 195 (100), 73 (29); elemental analysis calcd (%)
for C20H36O4Si: C 65.17, H 9.84, O 17.36, Si 7.62; found: C 64.91, H 9.61.


3-[2-(tert-Butyldimethylsilanyloxy)-5-methoxyphenyl]-1,1-diisopropoxy-
propane (38): Aldehyde 32 (895 mg, 3.03 mmol, 1.0 equiv) was treated
with isopropanol (10 mL), triisopropyl orthoformate (5 mL), and (� )-
camphorsulfonic acid (60.0 mg, 0.26 mmol, 10 mol%) at 45 8C for 50 min.
The mixture was evaporated to dryness and the crude solid was purified
by flash chromatography (hexane/MTBE 19:1) to yield 38 (985 mg,
2.49 mmol, 83%) as an oil. Rf=0.52 (hexane/MTBE 9:1); 1H NMR
(400 MHz, CDCl3): d=6.71 (d, 4J(6,4)=3.1 Hz, 1H; H-C(6)), 6.68 (d,
3J(3,4)=8.6 Hz, 1H; H-C(3)), 6.60 (dd, 1H; H-C(4)), 4.58 (t, 3J(1’,2’)=
5.6 Hz, 1H; H-C(1’)), 3.87 (septet, 3J(OCH(CH3)2,OCH(CH3)2)=6.2 Hz,
2H; OCH(CH3)2), 3.78 (s, 3H; OCH3), 2.64±2.58 (m, 2H; H-C(3’)), 1.90±
1.83 (m, 2H; H-C(2’)), 1.19 (d, 3H; OCH(CH3)2), 1.13 (d, 3H;
OCH(CH3)2), 1.02 (s, 9H; SiC(CH3)3), 0.20 (s, 6H; Si(CH3)2) ppm;
13C NMR (100 MHz, CDCl3): d=154.10 (C(5)), 147.81 (C(2)), 133.83
(C(1)), 119.23 (C(3)), 115.94 (C(6)), 111.72 (C(4)), 100.51 (C(1’)), 67.99
(OCH(CH3)2), 55.98 (OCH3), 35.65 (C(2’)), 26.74 (C(3’)), 26.27
(SiC(CH3)3), 23.85, 23.03 (OCH(CH3)2), 18.62 (SiC(CH3)3), �3.78
(Si(CH3)2) ppm; IR (NaCl): ñ=2970 (s), 2930 (s), 2900 (m), 2860 (m),
2840 (w), 1610 (w), 1580 (w), 1490 (s), 1460 (m), 1380 (m), 1370 (m),
1330 (w), 1250 (m), 1220 (s), 1180 (w), 1160 (m), 1130 (m), 1030 (s), 990
(w), 950 (m), 890 (m), 840 (s), 800 (m) cm�1; UV/Vis (MeOH): l (%)=
225 (100), 286 (68) nm; MS (EI): m/z (%): 396 [M +] (58), 336 (25), 293
(63), 251 (44), 237 (100), 211 (34), 193 (20), 75 (38); elemental analysis
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calcd (%) for C22H40O4Si: C 66.62, H 10.16, O 16.14, Si 7.08; found: C
66.41, H 10.09.


(E,Z)-[2-(3-Methoxy-2-buten-1-yl)-4-methoxyphenoxy]-tert-butyldime-
thylsilane (39): Compound 36 (2.58 g, 7.59 mmol, 1 equiv) and N-ethyldii-
sopropylamine (1.8 mL, 1.38 g, 10.63 mmol, 1.4 equiv) were dissolved in
CH2Cl2 (50 mL). After the solution was cooled to �78 8C, TMSOTf
(1.6 mL, 2.03 g, 9.11 mmol, 1.2 equiv) was added dropwise through a sy-
ringe with stirring. The pale yellow mixture was stirred at �20 8C for 4 h.
The reaction was quenched by the addition of a saturated aqueous
NaHCO3 solution (200 mL) and the aqueous layer was separated and ex-
tracted further with MTBE (2î50 mL). The combined organic layers
were dried over Na2SO4 and concentrated. The crude solid was purified
by flash chromatography (hexane/MTBE 47:3) to yield 39 (1.37 g,
4.48 mmol, 59%) as a yellow oil. Rf=0.30 (hexane/MTBE 47:3);
1H NMR (400 MHz, CDCl3): d=6.77 (d, 4J(Z-3,Z-5)=3.3 Hz, 1H; H-
C(Z-3)), 6.73 (d, 4J(E-3,E-5)=3.1 Hz, 1H; H-C(E-3)), 6.69 (d, 3J(E-6,E-
5)=8.6 Hz, 1H; H-C(E-6)), 6.68 (d, 3J(Z-6,Z-5)=8.6 Hz, 1H; H-C(Z-6)),
6.62±6.56 (m, 2H; H-C(E-5), H-C(Z-5)), 6.37 (d, 3J(E-3’,E-2’)=12.6 Hz,
1H; H-C(E-3’)), 6.02 (d, 3J(Z-3’,Z-2’)=6.3 Hz, 1H; H-C(Z-3’)), 4.88 (td,
3J(E-2’,E-1’)=7.3 Hz, 1H; H-C(E-2’)), 4.52 (td, 3J(Z-2’,Z-1’)=7.3 Hz,
1H; H-C(Z-2’)), 3.75 (s, 3H; E-(C(4)-CH3)), 3.74 (s, 3H; Z-(C(4)-
OCH3)), 3.62 (s, 3H; E-(C(3’)-OCH3)), 3.52 (s, 3H; Z-(C(3’)-OCH3)),
3.38 (d, 2H; H-C(Z-1’)), 3.22 (d, 2H; H-C(E-1’)), 1.01 (s; 9H; E-
(SiC(CH3)3), Z-(SiC(CH3)3)), 0.19 (s, 9H, E-(SiC(CH3)3), Z-
(SiC(CH3)3)) ppm; 13C NMR (100 MHz, CDCl3): d=154.303 (C(E-4),
C(Z-4)), 147.52 (C(E-1), C(Z-1)), 147.07 (C(E-3’), C(Z-3’)), 133.52 (C(E-
2), C(Z-2)), 119.25 (C(Z-6)), 119.24 (C(E-6)), 115.86 (C(E-3), C(Z-3)),
111.77 (C(E-5)), 111.66 (C(Z-5)), 105.24 (C(Z-2’)), 102.10 (C(E-2’)), 59.9
(Z-(C(3’)-OCH3)), 56.28 (E-(C(3’)-OCH3)), 55.98 (E-(C(4)-OCH3)),
55.96 (Z-(C(4)-OCH3)), 28.81 (C(E-1’)), 26.26 (E-(SiC(CH3)3), Z-
(SiC(CH3)3)), 25.15 (C(Z-1’)), 18.99 (E-SiC(CH3)3), Z-(SiC(CH3)3)),
�3.80 (E-(Si(CH3)2), Z-(Si(CH3)2)) ppm; IR (NaCl): ñ=2960 (s), 2930
(s), 2910 (w), 2860 (m), 2830 (w), 1650 (w), 1600 (w), 1560 (w), 1500 (s),
1470 (m), 1460 (m), 1430 (w), 1390 (w), 1370 (w), 1150 (m), 1110 (s),
1040 (w), 1010 (w), 940 (m), 900 (m), 840 (s) cm�1; UV/Vis (CHCl3): l=
290 nm; MS (EI): m/z (%): 308 [M +] (63), 251 (51), 236 (16), 219 (45),
195 (22), 145 (25), 89 (100), 59 (22); HRMS (EI): m/z : calcd for
C17H28O3Si: 308.1808; found: 308.1811 [M +]; elemental analysis calcd
(%) for C17H28O3Si: C 66.19, H 9.15, O 15.56, Si 9.10; found: C 66.34, H
9.25.


(E,Z)-[2-(3-Ethoxy-2-buten-1-yl)-4-methoxyphenoxy]-tert-butyldimethyl-
silane (40): Compound 37 (2.10 g, 5.70 mmol, 1 equiv) and N-ethyldiiso-
propylamine (1.4 mL, 1.03 g, 7.98 mmol, 1.4 equiv) were disolved in
CH2Cl2 (50 mL). After the solution was cooled to �78 8C, TMSOTf
(1.2 mL, 1.52 g, 6.84 mmol, 1.2 equiv) was added dropwise through a sy-
ringe with stirring. The pale yellow solution was stirred at �20 8C for 4 h.
The reaction was quenched by the addition of a saturated aqueous
NaHCO3 solution (200 mL) and the aqueous layer was separated and ex-
tracted further with MTBE (2î50 mL). The combined organic layers
were dried over Na2SO4 and concentrated. The crude solid was purified
by flash chromatography (hexane/MTBE 19:1) to yield 40 (1.158 g,
3.59 mmol, 63%) as a yellow oil. Rf=0.40 (hexane/MTBE 9:1); 1H NMR
(400 MHz, CDCl3): d=6.79 (d, 4J(Z-3,Z-5)=3.0 Hz, 1H; H-C(Z-3)), 6.74
(d, 4J(E-3,E-5)=3.0 Hz, 1H; H-C(E-3)), 6.69 (d, 3J(E-6,E-5)=8.6 Hz,
1H; H-C(E-6)), 6.68 (d, 3J(Z-6,Z-5)=8.6 Hz, 1H; H-C(Z-6)), 6.62±6.56
(m, 2H; H-C(E-5), H-C(Z-5)), 6.30 (d, 3J(E-3’,E-2’)=12.7 Hz, 1H; H-
C(E-3’)), 6.05 (d, 3J(Z-3’,Z-2’)=6.1 Hz, 1H; H-C(Z-3’)), 4.92 (td, 3J(E-
2’,E-1’)=7.3 Hz, 1H; H-C(E-2’)), 4.53 (td, 3J(Z-2’,Z-1’)=7.3 Hz, 1H; H-
C(Z-2’)), 3.81 (q, 3J(OCH2CH3,OCH2CH3)=7.1 Hz, 2H; Z-(OCH2CH3)),
3.75 (s, 3H; E-(OCH3)), 3.74 (s, 3H; Z-(OCH3)), 3.72 (q, 3J(OCH2-


CH3,OCH2CH3)=7.1 Hz, 2H; E-(OCH2CH3)), 3.38 (d, 2H; H-C(Z-1’)),
3.19 (d, 2H; H-C(E-1’)), 1.27 (t, 6H; E-(OCH2CH3), Z-(OCH2CH3)),
1.01 (s, 6H; E-(SiC(CH3)3), Z-(SiC(CH3)3)), 0.19 (s, 12H; E-(SiC(CH3)3),
Z-(SiC(CH3)3)) ppm; 13C NMR (100 MHz, CDCl3): d=154.25 (C(E-4),
C(Z-4)), 147.59 (C(E-1), C(Z-1)), 145.77 (C(E-3’), C(Z-3’)), 133.58 (C(E-
2), C(Z-2)), 119.25 (C(Z-6)), 119.21 (C(E-6)), 115.79 (C(E-3), C(Z-3)),
111.76 (C(E-5)), 111.62 (C(Z-5)), 105.22 (C(Z-2’)), 102.41 (C(E-2’)),
67.98 (Z-(OCH2CH3)), 65.00 (E-(OCH2CH3)), 56.02 (E-(OCH3)), 55.97
(Z-(OCH3)), 28.84 (C(E-1’)), 26.25 (E-(SiC(CH3)3), Z-(SiC(CH3)3)),
25.17 (C(Z-1’)), 18.64 (E-(SiC(CH3)3), Z-(SiC(CH3)3)), 15.71 (Z-
(OCH2CH3)), 15.17 (E-(OCH2CH3)), �3.80 (E-(Si(CH3)2), Z-


(Si(CH3)2)) ppm; IR (NaCl): ñ=3030 (w), 2960 (s), 2930 (s), 2900 (w),
2860 (m), 2830 (w), 1660 (m), 1610 (w), 1590 (w), 1500 (s), 1470 (m),
1440 (m), 1390 (w), 1370 (w), 1360 (w), 1250 (s), 1220 (s), 1150 (m), 1110
(s), 1040 (m), 950 (m), 900 (s), 840 (s), 800 (m), 780 (s) cm�1; UV/Vis
(MeOH): l=288 nm; MS (EI): m/z (%): 322 [M +] (73), 237 (66), 236
(41), 209 (72), 207 (46), 181 (100), 161 (19); HRMS (EI): m/z : calcd for
C18H30O3Si: 322.1964, found: 322.1959 [M +]; elemental analysis calcd
(%) for C18H30O3Si: C 67.03, H 9.38, O 14.88, Si 8.71; found: C 67.29, H
9.52.


(E,Z)-[2-(3-Propoxy-2-buten-1-yl)-4-methoxyphenoxy]-tert-butyldime-
thylsilane (41): Compound 38 (165 mg, 416 mmol, 1 equiv) was dissolved
in CCl4 (5 mL) and treated at �10 8C with anhydrous hexamethyldisila-
zane (140 mL, 86.7 mg, 666 mmol, 1.6 equiv) and iodotrimethylsilane
(74 mL, 108 mg, 540 mmol, 1.3 equiv). After stirring for 1 h at �10 8C, the
mixture was heated at 75 8C for an additional 15 h. The reaction was
quenched by the addition of a saturated aqueous NaHCO3 solution
(15 mL) and the aqueous layer was separated and extracted further with
CH2Cl2 (2î20 mL). The combined organic layers were dried over
Na2SO4 and concentrated. The crude solid was purified by flash chroma-
tography (hexane/MTBE 48:2) to yield 41 (40.5 mg, 120 mmol, 29%) as a
yellow oil. Rf=0.25 and 0.22 (hexane/MTBE 96:4) for Z-41 and E-41, re-
spectively; 1H NMR (400 MHz, CDCl3): d=6.80±6.56 (m, 6H; H-C(E-6),
H-C(Z-6), H-C(E-5), H-C(Z-5), H-C(E-3), H-C(Z-3)), 6.15 (d, 3J(E-3’,E-
2’)=12.4 Hz, 1H; H-C(E-3’)), 6.09 (d, 3J(Z-3’,Z-2’)=6.1 Hz, 1H; H-C(Z-
3’)), 5.00 (dt, 3J(E-2’,E-1’)=7.3 Hz, 1H; H-C(E-2’)), 4.54 (td, 3J(Z-2’,Z-
1’)=7.3 Hz, 1H; H-C(Z-2’)), 3.97 (septet, 3J(OCH(CH3)2,OCH(CH3)2)=
6.2 Hz, 1H; Z-(OCH(CH3)2)), 3.92 (septet, 3J(OCH(-
CH3)2,OCH(CH3)2)=6.2 Hz, 1H; E-(OCH(CH3)2)), 3.74 (s, 3H; E-
(OCH3)), 3.73 (s, 3H; Z-(OCH3)), 3.37 (d, 2H; H-C(Z-1’)), 3.19 (d, 2H;
H-C(E-1’)), 1.24 (d, 6H; Z-(OCH(CH3)2)), 1.22 (d, 6H; E-
(OCH(CH3)2)), 1.01 (s, 9H; Z-(SiC(CH3)3)), 0.99 (s, 9H; E-(SiC(CH3)3)),
0.19 (s, 12H; E-(SiC(CH3)3), Z-(SiC(CH3)3)) ppm; 13C NMR (100 MHz,
CDCl3): d=154.22 (C(E-4), C(Z-4)), 147.55 (C(E-1’), C(Z-1’)), 146.42
(C(E-3’)), 144.72 (C(Z-3’)), 133.75 (C(E-2)), 133.57 (C(Z-2)), 119.27
(C(Z-6)), 119.20 (C(E-6)), 115.73 (C(Z-3)), 115.67 (C(E-3)), 111.76 (C(E-
5)), 111.60 (C(Z-5)), 105.31 (C(Z-2’)), 104.18 (C(E-2’)), 74.25 (Z-
(OCH(CH3)2)), 72.76 (E-(OCH(CH3)2)), 56.00 (E-(OCH3)), 55.94 (Z-
(OCH3)), 28.73 (C(E-1’)), 26.27 (Z-(SiC(CH3)3)), 26.25 (E-(SiC(CH3)3)),
25.17 (C(Z-1’)), 22.88 (Z-(OCH(CH3)2)), 22.55 (E-(OCH(CH3)2)), 18.66
(E-(SiC(CH3)3), Z-(SiC(CH3)3)), �3.77 (E-(Si(CH3)2)), �3.80 (Z-
(Si(CH3)2)) ppm; IR (NaCl): ñ=3040 (w), 2960 (s), 2930 (s), 2910 (w),
2900 (w), 2860 (m), 2830 (w), 1660 (m), 1600 (w), 1500 (s), 1470 (m),
1460 (m), 1430 (m), 1370 (w), 1340 (m), 1250 (s), 1220 (s), 1150 (m), 1120
(m), 1100 (m), 1050 (s), 950 (m), 900 (s), 840 (s), 800 (m) cm�1; UV/Vis
(MeOH): l=288 nm; MS (EI): m/z (%): 336 [M +] (39), 237 (53), 181
(100); HRMS (EI): m/z : calcd for C19H32O3Si: 336.2121; found: 336.2125
[M +].


(E and Z)-2-(3-Methoxy-2-buten-1-yl)-4-methoxyphenol (10a and 10b):
Enol ether 39 (34.6 mg, 112 mmol) was dissolved in ethanolamine (4 mL)
and heated at 90 8C for 3 h. Evaporation of the solvent at reduced pres-
sure (39 8C/4î10�1 mbar) and column chromatography (hexane/MTBE/
NEt3 16:4:0.2) of the crude residue gave a mixture of the two isomers.
Purification of the isomeric mixture by preparative RP18 HPLC provided
isomerically pure E enol ether 10b (10.2 mg, 51.5 mmol; 46%) and Z
enol ether 10a (9.5 mg, 49.2 mmol, 44%). Analytical data for (E)-2-(3-
methoxy-2-buten-1-yl)-4-methoxyphenol (10b). Rf=0.14 (hexane/MTBE
8:2); 1H NMR (400 MHz, CDCl3): d=6.84 (d, 3J(6,5)=8.4 Hz, 1H; H-
C(6)), 6.69 (d, 4J(3,5)=3.0 Hz, 1H; H-C(3)), 6.56 (dd, 1H; H-(5)), 6.41
(d, 3J(3’,2’)=12.8 Hz, 1H; H-C(3’)), 4.79 (dt, 3J(2’,1’)=7.2 Hz, 1H; H-
C(2’)), 4.36 (s, 1H; OH), 3.78 (s, 3H; C(4)-OCH3), 3.58 (s, 3H; C(3’)-
OCH3), 3.26 (d, 2H; H-C(1’)) ppm; 13C NMR (100 MHz, CDCl3): d=


154.10 (C(4)), 149.12 (C(1)), 148.88 (C(3’)), 128.45 (C(2)), 116.72 (C(6)),
116.06 (C(3)), 112.70 (C(5)), 100.74 (C(2’)), 56.44 (C(3’)-OCH3), 56.13
(C(4)-OCH3), 29.54 (C(1’)) ppm; IR (NaCl): ñ=3410 (s), 3060 (w), 3040
(w), 3000 (w), 2940 (m), 2920 (m), 2840 (m), 1660 (s), 1620 (w), 1510 (s),
1470 (m), 1440 (m), 1350 (w), 1270 (m), 1210 (s), 1150 (m), 1110 (m),
1040 (m), 940 (m), 870 (w), 810 (m), 790 (w), 720 (m) cm�1; UV/Vis
(EtOH): l (%)=224 (100), 292 (73) nm; MS (EI): m/z (%): 195 (11), 194
[M +] (84), 163 (5), 162 (13), 161 (35), 147 (9), 137 (13), 136 (100), 135
(5), 108 (33), 107 (4), 91 (10), 79 (7), 78 (10), 77 (9), 65 (11), 63 (3), 55
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(5), 51 (6); HRMS (EI): m/z : calcd for C11H14O3: 194.0943; found:
194.0947 [M +].


(Z)-2-(3-Methoxy-2-buten-1-yl)-4-methoxyphenol (10a): Rf=0.17
(hexane/MTBE 8:2); 1H NMR (400 MHz, CDCl3): d=6.82 (d, 3J(6,5)=
8.7 Hz, 1H; H-C(6)), 6.62 (dd, 4J(5,3)=3.2 Hz, 1H; H-C(5)), 6.64 (d,
1H; H-C(3)), 6.31 (s, 1H; OH), 6.19 (d, 3J(3’,2’)=6.2 Hz, 1H; H-C(3’)),
4.46 (td, 3J(2’,1’)=8.6 Hz, 1H; H-C(2’)), 3.78 (s, 3H; C(4)-OCH3), 3.52
(s, 3H; C(3’)-OCH3), 3.30 (d, 2H; H-C(1’)) ppm; 13C NMR (100 MHz,
CDCl3): d=153.66 (C(4)), 148.89 (C(1)), 146.45 (C(3’)), 127.55 (C(2)),
117.08 (C(6)), 116.01 (C(3)), 113.12 (C(5)), 105.52 (C(2’)), 60.31 (C(3’)-
OCH3), 56.43 (C(4)-OCH3), 26.29 (C(1’)) ppm; IR (NaCl): ñ=3420 (s),
3060 (w), 3040 (w), 3010 (m), 2950 (m), 2930 (m), 2830 (m), 1660 (s),
1620 (w), 1520 (s), 1480 (m), 1440 (m), 1370 (w), 1260 (m), 1210 (s), 1150
(m), 1110 (m), 1040 (m), 940 (m), 870 (w), 840 (m), 810 (m), 770 (m), 720
(m) cm�1; UV/Vis (EtOH): l (%)=224 (100), 292 (43) nm; MS (EI): m/z
(%): 195 (12), 194 [M +] (87), 163 (5), 162 (12), 161 (35), 147 (9), 137
(11), 136 (100), 119 (6), 108 (33), 91 (10), 79 (9), 78 (11), 77 (16), 65 (18),
55 (7), 45 (12), 41 (8), 39 (10); HRMS (EI): m/z : calcd for C11H14O3:
194.0943; found: 194.0948 [M +].


(E and Z)-2-(3-Ethoxy-2-buten-1-yl)-4-methoxyphenol (44a and 44b):
Enol ether 40 (19.4 mg, 60.1 mmol) was dissolved in ethanolamine (4 mL)
and heated at 90 8C for 3 h. Evaporation of the solvent at reduced pres-
sure (39 8C/4î10�1 mbar) and column chromatography (hexane/MTBE/
NEt3 15:5:0.2) of the crude residue gave a mixture of the two isomers.
Purification of the isomeric mixture by preparative RP18 HPLC provided
isomerically pure E enol ether 44b (5.8 mg, 27.8 mmol, 46%) and Z enol
ether 44a (4.6 mg, 22.1 mmol, 37%). 44b : Rf=0.18 (hexane/MTBE 3:1);
1H NMR (400 MHz, CDCl3): d=6.73 (d, 3J(6,5)=8.6 Hz, 1H; H-C(6)),
6.70 (d, 4J(3,5)=2.9 Hz, 1H; H-C(3)), 6.66 (dd, 1H; H-(5)), 6.41 (d,
3J(3’,2’)=12.6 Hz, 1H; H-C(3’)), 4.93 (dt, 3J(2’,1’)=7.1 Hz, 1H; H-C(2’)),
4.81 (s, 1H; OH), 3.75 (s, 3H; OCH3), 3.73 (q, 3J(OCH2-


CH3,OCH2CH3)=6.9 Hz, 2H; OCH2CH3), 3.26 (d, 2H; H-C(1’)), 1.27 (t,
1H; OCH2CH3) ppm; 13C NMR (100 MHz, CDCl3): d=154.10 (C(4)),
148.52 (C(1)), 148.37 (C(3’)), 128.24 (C(2)), 116.76 (C(6)), 116.00 (C(3)),
112.74 (C(5)), 101.50 (C(2’)), 65.24 (OCH2CH3), 56.13 (OCH3), 27.37
(C(1’)), 15.12 (OCH2CH3) ppm; IR (NaCl): ñ=3420 (s), 3060 (w), 3030
(w), 2980 (s), 2930 (s), 2900 (w), 2830 (m), 1650 (m), 1610 (w), 1500 (s),
1460 (m), 1450 (m), 1430 (m), 1390 (w), 1350 (w), 1260 (m), 1200 (s),
1150 (s), 1110 (m), 1040 (s), 930 (m), 870 (m), 850 (s), 800 (m), 720
(m) cm�1; UV/Vis (EtOH): l (%)=224 (100), 292 (73) nm; MS (EI): m/z
(%): 208 [M +] (82), 161 (31), 137 (26), 136 (100), 108 (29); HRMS (EI):
m/z : calcd for C12H16O3: 208.1099; found: 208.1098 [M +].


(Z)-2-(3-Ethoxy-2-buten-1-yl)-4-methoxyphenol (44a): Rf=0.23 (hexane/
MTBE 3:1); 1H NMR (400 MHz, CDCl3): d=6.80 (d, 3J(6,5)=8.8 Hz,
1H; H-C(6)), 6.67 (dd, 4J(5,3)=3.0 Hz, 1H; H-C(5)), 6.64 (d, 1H; H-
C(3)), 6.30 (s, 1H; (OH)), 6.06 (d, 3J(3’,2’)=6.1 Hz, 1H; H-C(3’)), 4.66
(td, 3J(2’,1’)=8.6 Hz, 1H; H-C(2’)), 3.93 (q, 3J(OCH2CH3,OCH2CH3)=
7.1 Hz, 2H; OCH2CH3), 3.75 (s, 3H; OCH3), 3.30 (d, 2H; H-C(1’)), 1.35
(t, 1H; OCH2CH3) ppm; 13C NMR (100 MHz, CDCl3): d=153.59 (C(4)),
149.10 (C(1)), 144.90 (C(3’)), 127.57 (C(2)), 117.10 (C(6)), 115.97 (C(3)),
113.09 (C(5)), 105.48 (C(2’)), 68.74 (OCH2CH3), 56.13 (OCH3), 27.38
(C(1’)), 15.46 (OCH2CH3) ppm; IR (NaCl): ñ=3400 (s), 3040 (w), 2980
(s), 2930 (s), 2900 (w), 2840 (m), 1670 (w), 1650 (m), 1620 (w), 1610 (w),
1510 (s), 1470 (m), 1430 (m), 1390 (w), 1350 (w), 1260 (s), 1200 (s), 1150
(s), 1110 (m), 1040 (s), 930 (m), 870 (m), 850 (s), 800 (m), 720 (m) cm�1;
UV/Vis (EtOH): l (%)=224 (100), 292 (43) nm; MS (EI): m/z (%): 208
[M +] (87), 161 (30), 137 (23), 136 (100); HRMS (EI): m/z : calcd for
C12H16O3: 208.1099; found: 208.1098 [M +].


(E and Z)-2-(3-Isopropoxy-2-buten-1-yl)-4-methoxyphenol (45a and
45b): Enol ether 41 (17.4 mg, 51.7 mmol) was dissolved in ethanolamine
(3 mL) and heated at 90 8C for 4 h. Evaporation of the solvent at reduced
pressure (39 8C/4î10�1 mbar) and column chromatography (hexane/
MTBE/NEt3 15:5:0.2) of the crude residue gave isomerically pure E enol
ether 45b (5.4 mg, 24.3 mmol, 47%) and Z enol ether 45a (5.2 mg,
23.4 mmol, 45%). 45b : Rf=0.27 (hexane/MTBE 3:1); 1H NMR
(400 MHz, CDCl3): d=6.74 (d, 3J(6,5)=8.6 Hz, 1H; H-C(6)), 6.69 (d,
4J(3,5)=2.8 Hz, 1H; H-C(3)), 6.66 (dd, 1H; H-C(5)), 6.26 (d, 3J(3’,2’)=
12.4 Hz, 1H; H-C(3’)), 5.02 (dt, 3J(2’,1’)=7.1 Hz, 1H; H-C(2’)), 4.83 (s,
1H; OH), 3.98 (septet, 3J(OCH(CH3)2,OCH(CH3)2)=6.2 Hz, 1H;
OCH(CH3)2), 3.75 (s, 3H; OCH3), 3.25 (d, 2H; H-C(1’)), 1.22 (d, 6H;
OCH(CH3)2) ppm; 13C NMR (100 MHz, CDCl3): d=154.10 (C(4)),


148.58 (C(1)), 147.27 (C(3’)), 128.09 (C(2)), 116.77 (C(6)), 115.98 (C(3)),
112.79 (C(5)), 103.23 (C(2’)), 73.17 (OCH(CH3)2), 56.13 (OCH3), 29.83
(C(1’)), 22.51 (OCH(CH3)2) ppm; IR (NaCl): ñ=3410 (s), 3080 (w), 2970
(s), 2920 (s), 2850 (m), 2830 (m), 1670 (s), 1650 (s), 1500 (s), 1460 (m),
1430 (m), 1390 (w), 1370 (m), 1340 (m), 1260 (m), 1200 (s), 1160 (s), 1120
(s), 1040 (s), 930 (m) cm�1; UV/Vis (MeOH): l=292 nm; MS (EI): m/z
(%): 222 [M +] (49), 180 (100), 137 (61), 136 (96); HRMS (EI): m/z :
calcd for C13H18O3: 222.1256; found: 222.1258 [M +].


(Z)-2-(3-Isopropoxy-2-buten-1-yl)-4-methoxyphenol (45a): Rf=0.39
(hexane/MTBE 3:1); 1H NMR (400 MHz, CDCl3): d=6.80 (d, 3J(6,5)=
8.6 Hz, 1H; H-C(6)), 6.67 (dd, 4J(5,3)=3.0 Hz, 1H; H-C(5)), 6.64 (d,
1H; H-C(3)), 6.40 (s, 1H; OH), 6.09 (d, 3J(3’,2’)=6.1 Hz, 1H; H-C(3’)),
4.66 (td, 3J(2’,1’)=8.6 Hz, 1H; H-C(2’)), 4.07 (septet, 3J(OCH(-
CH3)2,OCH(CH3)2)=6.2 Hz, 1H; C(OCH(CH3)2)), 3.75 (s, 3H; OCH3),
3.27 (d, 2H; H-C(1’)), 1.33 (d, 6H; C(OCH(CH3)2)) ppm; 13C NMR
(100 MHz, CDCl3): d=153.55 (C(4)), 149.15 (C(1)), 143.61 (C(3’)),
127.68 (C(2)), 117.13 (C(6)), 115.98 (C(3)), 113.08 (C(5)), 105.55 (C(2’)),
75.51 (OCH(CH3)2), 56.14 (OCH3), 26.71 (C(1’)), 22.61
(OCH(CH3)2) ppm; IR (NaCl): ñ=3380 (s), 3080 (w), 2970 (s), 2930 (s),
2870 (w), 2840 (w), 1660 (s), 1640 (w), 1610 (w), 1500 (s), 1470 (m), 1450
(m), 1430 (m), 1380 (m), 1370 (m), 1340 (w), 1230 (s), 1200 (m), 1180
(m), 1150 (s), 1100 (s), 1050 (s), 910 (w) cm�1; UV/Vis (MeOH): l=


292 nm; MS (EI): m/z (%): 222 [M +] (55), 180 (100), 161 (28), 136 (89);
HRMS (EI): m/z : calcd for C13H18O3: 222.1256; found: 222.1259 [M +].


6-Methoxychroman-2-ol (12): An 18% aqueous HCl solution (1.5 mL)
was added to a solution of compound 36 (321 mg, 943 mmol) in dioxane
(7 mL). The resulting mixture was heated to 55 8C for 10 h. The mixture
was diluted with water (300 mL) and the aqueous layer was extracted
with MTBE (3î75 mL). The organic layers were combined, dried over
Na2SO4, and evaporated to dryness. The crude residue was purified by
flash chromatography (hexane/MTBE 3:1) to yield product 12 (159 mg,
886 mmol, 94%) as an oil. Rf=0.17 (hexane/MTBE 3:1); 1H NMR
(500 MHz, CDCl3): d=6.75 (d, 3J(8,7)=8.8 Hz, 1H; H-C(8)), 6.69 (dd,
4J(7,5)=3.1 Hz, 1H; H-C(7)), 6.62 (d, 1H; H-C(5)), 5.64±5.58 (m, 1H;
H-C(2)), 3.71 (s, 3H; OCH3), 3.05±2.95 (m, 1H; H-C(3)), 2.91 (s, 1H;
OH), 2.78 (dt, 2J(3,3)=16.4, 3J(3,4)=5.3 Hz, 1H; H-C(3)), 2.11±1.90 (m,
2H; H-C(4)) ppm; 13C NMR (100 MHz, CDCl3): d=154.12 (C(6)),
146.30 (C(8a)), 122.97 (C(4a)), 117.89 (C(8)), 114.27 (C(5)), 113.88
(C(7)), 92.38 (C(2)), 56.13 (OCH3), 27.40 (C(3)), 20.97 (C(4)) ppm; IR
(NaCl): ñ=3420 (s), 2940 (m), 2900 (m), 2830 (m), 1720 (w), 1610 (m),
1590 (w), 1500 (s), 1470 (m), 1430 (m), 1350 (m), 1320 (m), 1300 (m),
1270 (s), 1180 (m), 1150 (m), 1100 (m), 1060 (s), 1000 (m), 950 (s), 910
(m), 870 (m) cm�1; UV/Vis (EtOH): l (%)=227 (100), 292 (54) nm; MS
(EI): m/z (%): 180 [M +] (100), 161 (20), 136 (59), 108 (32), 77 (20);
HRMS (EI): m/z : calcd for C10H12O3: 180.0786; found: 180.0787 [M +].


2,6-Dimethoxychroman (11): A solution of compound 12 (36.63 mg,
203 mmol, 1 equiv) in CH2Cl2 (1.5 mL) was stirred with ice-bath cooling
while a solution of thionyl chloride (1.3 mL of a 267 mm thionyl chloride
solution in CH2Cl2, 374 mmol, 1.9 equiv) was added dropwise. After being
stirred in the cold for 30 min, the green solution was treated with dry
methanol (3 mL). The resulting bluish solution was stirred in the cold for
an additional 90 min and then poured into saturated aqueous NaHCO3


(75 mL). The organic layer was separated and the aqueous layer was ex-
tracted with MTBE (3î30 mL). The combined organic extracts were
dried over Na2SO4 and evaporated under reduced pressure. The crude
residue was purified by flash chromatography (hexane/MTBE 7:1) to
yield product 11 (28.11 mg, 145 mmol, 72%) as an oil. Rf=0.5 (hexane/
MTBE 6:1); 1H NMR (500 MHz, CDCl3): d=6.77 (d, 3J(8,7)=8.8 Hz,
1H; H-C(8)), 6.68 (dd, 4J(7,5)=3.0 Hz, 1H; H-C(7)), 6.60 (d, 1H; H-
C(5)), 5.14±5.11 (m, 1H; H-C(2)), 3.71 (s, 3H; (CH3O)-C(6)), 3.47 (s,
3H; (CH3O)-C(2)), 2.97±2.90 (m, 1H; H-C(3)), 2.61 (ddd, 2J(3,3)=16.2,
3J(3,4)=5.9, 3J(3,4)=3.1 Hz, 1H; H-C(3)), 2.06±1.90 (m, 2H; H-
C(4)) ppm; 13C NMR (125 MHz, CDCl3): d=153.60 (C(6)), 145.75
(C(8a)), 123.14 (C(4a)), 117.53 (C(8)), 113.87 (C(5)), 113.29 (C(7)), 97.94
(C(2)), 55.68 (C(6)-OCH3), 55.51 (C(2)-OCH3), 26.23 (C(3)), 20.59
(C(4)) ppm; IR (NaCl): ñ=2990 (m), 2940 (m), 2830 (m), 1610 (w), 1500
(s), 1470 (m), 1450 (m), 1430 (m), 1370 (m), 1320 (w), 1270 (m), 1250
(m), 1200 (s), 1150 (m), 1110 (m), 1060 (s), 1050 (s), 1000 (s), 910 (s), 870
(m), 850 (w), 810 (m) cm�1; UV/Vis (EtOH): l (%)=228 (100), 290
(54) nm; MS (EI): m/z (%): 194 [M +] (96), 163 (64), 161 (70), 136 (100),
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108 (72), 91 (30), 65 (38); HRMS (EI): m/z : calcd for C11H14O3:
194.0943; found: 194.0944 [M +].


2-Ethoxy-6-methoxychroman (42): Following the procedure for com-
pound 11 with the use of ethanol instead of methanol afforded product
42 (23.2 mg, 111 mmol, 86%). Rf=0.42 (hexane/MTBE 4:6); 1H NMR
(400 MHz, CDCl3): d=6.75 (d, 3J(8,7)=8.8 Hz, 1H; H-C(8)), 6.68 (dd,
4J(7,5)=3.0 Hz, 1H; H-C(7)), 6.60 (d, 1H; H-C(5)), 5.23±5.19 (m, 1H;
H-C(2)), 3.87 (q, 3J(OCH2CH3,OCH2CH3)=7.08 Hz, 2H; (CH3CH2O)-
C(2)), 3.74 (s, 3H; (CH3O)-C(6)), 2.97±2.90 (m, 1H; H-C(3)), 2.61 (ddd,
2J(3,3)=16.2, 3J(3,4)=5.8, 3J(3,4)=3.2 Hz, 1H; H-C(3)), 2.06±1.88 (m,
2H; H-C(4)), 1.18 (t, 3H; (CH3CH2O)-C(2)) ppm; 13C NMR (100 MHz,
CDCl3): d=153.92 (C(6)), 146.50 (C(8a)), 123.61 (C(4a)), 117.84 (C(8)),
114.29 (C(5)), 113.61 (C(7)), 97.16 (C(2)), 63.93 (C(2)-OCH2CH3), 56.08
(C(6)-OCH3), 26.95 (C(3)), 21.31 (C(4)), 15.55 (C(2)-OCH2CH3) ppm;
IR (NaCl): ñ=2970 (m), 2940 (m), 2910 (m), 2830 (m), 1730 (w), 1610
(m), 1590 (w), 1500 (s), 1470 (m), 1450 (m), 1430 (m), 1370 (m), 1350
(m), 1320 (m), 1300 (m), 1270 (m), 1200 (s), 1150 (m), 1120 (s), 1110 (s),
1060 (s), 1000 (s), 970 (s), 930 (m), 910 (m), 880 (m), 840 (m), 810
(m) cm�1; UV/Vis (EtOH): l (%)=228 (100), 290 (54) nm; MS (EI): m/z
(%): 208 [M +] (72), 194 (23), 162 (41), 136 (100), 108 (37); HRMS (EI):
m/z : calcd for C12H16O3: 208.1100; found: 208.1103 [M +].


2-Isopropoxy-6-methoxychroman (43): Following the procedure for com-
pound 11 with the use of isopropanol instead of methanol afforded prod-
uct 43 (26.84 mg, 121 mmol, 76%). Rf=0.58 (hexane/MTBE 6:1);
1H NMR (300 MHz, CDCl3): d=6.73 (d, 3J(8,7)=8.8 Hz, 1H; H-C(8)),
6.67 (dd, 4J(7,5)=3.0 Hz, 1H; H-C(7)), 6.60 (d, 1H; H-C(5)), 5.28±5.21
(m, 1H; H-C(2)), 4.43 (septet, 3J(OCH(CH3)2,OCH(CH3)2)=6.2 Hz, 2H;
C(2)-(OCH(CH3)2)), 3.74 (s, 3H; (CH3O)-C(6)), 3.02±2.84 (m, 1H; H-
C(3)), 2.61 (m, 1H; H-C(3)), 2.04±1.76 (m, 2H; H-C(4)), 1.18 (d, 3H;
C(2)-(OCH(CH3)2)), 1.13 (d, 3H; C(2)-(OCH(CH3)2)) ppm; 13C NMR
(75 MHz, CDCl3): d=153.51 (C(6)), 146.38 (C(8a)), 123.35 (C(4a)),
117.53 (C(8)), 113.96 (C(5)), 113.22 (C(7)), 95.15 (C(2)), 69.52 (C(2)-
OCH(CH3)2), 55.78 (C(6)-OCH3), 27.04 (C(3)), 23.55 (C(4)), 21.95, 21.12
(C(2)-OCH(CH3)2) ppm; IR (NaCl): ñ=2970 (m), 2940 (m), 2830 (w),
1610 (m), 1500 (s), 1470 (m), 1430 (m), 1380 (m), 1340 (m), 1320 (m),
1270 (m), 1250 (m), 1200 (s), 1150 (m), 1120 (m), 1100 (m), 1060 (s),
1040 (s), 1000 (s), 910 (m), 870 (m), 810 (m) cm�1; UV/Vis (EtOH): l
(%)=230 (100), 290 (53) nm; MS (EI): m/z (%): 222 [M +] (57), 180
(100), 161 (32), 136 (67); HRMS (EI): m/z : calcd for C13H18O3: 222.1256;
found: 222.1256 [M +].


2-(tert-Butyldimethylsilanyloxy)-5-methoxybenzaldehyde (47): A stirred
solution of 2-hydroxy-5-methoxybenzaldehyde (46 ; 2.0 mL, 2.44 g,
16.0 mmol, 1.0 equiv) and tert-butyldimethylsilyl chloride (3.80 g,
25.6 mmol, 1.6 equiv) in DMF (40 mL) was treated with N,N-diisopropyl-
ethylamine (6.0 mL, 4.45 g, 29.0 mmol, 1.8 equiv). After 30 min at room
temperature, the reaction solution was poured into saturated aqueous
NaHCO3 (500 mL) and this mixture was extracted with MTBE (4î
150 mL). The organic layers were combined, dried over Na2SO4, and con-
centrated at reduced pressure. The oily residue was purified by column
chromatography (hexane/MTBE 9:1) yielding silyl ether 47 (4.96 g,
15.6 mmol, 97%) as a yellowish oil. Rf=0.39 (hexane/MTBE 9:1);
1H NMR (400 MHz, CDCl3): d=10.40 (s, 1H; CHO), 7.27 (d, 4J(6,4)=
3.3 Hz, 1H; H-C(6)), 7.04 (dd, 3J(4,3)=9.1 Hz, 1H; H-C(4)), 6.82 (d,
1H; H-C(3)), 3.78 (s, 3H; OCH3), 1.01 (s, 9H; SiC(CH3)3), 0.23 (s, 6H;
Si(CH3)2) ppm; 13C NMR (100 MHz, CDCl3): d=190.28 (CHO), 154.46
(C(5)), 153.72 (C(2)), 127.53 (C(1)), 124.29 (C(3)), 122.00 (C(4)), 109.90
(C(6)), 56.11 (OCH3), 26.08 (SiC(CH3)3), 18.71 (SiC(CH3)3), �3.97
(Si(CH3)2) ppm; IR (NaCl): ñ=3070 (w), 3000 (w), 2960 (s), 2930 (s),
2890 (m), 2860 (s), 1680 (m), 1610 (w), 1580 (w), 1490 (s), 1470 (s), 1420
(s), 1390 (s), 1360 (w), 1280 (s), 1220 (m), 1190 (w), 1150 (s), 1040 (s),
1010 (w), 960 (w), 940 (m), 900 (s), 840 (s), 820 (m), 800 (m), 780 (m),
750 (m), 690 (m) cm�1; UV/Vis (MeOH): l (%)=224 (100), 256 (50), 346
(25) nm; MS (FAB): m/z (%): 267 [M ++H] (49), 209 (100), 73 (46); ele-
mental analysis calcd (%) for C14H22O3Si: C 63.12, H 8.32, Si 10.54, O
18.02; found: C 63.15, H 8.22.


2-(tert-Butyldimethylsilyanyloxy)-5-methoxybenzylalcohol (48): Sodium
borohydride (195 mg, 5.15 mmol, 1.3 equiv) was added to an ice-cold sol-
ution of aldehyde 47 (1.05 g, 3.94 mmol, 1.0 equiv) in absolute ethanol
(40 mL). The reaction mixture was stirred at 0 8C for 45 min and then
was carefully partitioned between saturated aqueous NH4Cl solution
(350 mL) and Et2O (200 mL). The aqueous layer was separated and ex-


tracted further with Et2O (2î200 mL). The combined organic layers
were dried over Na2SO4 and then concentrated at reduced pressure. The
residue was purified by column chromatography (hexane/MTBE 2:1) to
provide 48 (961 mg, 3.58 mmol, 91%) as a colorless oil. Rf=0.26
(hexane/MTBE 2:1); 1H NMR (400 MHz, CDCl3): d=6.89 (d, 4J(6,4)=
2.8 Hz, 1H; H-C(6), 6.73 (d, 3J(3,4)=8.6 Hz, 1H; H-C(3)), 6.70 (dd, 1H;
H-C(4)), 4.65 (d, 3J(CH2,OH)=8.6 Hz, 2H; CH2OH), 3.78 (s, 3H;
CH3O), 2.10 (t, 1H; HOCH2), 1.01 (s, 9H; SiC(CH3)2), 0.23 (s, 6H;
Si(CH3)) ppm; 13C NMR (100 MHz, CDCl3): d=154.43 (C(5)), 147.44
(C(2)), 132.62 (C(1)), 119.47 (C(3)), 114.37 (C(4)), 113.87 (C(6)), 62.32
(CH2OH), 56.07 (CH3O), 26.16 (SiC(CH3)3), 18.55 (SiC(CH3)3), �3.82
(Si(CH3)2) ppm; IR (NaCl): ñ=3420 (m), 3000 (w), 2960 (s), 2930 (s),
2890 (w), 2860 (m), 1500 (s), 1460 (m), 1430 (m), 1390 (w), 1360 (w),
1270 (s), 1220 (s), 1150 (m), 1110 (w), 1040 (m), 1010 (w), 940 (m), 900
(s), 840 (s), 820 (w), 800 (w), 780 (m), 690 (w) cm�1; UV/Vis (MeOH): l
(%): 228 (100), 288 (60) nm; MS (EI): m/z (%): 268 [M +] (7), 212 (22),
211 (100), 193 (42), 75 (85); HRMS (EI): m/z : calcd for C14H24O3Si:
268.1495; found: 268.1494 [M +].


2-(tert-Butyldimethylsilanyloxy)-5-methoxybenzyl vinyl ether (49): A stir-
red solution of benzyl alcohol 48 (441 mg, 1.65 mmol), ethyl vinyl ether
(50 mL), and Hg(OAc)2 (60.0 mg, 188 mmol, 11 mol%) was heated at
90 8C for 16 h. Hg(OAc)2 (52.0 mg, 163 mmol, 10 mol%) was added and
the mixture was heated to 90 8C for an additional 16 h. The solvent was
removed under reduced pressure and the crude product was purified by
flash chromatography (hexane/MTBE 9:1) to yield 49 (348 mg,
1.18 mmol, 72%) as a colorless oil. Rf=0.51 (hexane/MTBE 9:1);
1H NMR (400 MHz, CDCl3): d=6.92 (m, 1H; H-C(3)), 6.72 (m, 2H; H-
C(6), H-C(4)), 6.56 (dd, 1H; 3J(3’,4’a)=14.2, 3J(3’,4’b)=6.8 Hz; H-C(3’)),
4.76 (s, 2H; H-C(1’)), 4.28 (dd, 1H; 2J(4’a,4’b)=2.2 Hz; H-C(4’a)), 4.07
(dd, 1H; H-C(4’b)), 3.77 (s, 3H; OCH3), 1.03 (s, 9H; SiC(CH3)3), 0.18 (s,
6H; Si(CH3)2) ppm; 13C NMR (100 MHz, CDCl3): d=154.39 (C(5)),
152.11 (C(3’)), 147.24 (C(2)), 128.68 (C(1)), 119.62 (C(3)), 114.48 (C(4)),
114.47 (C(6)), 87.47 (C(4’)), 65.89 (C(1’)), 56.07 (OCH3), 26.17
(SiC(CH3)3), 18.60 (SiC(CH3)3), �3.89 (Si(CH3)2) ppm; IR (NaCl,
CHCl3): ñ=3000 (w), 2960 (m), 2930 (m), 2900 (w), 2860 (m), 1640 (w),
1610 (m), 1500 (s), 1460 (m), 1430 (w), 1320 (m), 1150 (m), 1050 (m),
1010 (w), 940 (m), 900 (s), 840 (s) cm�1; UV/Vis (MeOH): l (%)=228
(100), 290 (50) nm; MS (EI): m/z (%): 294 [M +] (11), 251 (60), 237 (29),
207 (40), 195 (100), 181 (15), 75 (21); HRMS (EI): m/z : calcd for
C16H26O3Si: 294.1651; found: 294.1650 [M +].


2-Hydroxy-5-methoxybenzyl vinyl ether (50): Compound 49 (25.1 mg,
85.2 mmol) was dissolved in ethanolamine (10 mL) and stirred at room
temperature for 16 h. The reaction mixture was diluted with saturated
aqueous NH4Cl solution and the resulting mixture was extracted with
MTBE (4î80 mL). The combined organic layers were dried over Na2SO4


and then concentrated at reduced pressure. The residue was purified by
column chromatography (hexane/MTBE 3:1) to provide product 50
(14.4 mg, 80.0 mmol, 94%) as a colorless oil. Rf=0.22 (hexane/MTBE
3:1); 1H NMR (400 MHz, CDCl3): d=6.82 (d, 3J(3,4)=8.6 Hz, 1H; H-
C(3)), 6.78 (dd, 4J(4,6)=2.8 Hz, 1H; H-C(4)), 6.72 (d, 1H; H-C(6)), 6.53
(dd, 3J(3’,4’a)=14.5, 3J(3’,4’b)=6.8 Hz, 1H; H-C(3’)), 5.83 (s, 1H; HO-
C(2)), 4.86 (s, 2H; H-C(1’)), 4.42 (dd, 2J(4’a,4’b)=2.5 Hz, 1H; H-C(4’a)),
4.18 (dd, 1H; H-C(4’b)), 3.76 (s, 3H; OCH3) ppm; 13C NMR (100 MHz,
CDCl3): d=153.80 (C(5)), 150.95 (C(3’)), 149.27 (C(2)), 123.12 (C(1)),
117.61 (C(3)), 115.23 (C(4)), 114.60 (C(6)), 89.54 (C(4’)), 68.89 (C(1’)),
56.20 (OCH3) ppm; IR (NaCl, CHCl3): ñ=3420 (s), 3000 (w), 2920 (s),
2900 (w), 2850 (m), 1620 (s), 1500 (s), 1460 (s), 1450 (s), 1430 (s), 1370
(m), 1320 (s), 1110 (w), 1040 (m), 1010 (w), 990 (w), 960 (w), 900
(w) cm�1; UV/Vis (EtOH): l (%)=220 (100), 294 (40) nm; MS (EI): m/z
(%): 180 [M +] (26), 138 (14), 137 (100), 108 (17); HRMS (EI): m/z :
calcd for C10H12O3: 180.0786; found: 180.0786 [M +].


2-Hydroxy-5-methoxybenzylalcohol (51): A solution of 2-hydroxy-5-me-
thoxybenzaldehyde (46 ; 1.0 mL, 1.22 g, 8.02 mmol, 1.0 equiv) in THF
(5 mL) was added to a stirred ice-cold suspension of LiAlH4 (114 mg,
3.00 mmol, 1.5 equiv) in THF (35 mL). This mixture was stirred for
15 min and the reaction was quenched by addition of H2O (50 mL). The
suspension was slowly poured into ice-cold aqueous 1m HCl solution
(150 mL) to dissolve the precipitated aluminium hydroxide. The resulting
solution was extracted with MTBE (3î150 mL). The organic layers were
combined, dried over Na2SO4, and filtered through a celite pad. The re-
moved solids were washed thoroughly with Et2O and the filtrate was con-
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centrated. The residue was purified by flash chromatography (hexane/
MTBE 4:6) to yield 51 (1.03 g, 6.65 mmol, 84%) as a colorless oil. Rf=


0.22 (hexane/MTBE 4:6); 1H NMR (400 MHz, CDCl3): d=6.95 (s, 1H;
HO-(C(2)); 6.78 (d, 3J(3,4)=8.7 Hz, 1H; H-C(3)); 6.73 (dd, 4J(4,6)=
2.5 Hz, 1H; H-C(4)); 6.56 (d, 1H; H-C(6)); 4.82 (s, 2H; CH2OH); 3.78
(s, 3H; OCH3); 2.68 (s, 1H; CH2OH) ppm; 13C NMR (100 MHz, CDCl3):
d=153.50 (C(5)), 150.06 (C(2)), 126.05 (C(1)), 117.46 (C(3)), 114.74
(C(4)), 113.97 (C(6)), 64.74 (CH2OH), 56.25 (OCH3) ppm; IR (KBr): ñ=
3440 (s), 3180 (s), 3010 (s), 2980 (m), 2900 (m), 2840 (m), 1620 (w), 1520
(s), 1480 (s), 1460 (m), 1440 (s), 1400 (w), 1380 (w), 1300 (m), 1280 (m),
1260 (m), 1230 (m), 1200 (s), 1160 (s), 1110 (w), 1040 (s), 1010 (s), 980
(s), 930 (m), 860 (s), 820 (s), 780 (m), 760(m), 700 (m) cm�1; UV/Vis
(MeOH): l (%)=230 (100), 294 (86) nm; MS (EI): m/z (%): 154 [M +]
(22), 136 (100), 108 (47), 78 (36); HRMS (EI): m/z : calcd for C8H10O3:
154.0630; found: 154.0632 [M +]; elemental analysis calcd (%) for
C8H10O3: C 62.33, H 6.54, O 31.13; found: 62.31, H 6.54, O 30.92.


6-Methoxy-2-methyl-4H-benzo[1,3]dioxane (52): Two drops of concen-
trated H2SO4 were added to a solution of compound 51 (110 mg,
710 mmol) in acetaldehyde (10 mL). The reaction mixture was stirred at
4 8C for 3 h and then diluted with H2O (200 mL). After extraction with
MTBE (3î150 mL), the combined organic layers were washed sequen-
tially with a 3m aqueous NaOH solution (100 mL) and H2O (100 mL)
and dried over Na2SO4, then the solvent was removed. The residue was
purified by flash chromatography (hexane/MTBE 9:1) to yield 52
(116 mg, 644 mmol, 91%) as a colorless solid. Rf=0.24 (hexane/MTBE
9:1); m.p. 98 8C; 1H NMR (400 MHz, CDCl3): d=6.79 (d, 3J(8,7)=
9.1 Hz, 1H; H-C(8)), 6.72 (dd, 4J(7,5)=3.0 Hz, 1H; H-C(7)), 6.49 (d,
1H; H-C(5)), 5.12 (q, 3J(2,CH3)=5.1 Hz, 3H; H-C(2)), 4.98 (d, 2J(4,4)=
14.7 Hz, 1H; H-C(4)), 4.80 (d, 1H; H-C(4)), 3.80 (s, 3H; CH3O), 1.52 (d,
3H; H3C-C(2)) ppm; 13C NMR (100 MHz, CDCl3): d=154.33 (C(6)),
147.34 (C(8a)), 121.67 (C(4a)), 117.74 (C(8)), 114.37 (C(7)), 109.91
(C(5)), 97.38 (C(2), 66.78 (C(4), 56.12 (CH3O), 21.04 (H3C-C(2)) ppm;
IR (KBr): ñ=2990 (m), 2940 (m), 2910 (m), 2890 (m), 1500 (s), 1460 (m),
1450 (w), 1400 (w), 1320 (w), 1300 (m), 1270 (s), 1250 (m), 1220 (s), 1150
(m), 1100 (s), 1030 (s), 930 (m), 900 (s), 860 (m), 820 (m), 790 (m) cm�1;
UV/Vis (MeOH): l (%)=223 (100), 292 (23) nm; MS (EI): m/z (%): 180
[M +] (20), 136 (100), 108 (40); HRMS (EI): m/z : calcd for C10H12O3:
180.0786; found: 180.0786 [M +].


(E)-5-[2-(tert-Butyldimetylsilanyloxy)-5-methoxyphenyl]-pent-2-enoic
acid ethyl ester (53): A suspension of triethyl phosphonoacetate
(0.73 mL, 3.65 mmol, 2 equiv) and NaH (79 mg, 3.29 mmol, 1.8 equiv) in
anhydrous THF (15 mL) was cooled to 0 8C. Aldehyde 32 (537 mg,
1.83 mmol, 1 equiv) dissolved in THF (5 mL) was added dropwise to the
cold suspension. The mixture was then stirred for 12 h at room tempera-
ture. Saturated aqueous NH4Cl solution (150 mL) was added and the
product was extracted into MTBE (3î75 mL). The organic extracts were
dried over Na2SO4 and evaporated. The crude product was purified by
flash chromatography (hexane/EtOAc 9:1) to give pure E isomer 53
(534 mg, 1.46 mmol, 77%) as a colorless oil. Rf=0.37 (hexane/MTBE
9:1); 1H NMR (400 MHz, CDCl3): d=7.00 (dt, 3J(3,2)=16.2, 3J(3,4)=
7.2 Hz, 1H; H-C(3)), 6.71±6.65 (m, 2H; H-C(3’), H-C(4’)), 6.64±6.60 (m,
1H; H-C(6’)), 5.83 (d, 1H; H-C(2)), 4.18 (q, 3J(OCH2CH3,OCH2CH3)=
7.1 Hz, 2H; OCH2CH3), 3.74 (s, 3H; OCH3), 2.70 (t, 3J(5,4)=7.3 Hz, 2H;
H-C(5)), 2.47 (dt, 2H; H-C(4)), 1.28 (t, 3H; OCH2CH3), 0.99 (s, 9H;
SiC(CH3)3), 0.20 (s, 6H; Si(CH3)2) ppm; 13C NMR (100 MHz, CDCl3):
d=167.05 (C(1)), 154.15 (C(5’)), 148,85 (C(3)), 147.77 (C(2’)), 132.65
(C(1’)), 121.98 (C(2)), 119.28 (C(3’)), 116.13 (C(6’)), 112.19 (C(4’)), 60.53
(OCH2CH3), 56.01 (OCH3), 32.99 (C(4)), 29.89 (C(5)), 26.21
(SiC(CH3)3), 18.59 (SiC(CH3)3), 14.66 (OCH2CH3), �3.78
(Si(CH3)2) ppm; IR (NaCl, CHCl3): ñ=2955 (s), 2950 (s), 2857 (m), 1721
(s), 1653 (w), 1499 (s), 1471 (m), 1426 (w), 1390 (w), 1367 (w), 1317 (w),
1268 (s), 1225 (s), 1193 (m), 1151 (m), 1044 (s), 895 (m), 839 (m), 779
(m) cm�1; UV/Vis (MeOH): l=289 nm; MS (EI): m/z (%): 364 [M +]
(12), 307 (85), 251 (16), 211 (59), 195 (100), 193 (40), 75 (54); HRMS
(EI): m/z : calcd for C20H32O4Si: 364.2070; found: 364.2072 [M +]; elemen-
tal analysis calcd (%) for C20H32O4Si: C 65.89, H 8.85, O 17.56, Si 7.70;
found: C 65.72, H 8.82.


(Z)-5-[2-(tert-Butyldimethylsilanyloxy)-5-methoxyphenyl]-pent-2-enoic
acid methyl ester (54): A solution of phosphonoacetate-P,P-bis(2,2,2-tri-
fluoroethyl)methyl ester (95 mL, 0.44 mmol, 1.3 equiv) and 18-crown-6
(448 mg, 1.69 mmol, 5 equiv) in anhydrous THF was cooled to �78 8C


and treated with KN(TMS)2 (820 mL of a 0.5m solution in toluene,
0.41 mmol, 1.2 equiv). The aldehyde 32 (100 mg, 0.34 mmol, 1 equiv) was
then added and the resulting mixture was stirred at �78 8C for 90 min.
Saturated aqueous NH4Cl solution (150 mL) was added and the product
was extracted into MTBE (3î75 mL). The ether extracts were dried over
Na2SO4 and evaporated. The product was purified by flash chromatogra-
phy (hexane/MTBE 9:1) to give pure Z isomer 54 (116 mg, 0.33 mmol,
96%) as a colorless oil. Rf=0.35 (hexane/MTBE 9:1); 1H NMR
(400 MHz, CDCl3): d=6.73±6.68 (m, 2H; H-C(3’), H-C(4’)), 6.63±6.59
(m, 1H; H-C(6’)), 6.24 (dt, 3J(3,2)=12.2, 3J(3,4)=7.4 Hz, 1H; H-C(3)),
5.77 (dt, 4J(2,4)=2.6 Hz, 1H; H-C(2)), 3.74 (s, 3H; OCH3), 3.69 (s, 3H;
CO2CH3), 2.90 (td, 3J(4,5)=7.0 Hz, 2H; H-C(4)), 2.70 (t, 2H; H-C(5)),
0.99 (s, 9H; SiC(CH3)3), 0.20 (s, 6H; Si(CH3)2) ppm; 13C NMR
(100 MHz, CDCl3): d=167.13 (C(1)), 154.13 (C(5’)), 150,12 (C(3)),
147.82 (C(2’)), 132.90 (C(1’)), 120.03 (C(2)), 119.24 (C(3’)), 116.13
(C(6’)), 112.11 (C(4’)), 56.01 (OCH3), 51.37 (CO2CH3), 30.24 (C(4)),
29.51 (C(5)), 26.21 (SiC(CH3)3), 18.60 (SiC(CH3)3), �3.79
(Si(CH3)2) ppm; IR (NaCl, CHCl3): ñ=2950 (s), 2857 (m), 1723 (s), 1646
(w), 1498 (s), 1471 (m), 1436 (w), 1405 (w), 1254 (w), 1224 (s), 1177 (m),
1044 (w), 897 (m), 838 (m), 779 (m) cm�1; UV/Vis (MeOH): l=289 nm;
MS (EI): m/z (%): 350 [M +] (12), 294 (13), 293 (56), 225 (52), 196 (18),
195 (100), 89 (25), 75 (12), 73 (33), 59 (12); HRMS (EI): m/z : calcd for
C19H30O4Si: 350.1913 [M +]; found: 350.1902; elemental analysis calcd
(%) for C19H30O4Si: C 65.10, H 8.63, O 18.26, Si 8.01; found: C 65.26, H
8.67.


(E)-5-[2-Hydroxy-5-methoxyphenyl]pent-2-enoic acid ethyl ester (55)
and (rac)-(6-methoxychroman-2-yl)acetic acid ethyl ester (57): TBAF
(0.55 mL of 1m solution in THF, 0.55 mmol, 1.0 equiv) was added to a
stirred solution of compound 53 (202 mg, 0.55 mmol, 1.0 equiv) in THF
(5 mL) and the resulting red reaction mixture was directly quenched by
addition of saturated aqueous NH4Cl solution (40 mL). The mixture was
extracted with MTBE (3î25 mL), the combined organic layers were
dried over Na2SO4, and the solvent was removed by evaporation. The
crude mixture was purified by flash chromatography (hexane/EtOAc 3:1)
to give the pure E isomer of the a,b-unsaturated ester 55 (77.4 mg,
0.31 mmol, 56%) and chroman 57 (37.3 mg, 0.15 mmol, 27%). 55 : Rf=


0.17 (hexane/MTBE 3:1); 1H NMR (400 MHz, CDCl3): d=7.05 (dt,
3J(3,2)=16, 3J(3,4)=7.2 Hz, 1H; H-C(3)), 6.70±6.60 (m, 3H; H-C(3’), H-
C(4’), H-C(6’)), 5.85 (d, 1H; H-C(2)), 4.18 (q, 3J(OCH2-


CH3,OCH2CH3)=7.1 Hz, 2H; OCH2CH3), 3.74 (s, 3H; OCH3), 2.74 (t,
3J(5,4)=7.3 Hz, 2H; H-C(5)), 2.51 (dt, 2H; H-C(4)), 1.28 (t, 3H;
OCH2CH3) ppm; 13C NMR (100 MHz, CDCl3): d=167.21 (C(1)), 154.12
(C(5’)), 148,89 (C(3)), 147.84 (C(2’)), 128.71 (C(1’)), 122.07 (C(2)), 116.30
(C(6’), C(3’)), 112.19 (C(4’)), 60.63 (OCH2CH3), 56.14 (OCH3), 32.69
(C(4)), 29.39 (C(5)), 14.66 (OCH2CH3) ppm; IR (NaCl, CHCl3): ñ=3400
(s), 2980 (m), 2940 (m), 2830 (w), 1690 (s), 1650 (m), 1510 (s), 1470 (w),
1450 (w), 1430 (m), 1370 (w), 1310 (m), 1270 (m), 1200 (s), 1150 (m),
1070 (w), 1040 (s), 970 (w), 800 (m), 710 (w) cm�1; UV/Vis (CH3OH):
l=293 nm; MS (EI): m/z (%): 250 [M +] (38), 204 (60), 176 (36), 161
(46), 137 (100); HRMS (EI): m/z : calcd for C14H18O4: 250.1205; found:
250.1197 [M +]; elemental analysis calcd (%) for C14H22O3Si: C 67.18, H
7.25, O 25.57; found: C 66.98, H 7.16, O 25.58.


(rac)-(6-Methoxychroman-2-yl)acetic acid ethyl ester (57): Rf=0.40
(hexane/MTBE 5:1); 1H NMR (500 MHz, CDCl3): d=6.71 (d, 3J(8,7)=
8.8 Hz, 1H; H-C(8)), 6.65 (dd, 4J(7,5)=2.9 Hz, 1H; H-C(7)), 6.58 (d,
1H; H-C(5)), 4.45±4.37 (m, 1H; H-C(2)), 4.18 (q, 3J(OCH2-


CH3,OCH2CH3)=7.2 Hz, 2H; (OCH2CH3)), 3.74 (s, 3H; (CH3O)-C(6)),
2.92±2.83 (m, 1H; H-C(3)), 2.78 (dd, 2J(CH2CO2Et,CH2CO2Et)=15.4,
3J(CH2CO2Et,2)=6.1 Hz, 1H; (CH2-CO2Et)), 2.61 (ddd, 2J(3,3)=16.3,
3J(3,4)=5.9, 3J(3,4)=3.0 Hz, 1H; H-C(3)), 2.57 (dd, 1H; (CH2-CO2Et)),
2.10±2.02 (m, 1H; H-C(4)), 1.82±1.72 (m, 1H; H-C(4)), 1.28 (t, 3H;
(OCH2CH3)) ppm; 13C NMR (125 MHz, CDCl3): d=171.23 (CO2Et),
153.37 (C(6)), 148.47 (C(8a)), 122.09 (C(4a)), 117.41 (C(8)), 113.97
(C(5)), 113.32 (C(7)), 72.14 (C(2)), 60.52 (OCH2CH3), 55.71 (C(6)-
OCH3), 40.64 (CH2CO2Et), 27.46 (C(3)), 24.72 (C(4)), 14.76
(OCH2CH3) ppm; IR (NaCl, CHCl3): ñ=2980 (m), 2950 (m), 2830 (w),
1740 (s), 1620 (m), 1500 (s), 1430 (m), 1380 (w), 1360 (m), 1320 (w), 1290
(m), 1260 (s), 1200 (m), 1150 (m), 1050 (s), 1030 (m), 1010 (m), 920 (m),
890 (w) cm�1; UV/Vis (CH3OH): l=293 nm; MS (EI): m/z (%): 250
[M +] (100), 176 (16), 161 (40), 136 (41); HRMS (EI): m/z : calcd for
C14H18O4: 250.1205; found: 250.1203 [M +].
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(Z)-5-[2-Hydroxy-5-methoxyphenyl]pent-2-enoic acid methyl ester (56)
and (rac)-(6-methoxychroman-2-yl)acetic acid methyl ester (58): TBAF
(1.1 mL of 1m solution in THF, 1.08 mmol, 1.1 equiv) was added to a stir-
red solution of compound 54 (331 mg, 0.94 mmol, 1.0 equiv) in THF
(10 mL) and the resulting orange reaction mixture was directly quenched
by addition of saturated aqueous NH4Cl solution (40 mL). The mixture
was extracted with MTBE (3î25 mL), the combined organic layers were
dried over Na2SO4, and the solvent was removed by evaporation. The
crude mixture was purified by flash chromatography (hexane/MTBE 2:1)
to give the pure Z isomer of the a,b-unsaturated ester 56 (161 mg,
0.36 mmol, 38%) and chroman 58 (165 mg, 0.37 mmol, 39%). 56 : Rf=


0.18 (hexane/MTBE 2:1); 1H NMR (400 MHz, CDCl3): d=6.80 (d,
3J(3’,4’)=7.6 Hz, 1H; H-C(3’)), 6.69±6.65 (m, 2H; H-C(4’), H-C(6’)), 6.49
(dt, 3J(3,2)=12.4, 3J(3,4)=7.6 Hz, 1H; H-C(3)), 5.86 (d, 1H; H-C(2)),
3.78 (s, 3H; OCH3), 3.74 (s, 3H; CO2CH3), 2.82±2.69 (m, 4H; H-C(5), H-
C(4)) ppm; 13C NMR (100 MHz, CDCl3): d=167.70 (C(1)), 153.72
(C(5’)), 150,11 (C(3)), 148.94 (C(2’)), 127.76 (C(1’)), 120.71 (C(2)), 117.10
(C(3’)), 115.93 (C(6’)), 113.09 (C(4’)), 56.13 (OCH3), 51.94 (CO2CH3),
31.04 (C(4)), 30.14 (C(5)) ppm; IR (NaCl, CHCl3): ñ=3430 (s), 2980 (w),
2950 (m), 2830 (w), 1700 (s), 1640 (m), 1510 (s), 1440 (s), 1340 (w), 1200
(s), 1040 (m), 820 (m) cm�1; UV/Vis (MeOH): l=293 nm; MS (EI): m/z
(%): 236 [M +] (37), 204 (49), 176 (26), 161 (29), 137 (100), 77 (11);
HRMS (EI): m/z : calcd for C13H16O4: 236.1049; found: 236.1049 [M +].


(rac)-(6-Methoxychroman-2-yl)acetic acid methyl ester (58): Rf=0.340
(hexane/MTBE 2:1); 1H NMR (500 MHz, CDCl3): d=6.74 (d, 3J(8,7)=
8.9 Hz, 1H; H-C(8)), 6.65 (dd, 4J(7,5)=3.0 Hz, 1H; H-C(7)), 6.58 (d,
1H; H-C(5)), 4.46±4.37 (m, 1H; H-C(2)), 3.74 (s, 3H; (CH3O)-C(6)),
3.72 (s, 3H; CO2CH3), 2.92±2.67 (m, 3H; H-C(3), (CH2-CO2Me)), 2.62
(dd, 2J(CH2CO2Me,CH2CO2Me)=15.5, 3J(CH2CO2Et,2)=6.0 Hz, 1H;
(CH2-CO2Me)), 2.10±2.02 (m, 1H; H-C(4)), 1.81±1.72 (m, 1H; H-
C(4)) ppm; 13C NMR (125 MHz, CDCl3): d=171.63 (CO2Me), 153.38
(C(6)), 148.47 (C(8a)), 122.49 (C(4a)), 117.56 (C(8)), 113.91 (C(5)),
113.33 (C(7)), 72.09 (C(2)), 55.76 (C(6)-OCH3), 51.79 (CO2CH3), 40.44
(CH2CO2Me), 27.21 (C(3)), 24.71 (C(4)) ppm; IR (NaCl, CHCl3): ñ=


2980 (m), 2950 (m), 2830 (w), 1740 (s), 1620 (m), 1500 (s), 1430 (m), 1380
(w), 1360 (m), 1320 (w), 1290 (m), 1260 (s), 1200 (m), 1150 (m), 1050 (s),
1030 (m), 1010 (m), 920 (m), 890 (w) cm�1; UV/Vis (CH3OH): l=


293 nm; MS (EI): m/z (%): 236 [M +] (100), 176 (18), 162 (42), 136 (40);
HRMS (EI): m/z : calcd for C13H16O4: 236.1049; found: 236.1051 [M +].


2-a-Deuterio-(tetrahydropyran-2-yloxy)benzaldehyde (62): A solution of
2-(2-bromophenoxy)tetrahydropyran (61; 5.91 g, 22.7 mmol, 1 equiv) in
Et2O (30 mL) was cooled in an ice bath. nBuli (14.2 mL of a 1.6m solu-
tion in hexane, 22.7 mmol, 1 equiv) was added dropwise. After stirring at
0 8C for 2 h, a solution of [D7]DMF (2.0 g, 24.95 mmol, 1.1 equiv) in Et2O
(5 mL) was added dropwise and the resulting reaction mixture was stir-
red for 8 h at room temperature. The reaction was quenched by addition
of H2O (60 mL) and then the aqueous layer was separated and extracted
further with Et2O (3î30 mL). The combined organic layers were dried
over Na2SO4 and concentrated. The oily residue was purified by flash
chromatography (hexane/MTBE 3:1) to give benzaldehyde 62 (4.56 g,
22.0 mmol, 97%) as an oil. Rf=0.47 (hexane/MTBE 2:1); 1H NMR
(400 MHz, CDCl3): d=7.83 (d, 3J(6,5)=7.8 Hz, 1H; H-C(6)), 7.48 (t,
3J(4,5) and 3J(4,3)=7.3 Hz, 1H; H-C(4)), 7.22 (d, 1H; H-C(3)), 7.03 (t,
1H; H-C(5)), 5.61±5.57 (m, 1H; H-C(2’)), 3.90±3.83 (m, 1H; H-C(3’)),
3.64±3.59 (m, 1H; H-C(3’)), 2.04±1.57 (m, 6H; H-C(4’), H-C(5’), H-
C(6’)) ppm; 13C NMR (100 MHz, CDCl3): d=189.80 (t, 2J(CDO,CDO)=
27.22 Hz; CDO), 159.92 (C(2)), 136.03 (C(4)), 128.40 (C(6)), 125.74
(C(1)), 121.91 (C(5)), 115.86 (C(3)), 96.98 (C(2’)), 62.49 (C(6’)), 30.49
(C(3’)), 25.41 (C(5’)), 18.89 (C(4’)) ppm; IR (NaCl): ñ=3060 (w), 2940
(m), 2870 (w), 2120 (m), 1670 (m), 1650 (s), 1640 (s), 1600 (m), 1580 (m),
1480 (m), 1460 (m), 1390 (w), 1350 (w), 1280 (s), 1240 (m), 1230 (m),
1200 (m), 1180 (m), 1150 (m), 1120 (m), 1070 (m), 1040 (m), 1020 (m),
960 (m), 920 (m), 870 (m), 820 (w), 760 (m), 750 (m), 720 (m), 660
(m) cm�1; UV/Vis (MeOH): l (%)=252 (100), 320 (38) nm; MS (EI): m/
z (%): 207 [M +] (15), 123 (63), 121 (51), 85 (100), 84 (41), 67 (22);
HRMS (EI): m/z : calcd for C12H13DO3: 207.1006; found: 207.1006 [M +].


a-Deuterio-2-hydroxybenzaldehyde (63): Benzaldehyde 62 (4.42 g,
21.3 mmol) was dissolved in THF (10 mL) and 1n aqueous HCl solution
(10 mL) was added. After stirring for 10 h at room temperature, the mix-
ture was diluted with water (200 mL) and extracted with Et2O (5î
50 mL). The combined organic layers were dried over Na2SO4 and then


concentrated at reduced pressure to provide compound 63 (2.55 g,
20.7 mmol; 97%) as a colorless oil. Rf=0.26 (hexane/MTBE 2:1);
1H NMR (400 MHz, CDCl3): d=7.56±7.48 (m, 2H; H-C(6), H-C(4)),
7.03±6.95 (m, 2H; H-C(5), H-C(3)) ppm; 13C NMR (100 MHz, CDCl3):
d=196.66 (t, 2J(CDO,CDO)=27.22 Hz; CDO), 162.10 (C(2)), 137.38
(C(4)), 134.08 (C(6)), 120.99 (C(1)), 120.23 (C(5)), 118.01 (C(3)) ppm; IR
(NaCl): ñ=3180 (w), 3060 (w), 2940 (m), 2360 (w), 2130 (m), 2060 (w),
1650 (s), 1640 (s), 1620 (m), 1580 (m), 1490 (m), 1460 (m), 1350 (w), 1280
(s), 1250 (m), 1230 (m), 1210 (m), 1150 (m), 1110 (w), 1040 (m), 1020
(m), 870 (m), 760 (m), 750 (m), 710 (m) cm�1; UV/Vis (MeOH): l (%)=
254 (100), 325 (32) nm; MS (EI): m/z (%): 123 [M +] (100), 121 (71), 93
(20), 76 (26); HRMS (EI): m/z : calcd for C7H5DO2: 123.0431; found:
123.0430 [M +].


a-Deuterio-benzo[d]isoxazole (66): Following the reported procedure[27a] ,
benzaldehyde 63 (2.47 g, 20.1 mmol, 1.0 equiv) afforded benzisoxazole 66
(1.98 g, 16.5 mmol, 82%) as an oil. Rf=0.48 (hexane/MTBE 8:1);
1H NMR (100 MHz, CDCl3): d=7.83 (d, 3J(6,5)=7.7 Hz, 1H; H-C(4)),
7.68±7.35 (m, 2H; H-C(6), H-C(5)), 7.22 (d, 3J(7,6)=7.4, 1H; H-
C(7)) ppm; 13C NMR (100 MHz, CDCl3): d=162.66 (C(7a)), 146.35 (t,
2J(C(3),C(3)-D)=28.71 Hz; C(3)), 130.44 (C(6)), 124.14 (C(4)), 122.39
(C(5)), 121.61 (C(3a)), 110.11 (C(7)) ppm; IR (NaCl): ñ=3080 (m), 2940
(m), 2870 (w), 1940 (w), 1640(s), 1620 (s), 1500 (s), 1470 (s), 1430 (s),
1340 (w), 1300 (m), 1250 (m), 1220 (s), 1200 (w), 1150 (m), 1120 (m),
1010 (m), 940 (w), 890 (m), 860 (s), 810 (s), 770 (m), 750 (s) cm�1; UV/
Vis (MeOH): l (%)=235 (100), 281 (32) nm; MS (EI): m/z (%): 120
[M +] (89), 92 (100), 64 (51), 38 (24); HRMS (EI): m/z : calcd for
C7H5DO2: 120.0434; found: 120.0433 [M +].


3-Deuterio-5-nitrobenzo[d]isoxazole (67): Following the reported proce-
dure[27b] , benzisoxazole 66 (1.64 g, 13.7 mmol) afforded product 67
(1.19 g, 7.26 mmol, 53%) as a white solid: m.p. 76 8C; 1H NMR
(400 MHz, CDCl3): d=8.73 (d, 3J(4,6)=2.4 Hz, 1H; H-C(4)), 8.49 (dd,
3J(6,7)=9.1 Hz, 1H; H-C(6)), 7.76 (d, 1H; H-C(7)) ppm; 13C NMR
(100 MHz, CDCl3): d=164.81 (C(7a)), 147.20 (t, 2J(C(3),C(3)-D)=
29.91 Hz; C(3)), 145.21 (C(5)), 125.99 (C(6)), 122.19 (C(3a)), 119.60
(C(4)), 110.88 (C(7)) ppm, IR (NaCl): ñ=3100 (m), 2920 (m), 2860 (w),
1920 (w), 1790 (w), 1620 (m), 1530 (s), 1520 (s), 1490 (s), 1450 (m), 1430
(m), 1350 (w), 1300 (m), 1260 (m), 1250 (m), 1230 (s), 1130 (m), 1080
(m), 1000 (m), 960 (w), 930 (m), 900 (s), 850 (s), 830 (s), 810 (m), 770
(m), 740 (s) cm�1; UV/Vis (EtOH): l (%)=224 (100), 277 (32) nm; MS
(EI): m/z (%): 165 [M +] (100), 135 (30), 119 (30), 91 (61), 63 (92);
HRMS (EI): m/z : calcd for C7H3DN2O2: 165.0285; found: 165.0285
[M +].


Preparation of antibodies and kinetic measurements


Immunization, fusion, and cell culture : Eight mice (129GIX/boy+ ) were
immunized against the KLH conjugates of either 1, 3, or a succession of
1 and 3 or 3 and 1 (two mice each) following standard procedures.[41]


Four mice (129GIX/boy+ ) were immunized against the KLH conjugate
of 2. Each mouse received two intraperitoneal injections of hapten±KLH
conjugate (100 mg in 200 mL phosphate-buffered saline (PBS; aqueous
10 mm phosphate, 160 mm NaCl, pH 7.4) emulsified with monophosphor-
yl-lipid A (MPL) and trehalose dicorynomycolate (TDM) adjuvants
(Sigma M6536)), one injection on day 1 and one on day 14. Samples of
serum were taken by means of a tail bleed on day 21 to estimate the
titer. Fusion process and cell cultures were done according to the previ-
ously described procedure.[40]


Screening for catalysis : Cell-culture supernatant (5 mL) was passed onto
Protein G gel (100 mg; Gammabind Plus sepharose, Pharmacia Biotech)
in a cotton-plugged Pasteur pipette. The gel was washed with PBS (2î
1 mL) and 0.1m aqueous NaCl (2î1 mL) and finally eluted with 50 mm


citrate (2î150 mL, pH 2.7). BisTris solution (30 mL of a 1m aqueous solu-
tion) was added to the eluted acidic buffer containing the antibody in
order to adjust the pH value to 6.2. The antibody solution was transfer-
red into three different vials (90 mL in each vial) and a different substrate
(10 mL of a 5 mm substrate solution in CH3CN, substrates 8, 10a, or 10b
were used for the screening) was added to each vial. A 50-mL aliquot of
each sample was immediately transferred to another vial containing a sol-
ution of the corresponding hapten 1±3 (1 mL, 1mm hapten in PBS). The
capped vials were kept at 37 8C for at least 48 h. The substrate and prod-
uct concentrations of each vial were determined by RP18 HPLC on a
Bischoff LiChrospher 100 (4.6î125 mm) column with isocratic elution at
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a rate of 1 mLmin�1 with a premixed acetonitrile/water solution of the
desired proportions. Substrate and product concentrations were deter-
mined after 24 and 48 h incubation time, respectively. The difference in
apparent rate between the antibody and the inhibited antibody (with
hapten) samples was used as the criterion for specific catalysis. The
screening assay was performed repeatedly with each individual hybrido-
ma at all stages of cell culture.


Kinetic measurements : A solution of antibody in BisTris buffer (pH 6.24)
at 37 8C was mixed with a substrate solution (acetonitrile/buffer 1:1) to
provide a final solution containing 29mm BisTris, 104mm NaCl, and 10%
acetonitrile. The final antibody concentration was 250 mgmL�1 for the hy-
drolysis of the enol ethers and 24 mgmL�1 for the Kemp elimination.
Product formation was monitored by RP18 HPLC on a Bischoff LiChros-
pher 100 (4.6î125 mm) column with isocratic elution at rate of
1 mLmin�1 with a premixed acetonitrile/water solution of the desired
proportions. The 16E7-catalyzed elimination was monitored by measur-
ing the absorbance increase at 380 nm with a Molecular Devices microtit-
er plate reader. Measurements were taken at intervals of 60, 90, or 120 s.
With all substrates, the antibody-catalyzed reactions were quantitatively
inhibited by the hapten.


Data treatment : For the hydrolysis of the enol ethers, the values for the
initial velocity, vi, and for the final velocity, vss, were graphically estimat-
ed from the slopes of the progress curve. From Equation (1), the value,
T, of the intercept on the time axis was used to determine the apparent
rate constant, t, for the transition between the two velocities vi and vss.


[42]


T ¼ ðvss�viÞ
vss


t ð1Þ


For the Kemp elimination the data were analyzed with the Kaleidagraph
program (Abelbeck Software). The three parameters vi, vss, and t were
obtained from Equation (2).[42]


½P� ¼ vsst�ðvss�viÞð1�e�t=tÞt ð2Þ


Michaelis±Menten kinetics for the hydrolysis of the enol ethers : The hy-
drolysis of the enol ethers was initiated by adding the substrate to the an-
tibody in a capped microtiter plate. The microtiter plate was kept in a
closed plastic box with a wet paper towel inside for humidity saturation
at 37 8C for at least 12 h and then the substrate and product concentra-
tions were measured by RP18 HPLC. The determination of the substrate
and product concentrations was repeated four and eight hours later, re-
spectively. During this period the catalyzed reaction is in the stable phase
with constant velocity, which allows the determination of the final veloci-
ty, vss, for the different substrate concentrations used in the measure-
ments. After correction of the rates for the uncatalyzed reaction rates in
BisTris buffer, the net vss rates were obtained. These rates were used to
derive the Michelis±Menten constants, KM, and the maximum velocity,
Vmax, from the Lineweaver±Burk plot of 1/Vmax versus 1/[S]. The catalytic
constant, kcat, was obtained by dividing Vmax by the antibody concentra-
tion.


Michaelis±Menten kinetics for the Kemp elimination : For the Kemp
elimination the obtained vss rates from Equation (2) were used to deter-
mine the value of KM/Vmax from the Lineweaver±Burk plot of 1/Vmax


versus 1/[S].
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Molecular Logic Gates Based on Pentacyanoferrate Complexes: From Simple
Gates to Three-Dimensional Logic Systems


Konrad Szaci¯owski*[a]


Introduction


Rapid development of different electronic devices was initi-
ated by the discovery of the semiconductor-based switch–a
transistor in 1948 by J. Bardeen, W. H. Brattain and W. B.
Shockley.[1,2] All electronic devices have been based on semi-
conductor components ever since. Growing demand for
bigger memories and faster processors requires smaller and
smaller transistors and other components. According to
Moore×s law, the complexity of integrated semiconductor de-
vices doubles every 18 months.[3] Increasing the complexity
and degree of integration of electronic circuits are achieved
by miniaturisation of semiconductor structures. With de-
creasing dimensions of electronic elements, tunnelling cur-
rents through the insulation barrier increase and the break-
down voltage of the insulator decreases.[4] Soon the integra-
tion scale of electronic components will reach its physical
limits and further acceleration will not be possible.[5] The
only solution to the crisis is the application of single mole-
cules and molecular systems for data acquisition, storage,
transfer and processing.[6]


There are a multitude of chemical systems capable of digi-
tal-data processing. They are based on fullerenes,[7] carbon


nanotubes,[8±10] DNA,[11±14] Aviram±Ratner type devices[15±17]


and Tour wires.[17±19] All these systems, except DNA, are
based however, on the classical electronics paradigm. Logic
gates and switches are in principle based on the same phe-
nomena as semiconductor devices. Chemical logic gates
present another approach. These systems consist of mole-
cules that can exist in at least two different states (isomers,
rotamers, etc.) and there are defined physical or chemical
stimuli capable of switching the system from one state to
the other (e.g., light, redox potential, temperature, pressure,
pH, metal ions, etc.).[20±34]


The principles of the operation of chemical logic gates are
identical to those of electronic logic gates. The input and
output signals may have only two values: 0 (OFF, FALSE)
or 1 (ON, TRUE). The output signal is a Boolean function
of the input signals. The basic logic gates are YES, NOT,
OR, NOR, AND, NAND, EX-OR and EX-NOR. The truth
tables and symbols of these gates are presented in Table 1.
In the case of electronic devices, inputs and outputs are
electric signals, typically logical 0 corresponds to the poten-
tial of 0.0±0.4 V and logical 1 to 2.4±3.3 V versus the earth
potential. In chemical systems there is a much larger variety
of different signals and logical values may be attributed ar-
bitrarily, for example, logical 1 may be attributed to high ab-
sorbance or to high transmittance of the solution, low or
high pH, and so on. Usually in one chemical system, differ-
ent attribution of logic variables results in different logic
functions.[24]
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Abstract: The article presents new as-
pects of reactivity of two pentacyano-
ferrates: [Fe(CN)5NO]


2� and [Fe(CN)5-
N(O)SR]3�. The dependence of ther-
modynamic functions on cations was
found for the reaction between nitro-
prusside and thiolate. The thermody-
namic data are interpreted in terms of
ion pairing and changes in the solva-
tion shell of the cations. It was found
that the reaction enthalpies and entro-
pies depend strongly on the cation


radius. The reaction volume in turn is
strongly affected by the structure and
properties of the hydration shell. Care-
ful data analysis allowed the contribu-
tion of partial cation dehydration to
the total reaction volume to be deter-
mined. The experimental results were


also interpreted in terms of chemical
logic gates. Complex logic systems
were built from a number of cells con-
taining a switching compound arranged
in different geometric patterns. Increas-
ing the dimensionality of these ar-
rangements leads to really complex
logic systems containing up to 20 AND
and OR logic gates. The system is ca-
pable of processing up to 16 bits of
input data.


Keywords: cations ¥ molecular de-
vices ¥ molecular logic gates ¥ penta-
cyanoferrates ¥ photochemistry
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Usually the chemical logic systems are based on extreme-
ly complicated supramolecular complexes, such as Balzani×s
and Stoddart×s ™molecular meccano∫[20±23] systems (rotax-
anes, catenanes and dendrimers) or large organic ligands en-
compassing receptor sites and chromo- or fluorophores, like
de Silva×s systems.[25±27,35] However, there are other systems
much simpler from a chemical point of view, but their logic
structure is even more complicated compared with previous-
ly mentioned systems. One of these systems, described re-
cently by F. Raymo and co-workers,[28±34] consists of one


photochromic system (spiropyran/merocyanine), simple indi-
cators (like methyl orange) and fluorescent aromatic hydro-
carbons. Despite chemical simplicity, the system is capable
of complex logic operations and even emulates the behav-
iour of a one-bit memory.
One of the most challenging problems of molecular logic


systems is data transmission between individual components
to form an array of gates. This issue is trivial in the case of
traditional electronics, but ™wiring∫ of chemical logic gates
is a serious problem. One of the most exciting logic net-
works was recently presented by Stojanovic and Stefanov-
ic:[14] The DNA-based chemical automaton plays tic-tac-toe
and never loses. In this system however, direct data flow be-
tween the elements of the array does not take place. This
problem of information transfer between the chemical logic
gates was recently solved by F. Raymo using photoinduced
proton transfer reactions[28,31] to connect different switching
molecules or optical connections in a one-dimensional array
of cells.[32,33] A similar approach was also used by V. Balzani
et al. in a chemical system mimicking some properties of
neurons.[36] Another possibility was described by Showalter
et al. : the propagation of a chemical wave in an excitable
medium provides both logic operations and information
transfer between different parts of the logic circuit.[37] This
paper deals with several molecular logic systems of increas-
ing complexity and presents a simple solution to data trans-
mission using visible light.


Results and Discussion


Thermal reactivity : Cyanoferrates are widely used as che-
mosensors, electrocatalysts, ion exchangers and molecular
magnets. Their exceptional chemical and optical properties,
together with a rich reactivity, make them ideal candidates
for molecular logic gates. One of the most widely studied
member of the family is pentacyanonitrosylferrate(2�), usu-
ally called nitroprusside. For many years it has been studied
because of its physiological reactivity and medical applica-
tions,[38±42] but recently it has been applied as a building
block in supramolecular networks,[43, 44] magnetic switches[45]


and organic conductors.[46±50]


In alkaline solution nitroprusside reacts with thiolates
yielding a dark-red nitrosothiol complex of the type
[Fe(CN)5N(O)SR]


3�, as shown in the equilibrium in Equa-
tion (1):[51]


½FeðCNÞ5NO�2� þRS� Ð ½FeðCNÞ5NðOÞSR�3� K1 ð1Þ


In most cases, the product of the reaction is thermally un-
stable and undergoes an intramolecular redox reaction
yielding the [Fe(CN)5NO]


3� complex and disulfide as main
products.[51,52] If the thiol molecule contains electron-with-
drawing groups, the stability increases: the most stable is the
complex with mercaptosuccinate.[51] Electronic spectra of
the [Fe(CN)5NO]


2� and [Fe(CN)5N(O)SR]
3� complexes are


shown in Figure 1a and 1b, respectively.


The equilibrium [Eq. (1)] is extremely sensitive to differ-
ent stimuli, such as pH, cation type and concentration, tem-


Abstract in Polish: Niniejszy artyku¯ przedstawia nowe as-
pekty reaktywnos¬ci dwÛch pentacyjanoz«elazianÛw:
[Fe(CN)5NO]2� i [Fe(CN)5N(O)SR]3�. Okres¬lono zalez«nos¬c¬
pomieŒdzy funkcjami termodynamicznymi reakcji pomieŒdzy
anionem nitroprusydku a anionami tiolanowymi od kationÛw
obecnych w s¬rodowisku reakcji. Dane termodynamiczne zos-
ta¯y zinterpretowane w oparciu o prosty model elektrostatycz-
ny tworzenia par jonowych oraz zmiany w otoczkach solwa-
tacyjnych kationÛw. Stwierdzono, z«e entalpie molowe bada-
nej reakcji silnie zalez«aŒ od promienia kationu, a objeŒs¬c¬
molowa reakcji jest g¯Ûwnie zwiaŒzana ze strukturaÀ i w¯as¬ci-
wos¬ciami otoczki solwatacyjnej. SzczegÛ¯owa analiza danych
pozwoli¯a na obliczenie udzia¯u czeŒs¬ciowej desolwatacji ka-
tionu w ca¯kowitej objeŒtos¬ci reakcji. Dane eksperymentalne
zosta¯y takz«e wykorzystane do stworzenia szeregu modeli
molekularnych uk¯adÛw logicznych. Z¯oz«one uk¯ady logiczne
zosta¯y zbudowane w oparciu o rÛz«ne zestawy kuwet zawie-
rajaŒcych roztwory zwiaŒzkÛw o w¯as¬ciwos¬ciach prze¯aŒcznikÛw
molekularnych. Wraz z rosnaŒcaŒ liczbaŒ wymiarÛw geome-
trycznych tych zestawÛw zauwaz«ono rosnaŒcy stopien¬ z¯oz«o-
nos¬ci realizowanych funkcji logicznych. NajwieŒkszy badany
uk¯ad zawiera 20 bramek typu AND i OR. Uk¯ad ten umoz«-
liwia jednoczesne przetwarzanie 16 bitÛw informacji.


Table 1. Symbols and truth tables of basic logic gates.


Logic function Symbol Truth table


YES A X X’


NOT 0 0 1


1 1 0


OR
A B X X’
0 0 0 1


NOR
0 1 1 0
1 0 1 0
1 1 1 0


AND
A B X X’
0 0 0 1


NAND
0 1 0 1
1 0 0 1
1 1 1 0


EX-OR
A B X X’
0 0 0 1


EX-NOR
0 1 1 0
1 0 1 0
1 1 0 1
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perature, pressure and light.[24,51,53±56] Increasing the pH
shifts the equilibrium to the right, while decreasing the pH
shifts it to the left. The pH-dependence profile (Figure 2a) is
almost identical to the titration curve of thiols. The effect of
the ionic environment is more complex. Increasing the ionic
strength at constant cation concentration shifts the equilibri-
um [Eq. (1)] to the left, whereas increasing the cation con-
centration shifts it to the right (Figure 2b). Increasing the
ionic strength at constant cation concentration can only be
achieved by exchanging monovalent anions with higher-
charged species, which can compete more efficiently with ni-
troprusside in ion-pair formation. Moreover, increasing the
ionic strength decreases the mean-activity coefficients ac-
cording to the Debye±H¸ckel equation.
Increasing the cation concentration also increases the


ionic strength of the reaction medium, but increasing the
number of cations facilitates ion-pair formation. When the
cation effect (ion-pair formation) prevails over the ionic-
strength effect (Debye±H¸ckel contribution), a significant
increase of the equilibrium constant K1 is observed; large
cations that form only very weak ion pairs do not stabilise
the [Fe(CN)5N(O)SR]


3� complex because the ionic-strength
effect dominates over the cation effect.
The crucial role played in the specific-cation effect is the


Coulombic interaction between the nitroprusside anion and
cations.[51,56] The smaller the cation, the larger the equilibri-
um constant for Equation (1). The dependence of the equi-


librium constant K1 on the radius of the cation is approxi-
mately linear [Eq. (2), cf. Figure 2c],


DG / lnK1 /
z1z2
r1 þ r2


ð2Þ


in which z1 and z2 are the charges, and r1 and r2 the radii
of the cation and nitroprusside, respectively. The depend-
ence on organic cations is linear indicating that the electro-
static interaction is the principal one in this case. Alkali-
metal cations show small deviations from linearity, which is
the consequence of other interactions, such as polarisability,
specific interactions of cations with lone pairs of CN� li-
gands, or changes in the structure of the hydration shell of
the cation upon ion-pair formation (vide infra).


Influence of temperature and pressure on the equilibrium :
For all the cations, increasing the temperature shifts the
equilibrium [Eq. (1)] to the left. The process is fully revers-
ible and decreasing the temperature restores the initial con-
centration of the [Fe(CN)5N(O)SR]


3� complex. This behav-
iour produces significant negative values of enthalpy for
Equation (1). Table 2 collates the values of the thermody-
namic functions for the equilibrium [Eq. (1)] in the case of
different inorganic and organic cations.
The dependence of the DH values for Equation (1) on the


cation type is consistent with previous observations.[51]


Alkali-metal cations favour the formation of the [Fe(CN)5-


Figure 1. The versatile photochemistry of the nitroprusside-thiolate system: absorption spectra of the a) [Fe(CN)5NO]
2� and b) [Fe(CN)5N(O)SR]


3� com-
plexes; spectral changes recorded during c) 365 nm irradiation of [Fe(CN)5NO]


2� (2.5î10�3m, pH 10, time interval 60 s) and d) 546 nm irradiation of
[Fe(CN)5NO]


2� with mercaptosuccinate (1.25î10�2m, pH 10, time interval 60 s).
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N(O)SR]3� complex. The largest energetic effect is observed
for the caesium cation (�45.9 kJmol�1, cf. Table 2) and the
smallest for sodium (�24.1 kJmol�1). Contrary to previous
reports, the lithium cation gives a slightly larger effect
(�31.1 kJmol�1) than sodium. It is justified by the excep-
tionally high affinity of lithium towards hydration.[57] Caesi-
um has the smallest hydrated radius among all of the alkali-


metal cations, so the highest energetic effect supports the
electrostatic model. The behaviour of tetraalkylammonium
cations fits very well to the simple electrostatic model. The
smallest cation (Me4N


+) exhibits the largest affinity toward
ion-pair formation, while the largest cation (Bu4N


+), the
smallest affinity.
Reaction enthropies are negative in all the cases under


study, which is consistent with the associative mechanism of
Equation (1). In each group (alkali metals and tetraalkylam-
monium) the most negative values were measured for the
cations with the highest affinity towards nitroprusside: caesi-
um and Me4N


+ . The associative character of the reaction
[Eq. (1)] is also supported by significantly negative reaction
volumes. There are, however, at least three components con-
tributing to the reaction volume that should be taken into
account [Eq. (3)]: electrostriction of the solvent molecules in
the vicinity of the reacting ions (Vel), changes in the hydra-
tion number of the hydrated cations (Vhydr) and the intrinsic
reaction volume (Vintr).


[58]


Vtotal ¼ Vel þ Vhydr þ Vintr ð3Þ


The dependence of the total reaction volume (Vtotal) on
the ionic radius of the cations (Figure 3) shows that the cat-


ions can be divided into two different groups. This division
is consistent with the hydration of the cations. The reaction
volume for hydrated cations (Li+ , Na+ , K+ , Cs+ , Me4N


+)
decreases with increasing ionic radius, but decreases for un-
hydrated ions (Et4N


+ , Pr4N
+ , Bu4N


+). The intrinsic (Vintr)
and electrostriction (Vel) values should not depend dramati-
cally on the hydration of the cations. The only component
that plays an important role here is the component associat-
ed with changes in the hydration sphere (Vhydr). Its value is
the highest for caesium (~15 cm3mol�1) and the smallest for
lithium (~6 cm3mol�1, vertical arrows on Figure 3). It is fully
explained by the difference in hydration of the cations. Cae-


Figure 2. The dependence of K1 on different chemical stimuli : a) absorp-
tion changes in TRIS buffer containing potassium chloride (0.2m); b) the
influence of sodium chloride concentration (*) and changes in ionic
strength at constant sodium concentration (~); c) the influence of the
cations on the equilibrium in Equation (1), the cation concentration is
0.2m in each case.


Table 2. Thermodynamic functions for the formation of the [Fe(CN)5-
N(O)SR]3� complex in the presence of different cations and hydrated
radii of cations.


Cation Radius[pm][a] DH
[kJmol�1]


DS
[J�1mol�1K�1]


DV
[cm�3mol�1]


Li+ 307 �31.1 �89.5 �14.9
Na+ 292 �24.1 �62.7 �14.2
K+ 279 �29.7 �77.0 �13.5
Cs+ 277 �45.9 �125.3 �11.3
Me4N


+ 298 �72.5 �226.2 �15.5
Et4N


+ 320 �43.4 �136.6 �20.4
Pr4N


+ 362 �21.8 �71.0 �13.0
Bu4N


+ 396 �12.1 �38.6 �7.9


[a] Hydrated or unhydrated, calculated according to data from ref. [57].


Figure 3. The correlation between the ionic radius of hydrated (&) and
unhydrated (*) cations and the reaction volume Vtotal. Vertical arrows
show the estimated values of the solvation contribution (Vsolv) to the
total reaction volume.
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sium binds water molecules weakly and upon ion-pair for-
mation they are easily displaced from the hydration shell.
Lithium in turn binds water molecules strongly, they are not
easily removed and the Vhydr component is small.


[59] These
results are supported by electrospray ionization mass spec-
trometry (ESIMS) and 13C NMR studies, proving the impor-
tance of cation hydration in the reaction between thiolates
and nitroprusside.[56]


Photochemistry : Both components of the equilibrium are
photosensitive. Nitroprusside undergoes photooxidative sub-
stitution upon irradiation with light within the range of 313±
500 nm. The products are nitric oxide and the
[Fe(CN)5OH]


3� complex (lmax=392 nm) as shown in Equa-
tion (4).[60±63] Spectral changes during the process are shown
in Figure 1c.


½FeðCNÞ5NO�2� þOH� hn
�!½FeðCNÞ5OH�3� þNOC ð4Þ


The photochemistry of the [Fe(CN)5N(O)SR]
3� complex


is more complicated. Two main pathways involve photodis-
sociation (Scheme 1a) and photooxidative-substitution
(Scheme 1b) modes. The metal-to-ligand charge transfer


(MLCT) excitation populates the antibonding orbital of the
RSNO ligand, which results in the weakening of the S�N
bond and dissociation of the complex.[54,55] The same process
also results in the reduction of the ligand to the nitrosothiyl
radical, which is a very poor ligand and is easily substituted
by an excess of thiolate. The resulting [Fe(CN)5SR]


3� com-
plex is characterised by a strong LMCT absorption band at
700 nm (e=2800m�1 cm�1).[54,55] The RSNOC� radical under-
goes numerous reactions yielding RSNO and
[Fe(SR)2(NO)2]


� .[54, 55] Spectral changes recorded during ir-
radiation are presented in Figure 1d.


Logic systems based on pentacyanoferrate complexes : Any
chemical system that can exist in two different states with
significantly different spectroscopic properties and reactivity
may be used to build the chemical logic gate. The system
consisting of two pentacyanoferrates in equilibrium is a very
good model for molecular logic gates. All the stimuli shifting
the equilibrium in Equation (1) (pH, cations, temperature
and pressure) can be used to encode input information,


while absorbance and transmittance at 520 nm and genera-
tion of photoproducts can be used as an output.[24]


Zero-dimensional system : As mentioned before, the equilib-
rium in Equation (1) is very sensitive to different physical
and chemical stimuli. The most important, and also the easi-
est to control, are pH and cation concentration (for example
K+). Optical properties (absorbance at 520 nm) of the solu-
tion containing nitroprusside and mercaptosuccinate strong-
ly depend on pH and [K+]. When both are low, the equilib-
rium [Eq. (1)] is shifted completely to the left; that is, no
[Fe(CN)5N(O)SR]


3� complex is formed. Addition of base
(to achieve a pH of 10) or introduction of an electrolyte
forming stable ion pairs with the [Fe(CN)5NO]


2� complex
does not change the equilibrium, and the solution remains
virtually colourless. When both pH and [K+] are high, the
[Fe(CN)5N(O)SR]


3� complex is formed and the solution
turns red.
This behaviour of the system can be described in terms of


Boolean logic as an AND gate. The pH and [K+] can be
treated as input signals and the absorbance at 520 nm as the
output (Table 3). Low pH and [K+] values can be attributed


to logical 0 (FALSE) and high values of these parameters to
logical 1 (TRUE). The high absorbance at 520 nm can be at-
tributed to logic 1 and low absorbance to logic 0. The same
can be done with transmittance of the solution. If transmit-
tance is taken as an output, the system behaves like a
NAND gate (a combination of AND and NOT, cf. Table 1).
This is directly related to the positive and negative logic in
semiconductor-based systems.
The behaviour of more complex logic systems can be re-


produced with the studied chemical system when the
number of input and output parameters is increased.
Changes in temperature and pressure, and induction of pho-
tochemical processes may lead to different logic systems,
not only digital, but also analogue. The simplest device in
this category is an AND gate based on a photochemical re-
action. Visible irradiation (at 520 nm) induces photogenera-
tion of nitrosothiol and the FeIII-thiolate complex only in
the presence of a sufficient concentration of electrolyte and
at the required pH.
Especially important are the systems that can perform


complex logic operations and process data from multiple
inputs. The easiest way to extend the operation of the chem-
ical logic gate without substantial changes in the chemistry
involved, is to increase the number of simple logic gates and
provide communication between them. One spectrophoto-
metric cell containing the switchable solution behaves as a


Scheme 1. The mechanism of the photochemical reaction for the
[Fe(CN)5N(O)SR]


3� complex upon excitation with visible light.


Table 3. Assignment of logic values to the input and output signals of a
simple chemical logic gate based on the pentacyanoferrate complex.


Physicochemical parameters Logical parameters
pH [K+] Abs @ 520 nm Input I Input II Output


low low low 0 0 0
low high low 0 1 0
high low low 1 0 0
high high high 1 1 1


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 2520 ± 25282524


FULL PAPER K. Szaci¯owski



www.chemeurj.org





single AND gate, but a set of a certain number of cells ar-
ranged geometrically gives new possibilities.


One-dimensional system : The simplest logic system with
real data flow between logic gates can be achieved when
two or more cells containing the switching system are placed
in series. The connection between logic gates can be realised
using a light beam (l=520 nm) passing through all the cells
(Figure 4a). The simplest system is that containing two iden-
tical cells.


Every cell works as a single AND gate. An output signal
can be attributed to absorbance (X1) at 520 nm of the cell
set and occurrence of a photochemical reaction upon visible
excitation in the first (X2) and second (X3) cell. Input signals
were assigned to pH and [K+] (or another alkali-metal
cation) in every cell. The truth table of the system is shown
in Table 4.


The system has low absorbance only when both cells have
low absorbance (Figure 4a), that is, when the equilibrium
[Eq. (1)] is shifted to the left. High absorbance can in turn,
be achieved when in at least one cell the equilibrium is shift-
ed to the right (Figure 4b, 4c). As the logic state of any indi-
vidual cell depends on two parameters (pH and [K+], (a,b)
for the first and (c,d) for the second cell, respectively), the
X1 output can be described as a Boolean function of four
variables [Eq. (5), Figure 5a].


X1 ¼ a � bþ c � d ð5Þ


A photochemical reaction, upon visible irradiation in the
first cell, occurs only when the solution is in the ON state,
while in the second cell a reaction occurs only when the first
cell is in the OFF state and the second in the ON state
[Eq. (6), Figure 5b].


X2 ¼ a � b
X3 ¼ a � b � c � d


ð6Þ


Thermal stability of one of the photoproducts
([Fe(CN)5SR]


3�) implies that the system behaves like a one-
bit memory cell (Figure 5c). The X2 and X3 output values
are preserved for the period of the [Fe(CN)5SR]


3� complex×s
lifetime (approximately 600 s). If visible irradiation is treat-
ed as one more input signal (n), the X2 will actually be the
three-input AND gate (X4), and the X3 output will depend
on five different inputs (X5) [Eq. (7)].


X4 ¼ a � b � n
X5 ¼ a � b � c � d � n


ð7Þ


Together with the one-bit memory, the circuitry of these
systems is quite complicated (Figure 5d, 5e).


Two-dimensional system : The next step of increasing com-
plexity of the computing system is achieved in the square
network of cells (Figure 6a). The simplest system of this
kind consists of four identical switching cells placed in four
edges of the square. Four light sources and four detectors
ensure easy information readout. Every cell responds to the


Figure 4. A schematic view of the arrangement of two absorption cells in
a one-dimensional logic system. The cells on the OFF state are marked
pale grey and the cells in the ON state are dark grey.


Figure 5. Electronic equivalents of the one-dimensional logic systems:
a) absorption mode; b) logic circuit based on a photochemical reaction in
cell II; c) one-bit memory; d) logic circuit based on a photochemical re-
action in cell I with a one-bit memory; e) logic circuit based on a photo-
chemical reaction in cell I with a one-bit memory.


Table 4. Truth table of the system consisting of two cells with the
[Fe(CN)5NO]


2�![Fe(CN)5N(O)SR]3� system. ANDI and ANDII define
logic states of individual cells, inputs a and b refer to the pH and [K+],
respectively.


Cell I Cell II Output
Inputs a, b ANDI Inputs c, d ANDII X1 X2 X3


0 0 0 0
0 1 0 0 1 0 1 0 0
1 0 1 0
0 0
0 1 0 1 1 1 0 0 1
1 0


0 0
1 1 1 0 1 0 0 1 0


1 0
1 1 1 1 1 1 0 1 0
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switching by using pH and cation concentration, such as in
the previous case. Four independent outputs may be associ-
ated with light absorption (or transmission) in every row
and column. There are 256 different combinations (8 input
bits, 28=256) of input parameters and the system exists in
16 different states (Figure 6b). If light absorption at 520 nm
is assigned to be the output parameter, the system behaves
like its electric equivalent, as shown in Figure 7a. On every


edge, light is absorbed if at least one of the cells is in the
ON state. Four edges connecting four cells correspond to
four 2-input AND gates (one gate for every cell in the
system) and four OR gates (one gate for every edge of the
square). Additional complications can be introduced due to
the photochemical reactivity of the [Fe(CN)5N(O)SR]


3�


complex. There is one cell in the system that is not irradiat-
ed directly, but through other cells (see Figure 6a, cell d).
The occurrence of a photochemical reaction in this cell de-
pends on two factors: 1) absorbance of the solution in this
cell and 2) absorption of the solutions in other cells. Cell d
must be switched to 1 and cell b or c must be in the 0 state.
It corresponds to the set of 5 logic gates connected as shown
in Figure 7b. As in the previous photochemical system, the
output may be additionally equipped with a one-bit memory
cell. Any larger NîN matrices can be described in the same
way, with a larger number of individual gates and a more
complicated network of connections.


Three-dimensional system : Maximal complexity of logic be-
haviour can be achieved in a three-dimensional system
(Figure 8). It consists of eight identical cells with a switching
compound placed at the corners of the cube, 12 light sources
(placed on abcd, aceg and abef walls of the cube) and 12 de-
tectors (on efgh, cdgh and bdfh walls), and light is guided


along all 12 edges. The system has 16 data inputs (8 cells
with two inputs each) and 12 outputs (12 edges of the cube).
The logic structure of this system is much more complicated
than the previous systems. There are 65536 (216) different
combinations of input parameters and 256 different sets of
12-bit outputs. Every edge of the cube, like in the previous
case, works like a circuit containing two AND and one OR
gate. The electronic equivalent of the system is shown in
Figure 9a. The circuitry looks very complicated, but it is a
set of simple components connected in parallel (cf. Fig-
ure 5a).


One cell in the set (cell h in Figure 8) cannot be irradiated
directly, instead the light beam must pass through the other
cells first. Photochemical reactions induced by visible-light


Figure 6. a) The spatial arrangement of the cells in a two-dimensional
logic system; b) all possible logic states of the system.


Figure 7. Electronic equivalents of the two-dimensional logic circuit :
a) absorption mode; b) system based on a photochemical reaction in cell
d.


Figure 8. Schematic view of the three-dimensional logic system. Cell h
can be irradiated only via cells d, f or g.


Figure 9. Electronic equivalents of the three-dimensional system: a) ab-
sorption mode; b) system based on a photochemical reaction in cell h.
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irradiation can occur only when cell h is in the ON state and
at least one of the cells d, f or g is in the OFF state. The
electronic equivalent of this system is shown in Figure 9b.
Three NAND gates correspond to three edges of the cube,
which must be transparent at 520 nm (in the OFF state) in
order to induce a reaction in cell h. The first AND gate de-
picts cell h, which must be in the ON state. The OR gate il-
lustrates that only one ™transparent∫ edge is enough to
supply light to the cell. The last AND gate (at the output)
checks if both conditions are fulfilled: cell h is illuminated
and is in the ON state. As in the previous photochemical
system, the output may be additionally equipped with a
one-bit memory cell. The principle of operation for all the
logical systems based on photochemical reactions induced
by 520 nm light is identical, but the complexity increases
with increasing dimensionality of the cell set, that is, the
number of the NAND gates increases and is equal to the
number of edges that the irradiated cell shares with others.
Larger NîNîN arrays or other geometrical arrange-


ments of the cells lead to increased complexity of the logic
operation that can be performed with the system, but the
basic principles remain unchanged.


Conclusion


The reactivity and photoreactivity of the nitroprussidethio-
late system is easily modified by different physical and
chemical stimuli. Ionic strength, cation type and concentra-
tion and pH, control the equilibrium [Eq. (1)]. Influence of
temperature and pressure on the equilibrium is cation de-
pendent and analysis of the thermodynamic data shows the
important role of size and structure of the hydration sphere
of the cation.
The irreversibility of the photochemical reaction in this


system seems to be very disadvantageous. The photoprod-
ucts, however, are molecules of rich biological activity. It
creates a possibility for the application in related systems,
such as ™tunable∫ or ™programmable∫ drugs. Photogenera-
tion of nitric oxide or S-nitrosothiols on demand has impor-
tant medical implications.[41]


All of the parameters influencing the system can be used
to mimic the behaviour of logic gates. The use of only two
parameters (pH and cation concentration) leads to very
complex logical systems. These are the most complicated
chemical logic systems ever described in the literature. The
complexity of these systems can also be increased by the in-
troduction of other control parameters, and by the applica-
tion of analogue processing elements (i.e., the chemical
equivalent of operational amplifiers).[24] The degree of com-
plexity of the different logic systems presented in this paper
depends strongly on the geometrical arrangement of individ-
ual switching cells, especially for two-dimensional and three-
dimensional systems. This dependence was restricted to the
simplest arrangements of a given dimensionality. It is possi-
ble, however, to apply more complicated geometrical pat-
terns and to use a larger number of switches to achieve com-
plex computing circuits.


Experimental Section


The [Fe(CN)5N(O)SR]
3� complex was generated in situ from sodium ni-


troprusside and mercaptosuccinic acid.[51] All other chemicals were of an-
alytical purity (Aldrich). A carbonate/borate buffer of pH 10 was pre-
pared from triply-distilled water and used in all the experiments.


UV/Vis spectra were recorded on Shimadzu UV-Vis 2100 and Hewlett-
Packard HP 8463 spectrophotometers in a 1 cm quartz cell. A high-pres-
sure mercury lamp (HBO 200) equipped with a LPS 250 power supply
(Photon Technology International) was used as a light source; chosen
wavelengths were selected using interference filters. High-pressure mea-
surements were performed on the custom-built instrument described
elsewhere.[64]


Circuitry analyses was performed by using CircuitMaker 6.2 (Protel Tech-
nology Inc., USA).
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Indium-Mediated Regio- and Diastereoselective Reduction of Norbornyl
a-Diketones


Faiz Ahmed Khan,* Jyotirmayee Dash, and Ch. Sudheer[a]


Introduction


Indium-mediated reactions have gained considerable impor-
tance in the recent past due to their mild nature and the ver-
satility of the reagent for a number of useful transforma-
tions.[1] Since the discovery of the indium-mediated, Barbier-
type C�C bond-forming reaction by Butsugan and co-work-
ers,[2] allylindium addition to carbonyl compounds has found
wide-ranging current interest, and generally proceeds with
high levels of chemo-, regio-, and diastereoselectivity.[1] In
comparison with other metals, the unique properties associ-
ated with indium metal, in particular functional group toler-
ance, high stereoselectivity, ease of handling, and reactions
in aqueous media, make its use a practical alternative for
C�C bond-forming reactions. However, although indium has
been widely used in synthetically useful carbonyl addition
reactions,[2] there are only a limited number of reports in the
literature on indium-mediated reductions.[3] The use of
indium metal as a reducing agent was first reported for the
reductive coupling of imines to give 1,2-diamines.[4] The re-
ducing power of indium (E0 (In3+/In0) = �0.34 V) is lower
than that of other popular reducing agents used in organo-
metallic reactions, such as tin, chromium(ii), aluminum, and


magnesium. However, its first ionization potential (5.8 eV)
is close to those of alkali metals such as sodium or lithium
and much lower than those of zinc, magnesium, or tin. In
addition, unlike alkali metals, indium is not sensitive to boil-
ing water or alkali and does not readily form oxides in air.
Since the ionization potential is directly associated with the
capability of the metal to release electrons, indium-mediated
reactions apparently proceed by a single-electron transfer
(SET) mechanism and the metal has been used as a mild po-
tential reducing agent for a number of useful transforma-
tions. Some of the important reactions include stereoselec-
tive reductive elimination of 1,2-dibromides to give trans-al-
kenes,[5] reduction of terminal alkynes to alkenes,[6] reduc-
tion of C=C bonds in activated conjugated alkenes,[6] and se-
lective reductions of the heterocyclic rings in quinolines and
quinoxalines[7] and of aromatic nitro groups.[7]


In continuation of our ongoing research program, we
became interested in norbornyl-based acyloins possessing
bridgehead halogens. It occurred to us that the correspond-
ing a-diketones could be suitable precursors, provided that
an efficient and selective method could be developed. We
focused our attention on indium metal as a potential reduc-
ing agent.[3] As an extension of our interest in indium-medi-
ated reactions,[8] we report herein a mild, efficient, and ster-
eoselective route to acyloins by indium-mediated reduction
of non-enolizable a-diketones.[9] The acyloin (a-hydroxy
ketone) functional group often plays an important role in or-
ganic synthesis and occurs widely in natural products as well
as in advanced intermediates en route to several target mol-
ecules.[10] Conventionally, a-hydroxy ketones are prepared
by acyloin condensation reactions,[11] oxidation of eno-
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Abstract: A novel, efficient, and regio-
as well as diastereoselective conversion
of non-enolizable bicyclic a-diketones
into synthetically useful acyloins medi-
ated by indium metal is described. The
reduction is highly diastereoselective,
leading exclusively to endo-acyloins
(endo-hydroxyl groups) in excellent
yields, and tolerates a variety of sensi-
tive substituents, such as acetate, ester,


and bridgehead halogens. The regiose-
lectivity in the reductions of monosub-
stituted a-diketones varied from 70:30
to 100:0 for the two possible isomeric
alcohols. The methodology is extended


to the synthesis of highly functionalized
cyclopentane carboxaldehydes, poten-
tial building blocks in organic synthe-
ses, by cleavage of the acyloins by
treating them with Pb(OAc)4 in
MeOH/PhH. Allylindium additions to
carboxaldehydes 22 have been found
to be highly diastereoselective.
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lates,[12] and reduction of a-diketones.[13] However, the prob-
lems associated with reduction of a-diketones, such as over-
reduction to a diol or to an a-methylene ketone,[14] make
this procedure less attractive.[15] Thallium(iii)-promoted a-
oxidation of ketones to a-acetoxy ketones is the most recent
addition to the growing list of methodologies.[16]


Results and Discussion


Norbornyl a-diketones were prepared according to a re-
markably efficient methodology that employs catalytic
RuCl3¥3H2O and stoichiometric NaIO4 for oxidation of the
corresponding tetrahalonorbornyl derivatives, recently de-
veloped in our laboratory.[17] The tetrahalonorbornyl deriva-
tives are easily accessible, and have been used as inextrica-
ble templates in organic synthesis.[18] The a-diketones were
reduced by using indium metal (cut into small pieces) in
MeOH/H2O (4:1) at reflux temperature in the presence of
either NH4Cl, LiCl or NaCl (Table 1, Table 2, Table 5). Both
chloro and bromo derivatives underwent smooth transfor-
mation to the corresponding acyloins in a regio- and stereo-
selective manner.


Reduction of monosubstituted a-diketones : The results ob-
tained with indium in aqueous MeOH and NH4Cl for mono-
substituted a-diketones are summarized in Table 1. The a-
diones 1a±g and 2a±e were efficiently reduced to furnish
3a±g and 5a±e as the major, and 4b±g, 6b±e as the minor
endo alcohols. Although mechanistically both the carbonyl
groups are simultaneously involved in the electron-transfer
process, formally it appears as though the carbonyl group re-
duction takes place exclusively at the exo face of the dike-
tones 1 and 2, at either the carbonyl diagonally opposite to
or that on the same side as the endo substituent. The major
alcohols 3a±g and 5a±e, with the endo-OH group diagonally
opposite (d-carbon) to the endo substituent, are regioiso-
meric with the minor alcohols 4b±g, 6b±e, in which the
endo-OH group is present on the same side as the substitu-
ent (g-carbon; 1,3-relationship). The reaction proceeded in
high yield and was highly stereoselective, leading predomi-
nantly to endo alcohols; the regioselectivity varied from
70:30 to 100:0 for the two regioisomeric alcohols (Table 1).
The product distributions of alcohols 3, 5 and 4, 6 were


determined by integration of relevant signals in the
400 MHz 1H NMR spectra of the crude reaction mixtures,
usually before column purification; in a few cases, the mix-
ture was first filtered through a short column of silica gel.
The diketones 1a and 2a, bearing an endo-phenyl substitu-
ent, furnished essentially a single regioisomer, 3a and 5a,
respectively (entries 1 and 8, Table 1). The yields were gen-
erally high in aqueous MeOH, except in the case of sub-
strates 1, 2d (endo-OAc derivatives, entries 4 and 11,
Table 1) and 2c (endo-CH2OAc derivative, entry 10,
Table 1). We studied the reactions in different solvent sys-
tems and in the presence of various additives (Table 2), and
the comparison between aqueous MeOH and aqueous THF
is particularly interesting.


Table 1. Indium-mediated reduction of monosubstituted a-diketones to
acyloins.[a]


Entry Substrate R Time Yield Product ratio
[h] [%][b] 3 :4 for 1, 5 :6 for 2


1 1a Ph 12 97 100:0
2 1b OEt 12 100 71:29
3 1c CH2OAc 4 84 93:7
4 1d OAc 12 68 100:0
5 1e CO2Me 6 76[c] 65:35
6 1 f SiMe3 7 96 81:19
7 1g CH2OMe 9 99 80:20
8 2a Ph 4 52 100:0
9 2b OEt 9 83 81:19
10 2c CH2OAc 12 34 85:15
11 2d OAc 6 40 100:0
12 2e CO2Me 10 68[c] 68:32


[a] All reactions were run using two equivalents of indium metal. [b] Iso-
lated yields of analytically pure 3+4 (or 5+6). [c] THF/H2O (4:1) was
used.


Table 2. Comparison of yield and regioselectivity in different solvent sys-
tems.[a]


Entry Substrate Solvent/
H2O


Additive Time Yield Product


(4:1) [h] [%][b] ratio[c]


3 :4 for
1
5 :6 for
2


1 1a MeOH/
H2O


± 14 96 100:0


2 NH4Cl 12 97 100:0
3 NaCl 12 95 100:0
4 MeOH/


10% HCl
± 13 95 100:0


5 MeOH ± 40 no reaction
6 1b THF NH4Cl 23 no reaction
7 1c MeOH/


H2O
NH4Cl 4 84 93:7


8 THF/H2O 15 96 64:36
9 1d MeOH/


H2O
NH4Cl 12 68 100:0


10 THF/H2O LiCl 16 90 70:30
11 1e MeOH/


H2O
MCl[d] 6 ~30% crude


12 THF/H2O NH4Cl 11 96[e] 51:49
13 THF/H2O NH4Cl 6 76 65:35
14 2a MeOH/


H2O
NH4Cl 4 52 100:0


15 THF/H2O NH4Cl 16 91 100:0
16 2c MeOH/


H2O
NH4Cl 12 34 85:15


17 THF/H2O NH4Cl 5 68 85:15
18 2d MeOH/


H2O
NH4Cl 6 40 100:0


19 THF/H2O LiCl 6 85 80:20


[a] All reactions were run using two equivalents of indium metal. [b] Iso-
lated yields of analytically pure 3+4 (or 5+6). [c] For 1 X = Cl, 3 :4 ; for
2 X = Br, 5 :6. [d] MCl (NH4Cl or LiCl). [e] Slow addition of the sub-
strate to the reagent.
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The reactions performed in MeOH/H2O (4:1) proceeded
faster than those conducted in THF/H2O (4:1). The reaction
was sluggish in anhydrous THF or MeOH (entries 5 and 6,
Table 2). The presence of an additive MCl (NH4Cl, LiCl, or
NaCl) was found not to be essential for the reaction to
occur (entries 1 and 11, Table 2), but it was found to en-
hance the rate. The reaction with substrate 1a was also per-
formed in MeOH containing 10% HCl (entry 4, Table 2),
which gave the desired product 3a in high yield.
By changing the solvent system to THF/H2O (4:1), the


yields were considerably improved in those cases where
aqueous MeOH gave poor results (entries 7±19, Table 2).
However, for the substrates 1c, 1d, and 2d, while the use of
aqueous THF enhanced the yield of the reaction, its regiose-
lectivity was diminished (compare entries 7/8, 9/10, 18/19 in
Table 2). In the case of the endo-OAc derivative 1d, only
one regioisomer (based on 1H NMR analysis of the crude
product) was formed in 68% yield by using MeOH as sol-
vent (entry 9, Table 2), while performing the reaction in
aqueous THF afforded a 70:30 mixture of acyloins 3d and
4d in 90% yield (entry 10, Table 2).
When the reduction of 1e was conducted in aqueous


methanolic medium, the products could not be isolated from
the substrate (a long streak on the TLC plate and a very
poor yield of the crude product ~30%, entry 11, Table 2).
Conversely, the reaction proceeded smoothly in THF/H2O
showing moderate regioselectivity (entry 13, Table 2), and a
near quantitative yield was obtained by slow addition of the
substrate, although the regioselectivity dropped to 51:49
(entry 12, Table 2). Therefore, aqueous THF was the prefer-
red medium with other ester substrates 2e, 7, 12a,b, and 17
(vide infra). The solvent system THF/H2O (4:1) gave satis-
factory results in the case of ester derivatives 1e, 2e, and 17,
which reacted sluggishly in aqueous methanolic medium.
The two solvent systems appear to play an important role
with respect to the regioselectivity of the reaction and the
product yields. In MeOH/H2O, the regioselectivity is high
compared with that achieved in aqueous THF, but for sensi-
tive substrates the latter gives better results in terms of
yield. The a-diketone moiety in the norbornyl system is con-
strained into a cisoid conformation and electron transfer is
presumed to lead to an acyloinate intermediate as shown in
Scheme 1. For norbornyl derivatives with a C5-endo substitu-


ent, the acyloinate intermediate collapses to the acyloin
upon protonation in such a way as to place the hydroxy
group furthest away, as in the major regioisomer, on steric
grounds.
The derivatives 7 and 8 follow the same trend as their


monosubstituted counterparts (Table 3), demonstrating that
an additional exo substituent placed either on the vicinal
carbon or on the carbon that bears the endo substituent has


no influence on the regio- and diastereoselectivity (compare
with entries 1 and 5, Table 1).
Structural assignments of the products derived from the


monosubstituted derivatives were made on the basis of their
1H and 13C NMR spectra. It is known that in bicyclo [2.2.1]
systems the presence of an endo oxygen substituent at C2


has a remarkable deshielding effect on the endo-H6, while
the exo-H6 experiences a shielding effect. Thus, comparison
of the 1H NMR (400 MHz) shifts for exo- and endo-H6 of
acyloins with those of the parent a-diketone allows unam-
biguous confirmation of the stereochemical assignments
(Table 4). In compounds 3 and 5, the endo-H6 consistently
shows a deshielding effect ranging from 0.2 to 0.5 ppm,
while the exo-H6 is shielded by 0.2 to 0.4 ppm (Figure 1). No


such effect is observed in the minor alcohols 4 and 6
(Table 4). In some cases, spin-decoupling experiments were
carried out to unambiguously assign the endo-H6 and exo-H6


protons and to measure the W-couplings (see Experimental
Section). The 400 MHz 1H NMR spectra of the parent dike-
tone and the major and minor a-hydroxy carbonyl com-
pounds clearly show the deshielding of Ha and the shielding
of Hb in the case of 3b (see Supporting Information for
spectra of 1b, 3b, and 4b). The shielding and deshielding ef-
fects on the protons attached to carbons C(5) and C(6) of
the major and minor acyloins are summarized in Figure 1.
Further proof of the structures of both isomers 3, 5 and 4, 6
was provided by the W-coupling between the carbinol exo-
H2 and the exo-H6 (0.7±2.4 Hz). In the 13C NMR spectra, C6


Scheme 1.


Table 3. Indium-mediated reduction of diketones having exo substitu-
ents.


Substrate R1 R2 R3 Products Time Yield Ratio
[h] [%]


7 CO2Me H Me 9a,b 7 75 67:33
10 87[a] 54:46


8 Ph Me H 10 9 95 100:0


[a] THF/H2O (4:1) is used as a solvent with LiCl.


Figure 1. The basis for the 1H NMR assignments of the regioisomeric acy-
loins.
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is consistently shielded by 3±4 ppm due to the presence of
the endo-OH at C2. The structures of the major and minor
acyloins 3b and 4b were unequivocally confirmed by their
X-ray crystal structures (see Supporting Information for
ORTEP diagrams of compounds 3b and 4b).


Reduction of disubstituted a-diketones : In the case of disub-
stituted derivatives 11a±f and 12a,b, indium-mediated re-
duction proceeds stereoselectively to furnish the endo alco-
hols 13a±f and 14a,b in excellent yields (Table 5). The char-
acteristic W-coupling between the carbinol exo-H2 and exo-
H6 could be observed for each product.
When indium-mediated reduction of the diketone 12d


was carried out, the corresponding a-hydroxy carbonyl com-
pound 14d was formed in 72% yield along with the minor
product 15 in 13% yield (Table 6). The product 15 was
formed by over-reduction of 12d (or 14d); the bromine a to
the carbonyl group was reduced. The alcohol 15 was charac-
terized on the basis of the coupling shown by the bridge-
head proton with the exo-H5 (J = 5.7 Hz) and W-coupling
between the carbinol exo-H2 and the exo-H6 (as indicated in
the structure of 15). Similarly, the reduction of diketone 12 f
furnished a mixture of acyloins 14 f and 16. Characteristic
13C NMR signals for bromine-bearing bridgehead and carbi-


nol carbons at d = 67.2, 83.2 ppm and d = 63.0, 83.0 ppm
for 15 and 16, respectively, confirmed the structural assign-
ments.
Following indium-mediated reduction of diester deriva-


tives 17 and 18, the initially produced endo alcohols cyclized
to furnish the corresponding lactones 19 and 20 (Scheme 2).


The formation of these lactones provides additional proof of
exclusive endo diastereoselection. The 1H NMR spectra of
lactones 19 and 20 feature three singlets due to OMe
groups; in their 13C NMR spectra the carbonyl groups give


Table 4. Comparison of 400 MHz 1H NMR chemical shift values [ppm] for
Ha, Hb, and Hc in monosubstituted diketones and the corresponding acy-
loins.


Diketone Ha Hb Hc acyloin Ha Hb Hc


1a 2.48 3.07 3.91 3a 2.92 2.67 3.74
1b 2.13 2.98 4.28 3b 2.48 2.63 4.13


4b 1.96 2.77 4.39
1c 2.18 2.75 3.02 3c 2.46 2.40 2.88±2.81


4c 1.84 2.61 3.04±2.96
1d 2.06 3.14 5.48 3d 2.48 2.76 5.35


4d 1.89 2.97 5.54
1e 2.37 2.83 3.61±3.58 3e 2.55 2.64 3.41


4e 2.56 2.48 3.49
1 f 1.90 2.19 2.67 3 f 1.96 2.25 2.38


4 f 1.75 2.03 2.47
1g 2.32 2.62 2.83 3g 2.43-3.36 2.69


4g 2.06 2.46 2.88
2a 2.53 3.13 3.96 5a 2.98 2.76 3.78
2b 2.18 2.99 4.31 5b 2.54 2.70 4.17


6b 2.01 2.80 4.44±4.41
2c 2.16 2.73 2.98 5c 2.54 2.48 2.88


6c 1.90 2.66 3.07±2.99
2d 2.12 3.18 5.51 5d 2.54 2.86±2.80 5.38


6d 1.95 3.01 5.56
2e 2.40 2.89 3.64 5e 2.70 2.62 3.47


6e 2.59±2.56 3.56
7 2.41 1.47[a] 3.27 9b 2.90 1.39[a] 3.08


9c 2.52 1.32[a] 3.20
8 2.80 3.08 1.80[a] 10b 3.48 2.53 1.69[a]


[a] Shift for exo Me.


Table 5. Indium-mediated reduction of disubstituted a-diketones to acy-
loins.[a]


Entry Substrate R Product Time Yield
[h] [%][b]


1 11a CH2OAc 13a 14 88[c]


2 11b -CH2OCH2OCH2- 13b 6 94
3 11c -(CH2)3- 13c 8 100
4 11d -(CH2)4- 13d 7 100
5 5 100[d]


6 11e -(CH2)6- 13e 7 100
7 11 f -CH2OCH2- 13 f 11 95
8 12a CH2OAc 14a 6 67[c,e]


9 12b -CH2OCH2OCH2- 14b 7 72[c,e]


[a] All reactions were run using two equivalents of indium metal and,
unless otherwise specified, in the presence of NH4Cl. [b] Isolated yields
of analytically pure sample. [c] LiCl was used. [d] NaCl was used.
[e] THF/H2O (4:1).


Table 6. Indium-mediated reduction of disubstituted a-diketones.


R Products Time Yield
[h] [%]


12d -(CH2)4- 14d,15 6 72, 13
12 f -CH2OCH2- 14 f,16 8 22, 44


Scheme 2. Indium-mediated reduction of diester derivatives.
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rise to signals at d = 198.7 and 188.8 ppm, the lactone car-
bonyls at d = 175.0 and 171.5 ppm, and the ester carbonyls
at d = 169.5 and 166.9 ppm for 19 and 20, respectively.


Cleavage of acyloins : After successfully developing the
methodology for the regioselective reduction of diketones, it
occurred to us that the cleavage of acyloins, particularly in
the case of monosubstituted norbornyl derivatives, could be
highly fruitful in achieving stereoselective transformation
and may lead to derivatives that are not easily accessible by
other means. For example, attempted selective reduction of
the diester derivative 21a, obtained by alkaline H2O2 cleav-
age of diketone 1a,[17] using one equivalent of DIBAL-H at
�78 8C, furnished a mixture (Scheme 3). The five-membered


ring aldehyde 22a, the bicyclic lactone 23, and the unreacted
bis(a-chloro ester) cyclopentane derivative 21a were formed
in a ratio of 1.3:1:1.5, thus disqualifying this as a useful
route to aldehyde 22a. On the other hand, treatment of acy-
loin 3a, obtained by indium-mediated reduction of 1a, with
Pb(OAc)4 in MeOH/PhH (3:1) furnished the aldehyde 22a
in good yield, thus constituting an efficient and stereoselec-
tive route to highly functionalized cyclopentane carboxalde-
hydes. The procedure was efficiently extended to other de-
rivatives 3b, 3d, 3 f, and 5b, allowing access to the corre-
sponding cyclopentane carboxaldehydes in good yields
(Scheme 4).


A direct alkaline cleavage of diketone 1h, derived from
an allyl bromide adduct, gave the g-lactone derivative 25
bearing an a-haloester substituent (Scheme 5).[19] While dis-
crimination between the two reducible moieties, that is to
say the ester and lactone groups of lactone derivative 25,
would be difficult, by carrying out a cleavage reaction after
indium-mediated reduction of 1h, such a distinction is possi-
ble. Indeed, cleavage of the diol 26 with lead tetraacetate in
MeOH/PhH (3:1) furnished the fused g-lactone cyclopenta-
noid derivative 29,[19] having groups distinctively different in
reactivity towards hydride-based reducing agents, thereby
providing a handle for selective transformation.
When the diketone 1h, bearing an endo-bromomethyl


substituent, was subjected to indium-mediated reduction,
three products 26, 27, and 28
were isolated (Scheme 5). The
reduction occurred first, and
was followed by intramolecular
displacement leading to the diol
26 as the major product in 59%
yield, along with the minor
isomer 27. However, a compet-
ing reaction of intramolecular
nucleophilic displacement of
bromine by the alkoxide gener-
ated by the addition of MeOH
to the carbonyl group was ob-
served under the reaction con-
ditions, leading to the formation
of trimethoxy oxa-tricyclo


ketone 28. The products 27 and 28 were recovered in the
form of a colorless solid as an inseparable mixture, in a ratio
of 40:60 as determined by 1H NMR spectroscopy
(Scheme 5). However, the two compounds were isolated in
pure form by way of two different independent reactions;
the formation of 27 is discussed below (Scheme 7).
The diol 26 was characterized from its 400 MHz 1H NMR


spectral data on the basis of W-coupling (J = 2.4 Hz) be-
tween the carbinol hydrogen at C2 and the exo proton.[19]


Scheme 3. Cleavage of acyloin 3a by lead tetraacetate.


Scheme 4. Cleavage of acyloins by lead tetraacetate.


Scheme 5. Preparation of a functionalized g-lactone derivative.
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Further chemical proof for the structure 26 came from the
deprotection of the acetate group of the mixture of acyloins
3c and 4c (93:7) obtained from the indium-mediated reduc-
tion of 1c. Treatment of the mixture of acyloins 3c and 4c
with K2CO3 in MeOH furnished the diol 26 in 90% yield
(Scheme 6).


In an attempted indium-mediated reduction of 1h in the
presence of iodine in anhydrous MeOH under reflux condi-
tions, two products 31 and 27 were obtained in high yield
(Scheme 7). Compound 31 shows characteristic W-coupling


of 2.0 Hz in its 1H NMR spectrum. Following the initial
indium-mediated reduction, intramolecular displacement oc-
curred to furnish the alcohol 31 as the major product and
oxa tricycle 27 as the minor one. The fact that reaction pro-
ceeds via the reduction of the a-diketone 1h was further
proved by separately treating the a-keto hemiacetal 30[19]


with indium in aqueous MeOH under reflux conditions for
42 h. The attempted reaction failed to give 26 and the start-
ing material was recovered (Scheme 6).
Having obtained the functionalized cyclopentane carbox-


aldehydes 22 and 24, we performed various reactions with
them, which are presented in Scheme 8 and Scheme 9. The
bicyclo[3.2.1]lactones 23, 32 and lactam 33 were convenient-
ly prepared. Sodium borohydride reduction of the aldehydes
22a and 22b furnished the bicyclo[3.2.1]lactones 23 and 32
in excellent yields by lactonization of the alcohol function
produced (Scheme 8). A one-pot synthesis of bicyclic amide


33 was also easily achieved. The aldehyde 22b was con-
densed with allylamine and the resulting imine was reduced
with NaBH4 in the same pot to provide bicyclo[3.2.1]lactam
33 in 64% yield (Scheme 8).
The aldehydes 22a,b and 24 were also subjected to


indium-promoted allylation[1] (Scheme 9). While sodium
borohydride reduction of these aldehydes led exclusively to


the lactones 23 and 32, interestingly, allylindation was found
to proceed with high diastereoselection. When the ethoxy-
substituted aldehydes 22b and 24 were subjected to Barbier-
type allylation with indium metal and allyl bromide in DMF
at room temperature, the initially formed major diastereom-
ers underwent lactonization to give the single diastereomers
34 and 35, respectively, in near quantitative yields. On the
other hand, subjecting the phenyl-substituted derivative 22a
to the same reaction for 10 h led to a mixture of the cyclized
diastereomer 36 and its uncyclized form 37 in an 18:82 ratio.
The product distribution in each case was determined by
400 MHz 1H NMR analysis of the crude reaction mixture
prior to column purification. In the 13C NMR spectra, the
signal of the carbinol carbon of alcohol 37 appeared at d =


Scheme 6.


Scheme 7. Indium-mediated reduction of diketone 1h.


Scheme 8. Synthesis of bicyclo[3.2.1]lactones and a lactam.


Scheme 9. Allylindium addition to cyclopentane carboxaldehydes.
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85.8 ppm, while that of the corresponding carbon of the lac-
tone 36 appeared at d = 89.2 ppm. Three singlets due to
OMe groups were seen in the 1H NMR spectrum of the cy-
clopentane derivative 37. Clear cross-peaks between the
OMe and allylic CH2 protons in the 500 MHz 1H/1H
NOESY spectrum confirm the relative stereochemistry in
lactones 34 and 36. The origins of the NOE correlations
seen in the 1H/1H NOESY spectra of 34 and 36 are shown
in Figure 2. The 1H/1H NOESY spectra of 34 and 36 are pre-


sented in Figure 3 and Figure 4, respectively. The connectivi-
ty is indicated in the spectra. The connectivity was unambig-
uously established by means of HMBC, HSQC, COSY, and
DEPT experiments (see Supporting Information). The struc-


ture of 37 was unequivocally confirmed through a single-
crystal X-ray analysis (Figure 5).
The high selectivity observed in the reactions of ethoxy


derivatives 22b and 24 may be explained by invoking a che-
lation-controlled allyl transfer involving transition state 38
as shown in Figure 6. Similarly, in the case of the phenyl de-
rivative 22a, a chelation model involving OMe and ester
groups present on vicinal carbons in the transition state 39
would account for the product formed.


Conclusion


In summary, we have described a novel, efficient, and regio-
as well as diastereoselective conversion of non-enolizable bi-
cyclic a-diketones into synthetically useful acyloins mediat-
ed by indium metal. The reaction tolerates a variety of sen-
sitive substituents, such as acetate, ester, and bridgehead
halogens. Furthermore, this methodology has been applied
to the synthesis of highly functionalized cyclopentane car-
boxaldehydes, potential building blocks in organic synthesis,
by cleavage of the acyloins under Pb(OAc)4/MeOH/PhH
conditions. Allylindium additions to carboxaldehydes have
been found to be highly diastereoselective.


Experimental Section


General : All reactions were per-
formed in oven-dried apparatus. The
solvents used were purified by distilla-
tion from the drying agents indicated:
MeOH (Mg), THF and Et2O (sodium
benzophenone ketyl), CH2Cl2 (P4O10),
DMF (benzene/water azeotrope, distil-
led under vacuum), benzene (Na). The
solvents MeOH, CH2Cl2, and DMF
were stored over 4 ä molecular sieves.
Column chromatography was per-
formed on Acme×s silica gel (100±
200 mesh) with ethyl acetate/hexane
mixtures as eluents. Melting points are
uncorrected. IR spectra were recorded
from samples in KBr pellets (solids) or
as thin films (liquids). 1H NMR
(400 MHz) and 13C NMR (100 MHz)
spectra were recorded from solutions
in CDCl3 unless otherwise mentioned,
and are reported on the d scale in
ppm. Tetramethylsilane was used as an
internal standard. Data are reported
as follows: (s = singlet, d = doublet,
t = triplet, q = quartet, m = multip-
let; integration; coupling constant(s)
in Hz).


General procedure for the indium-
mediated reduction of a-diketones : A
mixture of the a-diketone (0.3 mmol),
indium metal (0.6 mmol, cut into small
pieces), NH4Cl (0.9 mmol) in MeOH
(4 mL), and water (1 mL) was refluxed
for the specified time (refer to Table 1,
Table 3, Table 4, Table 6, and
Scheme 2). After completion of the re-
action, as monitored by TLC, the reac-


Figure 2. NOESY correlations in 34 and 36.


Figure 3. 500 MHz 1H/1H NOESY spectrum of 34 in CDCl3 solution.


Chem. Eur. J. 2004, 10, 2507 ± 2519 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2513


Indium-Mediated Reduction of a-Diketones 2507 ± 2519



www.chemeurj.org





tion mixture was quenched with 5% aq HCl (1 mL) and extracted with
ethyl acetate. The combined organic layers were washed once with brine
and dried over anhydrous Na2SO4. Concentration followed by column
chromatography on silica gel gave the acyloins in the specified yields.


Spectral data for monosubstituted acyloins


Acyloin 3a : Yield 100%; colorless solid, m.p. 106±108 8C; 1H NMR: d =


7.29±7.26 (m, 5H; aromatic), 4.56 (br s, 1H), 3.79 (s, 3H; OMe), 3.74 (dd,
1H, J = 12.2, 5.6 Hz; 5-Hexo), 3.73 (br s, 1H, D2O exchangeable; OH),
3.65 (s, 3H; OMe), 2.92 (dd, 1H, J = 13.1, 5.6 Hz; 6-Hendo), 2.67 ppm (dt,


1H, J = 13.1, 1.9 Hz; 6-Hexo);
13C


NMR: d = 200.3 (C=O), 134.9, 129.4,
128.2, 127.9, 103.3, 82.0, 78.3 (carbinol
C), 69.7, 51.8 (OMe), 51.7 (OMe),
48.7, 34.4 ppm; IR (KBr): ñ = 3500,
2950, 1770, 1100 cm�1; elemental anal-
ysis calcd (%) for C15H16Cl2O4: C
54.40, H 4.87; found: C 54.41, H 4.90.


Acyloins 3b, 4b : Yield 100%; mixture
of regioisomers (71:29). The re-
gioisomers were separated by column
chromatography on silica gel with 5%
ethyl acetate/hexane as eluent.


Major isomer 3b : Colorless solid, m.p.
102±104 8C; 1H NMR: d = 4.46 (dd,
1H, J = 6.2, 1.6 Hz; carbinol H), 4.13
(dd, 1H, J = 9.5, 2.2 Hz; 5-Hexo), 3.68
(s, 3H; OMe), 3.67 (dq, 1H, merged
with OMe; OCH2), 3.59 (s, 3H; OMe),
3.52 (dq, 1H, J = 9.0, 7.1 Hz; OCH2),
2.98 (d, 1H, J = 6.2 Hz, D2O ex-
changeable; OH), 2.63 (ddd, J = 13.1,
9.5, 1.6 Hz; 6-Hexo), 2.48 (dd, J = 13.1,
2.2 Hz; 6-Hendo), 1.13 ppm (t, 3H, J =


7.1 Hz; Me); 13C NMR: d = 197.5
(C=O), 103.1 (C7), 80.9, 80.1, 79.0,
69.4, 66.7, 51.9, 51.8, 36.9, 15.1 ppm;
IR (KBr): ñ = 3400, 2900, 1780,
1440 cm�1; elemental analysis calcd
(%) for C11H16Cl2O5: C 44.17, H 5.39;
found: C 43.87, H 5.10.


Minor isomer 4b : Colorless solid, m.p.
113±115 8C; 1H NMR: d = 4.70 (d,
1H, J = 11.0 Hz; carbinol H), 4.45
(dd, 1H, J = 11.0, 2.2 Hz; OCH2),
4.39 (td, 1H, J = 9.8, 2.2 Hz; 6-Hexo),
3.66 (s, 3H; OMe), 3.64 (m, 1H;
OCH2), 3.62 (s, 3H; OMe), 2.77 (dd,


1H, J = 13.3, 9.6 Hz; 5-Hexo), 1.96 (dd, 1H, J = 13.3, 2.7 Hz; 5-Hendo),
1.23 ppm (t, 3H, J = 7.0 Hz; Me); 13C NMR: d = 201.1 (C=O), 102.5
(C7), 83.4, 81.1, 74.3, 70.2, 67.7, 51.8, 51.7, 40.4, 15.1 ppm; IR (KBr): ñ =


3500, 2950, 1720, 1380 cm�1; elemental analysis calcd (%) for
C11H16Cl2O5: C 44.17, H 5.39; found: C 44.23, H 5.42.


Acyloins 3c, 4c : Yield 84%; inseparable mixture of regioisomers (93:7);
colorless solid, m.p. 86±87 8C; IR (KBr): ñ = 3300, 2900, 1760, 1690,
1200 cm�1; elemental analysis calcd (%) for C12H16Cl2O6: C 44.06, H
4.92; found: C 44.20, H 5.18.


Major isomer 3c : 1H NMR: d = 4.43 (dd, 1H, J = 5.1, 1.7 Hz; carbinol
H), 4.10 (dd, 1H, J = 11.8, 4.6 Hz), 3.96 (dd, 1H, J = 11.8, 6.6 Hz), 3.70
(s, 3H; OMe), 3.62 (s, 3H; OMe), 3.43 (d, 1H, J = 5.1 Hz, D2O ex-
changeable; OH), 2.88±2.81 (m, 1H; 5-Hexo), 2.46 (dd, 1H, J = 12.8,
5.6 Hz; 6-Hendo), 2.40 (dt, 1H, J = 12.8, 1.7 Hz; 6-Hexo), 2.03 ppm (s, 3H;
OCOMe); 13C NMR: d = 200.1 (C=O), 170.6 (O�C=O), 102.9, 78.4,
78.3, 69.6, 61.6, 51.8, 51.6, 41.9, 31.2, 20.6 ppm.


Figure 4. 500 MHz 1H/1H NOESY spectrum of 36 in CDCl3 solution.


Figure 5. X-ray crystal structure of compound 37.


Figure 6. Proposed origin of the selectivity observed in allylindium addi-
tions.
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Minor isomer 4c : 1H NMR: d = 4.62 (br s, 1H; carbinol H), 4.47 (dd,
1H, J = 11.6, 3.4 Hz), 4.37 (dd, 1H, J = 11.6, 9.7 Hz), 3.70 (s, 3H;
OMe), 3.62 (s, 3H; OMe), 3.04±2.96 (m, 1H, J = 1.7 Hz + others; 6-
Hexo), 2.61 (t, 1H, J = 13.1 Hz; 5-Hexo), 2.06 (s, 3H; OAc), 1.84 ppm (dd,
1H, J = 13.1, 5.6 Hz; 5-Hendo);


13C NMR: d = 201.6 (C=O), 171.4 (O�
C=O), 102.7, 79.9, 74.7, 72.3, 64.7, 51.8 (OMe), 51.7 (OMe), 42.9, 37.6,
20.9 ppm.


For both the isomers 3c and 4c, J = 1.7 Hz for 2-Hexo and 6-Hexo was
confirmed by decoupling experiments.


Acyloins 3d, 4d : Yield 90%; mixture of regioisomers (70:30) in THF/
H2O.


Major isomer 3d (from MeOH/H2O reaction, 68%): Colorless solid, m.p.
97±99 8C; 1H NMR: d = 5.35 (dd, 1H, J = 10.2, 3.2 Hz; 5-Hexo), 4.52
(dd, 1H, J = 4.6, 2.2 Hz; carbinol H), 3.71 (s, 3H; OMe), 3.62 (s, 3H;
OMe), 3.48 (d, 1H, J = 4.9 Hz, D2O exchangeable; OH), 2.76 (ddd, 1H,
J = 13.6, 10.2, 2.2 Hz; 6-Hexo), 2.48 (dd, 1H, J = 13.6, 3.2 Hz; 6-Hendo),
2.06 ppm (s, 3H; OCOMe); 13C NMR: d = 197.5 (C=O), 170.1 (O�C=
O), 102.7, 78.7, 78.3, 73.3, 69.1, 51.9, 51.8, 35.9, 20.6 ppm; IR (KBr): ñ =


3300, 2900, 1760, 1700, 1360, 1200 cm�1; elemental analysis calcd (%) for
C11H14Cl2O6: C 42.19, H 4.51; found: C 41.93, H 4.89.


Minor isomer 4d (from the mixture): 1H NMR: d = 5.54 (ddd, 1H, J =


10.1, 3.2, 1.8 Hz; 6-Hexo), 4.61 (dd, 1H, J = 1.8 Hz; carbinol H), 3.69 (s,
3H; OMe), 3.65 (s, 3H; OMe), 2.97 (dd, 1H, J = 14.0, 10.1 Hz; 5-Hexo),
2.16 (s, 3H; OCOMe), 1.89 ppm (dd, 1H, J = 14.0, 3.2 Hz; 5-Hendo);


13C
NMR: d = 200.5 (C=O), 169.3 (O�C=O), 102.6, 80.9, 76.9, 73.9, 70.2,
52.0, 51.8, 40.3, 20.8 ppm.


Acyloins 3e, 4e : Yield 76%; mixture of regioisomers (65:35). The re-
gioisomers were separated by flash column chromatography on silica gel
with 10% ethyl acetate/hexane as eluent.


Major isomer 3e : Colorless solid, m.p. 103±105 8C; 1H NMR: d = 4.43
(dd, 1H, J = 8.9, 1.7 Hz; carbinol H), 3.77 (br s, 1H, D2O exchangeable;
OH), 3.75 (s, 3H; OMe), 3.72 (s, 3H; OMe), 3.61 (s, 3H; OMe), 3.41
(dd, 1H, J = 11.5, 4.1 Hz; 5-Hexo), 2.64 (dd, 1H, J = 12.9, 4.1 Hz; 6-
Hexo), 2.55 ppm (dt, 1H, J = 12.9, 1.7 Hz; 6-Hendo);


13C NMR: d = 198.6
(C=O), 173.3 (O�C=O), 103.1, 79.0 (2C), 69.4, 53.4 (OMe), 52.0 (OMe),
51.8 (OMe), 48.7, 32.0 ppm; IR (KBr): ñ = 3300, 2900, 1760, 1700, 1370,
1200 cm�1; elemental analysis calcd (%) for C11H14Cl2O6: C 42.19, H 4.51;
found C 42.37, H 4.57.


Minor isomer 4e : Colorless solid, m.p. 122±124 8C; 1H NMR: d = 4.59
(d, 1H, J = 5.6 Hz; carbinol H), 3.75 (s, 3H; OMe), 3.71 (s, 3H; OMe),
3.67 (d, 1H, J = 6.1 Hz, D2O exchangeable; OH), 3.63 (s, 3H; OMe),
3.49 (dd, 1H, J = 10.4, 6.7 Hz; 6-Hexo), 2.56±2.48 ppm (m, 2H); 13C
NMR: d = 200.3 (C=O), 172.0 (O�C=O), 103.1, 79.8, 73.9, 71.9, 52.8
(OMe), 51.9 (2C; OMe), 45.5, 34.2 ppm; IR (KBr): ñ = 3400, 2900,
1760, 1700, 1360, 1340 cm�1; elemental analysis calcd (%) for
C11H14Cl2O6: C 42.19, H 4.51; found C 42.22, H 4.53.


Acyloins 3 f, 4 f : Yield: 96%; mixture of regioisomers (81:19). The re-
gioisomers were separated by column chromatography on silica gel with
2% ethyl acetate/hexane as eluent.


Major isomer 3 f : Colorless solid, m.p. 100±101 8C; 1H NMR: d = 4.37
(dd, 1H, J = 4.2, 2.0 Hz; carbinol H), 3.67 (s, 3H; OMe), 3.58 (s, 3H;
OMe), 3.03 (d, 1H, J = 4.2 Hz, D2O exchangeable; OH), 2.38 (dd, 1H,
J = 12.3, 6.8 Hz; 5-Hexo), 2.25 (dt, 1H, J = 12.5, 2.0 Hz; 6-Hexo), 1.95
(dd, 1H, J = 12.9, 6.8 Hz; 6-Hendo), 0.0 ppm (s, 9H; SiMe3);


13C NMR: d
= 201.9 (C=O), 103.0, 79.1, 78.2, 70.1, 51.7, 51.4, 31.2, 30.2, �1.96 ppm;
IR (KBr): ñ = 3400, 2900, 1760, 1440, 1200 cm�1; elemental analysis
calcd (%) for C12H20Cl2O4Si: C 44.04, H 6.16; found: C 43.97, H 6.20.


Minor isomer 4 f : Colorless solid, m.p. 119±121 8C; 1H NMR: d = 4.57 (s,
1H; carbinol H), 3.72 (s, 3H; OMe), 3.61 (s, 3H; OMe), 2.89 (d, 1H, J
= 4.2 Hz, D2O exchangeable; OH), 2.47 (t, 1H, J = 12.7 Hz; 5-Hexo),
2.03 (ddd, 1H, J = 13.1, 6.1, 2.0 Hz; 6-Hexo), 1.75 (dd, 1H, J = 12.1,
6.2 Hz; 6-Hendo), 0.08 ppm (s, 9H; SiMe3);


13C NMR: d = 203.1 (C=O),
103.8, 80.3 (carbinol C), 76.0, 75.0, 54.0, 52.3, 34.9, 30.8, 0.00 ppm; IR
(KBr): ñ = 3400, 2900, 1750, 1420, 970 cm�1; elemental analysis calcd
(%) for C12H20Cl2O4Si: C 44.04, H 6.16; found: C 44.18, H 6.02.


Acyloins 3g, 4g : Yield 99%; inseparable mixture of regioisomers
(80:20); colorless solid, m.p. 98±99 8C; IR (KBr): ñ = 3300, 2900, 1760,
1380, 1180, 1040 cm�1; elemental analysis calcd (%) for C11H16Cl2O5: C
44.17, H 5.39; found C 43.98, H 5.12.


Major isomer 3g : 1H NMR: d = 4.30 (dd, 1H, J = 10.7, 1.2 Hz; carbinol
H), 3.94 (d, 1H, J = 10.7 Hz, D2O exchangeable; OH), 3.70 (s, 3H;
OMe), 3.59 (s, 3H; OMe), 3.54 (dd, 1H, J = 10.3, 3.5 Hz), 3.38 (dd, 1H,
J = 10.3, 2.0 Hz), 3.25 (s, 3H; OMe), 2.69 (m, 1H; 5-Hexo), 2.43±
2.36 ppm (m, 2H, J = 1.4 Hz + others); 13C NMR: d = 199.7 (C=O),
102.9, 79.1 (carbinol C), 74.6, 70.3, 67.9, 58.8 (OMe), 51.9 (OMe), 51.7
(OMe), 44.6, 29.7 ppm.


Minor isomer 4g : 1H NMR: d = 5.51 (d, 1H, J = 11.7 Hz, D2O ex-
changeable; OH), 4.51 (qt, 1H, J = 11.7, 0.7 Hz; carbinol H), 3.88 (dd,
1H, J = 10.7, 1.7 Hz), 3.70 (s, 3H; OMe), 3.63 (s, 3H; OMe), 3.44 (s,
3H; OMe), 3.40±3.36 (m, 1H, buried under peaks of major isomer), 2.88
(tddd, 1H, J = 12.1, 6.1, 4.6, 1.7 Hz; 6-Hexo), 2.46 (dd, 1H, J = 12.7,
1.4 Hz; 5-Hexo), 2.06 ppm (dd, 1H, J = 12.7, 6.1 Hz; 5-Hendo);


13C NMR:
d = 202.0 (C=O), 103.1, 79.5 (carbinol C), 78.9, 73.3, 67.2, 59.3, 51.7
(OMe), 51.6 (OMe), 43.3, 32.9 ppm.


Acyloin 5a : Yield 91%; colorless solid, m.p. 115±118 8C; 1H NMR: d =


7.31±7.23 (m, 5H; aromatic), 4.58 (br s, 1H; carbinol H), 3.84 (s, 3H;
OMe), 3.78 (dd, 1H, J = 12.2, 5.9 Hz; 5-Hexo), 3.71 (s, 3H; OMe), 3.34
(br s, 1H, D2O exchangeable; OH), 2.98 (dd, 1H, J = 13.1, 5.6 Hz; 6-
Hendo), 2.76 ppm (ddd, 1H, J = 13.1, 12.2, 2.2 Hz; 6-Hexo);


13C NMR: d
= 200.4 (C=O), 135.3, 129.5, 128.1, 127.9, 103.5, 79.0 (carbinol C), 75.9,
61.6, 52.0 (OMe), 51.8 (OMe), 50.2, 36.4 ppm; IR (KBr): ñ = 3500, 2950,
1750, 1100 cm�1; elemental analysis calcd (%) for C15H16Br2O4: C 42.89,
H 3.84; found: C 42.78, H 3.92.


Acyloins 5b, 6b : Yield 83%; mixture of regioisomers (81:19). The re-
gioisomers were separated by column chromatography on silica gel with
5% ethyl acetate/hexane as eluent.


Major isomer 5b : Colorless solid, m.p. 100±102 8C; 1H NMR (400 MHz,
CDCl3): d = 4.49 (dd, 1H, J = 5.8, 1.7 Hz; carbinol H), 4.17 (dd, 1H, J
= 9.5, 2.7 Hz; 5-Hexo), 3.73 (s, 3H; OMe), 3.67 (qd, 1H, J = 9.7, 7.1 Hz),
3.64 (s, 3H; OMe), 3.54 (qd, 1H, J = 9.7, 7.1 Hz), 2.99 (d, 1H, J =


6.1 Hz, D2O exchangeable; OH), 2.70 (ddd, 1H, J = 13.2, 9.5, 2.0 Hz; 6-
Hexo), 2.54 (dd, 1H, J = 13.2, 2.7 Hz; 6-Hendo), 1.14 ppm (t, 3H, J =


7.1 Hz; Me); 13C NMR (100 MHz, CDCl3): d = 197.5 (C=O), 103.1, 81.3,
79.7, 73.2, 66.8, 61.0, 52.0 (OMe), 51.9 (OMe), 38.5, 15.1 ppm (Me); IR
(KBr): ñ = 3300, 2850, 1760, 1200 cm�1; elemental analysis calcd (%) for
C11H16Br2O5: C 34.05, H 4.16; found C 34.01, H 4.14.


Minor isomer : Colorless solid, m.p. 107±109 8C; 1H NMR (400 MHz,
CDCl3): d = 4.69 (d, 1H, J = 11.0 Hz; carbinol H), 4.44±4.41 (m, 2H, J
= 1.5 Hz + others), 3.71 (s, 3H; OMe), 3.67 (s, 3H; OMe), 3.64 (q, 2H,
J = 7.1 Hz), 2.80 (dd, 1H, J = 13.4, 9.0 Hz; 5-Hexo), 2.01 (dd, 1H, J =


13.4, 2.5 Hz; 5-Hendo), 1.23 ppm (t, 3H, J = 7.1 Hz; CH3);
13C NMR


(100 MHz, CDCl3): d = 201.2 (C=O), 102.5 (C7), 85.1 (C2), 81.8 (C6),
67.7, 66.5, 62.2, 51.9 (2C, OMe), 41.9, 15.1 ppm; IR (KBr): ñ = 3250,
2800, 1760, 1200 cm�1; elemental analysis calcd (%) for C11H16Br2O5: C
34.05, H 4.16; found: C 33.96, H 4.21.


Acyloins 5c, 6c : Yield 68%; colorless viscous liquid, inseparable mixture
of regioisomers (85:15); IR (KBr): ñ = 3400, 2950, 1740, 1200 cm�1; ele-
mental analysis calcd (%) for C12H16Br2O6: C 34.64, H 3.88; found: C
34.57, H 3.76.


Major isomer 5c : 1H NMR: d = 4.46 (br s; carbinol H), 4.13 (dd, 1H, J
= 11.7, 4.4 Hz), 3.95 (dd, 1H, J = 11.7, 6.6 Hz), 3.75 (s, 3H; OMe), 3.67
(s, 3H; OMe), 2.88 (m, 1H; 5-Hexo), 2.54 (dd, 1H, J = 12.8, 5.4 Hz; 6-
Hendo), 2.48 (dt, 1H, J = 12.8, 2.0 Hz; 6-Hexo), 2.03 ppm (s, 3H;
OCOMe); 13C NMR: d = 200.2 (C=O), 170.7 (O�C=O), 102.9, 79.0,
71.4, 64.8, 62.1, 52.0 (OMe), 51.7 (OMe), 43.3, 33.0, 20.6 ppm.


Minor isomer 6c : 1H NMR: d = 4.63 (br s, 1H; carbinol H), 4.50 (dd,
1H, J = 11.7, 3.4 Hz), 4.35 (dd, 1H, J = 11.7, 9.5 Hz), 3.75 (s, 3H;
OMe), 3.67 (s, 3H; OMe), 3.07±2.99 (m, 1H, J = 2.0 Hz + others; 6-
Hexo), 2.66 (dd, 1H, J = 13.2, 11.9 Hz; 5-Hexo), 2.05 (s, 3H; OAc), 2.01
(br s, 1H; OH), 1.90 ppm (dd, 1H, J = 13.2, 5.4 Hz; 5-Hendo);


13C NMR:
d = 201.5 (C=O), 171.0 (O�C=O), 103.0, 80.8 (carbinol C), 66.6, 64.4,
61.2, 51.98 (OMe), 51.9 (OMe), 44.5, 39.2, 20.9 ppm.


Acyloins 5d, 6d : Yield 85%; mixture of regioisomers (80:20) in THF/
H2O.


Major isomer 5d : Yield 63%; colorless solid, m.p. 95±96 8C; 1H NMR: d
= 5.38 (m, 1H; 5-Hexo), 4.54 (dd, 1H, J = 4.3, 2.1 Hz; carbinol H), 3.75
(s, 3H; OMe), 3.66 (s, 3H; OMe), 3.44 (br s, 1H; OH), 2.86±2.80 (m, 1H;
6-Hexo), 2.54 (dd, 1H, J = 13.6, 3.2 Hz; 6-Hendo), 2.06 ppm (s, 3H;
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OCOMe); 13C NMR: d = 197.4 (C=O), 170.0 (O�C=O), 102.9, 79.2 (car-
binol C), 74.6, 71.1, 60.4, 52.1 (2C), 37.6, 20.7 ppm; IR (KBr): ñ = 3350,
2900, 1740, 1710, 1420 cm�1; elemental analysis calcd (%) for
C11H14Br2O6: C 32.86, H 3.51; found: C 32.91, H 3.40.


Minor isomer 6d : 1H NMR: d = 5.56 (dd, 1H, J = 10.0, 2.0 Hz; 6-Hexo),
4.57 (m, 1H, J = 2.0 Hz + others; carbinol H), 3.74 (s, 3H; OMe), 3.70
(s, 3H; OMe), 3.01 (dd, 1H, J = 14.1, 10.0 Hz; 5-Hexo), 2.16 (s, 3H;
OCOMe), 1.95 ppm (dd, 1H, J = 14.1, 2.7 Hz; 5-Hendo);


13C NMR: d =


200.6 (C=O), 169.0 (O�C=O), 103.5, 78.3, 74.9, 67.6, 61.7, 51.98 (OMe),
51.96 (OMe), 41.8, 22.6 ppm.


Acyloins 5e, 6e : Yield 68%; mixture of regioisomers (68:32).


Major isomer 5e (separated from the mixture by crystallization from
CHCl3/hexane): Colorless solid, m.p. 125±126 8C; 1H NMR: d = 4.47 (dd,
1H, J = 9.2, 2.0 Hz; carbinol H), 3.758 (s, 3H; OMe), 3.75 (s, 3H;
OMe), 3.66 (s, 3H; OMe), 3.47 (dd, 1H, J = 11.2, 4.1 Hz; 5-Hexo), 2.70
(dd, 1H, J = 13.2, 4.1 Hz; 6-Hendo), 2.62 ppm (dt, 1H, J = 11.2, 2.0 Hz;
6-Hexo);


13C NMR: d = 198.6 (C=O), 173.3 (O�C=O), 103.4, 79.7, 70.7,
60.7, 53.4 (OMe), 52.3 (OMe), 52.0 (OMe), 50.4, 33.9 ppm; IR (KBr): ñ
= 3300, 2900, 1760±1700 cm�1 (br); elemental analysis calcd (%) for
C11H14Br2O6: C 32.86, H 3.51; found: C 32.78, H 3.48.


Minor isomer 6e (from the mixture): 1H NMR: d = 4.62 (br s, 1H; carbi-
nol H), 3.76 (s, 3H; OMe), 3.757 (s, 3H; OMe), 3.69 (s, 3H; OMe), 3.56
(ddd, 1H, J = 10.8, 6.5, 2.0 Hz; 6-Hexo), 2.59±2.56 ppm (m, 2H); 13C
NMR: d = 200.4 (C=O), 172.4 (O�C=O), 103.4, 80.8, 65.9, 63.0, 52.9
(OMe), 52.2 (OMe), 52.1 (OMe), 47.3, 36.2 ppm.


Irradiation of the carbinol proton 2-Hexo, both in 5e and 6e, resulted in
the disappearance of the W-coupling to the 6-Hexo proton.


Acyloins 9a,b : Yield 75%; inseparable mixture of regioisomers (67:33);
colorless solid, m.p. 94±107 8C; IR (KBr): ñ = 3300, 2900, 1760,
1200 cm�1; elemental analysis calcd (%) for C12H16Cl2O6: C 44.06, H
4.93; found: C 44.21, H 4.89.


Major isomer 9a : 1H NMR: d = 4.50 (d, 1H, J = 7.1 Hz; carbinol H),
3.74 (s, 3H; OMe), 3.68 (s, 3H; OMe), 3.59 (s, 3H; OMe), 3.54 (d, 1H, J
= 8.1 Hz, D2O exchangeable; OH), 3.08 (d, 1H, J = 6.1 Hz; 5-Hexo),
2.90 (quintet, 1H, J = 7.1 Hz; 6-Hendo), 1.39 ppm (d, 3H, J = 7.1 Hz;
Me); 13C NMR: d = 198.7 (C=O), 171.8 (O�C=O), 103.4, 79.2 (carbinol
C), 77.8, 72.7, 56.4, 53.1, 51.7 (OMe), 51.6 (OMe), 35.6, 17.6 ppm
(Me).


Minor isomer 9b : 1H NMR: d = 4.54 (dd, 1H, J = 6.5, 1.5 Hz; carbinol
H), 3.95 (br s, 1H, D2O exchangeable; OH), 3.78 (s, 3H; OMe), 3.68 (s,
3H; OMe), 3.61 (s, 3H; OMe), 3.20 (d, 1H, J = 7.3 Hz; 6-Hexo), 2.52
(quintet, 1H, J = 6.8 Hz; 5-Hendo), 1.32 ppm (d, 3H, J = 6.8 Hz; Me);
13C NMR: d = 200.1 (C=O), 172.2 (O�C=O), 103.5, 79.6 (carbinol C),
77.6, 71.3, 54.5, 52.8, 51.6, 51.4, 38.2, 17.1 ppm (Me).


Acyloin 10 : Yield 95%; colorless solid, m.p. 118±120 8C; 1H NMR: d =


7.50±7.48 (m, 2H), 7.28±7.24 (m, 2H), 7.20±7.16 (m, 1H), 4.29 (d, 1H, J
= 2.0 Hz; carbinol H), 3.75 (s, 3H; OMe), 3.60 (s, 3H; OMe), 3.48 (d,
1H, J = 12.9 Hz; 6-Hendo), 2.53 (dd, 1H, J = 12.9, 2.0 Hz; 6-Hexo),
1.69 ppm (s, 3H; Me); 13C NMR: d = 199.4 (C=O), 143.1, 128.0, 126.8,
126.5, 103.2, 84.7, 77.1, 69.1, 51.3, 51.2, 46.3, 41.9, 29.9 ppm; IR (KBr): ñ
= 3500, 2950, 1770, 1470, 1290, 1200, 1090, 1040, 960 cm�1; elemental
analysis calcd (%) for C16H18Cl2O4: C 55.67, H 5.26; found: C 55.43, H
5.31.


Disubstituted acyloins


Acyloin 13a : Yield 88%; m.p. 103±105 8C; 1H NMR: d = 4.57 (dd, 1H,
J = 16.2, 12.2 Hz), 4.56 (s, 1H), 4.52 (d, 1H, J = 1.5 Hz; carbinol H),
4.25 (dd, 2H, J = 12.3, 6.1 Hz, one H is D2O exchangeable), 4.13 (dd,
1H, J = 12.3, 4.4 Hz), 3.71 (s, 3H; OMe), 3.60 (s, 3H; OMe), 3.24±3.18
(m, 1H, J = 1.5 Hz + others; 6-Hexo), 3.02±2.97 (m, 1H), 2.06 (s, 3H;
OCOMe), 2.00 ppm (s, 3H; OCOMe); 13C NMR: d = 199.4 (C=O),
171.0 (O�C=O), 170.3 (O�C=O), 101.9, 79.9 (carbinol C), 78.2, 72.2,
60.9, 58.9, 52.0 (OMe), 51.8 (OMe), 44.7, 43.7, 20.9, 20.5 ppm; IR (KBr):
ñ = 3500, 2950, 1760 (br), 1380 cm�1; elemental analysis calcd (%) for
C15H20Cl2O8: C 45.13, H 5.05; found: C 44.26, H 5.07.


Acyloin 13b : Yield 94%; colorless solid, m.p. 147±148 8C; 1H NMR: d =


6.02 (d, 1H, J = 11.7 Hz, D2O exchangeable; OH), 5.19 (d, 1H, J =


5.9 Hz), 4.56±4.33 (m, 5H), 3.88 (d, 1H, J = 14.9 Hz), 3.68 (s, 3H;
OMe), 3.63 (s, 3H; OMe), 3.10 (d, 1H, J = 10.8 Hz), 2.84 ppm (d, 1H, J
= 11.2 Hz); 13C NMR: d = 200.3 (C=O), 102.1, 100.1, 79.0 (carbinol C),


78.7, 72.9, 68.9, 67.1, 51.7 (2C), 49.5, 48.6 ppm; IR (KBr): ñ = 3150,
2800, 1755, 1420 cm�1; elemental analysis calcd (%) for C12H16Cl2O6: C
44.06, H 4.92; found: C 44.24, H 5.02.


Acyloin 13c : Yield 100%; colorless solid, m.p. 111±113 8C; 1H NMR: d
= 4.64 (d, 1H, J = 1.5 Hz; carbinol H), 3.64 (s, 3H; OMe), 3.56 (s, 3H;
OMe), 3.19±3.12 (m, 1H, J = 1.7 Hz + others; 6-Hexo), 3.02±2.97 (m,
1H; 5-Hexo), 2.30±2.24 (m, 1H), 1.67±1.47 ppm (m, 5H); 13C NMR: d =


202.0 (C=O), 105.2, 80.1 (carbinol C), 79.1, 71.2, 51.6, 51.3, 50.4, 50.0,
25.8, 25.4, 25.2 ppm; IR (KBr): ñ = 3400, 2900, 1740, 1420, 1400,
900 cm�1; elemental analysis calcd (%) for C12H16Cl2O4: C 48.83, H 5.46;
found: C 48.47, H 5.51.


Acyloin 13d : Yield 100%; colorless solid, m.p. 133±134 8C; 1H NMR: d
= 4.62 (d, 1H, J = 2 Hz; carbinol H), 3.65 (s, 3H; OMe), 3.56 (s, 3H;
OMe), 3.41 (br s, 1H, D2O exchangeable; OH), 2.74±2.66 (m, 1H, J =


2.0 Hz + others; 6-Hexo), 2.48 (ddd, 1H, J = 13.9, 12.3, 4.9 Hz; 5-Hexo),
2.02 (ddt, 1H, J1 = J2 = 13.4, J3 = 3.6 Hz), 1.68 (m, 2H), 1.55±1.45 (m,
2H), 1.36±1.29 (m, 1H), 1.21±1.13 (m, 1H), 0.97 ppm (ddt, 1H, J = 13.4,
13.3, 5.6 Hz); 13C NMR: d = 201.8 (C=O), 103.1, 80.8 (carbinol C), 80.0,
72.5, 51.6 (2C), 44.5, 43.0, 19.7, 18.9, 18.4, 17.6 ppm; IR (KBr): ñ = 3400,
2900, 1760, 1440, 1080 cm�1; elemental analysis calcd (%) for
C13H18Cl2O4: C 50.50, H 5.87; found C 49.69, H 5.56.


Irradiation of the carbinol proton 2-Hexo in 13d resulted in the disappear-
ance of W-coupling with the 6-Hexo proton.


Acyloin 13e : Yield 100%; m.p. 168±170 8C; 1H NMR: d = 4.55 (d, 1H, J
= 1.7 Hz; carbinol H), 3.71 (s, 3H; OMe), 3.59 (s, 3H; OMe), 3.12 (br s,
1H, D2O exchangeable; OH), 2.64 (t, 1H, J = 10.9 Hz), 2.52 (t, 1H, J =


11.0 Hz), 1.98±1.94 (m, 1H), 1.86±1.80 (m, 2H), 1.64±1.59 (m, 4H), 1.28±
1.09 ppm (m, 5H); 13C NMR: d = 200.8 (C=O), 102.2, 80.6 (2C), 73.9,
51.74 (OMe), 51.70 (OMe), 48.1, 46.9, 31.0, 30.7, 25.8, 25.2, 23.4,
21.1 ppm; IR (KBr): ñ = 3300, 2800, 1740, 1420 cm�1; elemental analysis
calcd (%) for C15H22Cl2O4: C 53.42, H 6.58; found: C 52.97, H 6.38.


Acyloin 13 f : Yield 95%; m.p. 153±154 8C; 1H NMR: d = 4.54 (d, 1H, J
= 10.5 Hz; carbinol H), 4.46 (d, 1H, J = 9.8 Hz), 3.80 (d, 1H, J =


10.7 Hz), 3.70 (s, 3H; OMe), 3.68 (d, 1H, J = 7.3 Hz, D2O exchangeable;
OH), 3.61 (s, 3H; OMe), 3.49 (dd, 1H, J = 10.7, 6.3 Hz), 3.38 (dd, 1H, J
= 6.3, 1.4 Hz; 6-Hexo), 3.37±3.33 (m, 1H), 3.19 ppm (dd, 1H, J = 9.8,
6.1 Hz); 13C NMR: d = 200.6 (C=O), 104.5, 80.4 (carbinol C), 77.4, 69.1,
67.2, 66.6, 51.8 (OMe), 51.5 (OMe), 50.2, 49.8 ppm; IR (KBr): ñ = 3150,
2800, 1740, 1400 cm�1; elemental analysis calcd (%) for C11H14Cl2O5: C
44.46, H 4.75; found: C 44.15, H 4.69.


Acyloin 14a : Yield 67%; colorless solid, m.p. 138±140 8C; 1H NMR: d =


4.63±4.54 (m, 3H), 4.28 (dd, 1H, J = 12.3, 6.0 Hz), 4.17 (dd, 1H, J =


12.3, 4.0 Hz), 3.76 (s, 3H; OMe), 3.66 (s, 3H; OMe), 3.26±3.19 (m, 1H, J
= 1.7 Hz + others; 6-Hexo), 3.05±2.98 (m, 1H), 2.06 (s, 3H; OCOMe),
2.00 ppm (s, 3H; OCOMe); 13C NMR: d = 199.3 (C=O), 170.8, 170.2,
101.9, 80.7, 71.6, 64.9, 61.5, 59.3, 52.3, 52.0, 45.9, 44.9, 21.0, 20.5 ppm; IR
(KBr): ñ = 3350, 2900, 1710, 1220 cm�1; elemental analysis calcd (%) for
C15H20Br2O8: C 36.91, H 4.13; found: C 37.04, H 4.21.


Acyloin 14b : Yield 72%; colorless solid, m.p. 171±172 8C; 1H NMR: d =


6.02 (d, 1H, J = 11.9 Hz, D2O exchangeable; OH), 5.18 (d, 1H, J =


6.8 Hz), 4.63±4.31 (m, 5H), 3.86 (d, 1H, J = 13.6 Hz), 3.73 (s, 3H), 3.68
(s, 3H), 3.13 (d, 1H, J = 11.5 Hz), 2.85 ppm (d, 1H, J = 11.2 Hz); 13C
NMR: d = 200.0 (C=O), 102.2, 100.1, 79.7, 73.4, 69.6, 67.6, 66.7, 51.9,
51.8, 50.4, 49.9 ppm; IR (KBr): ñ = 3200, 2800, 1750, 1430, 960 cm�1; ele-
mental analysis calcd (%) for C12H16Br2O6: C 34.64, H 3.88; found: C
34.37, H 3.79.


Acyloin 14d : Yield 72%; colorless solid, m.p. 138±139 8C; 1H NMR: d =


4.66 (br s, 1H; carbinol H), 3.75 (s, 3H; OMe), 3.66 (s, 3H; OMe), 3.15
(br s, 1H; OH), 2.81±2.74 (m, 1H, J = 1.7 Hz + others; 6-Hexo), 2.60±
2.52 (m, 1H), 2.10±1.99 (m, 1H), 1.79±1.67 (m, 2H), 1.64±1.52 (m, 2H),
1.43±1.33 (m, 1H), 1.26±1.14 (m, 1H), 1.07±0.96 ppm (m, 1H); 13C NMR:
d = 201.3 (C=O), 103.0, 81.7 (carbinol C), 73.4, 65.6, 51.9 (OMe), 51.8
(OMe), 46.3, 44.6, 19.9, 19.1, 18.9, 18.2 ppm; IR (KBr): ñ = 3400, 2900,
1750, 1100 cm�1; elemental analysis calcd for C13H18Br2O4: C 39.22, H
4.56; found: C 39.31, H 4.61.


Irradiation of the carbinol proton 2-Hexo resulted in the disappearance of
W-coupling with the 6-Hexo proton.


Acyloin 15 : Yield 13%; obtained as a colorless solid, m.p. 54±55 8C; 1H
NMR: d = 4.63 (br s, 1H; carbinol H), 3.51 (s, 3H; OMe), 3.48 (s, 3H;
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OMe), 2.76 (dd, 1H, J = 5.7, 1.7 Hz; bridgehead H), 2.70 (br s, 1H;
OH), 2.69±2.61 (m, 1H, J = 1.7 Hz + others; 6-Hexo), 2.44±2.35 (m, 1H),
2.05 (dq, 1H, J = 13.4, 3.7 Hz), 1.74±1.66 (m, 2H), 1.62±1.58 (m, 1H),
1.39±1.33 (m, 2H), 1.21±1.10 ppm (m, 2H); 13C NMR: d = 207.0 (C=O),
105.2, 83.2 (carbinol C), 67.2, 57.5, 51.3 (OMe), 50.9 (OMe), 45.1, 35.2,
21.2, 19.9, 19.6, 17.9 ppm; IR (KBr): ñ = 3400, 2900, 1740, 1100 cm�1; el-
emental analysis calcd (%) for C13H19BrO4: C 48.92, H 6.00; found: C
49.01, H 5.96.


Acyloin 14 f : Yield 22%; m.p. 119±120 8C; 1H NMR: d = 4.56 (d, 1H, J
= 10.2 Hz; carbinol H), 4.48 (d, 1H, J = 10.2 Hz), 3.80 (d, 1H, J =


10.5 Hz), 3.74 (s, 3H; OMe), 3.66 (s, 3H; OMe), 3.63 (br s, 1H, D2O ex-
changeable; OH), 3.51 (dd, 1H, J = 10.7, 6.6 Hz), 3.46 (dd, 1H, J = 9.3,
7.1 Hz), 3.35 (dd, 1H, J = 10.5, 6.1 Hz), 3.26 ppm (dd, 1H, J = 9.5,
6.4 Hz); 13C NMR: d = 200.5 (C=O), 104.7, 81.1 (carbinol C), 70.0, 67.5,
66.9, 61.3, 51.9, 51.8, 51.7, 51.3 ppm; IR (KBr): ñ = 3300, 2800, 1740,
1240 cm�1; elemental analysis calcd (%) for C11H14Br2O5: C 34.22, H
3.65; found: C 34.15, H 3.79.


Acyloin 16 : Yield 44%; m.p. 112±114 8C; 1H NMR: d = 4.54 (d, 1H, J
= 11.2 Hz, carbinol H), 4.42 (d, 1H, J = 9.5 Hz), 3.77 (d, 1H, J =


10.2 Hz), 3.68 (d, 1H, J = 11.2 Hz, D2O exchangeable; OH), 3.50 (s, 3H;
OMe), 3.50 (m, 1H), 3.49 (s, 3H; OMe), 3.38±3.31 (m, 2H), 3.03 (dd,
1H, J = 14.4, 7.3 Hz), 2.80 ppm (dd, 1H, J = 6.6, 1.4 Hz); 13C NMR: d
= 207.0 (C=O), 107.1, 83.0 (carbinol C), 68.7, 66.6, 63.0, 55.6, 51.4, 51.3,
50.9, 41.1 ppm; IR (KBr): ñ = 3400, 2800, 1740, 1250 cm�1; elemental
analysis calcd (%) for C11H15BrO5: C 43.02, H 4.92; found C 43.33, H
5.11.


Keto lactone 19 : Crude reaction mixture crystallized to give 83% yield;
m.p. 165±167 8C; 1H NMR: d = 4.77 (d, 1H, J = 1.5 Hz; 2-Hexo), 3.90 (d,
1H, J = 10.8 Hz; 5-Hexo), 3.74 (s, 3H; OMe), 3.73 (s, 3H; OMe), 3.65 (s,
3H; OMe), 3.44 ppm (dd, 1H, J = 10.8, 1.9 Hz; 6-Hexo);


13C NMR: d =


188.8 (C=O), 171.5 (O�C=O), 166.9 (O�C=O), 101.4 (C7), 83.53, 83.45,
72.1, 53.4 (OMe), 52.6 (OMe), 52.3 (OMe), 51.1, 49.7 ppm; IR (KBr): ñ
= 2900, 1780±1700 (br), 1420 cm�1; elemental analysis calcd (%) for
C12H12Cl2O7: C 42.50, H 3.57; found: C 42.04, H 3.65.


Keto lactone 20 : Yield 71%; colorless solid, m.p. 110 8C; 1H NMR: d =


4.63 (d, 1H, 5.4 Hz; 2-H), 3.71 (s, 3H; OMe), 3.66±3.61 (m, 2H), 3.34 (s,
3H; OMe), 3.31 (s, 3H; OMe), 3.23 (dd, 1H, J = 10.0, 5.1 Hz), 3.04 ppm
(m, 1H); 13C NMR: d = 198.7 (C=O), 175.0 (O�C=O), 169.5 (O�C=O),
106.5, 79.8, 54.3, 52.8, 51.6, 50.5, 48.9, 45.5, 41.0 ppm; IR (KBr): ñ =


2900, 1760, 1700, 1300 cm�1; elemental analysis calcd (%) for C12H14O7: C
53.35, H 5.22; found: C 53.21, H 5.16.


General procedure for the cleavage of acyloins : Pb(OAc)4 (0.5 mmol)
was added portionwise over 15 min to a stirred solution of the acyloin
(0.2 mmol) in MeOH (3 mL) and benzene (1 mL) at room temperature.
After the mixture had been stirred for the required time (monitored by
TLC, refer to Scheme 8), water (3 mL) was added and the reaction mix-
ture was extracted with ethyl acetate. The combined organic layers were
washed with water, once with dilute NaHCO3 solution, and once with
brine, and then dried over anhydrous Na2SO4. Concentration followed by
chromatography of the crude concentrated reaction mixture on silica gel
yielded the pure cyclopentane carboxaldehydes.


Cyclopentane carboxaldehydes


Cyclopentane derivative 22a : Yield 75%; colorless viscous liquid; 1H
NMR: d = 9.56 (s, 1H; CHO), 7.34±7.26 (m, 5H; aromatic), 4.05 (dd,
1H, J = 13.6, 7.6 Hz; 5-Hb), 3.80 (dd, 1H, J = 14.7, 13.6 Hz; 4-Hb), 3.72
(s, 3H; OMe), 3.49 (s, 3H; OMe), 3.33 (s, 3H; OMe), 2.25 ppm (dd, 1H,
J = 14.7, 7.6 Hz; 4-Ha);


13C NMR: d = 189.1 (CHO), 167.0 (O�C=O),
134.7, 128.3, 128.2, 110.7, 81.8, 79.6, 53.3, 53.1, 53.0, 52.9, 37.3 ppm; IR
(neat): ñ = 2900, 1720, 1330, 800 cm�1; elemental analysis calcd (%) for
C16H18Cl2O5: C 53.20, H 5.02; found: C 53.12, H 5.09.


Cyclopentane derivative 22b : Yield 77%; colorless viscous liquid; 1H
NMR: d = 9.44 (s, 1H; CHO), 4.43 (dd, 1H, J = 10.2, 8.2 Hz; 5-Hb),
3.80 (s, 3H; OMe), 3.79 (m, 1H), 3.64 (m, 3H; OMe), 3.63 (m, 1H), 3.33
(s, 3H; OMe), 3.27 (dd, 1H, J = 15.0, 10.2 Hz; 4-Hb), 2.31 (dd, 1H, J =


15.0, 8.2 Hz; 4-Ha), 1.16 ppm (t, 3H, J = 7.1 Hz; Me); 13C NMR: d =


188.4 (CHO), 166.4 (O�C=O), 108.7, 85.2, 80.4, 78.6, 67.1, 53.4, 53.1,
53.0, 38.7, 15.3 ppm; IR (neat): ñ = 2900, 1760, 1700, 1330 cm�1; elemen-
tal analysis calcd (%) for C12H18Cl2O6: C 43.79, H 5.51; found: C 43.85,
H 5.62.


Cyclopentane derivative 22d : Yield 83%; colorless viscous liquid; 1H
NMR: d = 9.39 (s, 1H; CHO), 5.63 (dd, 1H, J1 = J2 = 8.4 Hz; 5-Hb),
3.82 (s, 3H; OMe), 3.70 (s, 3H; OMe), 3.41 (s, 3H; OMe), 3.25 (dd, 1H,
J = 15.1, 8.4 Hz; 4-Hb), 2.56 (dd, 1H, J = 15.1, 8.6 Hz; 4-Ha), 2.07 ppm
(s, 3H; OMe); 13C NMR: d = 187.3 (CHO), 169.4 (O�C=O), 165.8 (O�
C=O), 108.4, 77.9, 77.71, 77.68, 53.5 (OMe), 53.3 (OMe), 53.1 (OMe),
37.5, 20.6 ppm; IR (neat): ñ = 2900, 1740 (br), 1710, 1380 cm�1; elemen-
tal analysis calcd (%) for C12H16Cl2O7: C 42.00, H 4.70; found: C 41.96,
H 4.64.


Cyclopentane derivative 22 f : Yield 71%; colorless solid, m.p. 69 8C; 1H
NMR: d = 9.53 (s, 1H; CHO), 3.75 (s, 3H; OMe), 3.57 (s, 3H; OMe),
3.33 (s, 3H; OMe), 3.01 (t, 1H, J = 14.5 Hz; 4-Hb), 2.30 (dd, 1H, J =


14.5, 7.3 Hz; 5-Hb), 1.95 (dd, 1H, J = 14.5, 7.3 Hz; 4-Ha), 0.08 ppm (s,
9H; SiMe3);


13C NMR: d = 190.3 (CHO), 169.0 (O�C=O), 112.3, 80.7,
79.7, 53.6, 53.0 (2C), 38.8, 35.7, �1.6 ppm; IR (KBr): ñ = 2900, 1720
(br), 1430 cm�1; elemental analysis calcd (%) for C13H22Cl2O5Si: C 43.70,
H 6.21; found: C 43.85, H 5.62.


Cyclopentane derivative 24 : Yield 78%; colorless viscous liquid; 1H
NMR: d = 9.43 (s, 1H; CHO), 4.55 (dd, 1H, J1 = J2 = 8.4 Hz; 5-Hb),
3.81±3.74 (m, 1H), 3.77 (s, 3H; OMe), 3.68±3.62 (m, 1H), 3.67 (s, 3H;
OMe), 3.42 (s, 3H; OMe), 3.30 (dd, 1H, J = 14.5, 8.5 Hz; 4-Hb), 2.52
(dd, 1H, J = 15.5, 8.5 Hz; 4-Ha), 1.16 ppm (t, 3H, J = 7.0 Hz; Me); 13C
NMR: d = 187.1 (CHO), 166.4 (O�C=O), 108.0, 85.7, 73.1, 72.8, 67.0,
53.8, 53.5, 53.0, 39.3, 15.3 ppm; IR (KBr): ñ = 2900, 1720 (br),
1460 cm�1; elemental analysis calcd (%) for C12H18Br2O6: C 34.47, H
4.34; found: C 34.53, H 4.21.


Bicyclic lactone 23 : Yield 90%; colorless solid, m.p. 140±142 8C; 1H
NMR: d = 7.32 (s, 5H; aromatic), 4.56 (d, 1H, J = 10.0 Hz), 4.30 (d,
1H, J = 10.3 Hz), 3.89 (dd, 1H, J = 12.7, 6.8 Hz), 3.85 (s, 3H; OMe),
3.67 (s, 3H; OMe), 2.97 (t, 1H, J = 14.1 Hz), 2.63 ppm (dd, 1H, J =


14.1, 6.8 Hz); 13C NMR: d = 165.1 (O�C=O), 134.7, 128.8, 128.5, 128.4,
102.4, 81.2, 74.6, 67.2, 53.2, 52.5, 51.7, 41.0 ppm; IR (KBr): ñ = 2950,
1740, 1440, 1380, 1300 cm�1; elemental analysis calcd (%) for
C15H16Cl2O4: C 54.40, H 4.87; found C 54.71, H 4.67.


Oxa tricyclic ketone 27: Yield 22%; colorless solid, m.p. 68±70 8C; 1H
NMR: d = 4.39 (dd, 1H, J = 8.8, 4.2 Hz), 4.29 (br s, 1H), 3.95 (d, 1H, J
= 8.8 Hz), 3.71 (s, 3H; OMe), 3.62 (s, 3H; OMe), 2.93 (m, 1H), 2.70 (dd,
1H, J = 12.7, 11.1 Hz), 1.74 ppm (dd, 1H, J = 12.7, 2.0 Hz); 13C NMR:
d = 198.0 (C=O), 102.3, 86.7, 75.4, 75.2, 74.2, 52.2 (OMe), 51.9 (OMe),
45.5, 37.0 ppm; IR (KBr): ñ = 2850, 1760, 1240 cm�1; elemental analysis
calcd (%) for C10H12Cl2O4: C 44.97, H 4.53; found: C 44.53, H 4.57.


Oxa tricyclic ketone 28 : Colorless solid; m.p. 76±78 8C; 1H NMR: d =


4.44 (dd, 1H, J = 8.8, 3.6 Hz), 3.84 (s, 3H; OMe), 3.83 (d, 1H, J =


8.5 Hz), 3.66 (s, 3H; OMe), 3.61 (s, 3H; OMe), 2.94 (ddd, 1H, J = 11.0,
2.2, 3.6 Hz), 2.66 (dd, 1H, J = 12.7, 11.0 Hz), 1.85 ppm (dd, 1H, J =


12.7, 2.2, 3.6 Hz); 13C NMR: d = 196.7 (C=O), 105.1, 102.1, 76.0, 74.2,
72.3, 54.9, 52.4, 51.4, 46.8, 36.1 ppm; IR (KBr): ñ = 2950, 1770, 1430,
1190, 1070 cm�1; elemental analysis calcd (%) for C11H14Cl2O5: C 44.47,
H 4.75; found C 44.52, H 4.71.


Oxatricyclic compound 31: Yield 65%, m.p. 73±75 8C; 1H NMR: d =


4.30±4.25 (m, 2H), 3.77 (d, 1H, J = 8.6 Hz), 3.65 (s, 3H; OMe), 3.63 (s,
3H; OMe), 3.50 (s, 3H; OMe), 3.13 (d, 1H, J = 8.1 Hz, D2O exchangea-
ble; OH), 2.68 (ddd, 1H, J = 11.0, 2.7, 2.2 Hz; 5-Hexo), 2.42 (ddd, 1H, J
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= 12.4, 11.0, 2.0 Hz; 6-Hexo), 1.98 ppm (dd, 1H, J = 12.4, 2.1 Hz; 6-
Hendo);


13C NMR: d = 107.1, 102.0, 77.5, 71.7, 71.5, 70.9, 52.3 (OMe),
51.6 (OMe), 51.1 (OMe), 46.5, 35.4 ppm; IR (KBr): ñ = 3300, 2850,
1440, 1200 cm�1; elemental analysis calcd (%) for C11H16Cl2O5: C 44.16,
H 5.39; found: C 44.23, H 5.89.


Bicyclic lactone 32 : Yield 95%; colorless solid, m.p. 82±84 8C; 1H NMR:
d = 4.45 (dd, 1H, J = 10.2, 2.1 Hz), 4.23 (dd, 1H, J = 10.7, 3.2 Hz),
4.14 (d, 1H, J = 10.2 Hz), 3.81 (dq, 1H, J = 9.3, 6.8 Hz; OCH2), 3.73 (s,
3H; OMe), 3.61 (s, 3H; OMe), 3.53 (dq, 1H, J = 9.3, 6.8 Hz; OCH2),
2.93 (ddd, 1H, J1 = J2 = 12.4 Hz, J3 = 2.2 Hz), 2.19 (dd, 1H, J = 14.1,
3.4 Hz), 1.15 ppm (t, 3H, J = 6.8 Hz; Me); 13C NMR: d = 164.4 (O�C=
O), 101.6, 83.3, 79.9, 73.9, 67.3, 67.1, 52.9, 52.6, 43.4, 15.2 ppm; IR (KBr):
ñ = 2900, 1760, 1430, 1320 cm�1; elemental analysis calcd (%) for
C11H16Cl2O5: C 44.17, H 5.39; found: C 44.21, H 5.37.


Bicyclic lactam 33 : The aldehyde 22b (73 mg, 0.23 mmol) was dissolved
in benzene (3 mL) and allylamine (0.46 mmol, 26 mg) was added along
with a few 4 ä molecular sieves. The reaction mixture was stirred at
room temperature for 2 h (until complete consumption of the starting
material as monitored by TLC). The benzene was then evaporated in
vacuo at room temperature. The residue was dissolved in MeOH and this
solution was cooled to 0 8C, whereupon NaBH4 (15 mg, 0.40 mmol) was
added and the resulting mixture was stirred for 1 h. The MeOH was then
evaporated at room temperature, water (5 mL) was added, and the re-
sulting mixture was extracted with ethyl acetate. The combined organic
layers were washed with brine, dried over anhydrous Na2SO4, and con-
centrated. Purification by column chromatography on silica gel (20±25%
ethyl acetate/hexane as eluent) afforded 50 mg (64%) of the pure amide
33.


Yield 64%; colorless solid, m.p. 140±142 8C; 1H NMR: d = 5.81±5.71 (m,
1H; olefinic H), 5.28 (d, 1H, J = 17.3 Hz; olefinic H), 5.17 (d, 1H, J =


10.2 Hz; olefinic H), 5.02 (d, 1H, J = 5.8 Hz; 7-Hexo), 4.37±4.32 (m, 1H),
4.19 (dd, 1H, J = 8.8, 5.3 Hz), 3.96 (dd, 1H, J = 15.3, 7.1 Hz), 3.78 (dq,
1H, J = 9.3, 7.1 Hz; OCH2), 3.70 (s, 3H; OMe), 3.51 (s, 3H; OMe),
3.49±3.45 (m, 1H; OCH2), 3.08 (d, 1H, J = 6.1 Hz), 2.55±2.53 (m, 2H),
1.09 ppm (t, 3H, J = 7.1 Hz; Me); 13C NMR: d = 162.8 (N�C=O),
131.9, 117.9, 102.3, 83.2, 83.1, 80.1, 74.8, 66.9, 52.8 (OMe), 52.6 (OMe),
46.0, 37.1, 15.2 ppm (Me); IR (KBr): ñ = 2900, 1650, 1420, 1300, 1240,
1200 cm�1; elemental analysis calcd (%) for C14H21Cl2NO4: C 49.72, H
6.26, N 4.14; found: C 42.78, H 6.30, N 4.17.


General procedure for allylindium addition to aldehydes : Indium metal
(0.75 mmol, cut into small pieces) and allyl bromide (1 mmol) were
added to a solution of aldehyde 22 (0.5 mmol) in DMF (1 mL), and the
mixture was stirred at room temperature for the specified time (refer to
Scheme 9). After completion of the reaction, as monitored by TLC, the
reaction mixture was quenched with a few drops of 5% HCl and extract-
ed with diethyl ether. The combined organic layers were washed once
with brine, dried over anhydrous Na2SO4, and concentrated. The result-
ing residue was purified by column chromatography on silica gel to pro-
vide the allyl lactones and the pure homoallylic alcohol. In each case, the
product distribution was assessed by 400 MHz 1H NMR analysis of the
crude residue, prior to the column purification step.


Allyl lactone 34 : Yield 95%, obtained as a viscous liquid; 1H NMR
(500 MHz): d = 6.00±5.89 (m, 1H; olefinic H), 5.17 (d, 1H, J = 15.0 Hz;
olefinic H), 5.14 (d, 1H, J = 8.8 Hz; olefinic H), 4.35 (dd, 1H, J = 10.5,
2.0 Hz), 4.21 (dd, 1H, J = 10.7, 3.0 Hz), 3.81 (dq, 1H, J = 9.3, 7.1 Hz;
OCH2), 3.73 (s, 3H; OMe), 3.60 (s, 3H; OMe), 3.55 (dq, 1H, J = 9.3,
7.1 Hz; OCH2), 3.00 (dd, 1H, J = 14.2, 10.7 Hz), 2.91 (dd, 1H, J = 13.9,
6.9 Hz), 2.78±2.69 (m, 1H), 2.18 (dd, 1H, J = 14.1, 3.2 Hz), 1.14 ppm (t,
3H, J = 7.1 Hz; Me); 13C NMR: d = 163.6 (O�C=O), 134.6, 117.9,
102.3, 87.9, 83.5, 79.9, 70.0, 67.2, 52.9, 52.6, 47.3, 37.4, 15.2 ppm; IR
(KBr): ñ = 2900, 1770, 1630, 1420, 1300 cm�1; elemental analysis calcd
(%) for C14H20Cl2O5: C 49.57, H 5.94; found: C 49.61, H 5.98.


Allyl lactone 35 : Yield 94%, obtained as a viscous liquid; 1H NMR: d =


5.92±5.82 (m, 1H; olefinic H), 5.12±5.03 (m, 2H; olefinic H), 4.30 (dd,
1H, J = 10.8, 1.7 Hz), 4.23 (dd, 1H, J = 10.4, 3.0 Hz), 3.79 (dq, 1H, J =


9.3, 7.1 Hz; OCH2), 3.70 (s, 3H; OMe), 3.59 (s, 3H; OMe), 3.50 (dq, 1H,
J = 9.3, 7.1 Hz; OCH2), 3.06 (dd, 1H, J = 14.2, 10.5 Hz), 2.98 (dd, 1H,
J = 14.6, 7.3 Hz), 2.73±2.65 (m, 1H), 2.18 (dd, 1H, J = 14.2, 3.2 Hz),
1.10 ppm (t, 3H, J = 7.1 Hz; Me); 13C NMR: d = 163.3 (O�C=O),
134.8, 117.8, 102.5, 88.4, 84.9, 72.4 (bridgehead), 67.3, 62.6 (bridgehead),


53.11 (OMe), 53.08 (OMe), 49.1, 39.1, 15.2 ppm; IR (KBr): ñ = 2900,
1760, 1620, 1440, 1360 cm�1; elemental analysis calcd (%) for
C14H20Br2O5: C 39.28, H 4.71; found: C 39.34, H 4.75.


Allyl lactone 36 : Colorless solid, m.p. 121±122 8C; 1H NMR (500 MHz):
d = 7.35±7.29 (m, 5H; aromatic H), 6.03±5.93 (m, 1H; olefinic CH),
5.24±5.17 (m, 2H; olefinic CH2), 4.52 (dd, 1H, J = 12.5, 2.0 Hz; 6-H),
3.88 (dd, 1H, J = 12.8, 6.4 Hz; 3-H), 3.84 (s, 3H; OMe), 3.66 (s, 3H;
OMe), 3.06 (dd, 1H, J = 14.2, 12.7 Hz; 2-Hexo), 3.02±2.97 (m, 1H; allylic
CH2), 2.84±2.76 (m, 1H; allylic CH2), 2.61 ppm (dd, 1H, J = 14.2,
6.4 Hz; 2-Hendo);


13C NMR: d = 164.3 (O�C=O), 134.7 (C13), 134.6 (C10i),
128.8, 128.3, 117.1 (C14), 111.1 (C7a), 89.1 (C6), 81.3 (C4a), 70.2 (C1a), 72.4
(bridgehead), 53.1 (C9), 52.7 (C8), 51.8 (C3), 45.0 (C2), 37.2 ppm (C12); IR
(KBr): ñ = 2950, 1770, 1620, 1430 cm�1; elemental analysis calcd (%) for
C18H20Cl2O4: C 58.23, H 5.43; found: C 58.28, H 5.46.


Homoallylic alcohol 37: Colorless solid, m.p. 96±98 8C; 1H NMR: d =


7.34±7.24 (m, 5H; aromatic H), 6.10±5.96 (m, 1H; olefinic H), 5.27±5.10
(m, 2H; olefinic H), 4.44±4.40 (m, 1H; carbinol H), 3.89 (dd, 1H, J =


14.3, 6.0 Hz; H5), 3.64 (s, 3H; OMe), 3.52 (s, 3H; OMe), 3.33 (s, 3H;
OMe), 3.22±3.15 (m, 2H), 2.55±2.47 (m, 1H), 2.36 (dd, 1H, J = 14.0,
6.4 Hz; allylic CH2), 2.21 ppm (dd, 1H, J = 13.9, 6.1 Hz; 4-Hb);


13C
NMR: d = 167.6 (O�C=O), 135.5, 134.6, 128.5, 128.3, 117.1 (C14), 111.1
(C7a), 85.8 (carbinol C), 82.5, 73.6, 53.0 (OMe), 52.8 (OMe), 52.7 (OMe),
52.4 (C5), 43.2 (C2), 36.8 ppm (allylic CH2); IR (KBr): ñ = 2900, 1700,
1620, 1430 cm�1; elemental analysis calcd (%) for C19H24Cl2O5: C 56.59,
H 6.00; found: C 56.77, H 5.79.


X-ray crystallographic analysis : The crystal structures of 3b, 4b, and 37
were determined from single-crystal X-ray diffraction data. Data were
collected at room temperature on a Bruker SMART 1000 CCD-based
diffractometer using graphite-monochromated MoKa radiation (l =


0.71073 ä). The structures were solved with the aid of WinGX Ver-
sion 1.64.04, an integrated system of windows programs for the solution,
refinement, and analysis of single-crystal X-ray diffraction data by
Louis J. Farrugia, Department of Chemistry, University of Glasgow
(1997±2002).[20] The structure was initially solved with SIR-97 and then
refined with SHELX-97, which are incorporated in WinGX. The struc-
ture was refined by full-matrix least-squares methods on F2. The hydro-
gen atom positions were initially determined on the basis of geometrical
considerations and were refined with a riding model. Non-hydrogen
atoms were refined with anisotropic displacement parameters. CCDC-
227642 (3b), CCDC-227641 (4b), and CCDC-227643 (37) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12 Union Road,
Cambridge CB2 1EZ, UK; fax: (+44)1223-336033; or e-mail : deposit@
ccdc.cam.ac.uk).
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Multi-Step Application of Immobilized Reagents and Scavengers: A Total
Synthesis of Epothilone C


R. Ian Storer,[a] Toshiyasu Takemoto,[a] Philip S. Jackson,[a] Dearg S. Brown,[b]


Ian R. Baxendale,[a] and Steven V. Ley*[a]


Introduction


Developments in high-throughput screening and automated
technologies have revolutionised both pharmaceutical and
agrochemical research. The capacity to design and test thou-
sands of compounds per day has resulted in an increasing
burden on synthetic chemists to construct an unprecedented
number of new molecules that possess wide structural diver-
sity. Consequently, methods have been sought to allow effi-
cient, multi-parallel synthesis and offer a practical simplicity
that is readily applicable to both automation and scale-
up.[1,2]


Investigations into solid phase organic synthesis heralded
the birth of combinatorial chemistry, offering conceptual
compatibility with parallel and automated approaches.[3]


However, despite the advantages this technology continues
to suffer from inherent limitations that have catalyzed the
search for superior alternatives.[4] Arguably the most promis-
ing of these advances has been the application of immobi-
lized reagents, catalysts and scavengers.[1,2]


Although there have been numerous applications of sup-
ported reagents during the past fifty years,[5] it was only
during the last decade that chemists have begun to exploit


them to their full capacity.[2,6] During this period we have
started to explore the combined application of immobilized
reagents and scavengers for the parallel syntheses of drug
compound collections and natural products.[7,8] This has
proven to be a versatile means for molecular conversion and
impurity elimination, offering the opportunity to omit con-
ventional labour intensive approaches to reaction quench-
ing, extraction and purification.


Epothilones A and B (Figure 1) were discovered by
Hˆfle, Reichenbach and their co-workers in the early
1990s.[9] In 1995 widespread interest was triggered when the
epothilones were found to be potent inhibitors of tumor cell
proliferation inducing mitotic arrest by the same mechanism
as Taxol.[10] Accordingly, significant advances in both syn-
thetic chemistry and biology have emerged from the result-
ing studies that may ultimately result in the development of
new and more effective chemotherapeutic agents for the
treatment of cancers.[11]


There have been many total syntheses of both natural and
designed epothilones reported since the disclosure of their
full structural assignments.[12±27] However, these conventional
syntheses all required extensive silica gel chromatography to
provide material free from contaminating by-products.
While this is generally accepted in the research laboratory,
such processes are not ideal for larger scale production, nor
are they appropriate for the high-throughput synthesis of li-
braries of analogues.


Recently we reported the application of immobilized re-
agent techniques to the total synthesis of epothilone C and
concurrent formal synthesis of epothilone A.[7] Herein these
results are further discussed in context with several alterna-
tive approaches that were also investigated to elucidate this
technology as an advancing concept within complex molecu-
lar assembly.
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Abstract: The total synthesis of the cytotoxic antitumour natural product epothilo-
ne C has provided a stage for the exploitation and further development of immobi-
lized reagent methods. A stereoselective convergent synthetic strategy was applied,
incorporating polymer-supported reagents, catalysts, scavengers and catch-and-re-
lease techniques to avoid frequent aqueous work-up and chromatographic purifica-
tion.
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Synthetic plan : Previous synthetic routes to the epothilone
16-membered macrocycle commonly involved convergent
strategies, connecting fragments by a stereoselective C6±C7
aldol coupling, prior to either C1±C15 macrolactonization or
C12±C13 ring-closing metathesis.[17,18,28]


Accordingly, our route incorporated the enantioselective
preparation of three fragments 1 (3), 2 (4), and 3 (5), and
their subsequent diastereoselective coupling to provide a
convergent approach to epothilone C (2) (Figure 2). The
synthesis included some well-established chemistry whilst in-
tegrating existing and newly devised immobilized reagent
methodologies.


The stereoselective union of fragments 1 (3) and 2 (4) by
C6±C7 lithium aldol was followed by a C12±C13 Wittig re-
action to incorporate fragment 3 (5). Ring closure by C1±
C15 macrolactonization subsequently provided the natural
product epothilone C (2), from which there is precedent for
epoxidation to epothilone A (1) (Figure 2).[13]


Three independent methods were simultaneously investi-
gated to construct fragment 1 (3): The first incorporated
stereochemistry available from the application of pantolac-
tone 6 ;[24,29] the second applied Oppolzer×s sultam chiral aux-
iliary to induce the desired asymmetry;[30] while the final ap-
proach utilised Kiyooka×s chiral borane Lewis acid method-
ology[31] to install the C3 chiral centre via an asymmetric
Mukaiyama aldol reaction.[21,22]


Fragment 2 (4) was generated from a commercially availa-
ble Roche ester derivative to provide the C8 stereochemis-
try.


Fragment 3 (5) was obtained by two independent meth-
ods: Initially the C15 stereocentre was installed using a
Brown allylation in conjunction with a catch-and-release
method to isolate the resulting allyl alcohol;[17] while the
second method incorporated a commercially available asym-
metric a-hydroxylactone derivative of malic acid to intro-
duce the C15 stereocentre.[14,15,21]


Results and Discussion


Ketone fragment 1: It was initially planned to derive frag-
ment 1 (3) from pantolactone 6, readily available as a single
enantiomer with the requisite geminal dimethyl group in
place.[24] Pantolactone 6 was TBS-protected using tert-butyl-
dimethylsilylchloride in conjunction with a supported guani-
dine base (TBD), followed by reduction by treatment with
DIBAL-H (Scheme 1). The reduction was quenched using
sodium sulfate decahydrate to precipitate the aluminium
salts, necessitating only filtration and concentration to pro-
vide lactol 8. Successful transformation to olefin 10 was car-
ried out via a Peterson olefination, involving the addition of
(trimethylsilylmethyl)magnesium chloride followed by a
scavenger quench using Amberlite IRC-50 immobilized car-
boxylic acid. Subsequent treatment with Lewis acid,
quenched using a polymeric carbonate then affected the
elimination to provide alkene 10. The primary alcohol of
diol 10 was selectively protected as the benzoate ester 11,
followed by a hydroboration±oxidation sequence to gener-
ate diol 12. The derived material 12 was then purified by its
covalent attachment to a trityl functionalized resin; this per-
mitted extensive washing to remove contaminating by-prod-
ucts prior to its cleavage from the resin. A double TBS pro-
tection, followed by selective removal of the benzoate group
of 13 using DIBAL-H provided alcohol 14. Oxidation of the
primary alcohol 14 using pyridinium chlorochromate (PCC)
on alumina, extracting the product by filtration through Flo-
risil, furnished aldehyde 15 which was further homologated
to the desired ketone 3 via an ethylmagnesium chloride ad-
dition±oxidation sequence. Work-up of intermediate alcohol
16 was smoothly facilitated by polymer-supported acid
quench (Amberlite IRC-50). Subsequent oxidation using
PCC on basic alumina afforded the target fragment 3 in
12 steps.


Although this route provided the desired fragment 1 (3)
in high enantiopurity, the synthesis was somewhat lengthy.
In an attempt to develop a more efficient route, several al-
ternative strategies were investigated. It was decided that
methods to selectively construct the stereocentre would
offer improved synthetic efficiency.


Asymmetric aldol reaction using Oppolzer×s chiral auxili-
ary 19 was employed to establish a more efficient route for
the synthesis of the fragment 3 (Scheme 2). Sultam 19 was
acylated with excess 2-bromoisobutyryl bromide 20 in the
presence of sodium hydride. Excess acyl bromide 20 was ef-
ficiently scavenged using polymer-supported-trisamine to


Figure 1. The natural epothilones.


Figure 2. Synthetic plan.
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isolate amide 21. The chromium enolate of amide 21 was
coupled with aldehyde 18 and quenched using polymer-sup-
ported-ammonium hydroxide to hydrolyze both the inter-
mediate chromium complex and precipitate the unwanted
chromium salts. Filtration of the subsequent suspension
through a bond elute silica gel pad yielded Reformatsky
adduct 22. Secondary alcohol 22 was silylated and the chiral
auxiliary removed by DIBAL-H reduction of amide 23 to
produce the corresponding alcohol 14. The final three steps
from alcohol 14 were carried out as previously described


(Scheme 1) to afford fragment 1 (3) in a total of eight steps
(>95% de).


A final method to construct fragment 1 (3) was investigat-
ed in an attempt to provide an even more efficient route to
the desired molecule. This route is similar to those illustrat-
ed in the syntheses of Mulzer and Taylor.[21, 22] As it offered
both the shortest synthetic sequence and proved readily
scalable, this method was subsequently adopted for the total
synthesis. Formation of the C3�C4 bond proceeded with
concomitant introduction of the desired C3 stereocentre by
application of the asymmetric Mukaiyama aldol reaction de-
veloped by Kiyooka (Scheme 3).[33]


Aldol reaction, mediated by a complex of borane with N-
tosyl-phenylalanine 26, provided the desired product 28 in
92% enantiomeric excess.[34] Work-up necessitated addition
of water and Amberlite IRA-743 27, a boron selective scav-
enger to quench the reaction and additionally remove con-
taminating boric acid. Filtration and solvent removal yielded
a suspension of amino acid in aldol product 28. The insolu-
bility of the N-protected amino acid 26 in non-polar organic
solvents permitted selective dissolution of the product 28.
Subsequent filtration enabled the amino acid residue to be
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Scheme 1. Pantolactone route to fragment 1. a) TBSCl (2.0 equiv), PS-
TBD (5.0 equiv, 2.6 mmolg�1), CH2Cl2, RT, 10 h, then MeOH, 96%;
b) DIBAL-H (1.3 equiv, 1.0m in PhMe), PhMe, �78 8C, 30 min, then
Na2SO4¥10H2O, RT, 99%; c) TMSCH2MgCl (4.0 equiv, 1.0m in Et2O),
THF, 60 8C, 10 h, then Amberlite IRC-50 (28 equiv, 10 mmolg�1), RT,
94%; d) BF3¥Et2O (1.0 equiv), RT, 15 h, then MeOH, PS-carbonate
(5.0 equiv, 3.2 mmolg�1), RT, 5 h, 98%; e) benzoyl chloride (1.2 equiv),
PS-TBD (3.0 equiv, 2.6 mmolg�1), CH2Cl2, RT, 5 h, then PS-trisamine
(1.0 equiv, 4.27 mmolg�1), RT, 73%; f) BH3¥THF (3.0 equiv, 1.0m in
THF), THF, 0 8C, 20 h, then MeOH, PS-carbonate (15.0 equiv,
3.23 mmolg�1), 30% H2O2, PS-thiosulfate (4.0 equiv, 2.0 mmolg�1), then
silica gel (Et2O), 68%; g) Et3N (3.0 equiv), PS-tritylchloride (2.0 equiv,
1.23 mmolg�1), CH2Cl2, RT, 4 h, then CH2Cl2, 5% TFA, RT, 1 h, 88%;
h) TBS triflate (3.0 equiv), PS-NMM (10 equiv, 3.5 mmolg�1), CH2Cl2,
0 8C ! RT, 20 h, then MeOH, 98%; i) DIBAL-H (3 equiv, 1m in hex-
anes), THF, �78 8C, 1 h, then Na2SO4¥10H2O, RT, then silica gel (hexane/
EtOAc 10:1), 77%; j) PCC on basic alumina (4.0 equiv, 1.0 mmolg�1),
CH2Cl2, RT, 20 h, then silica gel (Et2O), 100%; k) EtMgBr (2.0 equiv,
2.0m in Et2O), THF, �78 8C, 2 h, then Amberlite IRC-50, then silica gel
(hexane/EtOAc 5:1), 98%; l) PCC on basic alumina (3.0 equiv,
1.0 mmolg�1), CH2Cl2, RT, 20 h, then silica gel (Et2O), 98%.[32]
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Scheme 2. Auxiliary route to fragment 1. a) PCC on basic alumina
(3.0 equiv, 1.0 mmolg�1), CH2Cl2, RT, 1 h, then silica gel (Et2O), 87%;
b) NaH (1.2 equiv, 60% dispersion), PhMe, 0 8C ! RT, 1 h, then 20
(1.5 equiv), 0 8C ! RT, 1 h, then PS-trisamine (3.0 equiv, 3.4 mmolg�1),
then silica gel (Et2O), 92%; c) CrCl2 (4.0 equiv), LiI (0.1 equiv), 18
(2.0 equiv), THF, RT, 1 h, then Ambersep 900 (OH� form) (19.5 equiv,
3.2 mmolg�1), then silica gel (hexane/EtOAc 10:1), 92%; d) TBS triflate
(1.5 equiv), PS-NMM (5.0 equiv, 3.5 mmolg�1), HCH2Cl2, 0 8C, 1 h, then
MeOH, then silica gel (hexane/EtOAc 10:1), 89%; e) DIBAL-H
(2.5 equiv, 1.0m in CH2Cl2), CH2Cl2, �78 8C, 1 h, then Na2SO4¥10H2O,
RT, then silica gel (hexane/EtOAc 10:1), 90%; f) PCC on basic alumina
(4.0 equiv, 1.0 mmolg�1), CH2Cl2, RT, 20 h, then silica gel (Et2O), 100%;
g) EtMgBr (2.0 equiv, 2.0m in Et2O), THF, �78 8C, 2 h, then Amberlite
IRC-50, then silica gel (hexane/EtOAc 5:1), 98%; h) PCC on basic alu-
mina (3.0 equiv, 1.0 mmolg�1), CH2Cl2, RT, 20 h, then silica gel (Et2O),
98%.[32]
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recovered and recycled whilst concentration of the filtrate
allowed isolation of adduct 28.


Protection of aldol adduct 28 proceeded using polymer-
supported-triethylamine equivalent and excess TBS triflate
to provide 29. Any residual TBS triflate was quenched by
the addition of methanol and the triflic acid retained within
the basic polymer, necessitating only simple filtration and
concentration to isolate the product 29.


A successful method for conversion of methyl ester 29 to
methyl ketone 30 had been demonstrated by Mulzer using
(trimethylsilylmethyl)lithium.[21] Application of this method
in combination with a scavenger-quench using a carboxylic
acid resin, yielded ketone 30 (Scheme 3).


Methyl alkylation of 30 was achieved by treatment of the
corresponding lithium enolate with iodomethane followed
by a polymer-supported acid quench to provide ethyl ketone
fragment 1 (3) in six steps.[21]


Fragment 2 : Commercially available (R)-(�)-3-bromo-2-
methyl-1-propanol 31, derived from the (R)-Roche ester,
was used as starting material for the synthesis of fragment 2
(4) (Scheme 4). Initial protection to form the tetrahydropyr-
anyl ether 32 proceeded smoothly under acid catalysis using
a polymeric sulfonic acid.


A Finkelstein halide exchange reaction then allowed con-
version of primary bromide 32 to the corresponding iodide


33. Work-up required the addition of Et2O to precipitate the
sodium salts, followed by slurring the mixture with silica gel;
filtration and solvent removal then yielded the iodide 33 as
a yellow oil.


Displacement of iodide 33 with the cuprate derived from
3-butenylmagnesium bromide gave the required alkene 34
(Scheme 4). Addition of carboxylic acid resin and trisamine
resin quenched the reaction and scavenged dissolved copper
salts. The resulting mixtures of dark precipitate and green
copper-chelated resins were removed by filtration through a
pad of silica gel followed by solvent removal to provide
alkene 34 as a pale yellow oil.


Hydrolysis of tetrahydropyran(THP)-acetal 34 was affect-
ed using catalytic sulfonic acid resin in methanol. The vola-
tility of the methoxy tetrahydropyran by-product allowed
straightforward purification of desired alcohol product 35.


Although a number of oxidative procedures proceeded to
completion, including tetrapropylammonium perruthenate
(TPAP)/NMO and Dess±Martin reagent, PCC on basic alu-
mina was employed as the most expedient reagent provide
aldehyde fragment 2 (4) in five steps.


Fragment 3 : Two methods were used to construct fragment 3
(5). Although attempts were made to generate the C15 ster-
eocentre by an asymmetric reduction using polymer-sup-
ported ligands, these proceeded with only low enantioselec-
tivities. As a result, a conventional boron allylation strategy
was successfully applied to provide a route to the desired
fragment 3 (5). A shorter alternative method was also devel-
oped that incorporated a commercially available enantio-
pure lactone 47 (Scheme 6).


The initial route to fragment 3 (5) applied a Hantzsch
thiazole synthesis between dibromoacetone and thioaceta-
mide in dioxane to yield hydrobromide salt 36 as a precipi-
tate (Scheme 5). The free base 37 was obtained by treatment
of the salt with a polymer-supported carbonate, followed by
refluxing with polymer-supported triphenylphosphine to
form the polymer-supported-phosphonium bromide 38.
Treatment of the phosphonium salt 38 with an excess of
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Scheme 3. Final synthesis of fragment 1. a) TBSCl (1.4 equiv), PS-DMAP
(2.0 equiv, 1.49 mmolg�1), CH2Cl2, RT, 2 h 30 min, 96%; b) O3, CH2Cl2,
�78 8C, 20 min, then PS-triphenylphosphine (1.5 equiv, 3.3 mmolg�1),
�78 8C!RT, 14 h, 93%; c) N-Ts-d-phenylalanine (1.2 equiv), BH3¥THF
(1.05 equiv, 1.5m in THF), CH2Cl2, 0 8C!RT, 30 min, then aldehyde 18
(1.0 equiv), �96 8C, 15 min, then 1-methoxy-2-methyl-1-trimethylsilyloxy-
propene (1.0 equiv), �96 8C!�78 8C, 1 h 45 min, then H2O (5 equiv),
Amberlite IRA-743 (1.2 equiv, 1.0 mmolg�1), �78 8C!RT, 6 h, 92%,
92% ee (92% of N-Ts-d-phenylalanine recovered); d) TBS triflate
(2.0 equiv), diethylaminomethylpolystyrene (5.0 equiv, 3.2 mmolg�1),
CH2Cl2, 0 8C!RT, 2 h 45 min, then MeOH (25 equiv), RT, 1 h, 100%;
e) TMSCH2Li (2.2 equiv, 1.0m in pentane), pentane, 0 8C, 3 h 15 min,
then MeOH (50 equiv), 0 8C!RT, 5 h, then Amberlite IRC-50
(25.5 equiv, 10.0 mmolg�1), RT, 1 h 30 min, 100%; f) LDA (2.3 equiv),
THF, �78 8C!�15 8C, 25 min, then MeI (3.1 equiv), �78 8C!�40 8C,
2 h, then Amberlite IRC-50 (25 equiv, 10.0 mmolg�1), RT, 2 h, 94%.[32]
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97%; d) MP-TsOH (0.04 equiv, 4.2 mmolg�1), MeOH, RT, 7 h 30 min,
97%; e) PCC on basic alumina (3.0 equiv, 1.0 mmolg�1), CH2Cl2, RT, 3 h
30 min, 80%.[32]
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sodium bis(trimethylsilyl)amide followed by resin washing
permitted the isolation of the immobilized ylide.[35] The
ylide was treated with THP protected a-hydroxyacetone 39
to yield the desired Wittig product 40 with a 10:1 E :Z ratio.
The corresponding triphenylphosphine oxide and unreacted
ylide remained bound to the polymer support and were re-
moved by simple filtration. Treatment of the resulting THP-
ether 40 with acidic Dowex-50X8 resin deprotected the alco-
hol and captured the thiazole via the basic nitrogen. Wash-
ing of the resin conveniently removed contaminants and
subsequent treatment with a solution of triethylamine in
methanol released the alcohol 41 from the resin support.
Oxidation of the primary alcohol to the required aldehyde
42 was achieved using catalytic polymer-supported per-
ruthenate at reflux under an atmosphere of oxygen.[36,37] The
key part of this route was the installation of the C15 chiral
centre in alcohol 43. A precedented route using Brown×s
(+)-diisopinocamphenylallyborane gave the best results,[13]


followed by an acid resin catch-and-release purification to
yield the desired alcohol 43 in 92% ee. Alcohol 43 was pro-
tected as the TBS ether 44, followed by conversion of
alkene 44 to aldehyde 46 via a dihydroxylation±oxidative
cleavage sequence. It was initially envisaged that these reac-
tions could be achieved sequentially in a single reaction
vessel, however, it proved impossible to carry out both reac-
tions in the same solvent so a conventional two-step process
was applied. Dihydroxylation was achieved using catalytic
osmium tetroxide and polymer-supported N-methylmorpho-
line oxide as the co-oxidant. Polyvinyl pyridine was later
added to scavenge the osmium tetroxide from solution, and
the diol 45 was cleaved using polymer-supported periodate
with a simple filtration yielding fragment precursor aldehyde
46 in 12 steps.


As an alternative, it was chosen to adapt the methods first
described by Mulzer in which the C15 stereocentre was in-
stalled from commercially available (S)-a-hydroxy-g-lactone
47 (Scheme 6).[21,38]


Hydroxy lactone 47 was protected using TBSCl with poly-
mer-supported DMAP, followed by addition of methyllithi-
um, which was quenched with a carboxylic acid resin to pro-
duce hemiketal 49. This could be protected as the double
TBS ether ketone 50.


Phosphonate 53 was formed from thiazole chloride 52
(prepared from commercially available 51) by heating in
excess neat triethylphosphite. Most residual phosphite was
later removed under reduced pressure, although some phos-
phorus by-products remained and were carried through sub-
sequent steps. It was anticipated that the final formation of
polymer-supported phosphonium salt 56 for Wittig fragment
coupling would permit a catch-and-release purification, al-
lowing these residual impurities to be removed at this latter
stage.[35]


Phosphonate 53 was deprotonated and reacted with
ketone 50 (Scheme 6). An excess phosphonate anion was
used and later scavenged using a polymer-supported alde-
hyde, and addition of silica gel to bind any phosphorus by-
products. Although attempts were made to develop a sup-
ported version of this phosphonate, these proved to give
only poor loadings, and so were not applied.[39]


Selective mono-deprotection of bis-silyl protected thiazole
54 was affected using camphorsulfonic acid (CSA) in metha-
nol. The resulting mixture was scavenger-quenched by the
use of carbonate on support to provide the corresponding
alcohol 55.


Conversion of primary alcohol 55 to iodide 5 proceeded
using iodine with polymer-supported triphenylphosphine
and a polymer-supported triethylamine equivalents to yield
the fragment in a total of nine steps (seven steps longest
linear sequence) (Scheme 6).


Iodide 5 was converted to phosphonium salt 56 by heating
with polymer-supported triphenylphosphine in toluene. This
provided a supported phosphonium salt 56 with a loading of
0.9 mmolg�1. The efficiency of the loading procedure was
enhanced by the recovery of any unloaded iodide 5 for sub-
sequent reuse.
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Scheme 5. Asymmetric allylation route to fragment 3. a) Thioacetamide
(0.9 equiv), dioxane, reflux, 30 min, 82%; b) PS-carbonate (2.5 equiv,
4.5 mmolg�1), MeOH, RT, 3 h, 96%; c) PS-triphenylphosphine
(0.78 equiv, 3.0 mmolg�1), PhMe, 90 8C, 5 h; d) NaHMDS (6 equiv, 1.0m
in THF), THF, RT, 45 min; e) 39 (0.33 equiv), THF, RT, 15 h, 94%;
f) Dowex 50X8, MeOH, RT, 5 h; g) Et3N (10 equiv), MeOH, RT, 4 h,
92%; h) PS-perruthenate (0.2 equiv, 0.5 mmolg�1), PhMe, O2, reflux,
16 h, 60%; i) (+)-diisopinocamphenylallylborane (1.5 equiv), Et2O,
�100 8C, 3 h; j) Dowex 50X8, MeOH, RT, 5 h; k) Et3N (10 equiv),
MeOH, RT, 4 h, 89%; l) TBS triflate (1.2 equiv), Et3N (1.5 equiv), PS-
TBD (3.4 equiv, 2.2 mmolg�1), CH2Cl2, RT, 16 h, 97%; m) PS-NMO
(8.5 equiv, �3.0 mmolg�1), OsO4 (0.7 equiv), acetone/H2O 9:1, 40 8C,
16 h; n) polyvinylpyridine (6.8 equiv, �9.5 mmolg�1), 97%; o) PS-perio-
dinate, methanol/H2O 5:1, RT, 24 h, 95%.[32]
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The final steps : Coupling at C6±C7 has been extensively in-
vestigated using a wide variety of substrates, and shown to
be highly sensitive to proximal and remote functionality in
both fragments.[20,40] Our approach, although bearing close
analogy to those already published, incorporated a novel
fragment combination of ketone 3 and aldehyde 4. This cou-
pling proceeded with high diastereoselectivity (>13:1) using
lithium diisopropylamide (LDA) as base (Scheme 7).[41] At-
tempts to apply an immobilized acid quench resulted in a
destructive retro-aldol reaction. For this reason, acetic acid
was used since it permitted a lower temperature quench and
alleviated product decomposition. Excess acetic acid and al-
dehyde 4 were subsequently removed from the mixture
using a diamine functionalized polymer. Simple filtration
then allowed isolation of the secondary alcohol aldol prod-
uct 57.


The TBS protection of adduct 57 was successfully com-
pleted using TBS triflate with a polymeric triethylamine
equivalent. Methanol was added after completion of the re-
action to consume excess TBS triflate. Filtration, followed
by concentration under reduced pressure, allowed isolation
of the desired product 58.


The C12 alkene was cleaved by ozonolysis, quenching the
ozonide with polymer-supported triphenylphosphine to suc-
cessfully yield aldehyde 59 for application in a Wittig frag-
ment coupling (Scheme 7).[42]


Resin-bound phosphonium salt 56 of fragment 3 was
treated with an excess of sodium hexamethyldisilazide
(NaHMDS), followed by washing with dry THF. This per-
mitted isolation of the corresponding salt-free ylide which
was coupled with aldehyde 59 to install the required C12±
C13 cis-olefin 60. An excess of the polymer-supported salt
56 was used in order to ensure good conversion with respect
to the aldehyde fragment 59. Isolation of alkene intermedi-
ate 60 then required only filtration and concentration.


Although polymer-supported sulfonic acids efficiently re-
moved the C1 protecting group in 60 some double C1/15 de-
protection occurred. Furthermore, protonation of the thia-
zole ring caused unwanted sequestration by the polymer. To
circumvent this problem, a dilute solution of camphorsulfon-
ic acid in methanol was used to selectively remove the pri-
mary TBS group of compound 60. A polymeric carbonate
base was added following the reaction to quench and scav-
enge the acid with the volatile MeOTBS by-product being
removed under reduced pressure.


Oxidation of the resulting primary alcohol 61 to aldehyde
62 was successful using TPAP/NMO, applying filtration
through silica gel to remove the morpholine and ruthenium
by-products.[37, 43]


Further oxidation of aldehyde 62 to the corresponding
carboxylic acid 65 was achieved by application of a modified
Pinnick oxidation using a polymer-supported chlorite re-
agent 63.


The selective deprotection of the C15 secondary allylic
TBS ether 65 proved to be difficult. Although precedented
conditions using tetrabutylammonium fluoride (TBAF) solu-
tion effected clean conversion to alcohol 66, they required
aqueous work-up to remove excess fluoride reagent. Alter-
native conditions, applying a polymer-supported or solution-
phase sulfonic acids were tested to avoid the work-up, but
proved unsuccessful resulting in complex mixtures of start-
ing material and mono-, di- and tri-deprotected products.[44]


A polymer-supported fluoride and polyvinylpyridine
(PVP)¥HF were investigated, but also proved ineffective.
Consequently, it was deemed necessary to adopt the original
TBAF reaction applying aqueous extraction, although no
further purification was undertaken (Scheme 7).


A Yamaguchi macrolactonisation using polymer-supported
DMAP successfully cyclized 66 to macrolactone 67.[18,25] Al-
though treatment with a mixture of weakly acidic and
weakly basic polymers was sufficient to remove most impur-
ities following reaction, the product was still contaminated.
Product capture via the thiazole was therefore undertaken
using a polymeric sulfonic acid resin. The loaded polymer
was washed to remove all unbound impurities followed by
treatment with a solution of ammonia or triethylamine in
methanol to release the product from the resin. The wash-
ings were concentrated to provide an oil which was identi-
fied as epothilone C (2). Therefore, not only was the capture
and release effective, but the necessary double deprotection
to cleave the final TBS ethers occurred. A single chromatog-
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Scheme 6. Final synthesis of fragment 3. a) TBSCl (1.4 equiv), PS-DMAP
(2.0 equiv, 1.49 mmolg�1), CH2Cl2, RT, 1 h 30 min, 97%; b) MeLi
(1.05 equiv), THF, �78 8C, 40 min, then Amberlite IRC-50 (21 equiv,
~10 mmolg�1), RT, 45min, 98%; c) TBSCl (1.48 equiv), PS-DMAP
(2.0 equiv, 1.49 mmolg�1), CH2Cl2, RT, 2 h 30 min, 98%; d) PS-carbonate
(2 equiv, 3.5 mmolg�1), MeOH, RT, 45 min, 98%; e) triethylphosphite
(1.2 equiv), neat, 160 8C, 3 h, 84%; f) 53 (3.5 equiv), nBuLi (3.5 equiv,
1.6m in hexanes), THF, �78 8C, then 50 (1.0 equiv), �78 8C!RT, 1.5 h,
then PS-benzaldehyde (5.0 equiv, 1.2 mmolg�1), RT, 30 min, then silica
gel (Et2O), 105%; g) CSA (1.5 equiv), MeOH/CH2Cl2 (1:1), 0 8C, 2 h
30 min, then PS-carbonate (2.2 equiv, 3.5 mmolg�1), 2 h, 104%; h) iodine
(4.0 equiv), PS-triphenylphosphine (5.0 equiv, 3.3 mmolg�1), MeCN/Et2O
3:1, then diethylaminomethylpolystyrene (8.0 equiv, 3.2 mmolg�1), RT,
19 h, 73%; i) PS-triphenylphosphine (1.0 equiv, 3.3 mmolg�1), PhMe,
90 8C, 18 h.[32]
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raphy column was run on this final material to remove both
residual impurities and small quantities of minor diaster-
eoisomers that had been carried through the synthesis.


Conclusion


In summary, by the synthesis of epothilone C we have dem-
onstrated the scope and utility of supported reagents and
scavenging techniques within a stereocontrolled multi-step
natural product synthesis. The high selectivity and overall
efficiency was comparable with the best of the previous con-
ventional syntheses, preparing the target molecule in
29 steps with a longest linear sequence of only 17 steps from
readily available materials. As epothilone C is the most chal-
lenging target that has been accomplished using solid-phase
reagent and scavenging techniques, we hope that this will
encourage their future integration alongside conventional
methods for application within general synthesis pro-
grams.[45]


Experimental Section


General : All reactions were carried out under an atmosphere of argon,
and those not involving aqueous reagents were carried out in oven-dried
(200 8C) glassware, cooled under vacuum. All reagents were used as sup-
plied or purified using standard procedures, as necessary. Ether (Et2O)


and tetrahydrofuran (THF) were distilled over sodium/benzophenone;
dichloromethane (CH2Cl2), acetonitrile (MeCN), methanol (MeOH),
benzene and toluene (PhMe) were distilled from calcium hydride; trie-
thylamine (Et3N), diisopropylethylamine (DIPEA) and diisopropylamine
(DIPA) were distilled from potassium hydroxide. All other solvents and
reagents were used as supplied unless otherwise stated. Ozonolyses were
carried out using a Peak Scientific ozone generator. Flash column chro-
matography was carried out using Merck 60 Kieselgel (230±400 mesh)
under pressure unless otherwise stated. Analytical thin-layer chromatog-
raphy (TLC) was performed on glass plates pre-coated with Merck Kie-
selgel 60 F254, and visualised by UV irradiation (254 nm), or by staining
with aqueous acidic ammonium molybdate, or aqueous acidic potassium
permanganate solutions as appropriate. Melting points were measured on
a Reichert hot stage apparatus, and are uncorrected. Optical rotations
were measured on an Perkin±Elmer Model 343 polarimeter, and [a]D
values are reported in 10�1 degcm2g�1; concentration (c) is in g100 mL�1.
IR spectra were obtained on a Spectrum One FT-IR ATR (Attenuated
Total Reflectance) spectrometer, from a thin film deposited onto the
ATR. Microanalyses were performed in the microanalytical laboratories
at the Department of Chemistry, University of Cambridge, Lensfield
Road, Cambridge using a CE-440 Elemental Analyser. Mass spectra and
accurate mass data were obtained on a Micromass Platform LC-MS,
Kratos MS890MS, Kratos Concept IH, Micromass Q-TOF, or Bruker BI-
OAPEX 4.7 T FTICR spectrometer, by electron ionisation, chemical ion-
isation or fast atom/ion bombardment techniques at the Department of
Chemistry, Uniiversity of Cambridge, Lensfield Road, Cambridge.
1H NMR spectra were recorded at ambient temperature on Bruker DPX-
400, DRX-400, DRX-500 or Bruker-DRX-600 spectrometers, at 200, 400,
500 or 600 MHz, with residual protic solvent as the internal reference
(CHCl3 dH=7.26 ppm; MeOH dH=3.30 ppm); chemical shifts (d) are
given in parts per million (ppm), and coupling constants (J) are given in
Hertz (Hz). The proton spectra are reported as follows dppm�1 (multi-
plicity, coupling constant JHz�1, number of protons, assignment). Assign-
ments of numbered protons are made according to the numbering of the
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Scheme 7. Fragment coupling and cyclization. a) LDA (1.6 equiv), THF, �78 8C!�40 8C, 1 h 30 min, then aldehyde 4 (1.5 equiv), �78 8C, 20 min, then
AcOH (5 equiv), �78 8C!RT, 30 min, then PS-diamine (4.8 equiv, 3.0 mmolg�1), RT, 2 h, 100% (13.5:1); b) TBS triflate (1.5 equiv), diethylaminome-
thylpolystyrene (3.0 equiv, 3.2 mmolg�1), CH2Cl2, 0 8C!RT, 3 h 25 min, then MeOH (3.0 equiv), RT, 2 h, 99%; c) O3, CH2Cl2, �78 8C, 20 min, then PS-
triphenylphosphine (5.0 equiv, 3.3 mmolg�1), �78 8C!RT, 15 h, 100%; d) phosphonium salt 56 (2.5 equiv, 0.8 mmolg�1), NaHMDS (10.0 equiv, 1m in
THF), THF, RT, 10 min, then THF wash, then aldehyde 59 (1.0 equiv), �78 8C, 10 min, 93%; e) CSA (1.0 equiv), MeOH/CH2Cl2 1:1, 0 8C, 4 h, then
CH2Cl2, PS-carbonate (4 equiv, 2.8 mmolg�1), 2 h, RT, 99%; f) TPAP (0.05 equiv), NMO (1.5 equiv), 4 ä MS, CH2Cl2, 0 8C!RT, 3 h 10 min, then silica
gel (Et2O), 93%; g) PS-chlorite 63 (2 equiv, ~0.5 mmolg�1), PS-dihydrogenphosphate 64 (3 equiv, ~0.5 mmolg�1), 2,3-dimethyl-2-butene (5 equiv, 2m
THF), tBuOH/H2O 1:2, RT, 6 h, 99%; h) TBAF (6 equiv, 1m THF), THF, RT, 4 h, 100%; i) 2,4,6-trichlorobenzoylchloride (10.0 equiv), Et3N (12 equiv),
RT, 50 min, then added to PS-DMAP (20 equiv, 1.48 mmolg�1), THF/toluene (1:25), 80 8C, 2 h 30 min, then PS-diamine (63equiv, 3.8 mmolg�1), Amber-
lite IRC-50 (333 equiv, 10.0 mmolg�1), 2 h, RT; j) PS-TsOH (12 equiv, 1.5 mmolg�1), CH2Cl2, 1 h, then wash CH2Cl2 and Et2O, then wash release NH3


(2m in MeOH), 81% (2 steps), k) ref. [13].[32]
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natural product epothilone C, as shown. 13C NMR spectra were recorded
at ambient temperature on the same spectrometers at 50, 100 or
150 MHz, with the central peak of CHCl3 as the internal reference (dC=


77.0 ppm). Assignments of numbered carbons are made according to the
numbering of the natural product epothilone C, as shown. DEPT135 and
two-dimensional (COSY, HMQC, HMBC) NMR spectroscopy were used
where appropriate, to aid in the assignment of signals in the 1H and
13C NMR spectra. Where coincident coupling constants have been ob-
served in the NMR spectrum, the apparent multiplicity of the proton res-
onance concerned has been reported.


Preparation of the polymer-supported (PS) reagents


Fluka triphenylphosphine, polymer bound : Washed using MeOH (3î),
CH2Cl2 (3î), Et2O (3î), then dried to constant mass under reduced
pressure at room temperature before use.


Fluka carbonate on polymer support : Used directly as supplied.


Fluka diethylaminomethyl-polystyrene : Washed using MeOH (3î),
CH2Cl2 (3î), Et2O (3î), then dried to constant mass under reduced
pressure at room temperature before use.


Fluka DMAP on polystyrene : Washed using MeOH (3î), CH2Cl2 (3î),
Et2O (3î), then dried to constant mass under reduced pressure at 50±
60 8C before use.


Fluka bromopolystyrene : Washed using MeOH (3î), then used directly.


Argonaut DMAP on polystyrene : For silyl protections : Used directly as
supplied.


For macrocyclisation : Washed using MeOH (3î), CH2Cl2 (3î), Et2O
(3î), then dried to constant mass under reduced pressure at 50±60 8C
before use.


Argonaut polymer-supported benzaldehyde : Used directly as supplied.


Argonaut MP-TsOH(I), (II) or Amberlyst-15 (MP : macroporous poly-
mer): For reactions when used as an acid catalyst : Used directly as sup-
plied.


For final multi-stoichiometric catch-and-release : Washed using MeOH
(3î), CH2Cl2 (3î), Et2O (3î), then dried to constant mass under re-
duced pressure at room temperature before use.


NovaBiochem tris-(2-aminoethyl)amine polystyrene (trisamine): Used di-
rectly as supplied.


NovaBiochem N-(2-aminoethyl)aminomethyl polystyrene (diamine):
Used directly as supplied.


NovaBiochem dibutylphenylphosphine on polystyrene : Used directly as
supplied.


NovaBiochem (polystyrylmethyl)trimethylammonium perruthenate :
Used directly as supplied.


NovaBiochem morpholinomethyl polystyrene : Used directly as supplied.


Amberlite IRC-50 carboxylic acid polymer : Washed using MeOH (3î),
CH2Cl2 (3î), Et2O (3î), then dried to constant mass under reduced
pressure at room temperature before use.


Amberlite IRA-743 boron scavenger : Washed using MeOH (3î),
CH2Cl2 (3î), Et2O (3î), then dried to constant mass under reduced
pressure at room temperature before use.


Aldrich pyridinium chlorochromate on basic alumina : Used directly as
supplied.


Fragment 1


(3R)-3-(tert-Butyldimethylsilyloxy)-4,4-dimethyldihydrofuran-2-one
(7):[46] Polymer-supported-1,5,7-triazabicyclo[4.4.0]dec-5-ene (TBD) (82 g,
2.6 mmolg�1) and TBSCl (12.9 g, 85.4 mmol) were added to a solution of
(R)-pantolactone 6 (5.6 g, 42.7 mmol) in CH2Cl2 (600 mL) at RT. After
stirring for 10 h, MeOH (10 mL) was added. The mixture was filtered
and concentrated under reduced pressure. The residue was dissolved in
MeOH and concentrated three times to yield lactone 7 as a white solid
(10 g, 96%). M.p. 93±94 8C; [a]25


D = ++30.6 (c = 1.45, CHCl3);
1H NMR


(400 MHz, CDCl3): d=3.98 (s, 1H, CHOTBS), 3.97 (d, 3J(H,H)=8.8 Hz,
1H, CHHO), 3.86 (d, 3J(H,H)=8.8 Hz, 1H, CHHO), 1.13 (s, 3H,
CH3CCH3), 1.04 (s, 3H, CH3CCH3), 0.93 (s, 9H, SiC(CH3)3), 0.19 (s, 3H,
SiCH3), 0.12 (s, 3H, SiCH3);


13C NMR (100 MHz, CDCl3): d=175.8, 75.8,
40.9, 25.6, 23.1, 19.1, 18.3, �4.5, �5.4; IR (film): ñ = 2953, 2929, 1792,
1764, 1460, 1246, 1246, 1210, 1133, 1008, 861, 834, 778 cm�1; MS (EI): m/
z : calcd for C12H24O3SiNa: 267.1392; found: 267.1398 [M+Na]+ .


(3R)-3-(tert-Butyldimethylsilyloxy)-4,4-dimethyltetrahydro-furan-2-ol
(8):[46] A solution of DIBAL-H (53.3 mL, 1.0m in toluene) was added to
furanone 7 (10 g, 41.0 mmol) in toluene (200 mL) at �78 8C. The mixture
was stirred for 30 min at �78 8C then Et2O and ground sodium sulfate
decahydrate were added to the mixture followed by gradual warming to
RT. Filtration and concentration under reduced pressure yielded alcohol
8 as a white solid (9.9 g, 99%). M.p. 50±52 8C; [a]25


D = ++29.7 (c = 1.30,
CHCl3);


1H NMR (400 MHz, CDCl3): d=5.16 (d, 3J(H,H)=3.1 Hz, 1H,
OCHOH), 3.78 (d, 3J(H,H)=8.3 Hz, 1H, CHHOH), 3.67 (d, 3J(H,H)=
3.1 Hz, 1H, CHOTBS), 3.64 (d, 3J(H,H)=8.3 Hz, 1H, CHHOH), 3.12
(br s, 1H, OH), 1.06 (s, 3H, CH3CCH3), 1.01 (s, 3H, CH3CCH3), 0.91 (s,
9H, SiC(CH3)3), 0.09 (s, 3H, SiCH3), 0.07 (s, 3H, SiCH3);


13C NMR
(100 MHz, CDCl3): d=104.6, 85.4, 78.5, 42.3, 25.8, 23.7, 20.2, 18.1, �4.5,
�5.0; IR (film): ñ = 3290, 2953, 2930, 1461, 1249, 1123, 1009, 985, 864,
835, 776 cm�1; MS (EI): m/z : calcd for C12H26O3SiNa: 269.1549; found:
269.1545 [M+Na]+ .


(3R)-3-(tert-Butyldimethylsilyloxy)-2,2-dimethyl-5-trimethylsilylpentane-
1,4-diol (9): A solution of trimethylsilylmethylmagnesium chloride
(35.6 mL, 1.0m in Et2O) was added to furanol 8 (2.18 g, 8.90 mmol) in
THF (35 mL) at RT. The mixture was heated at 60 8C for 10 h, then
cooled to RT and polymer-supported-COOH (Amberlite IRC-50, 25 g,
250 mmol, 10 mmolg�1) was added. The mixture was filtered and concen-
trated under reduced pressure to afford the diol 9 as a white solid (2.8 g,
94%). The two diastereoisomers were separated by flash chromatogra-
phy (hexane/Et2O 15:1).


Major isomer : m.p. 79±80 8C; [a]25
D = ++3.5 (c = 0.82, CHCl3);


1H NMR
(400 MHz, CDCl3): d=4.05 (dd, 3J(H,H)=9.8, 4.8 Hz, 1H, CHOH), 3.86
(br s, 1H, OH), 3.66 (d, 3J(H,H)=11.6 Hz, 1H, CHHOH), 3.25 (s, 1H,
CHOTBS), 3.04 (d, 3J(H,H)=11.6 Hz, 1H, CHHOH), 2.76 (br s, 1H,
OH), 1.02 (dd, 3J(H,H)=14.5, 9.8 Hz, 1H, CHHSi(CH3)3), 0.97 (s, 3H,
CH3CCH3), 0.95 (s, 9H, SiC(CH3)3), 0.84 (s, 3H, CH3CCH3), 0.64 (dd,
3J(H,H)=14.5, 4.8 Hz, 1H, CHHSi(CH3)3), 0.16 (s, 3H, SiCH3), 0.14 (s,
3H, SiCH3), 0.04 (s, 9H, Si(CH3)3);


13C NMR (100 MHz, CDCl3): d=


83.7, 66.9, 66.5, 40.0, 26.4, 26.1, 25.4, 21.9, 18.8, �0.86, �3.00, �3.52; IR
(film): ñ = 3123, 2956, 2854, 1472, 1245, 1205, 1060, 1032, 862, 832, 772,
691, 670 cm�1; MS (EI): m/z : calcd for C16H38O3Si2Na: 357.2257; found:
357.2248 [M+Na]+ .


Minor isomer : m.p. 79±80 8C; [a]25
D = �5.1 (c = 0.74, CHCl3);


1H NMR
(400 MHz, CDCl3): d=3.98 (ddd, 3J(H,H)=6.0, 2.4, 2.2 Hz, 1H, CHOH),
3.47 (d, 3J(H,H)=2.4 Hz, 1H, CHOTBS), 3.46 (d, 3J(H,H)=11.3 Hz, 1H,
CHHOH), 3.34 (d, 3J(H,H)=11.3 Hz, 1H, CHHOH), 2.19 (br s, 1H,
OH), 1.68 (br s, 1H, OH), 1.04 (dd, 3J(H,H)=14.8, 6.0 Hz, 1H,
CHHSi(CH3)3), 0.98 (s, 3H, CH3CCH3), 0.94 (s, 3H, CH3CCH3), 0.93 (s,
9H, SiC(CH3)3), 0.79 (dd, 3J(H,H)=14.8, 2.2 Hz, 1H, CHHSi(CH3)3),
0.11 (s, 3H, SiCH3), 0.10 (s, 3H, SiCH3), 0.05 (s, 9H, Si(CH3)3);


13C NMR
(100 MHz, CDCl3): d=84.0, 72.2, 68.7, 39.9, 26.1, 24.9, 22.9, 20.7, 18.4,
�0.87, �3.55, �4.62; IR (film): ñ = 3114, 2951, 2855, 1472, 1386, 1247,
1081, 1048, 854, 832, 772, 672 cm�1; MS (EI): m/z : calcd for
C16H38O3Si2Na: 357.2257; found: 357.2251 [M+Na]+ .


(3S)-2,2-Dimethylpent-4-ene-1,3-diol (10): BF3¥Et2O (0.964 mL,
7.84 mmol) was added to a solution of diol 9 (2.6 g, 7.84 mmol) in CH2Cl2
(15 mL) at RT. The mixture was stirred for 15 h, then MeOH (25 mL)
and polymer-supported-carbonate (12 g, 3.23 mmolg�1) were added. The
suspension was stirred for 5 h then filtered. The filtrate was concentrated
under reduced pressure to afford alkene 10 as a pale yellow oil (1.0 g,
98%). [a]25


D = �20.5 (c = 0.74, CHCl3);
1H NMR (400 MHz, CDCl3):


d=5.96 (ddd, 3J(H,H)=17.2, 10.5, 6.7 Hz, 1H, CH=CH2), 5.27 (dd,
3J(H,H)=17.2, 1.1 Hz, 1H, CH=CHcisHtrans), 5.22 (dd, 3J(H,H)=10.5,
1.1 Hz, 1H, CH=CHcisHtrans), 4.02 (dd, 3J(H,H)=6.7, 3.3 Hz, 1H,
CHOH), 3.58 (dd, 3J(H,H)=10.8, 5.6 Hz, 1H, CHHOH), 3.47 (dd,
3J(H,H)=10.8, 4.8 Hz, 1H, CHHOH), 2.46 (dd, 3J(H,H)=5.6, 4.8 Hz,
1H, (C1)OH), 2.39 (d, 3J(H,H)=3.3 Hz, 1H, (C3)OH), 0.93 (s, 3H,
CH3CCH3), 0.89 (s, 3H, CH3CCH3);


13C NMR (100 MHz, CDCl3): d=


137.5, 116.6, 80.6, 71.6, 38.2, 22.3, 18.9; IR (film): ñ = 3334, 2960, 2875,
1473, 1425, 1390, 1366, 1250, 1118, 1039, 992, 923 cm�1; MS (EI): m/z :
calcd for C7H14O2Na: 153.0891; found: 153.0883 [M+Na]+ .


(3S)-3-Hydroxy-2,2-dimethylpent-4-enyl benzoate (11): Polymer-support-
ed-TBD (8.9 g, 2.6 mmolg�1) and BzCl (1.07 mL, 9.25 mmol) was added
to a solution of diol 10 (1.0 g, 7.71 mmol) in CH2Cl2 (100 mL) at RT.
After stirring for 5 h, polymer-supported-trisamine (1.8 g, 4.27 mmolg�1)
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was added then the suspension was filtered and concentrated under re-
duced pressure. The residue was filtered through a silica gel pad eluting
with Et2O to obtain benzoate 11 as a pale yellow oil (1.32 g, 73%). [a]25


D


= �21.5 (c = 0.84, CHCl3);
1H NMR (400 MHz, CDCl3): d=8.04 (dd,


3J(H,H)=7.5, 1.2 Hz, 2H, m-Ph), 7.56 (dd, 3J(H,H)=7.4, 1.2 Hz, 1H, p-
Ph), 7.45 (dd, 3J(H,H)=7.5, 7.4 Hz, 2H, m-Ph), 5.96 (ddd, 3J(H,H)=17.2,
10.5, 6.7 Hz, 1H, CH=CH2), 5.29 (dd, 3J(H,H)=17.2, 0.8 Hz, 1H, CH=


CHcisHtrans), 5.21 (dd, 3J(H,H)=10.5, 0.8 Hz, 1H, CH=CHcisHtrans), 4.36 (d,
3J(H,H)=11.0 Hz, 1H, BzOCHH), 4.08 (d, 3J(H,H)=11.0 Hz, 1H,
BzOCHH), 4.04 (d, 3J(H,H)=6.7 Hz, 1H, CHOH), 1.03 (s, 3H,
CH3CCH3), 1.02 (s, 3H, CH3CCH3);


13C NMR (100 MHz, CDCl3): d=


166.8, 136.9, 133.0, 130.2, 130.1, 129.6, 128.4, 117.1, 70.8, 38.7, 21.4, 19.6;
IR (film): ñ = 3466, 2966, 1703, 1602, 1451, 1371, 1315, 1272, 1177, 1115,
992, 927, 711 cm�1; MS (EI): m/z : calcd for C14H18O3Na: 257.1154; found:
257.1154 [M+Na]+ .


(3S)-3,5-Dihydroxy-2,2-dimethylpentyl benzoate (12): A solution of
BH3¥THF complex (16.9 mL, 1.0m in THF) was added to a solution of
benzoate 11 (1.32 g, 5.63 mmol) in THF (10 mL) at 0 8C. The mixture was
stirred at RT for 20 h then MeOH (50 mL) was added to the mixture at
0 8C, followed by successive additions of polymer-supported carbonate
(26 g, 3.23 mmolg�1), 30% aq. H2O2 (2.0 mL) and polymer-supported-
S2O3


2� (10 g, 2.0 mmolg�1). The suspension was filtered and concentrated
under reduced pressure. The residue was filtered through a silica gel pad
eluting with Et2O to afford diol 12 (970 mg, 68%). Diol 12 and Et3N
(1.62 mL, 11.6 mmol) were dissolved in CH2Cl2 (30 mL). PS-TrCl (9.3 g,
1.23 mmolg�1) was added at RT and stirred for 4 h, then filtered. The
resin was washed with CH2Cl2 and the filtrate was concentrated under re-
duced pressure. The residue was suspended in CH2Cl2 (30 mL) and 5%
TFA in CH2Cl2 (5.0 mL) was added and the mixture was stirred for 1 h
then filtered. The filtrate was concentrated under reduced pressure to
obtain the diol 12 as a colourless oil (850 mg, 88%). [a]25


D = �2.3 (c =


1.50, CHCl3);
1H NMR (400 MHz, CDCl3): d=8.04 (dd, 3J(H,H)=7.5,


1.2 Hz, 2H, o-Ph), 7.58 (dd, 3J(H,H)=7.4, 1.2 Hz, 1H, p-Ph), 7.45 (dd,
3J(H,H)=7.5, 7.4 Hz, 2H, m-Ph), 4.51 (d, 3J(H,H)=11.1 Hz, 1H,
BzOCHH), 3.94 (d, 3J(H,H)=11.1 Hz, 1H, BzOCHH), 3.92±3.78 (m,
2H, CH2OH), 3.73±3.62 (m, 1H, CHOH), 3.28 (br s, 1H, OH), 2.61 (br s,
1H, OH), 1.78±1.66 (m, 2H, CH2CH2OH), 1.02 (s, 3H, CH3CCH3), 1.00
(s, 3H, CH3CCH3);


13C NMR (100 MHz, CDCl3): d=167.2, 133.2, 129.9,
129.7, 128.5, 75.6, 70.9, 62.5, 39.0, 32.2, 21.8, 19.0; IR (film): ñ = 3371,
2965, 2878, 1724, 1700, 1602, 1473, 1451, 1371, 1315, 1272, 1177, 1115,
1069, 1054, 1026, 709 cm�1; MS (EI): m/z : calcd for C14H20O4Na:
275.1259; found: 275.1269 [M+Na]+ .


(3S)-3,5-Bis-(tert-butyldimethylsilyloxy)-2,2-dimethylpentyl benzoate
(13): Polymer-supported-NMM (9.6 g, 3.5 mmolg�1) was added to a solu-
tion of diol 12 (850 mg, 3.37 mmol) in CH2Cl2 (30 mL) at RT. Following a
slow addition of TBSOTf (2.32 mL, 10.1 mmol) to the solution at 0 8C the
mixture was stirred at RT for 20 h. Excess of TBSOTf was quenched by
addition of MeOH. The mixture was filtered and concentrated under re-
duced pressure to obtain benzoate 13 as a colourless oil (1.58 g, 98%).
[a]25


D = �9.2 (c = 0.79, CHCl3);
1H NMR (400 MHz, CDCl3): d=8.04


(dd, 3J(H,H)=7.8, 1.2 Hz, 2H, o-Ph), 7.56 (dd, 3J(H,H)=7.5, 1.2 Hz, 1H,
p-Ph), 7.44 (dd, 3J(H,H)=7.8, 7.5 Hz, 2H, m-Ph), 4.13 (s, 2H, BzOCH2),
3.86 (dd, 3J(H,H)=7.5, 2.8 Hz, 1H, CHOTBS), 3.77±3.63 (m, 2H,
CH2OTBS), 1.92±1.81 (m, 1H, CHHCH2OTBS), 1.65±1.54 (m, 1H,
CHHCH2OTBS), 0.99 (s, 3H, CH3CCH3), 0.98 (s, 3H, CH3CCH3), 0.89
(s, 18H, 2îSiC(CH3)3), 0.09 (s, 3H, SiCH3), 0.05 (s, 3H, SiCH3), 0.04 (s,
3H, SiCH3), 0.02 (s, 3H, SiCH3);


13C NMR (100 MHz, CDCl3): d=166.6,
132.8, 130.5, 129.5, 128.4, 72.7, 71.1, 60.4, 39.3, 36.1, 26.1, 25.9, 22.2, 19.7,
18.4, 18.2, �3.83, �4.35, �5.25, 5.28; IR (film): ñ = 2955, 2929, 1724,
1472, 1271, 1252, 1092, 1069, 833, 774, 709 cm�1; MS (EI): m/z : calcd for
C26H48O4Si2Na: 503.2989; found: 503.3008 [M+Na]+ .


(3S)-3,5-Bis-(tert-butyldimethylsilyloxy)-2,2-dimethylpentan-1-ol (14)[21]


From sultam 23 : A solution of diisobutylaluminum hydride (4.7 mL, 1.0m
in CH2Cl2) was added to a solution of sultam 23 (1.05 g, 1.88 mmol) in
CH2Cl2 (20 mL) at �78 8C. The mixture was stirred for 1 h, then
quenched by addition of Et2O and powdered sodium sulfate decahydrate.
The mixture was filtered and concentrated under reduced pressure. The
residue was filtered through a bond elute silica gel cartridge eluting with
hexane/EtOAc (10:1) to obtain alcohol 14 as a colourless oil (640 mg,
90%).


From benzoate 13 : A solution of diisobutylaluminum hydride (8.7 mL,
1.0m in hexane) was added to a solution of benzoate 13 (1.4 g,
2.91 mmol) in THF (30 mL) at �78 8C. The mixture was stirred for 1 h
before addition of sodium sulfate decahydrate and Et2O. The mixture
was filtered and concentrated under reduced pressure. The residue was
filtered through a silica gel pad eluting with hexane and EtOAc (10:1) to
obtain alcohol 14 as a colourless oil (850 mg, 77%). [a]25


D = �14.8 (c =


0.77, CHCl3);
1H NMR (400 MHz, CDCl3): d=3.78±3.61 (m, 4H,


CH2OTBS, CHOTBS, CHHOH), 3.29 (dd, 3J(H,H)=10.9, 7.4 Hz, 1H,
CHHOH), 2.95 (dd, 3J(H,H)=7.4, 3.8 Hz, 1H, OH), 1.98±1.86 (m, 1H,
CHHCH2OTBS), 1.72±1.59 (m, 1H, CHHCH2OTBS), 1.01 (s, 3H,
CH3CCH3), 0.90 (s, 9H, SiC(CH3)3), 0.89 (s, 9H, SiC(CH3)3), 0.80 (s, 3H,
CH3CCH3), 0.11 (s, 3H, SiCH3), 0.10 (s, 3H, SiCH3), 0.06 (s, 6H, 2î
SiCH3);


13C NMR (100 MHz, CDCl3): d=76.9, 70.2, 60.7, 39.3, 36.4, 26.0,
25.9, 22.9, 22.1, 18.3, 18.2, �4.01, �4.25, �5.28, 5.32; IR (film): ñ = 3440,
2955, 2929, 2857, 1472, 1252, 1090, 1041, 833, 772 cm�1; MS (EI): m/z :
calcd for C19H44O3Si2Na: 399.2727; found: 399.2730 [M+Na]+ .


(3S)-3,5-Bis-(tert-butyldimethylsilyloxy)-2,2-dimethylpentanal (15):[47]


Supported-PCC (6.0 g, 5.56 mmol, 20% on basic alumina) was added to a
solution of alcohol 14 (524 mg, 1.39 mmol) in CH2Cl2 (30 mL) at RT. The
mixture was stirred for 20 h then filtered through a silica gel pad eluting
with Et2O to afford the aldehyde 15 as a colourless oil (520 mg, 100%).
[a]25


D = �14.6 (c = 0.84, CHCl3);
1H NMR (400 MHz, CDCl3): d=9.56


(s, 1H, CHO), 3.98 (dd, 3J(H,H)=7.4, 4.3 Hz, 1H, CHOTBS), 3.69±3.58
(m, 2H, CH2OTBS), 1.77±1.66 (m, 1H, CHHCH2OTBS), 1.64±1.53 (m,
1H, CHHCH2OTBS), 1.06 (s, 3H, CH3CCH3), 1.00 (s, 3H, CH3CCH3),
0.89 (s, 9H, SiC(CH3)3), 0.86 (s, 9H, SiC(CH3)3), 0.09 (s, 3H, SiCH3), 0.04
(s, 9H, 3îSiCH3);


13C NMR (100 MHz, CDCl3): d=206.3, 72.8, 59.7,
51.2, 36.5, 25.94, 25.88, 19.0, 18.22, 18.20, 17.5, �3.93, �4.29, �5.32, 5.34;
IR (film): ñ = 2956, 2929, 2853, 1728, 1472, 1361, 1253, 1093, 834,
774 cm�1; MS (EI): m/z : calcd for C19H42O3Si2Na: 397.2570; found:
397.2564 [M+Na]+ .


(5S)-5,7-Bis-(tert-butyldimethylsilyloxy)-4,4-dimethylheptan-3-ol
(16):[21,26] A solution of EtMgBr (1.33 mL, 2.0m in Et2O) was added drop-
wise to a solution of aldehyde 15 (500 mg, 1.33 mmol) in THF (6.0 mL)
at �78 8C. After stirring for 2 h, polymer-supported-COOH (2.6 g,
26 mmol, 10 mmolg�1) was added to the mixture to quench the excess of
Grignard reagent. The reaction mixture was filtered through a silica gel
pad eluting with hexane and EtOAc (5:1) and concentrated under re-
duced pressure to obtain alcohol 16 as a pale yellow oil (530 mg, 98%).
The two diastereoisomers were separated by flash chromatography
(hexane/Et2O 20:1).


Major isomer : [a]25
D = �36.6 (c = 0.35, CHCl3);


1H NMR (400 MHz,
CDCl3): d=4.26 (s, 1H, OH), 3.77±3.58 (m, 4H, CH2OTBS, CHOTBS,
CHOH), 1.98±1.89 (m, 1H, CHHCH2OTBS), 1.78±1.67 (m, 1H,
CHHCH2OTBS), 1.45±1.23 (m, 2H, CH3CH2), 1.11 (t, 3J(H,H)=7.3 Hz,
3H, CH3CH2), 0.97 (s, 3H, CH3CCH3), 0.90 (s, 9H, SiC(CH3)3), 0.89 (s,
9H, SiC(CH3)3), 0.74 (s, 3H, CH3CCH3), 0.12 (s, 6H, 2îSiCH3), 0.05 (s,
6H, 2îSiCH3);


13C NMR (100 MHz, CDCl3): d=80.5, 77.4, 60.1, 40.7,
36.0, 26.1, 25.9, 24.5, 23.5, 20.5, 18.2, 11.3, �3.93, �4.34, �5.28, 5.32; IR
(film): ñ = 3498, 2956, 2929, 1472, 1389, 1362, 1253, 1079, 833, 774 cm�1;
MS (EI): m/z : calcd for C21H48O3Si2Na: 427.3040; found: 427.3048
[M+Na]+ .


Minor isomer : [a]25
D = �4.5 (c = 0.45, CHCl3);


1H NMR (400 MHz,
CDCl3): d=3.78±3.63 (m, 3H, CH2OTBS, CHOTBS), 3.37±3.28 (m, 1H,
CHOH), 2.73 (br s, 1H, OH), 2.07±1.96 (m, 1H, CHHCH2OTBS), 1.54±
1.45 (m, 2H, CHHCH2OTBS, CH3CHH), 1.38±1.22 (m, 1H, CH3CHH),
0.99 (t, 3J(H,H)=7.3 Hz, 3H, CH3CH2), 0.91 (s, 9H, SiC(CH3)3), 0.89 (s,
9H, SiC(CH3)3), 0.86 (s, 3H, CH3CCH3), 0.75 (s, 3H, CH3CCH3), 0.07 (s,
6H, 2îSiCH3), 0.08 (s, 6H, 2îSiCH3);


13C NMR (100 MHz, CDCl3): d=
78.0, 75.5, 61.9, 42.8, 36.5, 26.1, 25.9, 24.2, 18.7, 18.5, 18.4, 18.3, 11.7,
�3.57, �4.38, �5.39; IR (film): ñ = 3497, 2956, 2930, 1472, 1388, 1361,
1253, 1087, 1004, 937, 832, 772 cm�1; MS (EI): m/z : calcd for
C21H48O3Si2Na: 427.3040; found: 427.3043 [M+Na]+ .


(S)-N-[2-Bromo-2-methylpropanoyl]bornane-10,2-sultam (21): Sodium
hydride (444 mg, 11.1 mmol, ca. 60% dispersion with mineral oil) was
added to a solution of camphorsultam 19 (2.0 g, 9.29 mmol) in toluene
(40 mL) at 0 8C. The reaction mixture was stirred at RT for 1 h before ad-
dition of 2-bromo-2-methylpropanoyl bromide (20 ; 1.8 mL, 14.9 mmol) at
0 8C. After the mixture had been stirred for a further 1 h at RT, CH2Cl2
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(200 mL) and polymer-supported trisamine (8.8 g, 29.8 mmol,
3.4 mmolg�1) were added to the mixture. The suspension was filtered
through a bond elute cartridge and concentrated to obtain a white solid
which was washed with Et2O and dried under reduced pressure to afford
sultam 21 (3.11 g, 92%). M.p. 177±179 8C; [a]25


D = �42.0 (c = 1.29,
CHCl3);


1H NMR (400 MHz, CDCl3): d=4.08 (dd, 3J(H,H)=7.2, 3.7 Hz,
1H, CHN), 3.51 (d, 3J(H,H)=13.6 Hz, 1H, CHHSO2), 3.47 (d, 3J(H,H)=
13.6 Hz, 1H, CHHSO2), 2.12 (s, 3H, BrCCH3), 2.04 (s, 3H, BrCCH3),
2.04±1.97 (m, 1H, CH), 1.93±1.82 (m, 4H, 2îCH2), 1.52±1.33 (m, 2H,
CH2), 1.20 (s, 3H, CH3CCH3), 0.97 (s, 3H, CH3CCH3);


13C NMR
(100 MHz, CDCl3): d=172.2, 68.1, 59.0, 54.2, 48.6, 48.3, 44.6, 38.6, 33.2,
32.5, 31.1, 27.0, 20.9, 20.3; IR (film): ñ = 2959, 1698, 1456, 1330, 1266,
1241, 1171, 1157, 1128, 1096, 1054; MS (EI): m/z : calcd for
C14H22BrNO3SNa: 386.0401; found: 386.0422 [M+Na]+ .


(S)-N-[5-tert-Butyldimethylsilyloxy-(3S)-hydroxy-2,2-dimethylpentanoyl]-
bornane-10,2-sultam (22): Sultam 21 (1.50 g, 4.12 mmol), CrCl2 (2.03 g,
16.5 mmol) and LiI (54.9 mg, 0.41 mmol) were suspended in THF
(15 mL). Dropwise addition of aldehyde 18 (1.55 g, 8.24 mmol) in THF
(15 mL) was made at 20 8C and the mixture stirred for 1 h. Additions of
CH2Cl2 (200 mL) and polymer-supported hydroxide (25 g, 3.2 mmolg�1,
Ambersep 900 OH) were made and the mixture was filtered and concen-
trated under reduced pressure. The crude product was filtered through a
bond elut silica gel cartridge eluting with hexane/EtOAc (10:1) to obtain
sultam 22 as a colourless oil (1.80 g, 92%). [a]25


D = �28.6 (c = 0.44,
CHCl3);


1H NMR (400 MHz, CDCl3): d=4.24 (ddd, 3J(H,H)=9.7, 4.6,
1.8 Hz, 1H, CHOH), 4.06 (dd, 3J(H,H)=7.6, 4.8 Hz, 1H, CHN), 3.82
(ddd, 3J(H,H)=5.9, 5.8, 1.6 Hz, 2H, CH2OTBS), 3.50 (d, 3J(H,H)=
13.6 Hz, 1H, CHHSO2), 3.44 (d, 3J(H,H)=13.6 Hz, 1H, CHHSO2), 3.15
(d, 3J(H,H)=4.6 Hz, 1H, CH), 2.01 (dd, 3J(H,H)=13.6, 7.7 Hz, 1H, CH),
1.96±1.72 (m, 4H, 4îCH), 1.67±1.56 (m, 2H, CH2CH2OTBS), 1.48±1.41
(m, 1H, CH), 1.38±1.32 (m, 1H, CH), 1.34 (s, 3H, C(O)CCH3), 1.32 (s,
3H, C(O)CCH3), 1.16 (s, 3H, CCH3), 0.96 (s, 3H, CCH3), 0.90 (s, 9H,
SiC(CH3)3), 0.08 (s, 6H, 2îSiCH3);


13C NMR (100 MHz, CDCl3): d=


179.1, 67.6, 61.7, 54.0, 50.9, 48.0, 47.7, 44.4, 38.9, 34.0, 32.9, 26.6, 25.9,
20.68, 20.64, 20.58, 20.39, 19.9, �5.43, �5.48; IR (film): ñ = 3529, 2957,
2885, 2857, 1684, 1472, 1410, 1387, 1332, 1251, 1172, 1150, 1094, 1052,
837, 776 cm�1; MS (EI): m/z : calcd for C23H43NO5SiNa: 496.2532; found:
496.2529 [M+Na]+ .


(S)-N-[(3S),5-Bis-tert-butyldimethylsilyloxy-2,2-dimethylpentanoyl]bor-
nane-10,2-sultam (23): Polymer-supported-NMM (4.09 g, 14.3 mmol,
3.5 mmolg�1) was added to a solution of sultam 22 (1.35 g, 2.85 mmol) in
CH2Cl2 (120 mL). The mixture was cooled to 0 8C and TBSOTf (0.98 mL,
4.28 mmol) added and stirred for 1 h. Methanol (1 mL) was added to
quench the excess of TBSOTf and the suspension was filtered and con-
centrated under reduced pressure. The product was filtered through a
bond elute silica gel cartridge eluting with hexane/Et2O (10:1) to yield
the bis-TBS ether 23 as a white solid (1.42 g, 89%). M.p. 78±80 8C; [a]25


D


= �19.1 (c = 0.44, CHCl3);
1H NMR (400 MHz, CDCl3): d=4.35 (dd,


3J(H,H)=8.5, 2.0 Hz, 1H, CHOTBS), 4.01 (dd, 3J(H,H)=7.7, 4.5 Hz,
1H, CHN), 3.75 (ddd, 3J(H,H)=15.4, 10.0, 5.3 Hz, 1H, CHHSO2), 3.52
(ddd, 3J(H,H)=15.6, 10.0, 5.7 Hz, 1H, CHHSO2), 3.44 (m, 2H,
CH2OTBS), 2.01 (dd, 3J(H,H)=12.2, 6.7 Hz, 1H), 1.94±1.78 (m, 4H),
1.74±1.61 (m, 1H), 1.53±1.42 (m, 2H), 1.38±1.29 (m, 1H), 1.33 (s, 3H,
C(O)C(CH3)2), 1.24 (s, 3H, C(O)C(CH3)2), 1.14 (s, 3H, C(CH3)2), 0.95 (s,
3H, C(CH3)2), 0.89 (s, 9H, SiC(CH3)3), 0.88 (s, 9H, SiC(CH3)3), 0.08 (s,
3H, Si(CH3)2), 0.07 (s, 3H, Si(CH3)2), 0.02 (s, 6H, 2îSi(CH3)2);
13C NMR (100 MHz, CDCl3): d=177.7, 72.0, 67.7, 61.7, 53.9, 51.8, 47.8,
47.7, 44.3, 38.8, 37.8, 32.9, 26.6, 26.0, 25.9, 22.8, 20.4, 19.9, 19.4, 18.3, 18.2,
�3.5, �4.1, �5.2, �5.3; IR (film): ñ = 2956, 2880, 1729, 1473, 1393, 1337,
1299, 1259, 1138, 1080, 838, 776 cm�1; MS (EI): m/z : calcd for C29H57NO5-


Si2Na: 610.3394; found: 610.3371 [M+Na]+ .


4-(tert-Butyldimethylsilyloxy)-but-1-ene (25):[48] Alcohol 24 (1.60 g,
22.2 mmol) and polymer-supported DMAP (Argonaut, 1.49 mmolg�1,
29.8 g, 44.4 mmol) were suspended in CH2Cl2 (150 mL) at RT. Solid
TBSCl (4.69 g, 31.1 mmol) was added portionwise to the reaction mixture
and stirred at RT for 2.5 h. The reaction mixture was filtered and concen-
trated under reduced pressure to give the TBS ether product 25 as a col-
ourless oil (3.97 g, 96%). The bulk of the material was used in subse-
quent reactions without further purification. A portion of the product
was purified by chromatography (silica gel, EtOAc/petrol 1:20). Rf =


0.74 (petrol/EtOAc 5:1); 1H NMR (400 MHz, CDCl3): d=5.88±5.77 (ddt,


3J(H,H)=17.3, 10.4, 6.8 Hz, 1H, H-2), 5.10±5.06 (dd, 3J(H,H)=17.3 Hz,
2J(H,H)=1.4 Hz, 1H, CHtransHcis=CH), 5.06±5.02 (d, 3J(H,H)=10.4 Hz,
1H, CHtransHcis=CH), 3.67 (t, 3J(H,H)=6.8 Hz, 2H, H-4), 2.28 (app. q,
3J(H,H)=6.8 Hz, 2H, H-3), 0.90 (s, 9H, SiC(CH3)3), 0.06 (s, 6H,
Si(CH3)2);


13C NMR (100 MHz, CDCl3): d=135.4 (CH2=CH), 116.3
(CH2=CH), 62.8 (C-4), 37.5 (C-3), 25.9 (SiC(CH3)3), 18.0 (SiC(CH3)3),
�5.6 (Si(CH3)2); IR (film): ñ = 2956, 2930, 2896, 2858, 1473, 1255, 1096,
909, 833, 773 cm�1; MS (+EI): m/z : calcd for C6H13OSi: 129.0736; found:
129.0743 [M�tBu]+ .


3-(tert-Butyldimethylsilyloxy)-propanal 18 :[21]


From alcohol 17: PCC on basic alumina (51.1 g, 51.1 mmol, ~1 mmolg�1)
was added to a solution of alcohol 17 (3.0 g, 15.8 mmol) in CH2Cl2
(350 mL) at RT. The reaction mixture was stirred for 1 h then Et2O
(500 mL) was added. The resulting suspension was filtered through a
bond elute silica gel pad and concentrated under reduced pressure to
yield aldehyde 18 (2.58 g, 87%).


From alkene 25 : Alkene 25 (3.0 g, 16.1 mmol) was dissolved in CH2Cl2
(100 mL) and cooled to �78 8C. Ozone was bubbled through the solution
for 10 min until the reaction mixture turned blue. Polymer-supported tri-
phenylphosphine (Fluka, 3.0 mmolg�1, 8.06 g, 24.2 mmol) was added at
�78 8C and the suspension allowed to warm to RT and stirred for 14 h.
Filtration, washing the resin with Et2O, followed by concentration of the
filtrate under reduced pressure yielded aldehyde 18 as a pale yellow oil
(2.80 g, 93%). The bulk of the material was used in subsequent reactions
without further purification. A portion of the product was purified by
chromatography (silica gel, EtOAc/petrol 1:10). Rf = 0.61 (petrol/EtOAc
5:1); 1H NMR (400 MHz, CDCl3): d=9.79 (s, 1H, CHO), 3.98 (t,
3J(H,H)=6.0 Hz, 2H, H-3), 2.58 (td, 3J(H,H)=6.0, 1.9 Hz, 2H, H-2),
0.87 (s, 9H, SiC(CH3)3), 0.05 (s, 6H, Si(CH3)2);


13C NMR (100 MHz,
CDCl3): d=202.0 (CHO), 57.3 (C-3), 46.5 (C-2), 25.7 (SiC(CH3)3), 18.2
(SiC(CH3)3), �5.5 (Si(CH3)2); IR (film): ñ = 2956, 2930, 2887, 2858,
1727, 1473, 1254, 1095, 833, 775 cm�1; MS (+EI): m/z : calcd for
C9H20NaO2Si: 211.1130; found: 211.1120 [M+Na]+ .


(3S)-Methyl-5-(tert-butyldimethylsilyloxy)-3-hydroxy-2,2-dimethylpenta-
noate (28):[21]


Racemic method : A solution of aldehyde 18 (481 mg, 2.56 mmol) in THF
(5 mL) was cooled to �78 8C before addition of BF3¥THF (376 mg,
2.69 mmol). 1-Methoxy-2-methyl-1-trimethylsiloxy-1-propene (468 mg,
2.69 mmol) was added dropwise and the mixture warmed to RT. After
stirring at RT for 15 min the reaction was diluted with Et2O (20 mL) and
quenched with water (20 mL). The aqueous phase was extracted using
Et2O (3î10 mL), and the combined organics were dried over MgSO4, fil-
tered and concentrated under reduced pressure to give a colourless crude
oil. Purification by flash column chromatography (silica gel, petrol/
EtOAc 5:1) yielded racemic alcohol 28 as a colourless oil (571 mg, 77%).


Asymmetric procedure : A suspension of N-tosyl-d-phenylalanine (26 ;
2.53 g, 7.91 mmol) in CH2Cl2 (58 mL) was cooled to 0 8C over 15 min
before addition of a solution of BH3¥THF (1.5m in THF, 4.61 mL,
6.91 mmol) over 4 min. The mixture was allowed to warm to RT over
10 min and stirred at RT for 30 min. The reaction was cooled to �96 8C
over 15 min, then a pre-cooled (�78 8C) solution of aldehyde 18 (1.30 g,
6.91 mmol) in CH2Cl2 (6 mL) was added dropwise over 10 min, followed
by the addition of a pre-cooled (�78 8C) solution of 1-methoxy-2-methyl-
1-trimethylsiloxy-1-propene (1.15 g, 6.59 mmol) in CH2Cl2 (6 mL) over
10 min. The reaction mixture was warmed slowly to �78 8C over 1.5 h
and quenched by addition of Amberlite IRA-743 27 (1 mmolg�1, 8.17 g,
13.2 mmol) and water (0.6 mL) with stirring. The quenched mixture was
warmed slowly to RT over 2 h (resin turned yellow) and stirred for a fur-
ther 4 h. Filtration, washing the resin with Et2O, followed by solvent re-
moval yielded a suspension of white solid (amino acid 26) suspended in
oil. The residue was diluted using petroleum ether 40±60 (10 mL) and re-
filtered. The residual amino acid 26 was collected as a white solid (2.33 g,
93%) and the filtrate was concentrated under reduced pressure to pro-
vide the aldol adduct 28 as a colourless oil (1.78 g, 93%). The enantio-
meric excess (92% ee) was measured by 1H NMR (C6D6) analysis of
MTPA-OCH3 signals of both (R) and (S) Mosher×s esters and compared
with those of the racemic aldol adduct. The bulk of the material was
used in subsequent reactions without further purification. A portion of
the product 28 was purified by chromatography (silica gel, EtOAc/petrol
1:5). Rf = 0.35 (petrol/EtOAc 5:1); [a]25


D = ++0.34 (c = 3.26, CHCl3)
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(lit. [a]20
D = ++0.30 (c = 1.88, CHCl3));


1H NMR (400 MHz, CDCl3): d=
3.93±3.77 (m, 3H, H-3, H-5), 3.67 (s, 3H, OCH3), 3.35 (d, 3J(H,H)=
3.2 Hz, 1H, OH), 1.57 (ddd, 3J(H,H)=11.0, 5.5, 1.0 Hz, 2H, H-2), 1.18 (s,
3H, CH3CCH3), 1.15 (s, 3H, CH3CCH3), 0.88 (s, 9H, SiC(CH3)3), 0.06 (s,
6H, Si(CH3)2);


13C NMR (100 MHz, CDCl3): d=177.7 (C-1), 75.9 (C-3),
62.5 (C-5), 51.7 (OCH3), 47.0 (C-2), 33.7 (C-4), 25.8 (SiC(CH3)3), 21.2
(CH3), 20.5 (CH3), 18.1 (SiC(CH3)3), �5.5 (Si(CH3)2); IR (film): ñ =


3528, 2956, 2954, 2887, 2858, 1733, 1472, 1256, 1086, 836, 776 cm�1; MS
(+ESI): m/z : calcd for C14H30O4SiNa: 313.1811; found: 313.1809
[M+Na]+ .


(�)-(3S)-Methyl-3,5-bis(tert-butyldimethylsilyloxy)-2,2-dimethylpenta-
noate (29):[21] A suspension of alcohol 28 (900 mg, 3.10 mmol) and diethy-
lamino-polystyrene resin (Fluka, 3.2 mmolg�1, 4.84 g, 15.5 mmol) in
CH2Cl2 (30 mL) was cooled to 0 8C before dropwise addition of TBSOTf
(1.42 mL, 6.20 mmol). The resin changed colour from yellow to deep
orange and the reaction was stirred at 0 8C for 2.5 h before MeOH
(2.5 mL) was added. The mixture was warmed to RT and stirring contin-
ued for 1 h. Filtration, washing the resin with alternate CH2Cl2 (3î5 mL)
and Et2O (3î5 mL), and concentration under reduced pressure yielded
the product 29 as a yellow oil (1.26 g, 100%). The bulk of the material
was used in subsequent reactions without further purification. A portion
of the product 29 was purified by chromatography (silica gel, EtOAc/
petrol 1:20). Rf = 0.30 (petrol/EtOAc 10:1) viewed: moly dip; [a]25


D =


�5.4 (c = 1.03, CHCl3) (lit. [a]20
D = �6.0 (c = 3.91, CHCl3));


1H NMR
(400 MHz, CDCl3): d=4.05 (dd, 3J(H,H)=7.6, 3.0 Hz, 1H, H-3), 3.64 (s,
3H, OCH3), 3.69±3.57 (m, 2H, H-5), 1.66±1.51 (m, 2H, H-4), 1.16 (s, 3H,
CH3CCH3), 1.09 (s, 3H, CH3CCH3), 0.89 (s, 9H, SiC(CH3)3), 0.87 (s, 9H,
SiC(CH3)3), 0.082 (s, 3H, Si(CH3)2, 0.043 (s, 3H, Si(CH3)2, 0.038 (s, 3H,
Si(CH3)2), 0.03 (s, 3H, Si(CH3)2);


13C NMR (100 MHz, CDCl3): d=177.5
(C-5), 73.3 (C-3), 60.3 (C-3), 51.6 (OCH3), 48.3 (C-2), 36.8 (C-4), 26.0
(SiC(CH3)3), 25.9 (SiC(CH3)3), 21.7 (CH3), 20.3 (CH3), 18.3 (SiC(CH3)3),
18.2 (SiC(CH3)3), �4.0 (SiCH3), �4.3 (SiCH3), �5.28 (SiCH3), �5.29
(SiCH3); IR (film): ñ = 2954, 2929, 2886, 2857, 1734, 1472, 1464, 1253,
1095, 833, 776 cm�1; MS (+ESI): m/z : calcd for C20H44O4Si2Na: 427.2670;
found: 427.2670 [M+Na]+ .


(4S)-4,6-Bis(tert-butyldimethylsilyloxy)-3,3-dimethylhexan-2-one (30):[21]


A solution of methyl ester 29 (555 mg, 1.37 mmol) in pentane (6.0 mL)
was cooled to 0 8C. A solution of trimethylsilylmethyllithium (1.0m solu-
tion in pentane, 3.0 mL, 3.0 mmol) was added dropwise at 0 8C and the
reaction stirred for 3.5 h before the addition of MeOH (2.5 mL). The
mixture was warmed to RT and stirred for 5 h then Amberlite IRC-50
carboxylic acid resin (3.5 g, 35 mmolg�1, 10 mmolg�1) was added and stir-
red for 1.5 h. Filtration and concentration under reduced pressure yielded
methyl ketone 30 as a pale yellow oil (534 mg, 100%). The bulk of the
material was used in subsequent reactions without further purification. A
portion of the product 30 was purified by chromatography (silica gel,
EtOAc/petrol 1:20). Rf = 0.40 (petrol/EtOAc 20:1); [a]25


D = �13.3 (c =


2.0, CHCl3) (lit. [a]20
D = �11.5 (c = 0.71, CHCl3));


1H NMR (400 MHz,
CDCl3): d=4.05 (dd, 3J(H,H)=7.8, 2.7 Hz, 1H, H-4), 3.68±3.58 (m, 2H,
H-6), 2.15 (s, 3H, H-1), 1.59±1.44 (m, 2H, H-5), 1.11 (s, 3H, CCH3), 1.06
(s, 3H, CCH3), 0.89 (s, 9H, SiC(CH3)3), 0.88 (s, 9H, SiC(CH3)3), 0.10 (s,
3H, SiCH3), 0.07 (s, 3H, SiCH3), 0.05 (s, 3H, SiCH3), 0.04 (s, 3H,
SiCH3);


13C NMR (100 MHz, CDCl3): d=213.4 (C-5), 73.3 (C-3), 59.9
(C-6), 53.4 (C-3), 37.2 (C-5), 26.8 (C-1), 26.0 (SiC(CH3)3), 25.9
(SiC(CH3)3), 21.9 (CH3), 19.9 (CH3), 18.3 (SiC(CH3)3), 18.2 (SiC(CH3)3),
�4.0 (SiCH3), �4.1 (SiCH3), �5.3 (SiCH3), �5.4 (SiCH3); IR (film): ñ =


2956, 2929, 2887, 2857, 1706, 1472, 1464, 1388, 1361, 1252, 1092, 833,
774 cm�1; MS (+ESI): m/z : calcd for C20H44NaO3Si2: 411.2727; found:
411.2729 [M+Na]+ .


Fragment 1–(�)-(5S)-5,7-Bis(tert-butyldimethylsilyloxy)-4,4-dimethyl-
heptan-3-one (3):[21,26, 49]


From alcohol 16 : PCC on basic alumina (3.85 g, 3.85 mmol,
~1 mmolg�1) was added to a solution of alcohol 16 (480 mg, 1.19 mmol)
in CH2Cl2 (30 mL) at RT. The mixture was stirred for 20 h and filtered
through a silica gel pad eluting with ether to afford ketone 3 as a colour-
less oil (471 mg, 98%).


From methyl ketone 30 : A solution of LDA was prepared: nBuLi
(1.24 mL, 2.3m solution in hexanes, 2.40 mmol) was added to diisopropyl-
amine (243 mg, 0.34 mL, 2.40 mmol) in THF (10 mL) at �78 8C, warmed


to 0 8C over 15 min, then cooled back to �78 8C to give a colourless solu-
tion.


A solution of ketone 30 (402 mg, 1.04 mmol) in THF (10 mL) was added
to the solution of freshly prepared LDA at �78 8C with stirring, causing a
colour change from colourless to yellow. The solution was warmed to
�15 8C for 10 min, then cooled back to �78 8C for 15 min before addition
of MeI (0.25 mL, 4 mmol). The reaction mixture was warmed to �40 8C
for 2 h, quenched by the addition of Amberlite IRC-50 carboxylic acid
resin (2.6 g, 26 mmol, 10 mmolg�1) and warmed to RT. After 2 h the mix-
ture was filtered and the resin washed with Et2O (3î10 mL). The filtrate
was concentrated under reduced pressure to give ethyl ketone 3 as
yellow oil (394 mg, 94%). The bulk of the material was used in subse-
quent reactions without further purification. A portion of the product
was purified by chromatography (silica gel, EtOAc/petrol 1:20). Rf =


0.50 (petrol/EtOAc 20:1); [a]25
D = �9.4 (c = 1.23, CHCl3) (lit. [a]20


D =


�8.3 (c = 2.10, CHCl3));
1H NMR (400 MHz, CDCl3): d=4.07 (dd,


3J(H,H)=7.7, 2.8 Hz, 1H, H-5), 3.66±3.59 (m, 2H, H-7), 2.60±2.51 (dq,
3J(H,H)=11.2, 7.2 Hz, 1H, Ha-2), 2.50±2.44 (dq, 3J(H,H)=11.2, 7.2 Hz,
1H, Hb-2), 1.58±1.45 (m, 2H, H-6), 1.12 (s, 3H, 4-CH3), 1.06 (s, 3H, 4-
CH3), 1.01 (t, 3J(H,H)=7.2 Hz, 3H, H-1), 0.90 (s, 9H, SiC(CH3)3), 0.89
(s, 9H, SiC(CH3)3), 0.10 (s, 3H, SiCH3), 0.052 (s, 3H, SiCH3), 0.046 (s,
3H, SiCH3), 0.037 (s, 3H, SiCH3);


13C NMR (100 MHz, CDCl3): d=215.6
(C-3), 73.5 (C-5), 60.1 (C-7), 53.0 (C-4), 37.3 (C-6), 31.5 (C-2), 26.0
(SiC(CH3)3), 25.9 (SiC(CH3)3), 22.1 (CH3), 20.0 (CH3), 18.3 (SiC(CH3)3),
18.2 (SiC(CH3)3), 7.7 (CH3CH2), �4.0 (SiCH3), �4.1 (SiCH3), �5.3
(SiCH3), �5.4 (SiCH3); IR (film): ñ = 2957, 2930, 2887, 2858, 1707, 1472,
1464, 1388, 1361, 1253, 1091, 833, 773 cm�1; MS (+ESI): m/z : calcd for
C21H46O3Si2Na: 425.2883; found: 425.2898 [M+Na]+ .


N-(4-Methylbenzenesulfonyl)-d-phenylalanine (26):[50] A solution of TsCl
(8.65 g, 45.4 mmol) in Et2O (150 mL) was added to a stirred solution of
d-phenylalanine (6.25 g, 37.8 mmol) dissolved in an aqueous solution of
NaOH (1.5m, 63 mL, 94.6 mmol) at RT. After 6 h of stirring, concentrat-
ed HCl was added to the viscous white suspension until it was homogene-
ous and acidified. The organic phase was separated and the aqueous
layer extracted twice with Et2O (2î100 mL). The combined extracts
were dried over MgSO4 and concentrated under reduced pressure. The
crude product was isolated as a white solid (9.73 g, 81%) and recrystal-
lized from Et2O to yield amino acid 26 as a white solid. M.p. 166±167 8C
(lit. 164±165 8C recrystallised from EtOH); Rf = 0.39 (CHCl3/MeOH
9:1); [a]25


D = �3.0 (c = 1.64, EtOH) (lit. [a]19
D = �2.4 (c = 7.50, ace-


tone)); 1H NMR (400 MHz, CD3OD): d=7.53 (d, 3J(H,H)=8.2 Hz, 2H,
CHmeta), 7.22 (d, 3J(H,H)=8.1 Hz, 2H, CHortho), 7.23±7.09 (m, 5H, Ph),
3.99 (dd, 3J(H,H)=8.2, 5.7 Hz, 1H, CHNH), 3.01 (dd, 3J(H,H)=13.7,
5.6 Hz, 1H, PhCHH), 2.82 (dd, 3J(H,H) = 13.7, 8.3 Hz, 1H, PhCHH),
2.37 (s, 3H, CCH3);


13C NMR (100 MHz, CD3OD): d=174.4 (CO2H),
144.4 (CCH3), 139.1 (CCH2), 137.8 (SO2C), 130.5 (Ar), 130.4 (Ar), 129.4
(Ar), 128.0 (Ar), 127.7 (Ar), 58.8 (CHNH), 39.9 (PhCH2), 21.4 (CCH3);
IR (film): ñ = 3283, 3031, 1729, 1671, 1426, 1335, 1210, 1155, 1073, 924,
906, 829, 813, 746, 701, 674, 655 cm�1; MS (+ESI): m/z : calcd for
C16H17NO4SNa: 342.0776; found: 342.0769 [M+Na]+ .


Fragment 2


(2R)-1-Bromo-2-methyl-3-(tetrahydropyranyloxy)-propane (32):[51] Neat
3,4-dihydro-2H-pyran (7.56 g, 89.9 mmol) was added to a stirred RT sus-
pension of polymer-supported sulfonic acid resin (Argonaut MP-
TsOH(I), 1.4 mmolg�1, 1.53 g, 2.1 mmol) and bromide 31 (13.1 g,
85.6 mmol). The resulting suspension was stirred at RT for 30 min. The
reaction mixture was then filtered and concentrated under reduced pres-
sure to yield the THP protected product 32 as a colourless oil (19.9 g,
98%), characterised as a mixture of diastereoisomers. The bulk of the
material was used in subsequent reactions without further purification. A
portion of the product was purified by chromatography (silica gel,
EtOAc/petrol 1:10). Analysed as a mixture of diastereoisomers: Rf =


0.59 (petrol/EtOAc 2:1) viewed: moly dip; [a]25
D = �11.6 (c = 0.60,


CHCl3) (lit. [a]21
D = �13.5 (c = 1.04, CHCl3));


1H NMR (400 MHz,
CDCl3): d=4.61±4.57 (m, 1H, OCHO), 3.88±3.83 (m, 1H, OCHOCHH),
3.71±3.64, 3.55±3.41 (m, 1H, Ha-3), 3.34±3.33 (m, 3H, OCHOCHH, H-1),
3.31±3.21 (m, 1H, Hb-3), 2.16±2.01 (m, 1H, H-2), 1.84±1.74 (m, 1H,
CHHCH2CHOO), 1.69±1.60 (m, 1H, CHHCHOO), 1.59±1.40 (m, 4H,
CHHCHOO, CHHCH2CHOO, CH2CH2CH2CHOO), 1.04 (t, 3H,
3J(H,H)=6.5 Hz, CH3);


13C NMR (100 MHz, CDCl3): d=99.3/98.6
(OCHO), 70.1/69.7 (C-7), 62.3/62.0 (OCHOCH2), 38.2/38.0 (C-9), 35.7/
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35.6 (C-8), 30.6/30.5 (CH2CHOO), 25.5/25.4 (CH2CH2CH2CHOO), 19.5/
19.3 (CH2CH2CH2CHOO), 15.9/15.8 (CH3); IR (film): ñ = 2941, 2872,
1121, 1064, 1032, 975, 904, 869 cm�1; MS (+ESI): m/z : calcd for
C9H16BrO2: 235.0334; found: 235.0342 [M�H]+ .


(2R)-1-Iodo-2-methyl-3-tetrahydropyranyloxypropane (33):[52] Bromide
32 (19.7 g, 83.0 mmol) was dissolved in butanone (200 mL) before addi-
tion of NaI (37.5 g, 250 mmol). The reaction was heated at 75 8C for 1 h,
then cooled to RT. The mixture was diluted with Et2O (50 mL) and sili-
ca gel (50 g) was added. The suspension was filtered and the filtrate was
concentrated under reduced pressure to yield the iodide 33 as a yellow
oil (22.7 g, 96%). The bulk of the material was used in subsequent reac-
tions without further purification. A portion of the product was purified
by chromatography (silica gel, EtOAc/petrol 1:10); analysed as a mixture
of diastereoisomers: Rf = 0.59 (petrol/EtOAc 2:1) viewed: UV (254 nm)
or moly dip; [a]25


D = �10.2 (c = 4.87, CHCl3) (lit. [a]22
D = �11.0 (c =


1.16, CHCl3));
1H NMR (400 MHz, CDCl3): d=4.58±4.55 (dt, 3J(H,H)=


10.5, 3.3 Hz, 1H, OCHO), 3.86±3.80 (m, 1H, CHHOCHO), 3.64±3.61/
3.56±3.53 (m, 1H, Ha-3), 3.50±3.47 (m, 1H, CHHOCHO), 3.33±3.15 (m,
3H, Hb-3, H-1), 1.81±1.64 (m, 3H, H-2, CHHCHOO,
CH2CHHCH2CHOO), 1.58±1.48 (m, 4H, CHHCHOO,
CH2CHHCH2CHOO, CH2CH2CH2CHOO), 0.98/0.96 (d, 3J(H,H)=
6.7 Hz, 3H, CH3);


13C NMR (100 MHz, CDCl3): d=99.2/98.5 (OCHO),
71.4/71.0 (C-3), 62.3/62.0 (CH2OCHO), 35.3/35.1 (C-2), 30.6/30.5
(CH2CHOO), 25.4/25.4 (CH2CH2CH2CHOO), 19.5/19.3
(CH2CH2CH2CHOO), 17.8/17.6 (CH3), 14.0/13.5 (C-1); IR (film): ñ =


2940, 2869, 1454, 1200, 1120, 1063, 1032, 975, 904, 869 cm�1; MS (+EI):
m/z : calcd for C9H17O2I: 284.0273; found: 284.0264 [M]+ .


(6R)-6-Methyl-7-tetrahydropyranyloxyhept-1-ene (34): Iodide 33 (8.10 g,
28.3 mmol) was dissolved in THF (50 mL) and copper iodide (5.5 g,
28.3 mmol) was added. The suspension was cooled to �10 8C under a
strict Ar atmosphere. A solution of 3-butenylmagnesium bromide (0.5m
solution in THF, 226 mL, 113 mmol) was added dropwise with stirring
over 15 min. The reaction mixture was allowed to warm slowly to 0 8C
and stirred for 2 h before being quenched by addition of a polymer-sup-
ported carboxylic acid (Amberlite IRC-50, 43 g, 430 mmol, 10 mmolg�1)
and polymer-supported trisamine (NovaBiochem, ~4.36 mmolg�1, 20 g,
106 mmol). The suspension was shaken at RT for 24 h, then filtered
through silica using Et2O and concentrated under reduced pressure to
yield 34 as a yellow oil (5.8 g, 97%). The bulk of the material was used
in subsequent reactions without further purification. A portion of the
product was purified by chromatography (silica gel, EtOAc/petrol 1:20).
Analysed as a mixture of diastereoisomers: Rf = 0.67 (petrol/EtOAc
2:1); [a]25


D = �3.4 (c = 0.41, CHCl3);
1H NMR (600 MHz, CDCl3): d=


5.84±5.78 (m, 1H, CH=CH2), 4.99 (dd, 3J(H,H)=7.1, 1.5 Hz, 1H, CH=


CHcisH), 4.93 (d, 3J(H,H)=10.0 Hz, 1H, CH=CHHtrans), 4.57±4.55 (m,
1H, OCHO), 3.87±3.83 (m, 1H, CHHOCHO), 3.60±3.59/3.51±3.49 (m,
2H, OCHHCHCH3, CHHOCHO), 3.25±3.22/3.15±3.15 (m, 1H,
OCHHCHCH3), 2.07±2.01 (m, 2H, CH2CH=CH2), 1.84±1.75 (m, 1H,
CH2CHHCH2CHOO), 1.74±1.62 (m, 2H, CHHCHOO, CHCH3), 1.60±
1.30 (m, 7H, CH(CH3)CH2CH2, CHHCHOO, CH(CH)3CHH,
CH2CHHCH2CHOO, CH2CH2CH2CHOO), 1.16±1.10 (m, 1H,
CH(CH3)CHH), 0.93/0.91 (d, 3J(H,H)=6.7 Hz, 3H, CH3);


13C NMR
(150 MHz, CDCl3): d=139.03/139.01 (CH=CH2), 114.20/114.18 (CH=


CH2), 99.0/98.8 (OCHO), 73.1/72.9 (C-7), 62.2/62.0 (CH2OCHO), 34.01/
34.00 (C-3), 33.32/33.27 (C-6), 33.20/33.16 (C-5), 30.70 (CH2CHOO),
26.29 (CH2CH2CH2CHOO), 25.52 (C-4), 19.58/19.52
(CH2CH2CH2CHOO), 17.15/17.07 (CH3); IR (film): ñ = 2927, 1641,
1454, 1201, 1120, 1063, 1032, 977, 905, 869 cm�1; MS (+EI): m/z : calcd
for C13H24O2: 212.1776; found: 212.1772 [M�H]+ .


(S)-2-Methyl-6-hepten-1-ol (35):[14,16] Tetrahydropyranyl acetal 34 (5.30 g,
25 mmol) was dissolved in MeOH (20 mL). Polymer-supported sulfonic
acid (Argonaut, MP-TsOH(II) ~4.2 mmolg�1, 240 mg, 1.00 mmol) was
added at RT and the mixture stirred for 7.5 h. Filtration, followed by con-
centration under reduced pressure yielded alcohol 35 as a yellow oil
(3.10 g, 97%). The bulk of the material was used in subsequent reactions
without further purification. A portion of the product was purified by
chromatography (silica gel, EtOAc/petrol 1:5). Rf = 0.36 (petrol/EtOAc
2:1) viewed: moly dip or KMnO4; [a]25


D = �12.8 (c = 0.50, CHCl3) (lit.
[a]20


D = �12.5 (c = 1.03, CHCl3));
1H NMR (400 MHz, CDCl3): d=5.87±


5.77 (m, 1H, H-6), 4.99 (d, 3J(H,H)=18.1 Hz, 1H, CH=CHcisHtrans), 4.97
(d, 3J(H,H)=10.1 Hz, 1H, CH=CHcisHtrans), 3.54±3.48 (dd, 3J(H,H)=10.3,


6.2 Hz, 1H, Ha-1), 3.45±3.41 (dd, 3J(H,H)=10.5, 6.5 Hz, 1H, Hb-1), 2.07±
2.01 (m, 2H, H-5), 1.67±1.60 (m, 1H, H-2), 1.53±1.34 (m, 3H, Ha-3, Hab-
4), 1.19±1.08 (m, 1H, Hb-3), 0.92 (d, 3J(H,H)=6.5 Hz, 3H, CH3);
13C NMR (100 MHz, CDCl3): d=138.9 (C-6), 114.4 (C-7), 68.3 (C-1), 35.7
(C-2), 34.0 (CH2), 32.6 (CH2), 26.3 (CH2), 16.5 (CH3); IR (film): ñ =


3316, 2927, 2858, 1641 cm�1; MS (+EI): m/z : calcd for C8H16O: 128.1201;
found: 128.1207 [M]+ .


Fragment 2–(S)-2-Methyl-6-heptenal (4):[14,16] Pyridinium chlorochro-
mate (PCC) on basic alumina (11.7 g, ~1.0 mmolg�1, 11.7 mmol) was
added at RT to a stirred solution of alcohol 35 (500 mg, 3.9 mmol) in
CH2Cl2 (20 mL). The reaction was stirred for 3.5 h at RT until oxidation
was complete. The mixture was filtered through Florisil, washing through
with 10:1 petroleum ether 30±40/Et2O dried over MgSO4, refiltered and
concentrated under reduced pressure to yield aldehyde 4 as a pale yellow
oil (398 mg, 80%). The bulk of the material was used in subsequent reac-
tions without further purification. A portion of the product was purified
by chromatography (silica gel, EtOAc/petrol 1:10). Rf = 0.47 (petrol/
EtOAc 2:1) viewed: KMnO4; [a]25


D = ++23.0 (c = 0.7, CHCl3) (lit. [a]20
D


= ++25.7 (c = 1.00, CHCl3), (lit. [a]25
D = ++19.4 (c = 0.75, CHCl3));


1H NMR (400 MHz, CDCl3): d=9.62 (d, 3J(H,H)=1.9 Hz, 1H, H-1),
5.85±5.75 (m, 1H, H-6), 5.00 (dd, 3J(H,H)=17.2, 1.6 Hz, 1H, CH=


CHcisHtrans), 4.97 (d, 3J(H,H)=10.2 Hz, 1H, CH=CHcisHtrans), 2.39±2.32 (d
of sextets, 3J(H,H)=6.9, 1.8 Hz, 1H, H-2), 2.11±2.06 (m, 2H, H-5), 1.77±
1.66 (m, 1H, Ha-3), 1.50±1.34 (m, 3H, Hb-3, H-4), 1.10 (d, 3J(H,H)=
7.0 Hz, 3H, CH3);


13C NMR (100 MHz, CDCl3): d=205.1 (C-1), 138.2
(C-6), 114.9 (C-7), 46.2 (C-2), 33.6 (CH2), 29.9 (CH2), 26.2 (CH2), 13.3
(CH3); IR (film): ñ = 2932, 2864, 1704, 1641, 1464, 1236, 910 cm�1; MS
(+EI): m/z : calcd for C8H15O 127.2041; found: 127.1123 [M+H]+ .


Fragment 3


1-(Tetrahydropyran-2-yloxy)propan-2-one (39): 1-Hydroxypropan-2-one
(7.5 mL, 0.11 mol) and 3,4-dihydro-2H-pyran (20.1 mL, 0.22 mol) were
added to a suspension of polyvinylpyridine-hydrochloride (2.0 g) in
CH2Cl2 (40 mL). The reaction mixture was heated at reflux for 16 h.
After cooling to RT the mixture was filtered and the filtrate concentrated
under reduced pressure to yield the ketone 39 (16.8 g, 97%) as a colour-
less oil. The bulk of the material was used in subsequent reactions with-
out further purification. A portion of the product was purified by chro-
matography (silica gel, EtOAc/petrol 20:80). Rf = 0.16 (EtOAc/petrol
20:80); 1H NMR (400 MHz, CDCl3): d=4.64 (t, 3J(H,H)=3.5 Hz, 1H,
OCHO), 4.24 (d, 3J(H,H)=17.3 Hz, 1H, Ha-1), 4.11 (d, 3J(H,H)=
17.3 Hz, 1H, Hb-1), 3.84 (td, 3J(H,H)=11.3 Hz, 3.2 Hz, 1H, OCHH), 3.51
(m, 1H, OCHH), 2.18 (s, 3H, H-3), 1.53±1.91 (m, 6H, 3îCH2);
13C NMR (100 MHz, CDCl3): d=206.7 (C-2), 98.7, 72.3 (C-1), 62.3, 30.2,
26.4 (C-3), 25.2, 19.1, IR (film): ñ = 2943, 2871, 1719, 1442, 1387,
1354 cm�1; MS (+EI): m/z : calcd for C8H14O3Na: 181.0841; found:
181.0833 [M+Na]+ .


(4-Bromomethyl-2-methyl)thiazole hydrobromide (36): Thioacetamide
(5.0 g, 66.7 mmol) was added portionwise over 10 min to a solution of
1,3-dibromoacetone (15.8 g, 73.4 mmol) in dioxane (200 mL). After stir-
ring for 5 min at RT a white precipitate formed. The reaction was heated
at reflux for 30 min. On reaching reflux the white precipitate dissolved to
give a yellow solution. On standing for 10 min a dark yellow oil separated
from the mixture which, on cooling, solidified to give thiazole salt 36
(14.9 g, 82%) as a pale brown, granular solid. M.p. decomposed at
>160 8C; 1H NMR (400 MHz, CD3OD): d=7.93 (s, 1H, H-5), 4.73 (s,
2H, CH2Br), 2.94 (s, 3H, 2-CH3);


13C NMR (100 MHz, CD3OD, 25 8C):
d=174.2 (C-2), 144.6 (C-4), 121.0 (C-5), 20.3 (CH2), 15.4 (CH3); IR
(solid): ñ = 2470, 1790, 1581, 1491, 1411, 1381, 1293, 1238 cm�1; elemen-
tal analysis calcd (%) for C5H7NSBr2: C 22.00, H 2.58, N 5.13; found C
22.30, H 2.56, N 5.03; MS (+EI): m/z : calcd for C5H6NSBr: 190.9404;
found: 190.9402 [M�HBr]+ .


(4-Bromomethyl-2-methyl)thiazole (37): Hydrobromide salt 36 (20 mg,
73.2 mmol) was dissolved in MeOH (3 mL) and polymer supported car-
bonate (40 mg, 4.5 mmolg�1, 0.18 mmol, 2% 4-divinylbenzene, DVB) was
added. The reaction mixture was shaken at RT for 3 h. The mixture was
filtered and the filtrate concentrated under reduced pressure to yield the
thiazole bromide free base 37 as a colourless oil (13.5 mg, 96%).
1H NMR (400 MHz, CDCl3): d=7.12 (s, 1H, H-5), 4.53 (s, 2H, CH2Br),
2.70 (s, 3H, 2-CH3);


13C NMR (400 MHz, CDCl3, 25 8C): d=166.9 (C-2),
151.7 (C-4), 117.2 (C-5), 27.1 (CH2), 19.2 (CH3); IR (film): ñ = 1517,
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1485, 1423, 1375, 1324, 1214 cm�1; MS (+EI): m/z : calcd for C5H6NSBr:
192.9385; found: 192.9383 [M]+ .


(2-Methylthiazol-4-ylmethyl)triphenylphosphonium bromide, polymer-
supported 38 : Pre-washed polymer-supported triphenylphosphine (5.20 g,
15.6 mmol, 3 mmolg�1) was added to a solution of 4-bromomethyl-2-
methylthiazole (37; 3.85 g, 20.0 mmol) in PhMe (80 mL). The reaction
was heated at 90 8C for 5 h. The resin was recovered by filtration and
washed with alternating aliquots of CH2Cl2 (3î100 mL) and Et2O (3î
100 mL) to give the product salt 38 as a yellowy brown solid (7.9 g,
~1.75 mmolg�1 loading). Remaining unloaded thiazole bromide 37 was
recovered as yellow oil (1.13 g). IR (solid): ñ = 2924, 2854, 2217, 1597,
1515, 1484, 1439, 1409, 1322, 1189 cm�1; elemental analysis found: N 2.31
(loading 1.65 mmolg�1).


2-Methyl-4-(2’-methyl-3’-[tetrahydropyran-2’-yloxy]propenyl)thiazole
(40): NaHMDS (3.6 mL, 1m solution in THF, 3.60 mmol) was added to a
suspension of polymer-supported (2-methylthiazol-4-ylmethyl)triphenyl-
phosphonium bromide 38 (200 mg, ~0.60 mmol) in THF (2 mL). The re-
action was shaken at RT for 45 min. The mixture was filtered under
argon and the resin washed with alternating aliquots of THF (3î10 mL)
and Et2O (3î10 mL). The resin was re-suspended in THF (2 mL) and
ketone 39 (26 mg, 0.20 mmol) was added as a solution in THF (0.5 mL).
The reaction mixture was shaken at RT for 15 h. The mixture was filtered
and the filtrate concentrated under reduced pressure to give the product
alkenes 40 as a yellow oil (47 mg, 94%, 43:4 E :Z). The bulk of the mate-
rial was used in subsequent reactions without further purification. A por-
tion of the product was purified by chromatography (silica gel, EtOAc/
petrol 20:80).


2-Methyl-4-([E]-2’-methyl-3’-[tetrahydropyran-2’-yloxy]-propenyl)thia-
zole (40): Rf = 0.24 (EtOAc/petrol 20:80); 1H NMR (400 MHz, CDCl3,
25 8C): d=6.97 (s, 1H, H-5), 6.57 (s, 1H, H-1’), 4.68 (t, 3J(H,H)=3.4 Hz,
1H, OCHO), 4.27 (d, 3J(H,H)=13.0 Hz, 1H, Ha-3’), 4.08 (d, 3J(H,H)=
13.0 Hz, 1H, Hb-3’), 3.90 (td, 3J(H,H)=11.3 Hz, 3.1 Hz, 1H, OCHH),
3.53 (m, 1H, OCHH), 2.70 (s, 3H, 2-CH3), 2.06 (s, 3H, 2’-CH3), 1.89±1.52
(m, 6H, 3îCH2);


13C NMR (100 MHz, CDCl3): d=164.2 (C-2), 153.0 (C-
4), 136.8 (C-2’), 119.5 (C-1’), 115.3 (C-5), 97.7, 72.4 (C-3’), 62.1, 30.7, 25.5,
19.4, 19.2 (2-CH3), 16.2 (2’-CH3); IR (film): ñ = 2914, 2164, 1505, 1439,
1354, 1261 cm�1; MS (+EI): m/z : calcd for C13H19NO2S: 253.1136; found:
253.1139 [M]+ .


2-Methyl-4-([Z]-2’-methyl-3’-[tetrahydropyran-2’-yloxy]-propenyl)thia-
zole : Rf = (Z) 0.28 (EtOAc/petrol 20:80); 1H NMR (400 MHz, CDCl3):
d=6.98 (s, 1H, H-5), 6.43 (s, 1H, H-1’), 4.66 (t, 3J(H,H)=3.5 Hz, 1H,
OCHO), 4.49 (t, 3J(H,H)=12.0 Hz, 2H, H-3’), 3.90 (td, 3J(H,H)=
11.1 Hz, 3.2 Hz, 1H, CHHO), 3.50 (m, 1H, CHHO), 2.68 (s, 3H, 2-CH3),
1.99 (s, 3H, 2-CH3), 1.88±1.74 (m, 6H, 3îCH2);


13C NMR (100 MHz,
CDCl3): d=164.6 (C-2), 152.2 (C-4), 137.6 (C-2’), 122.0 (C-1’), 115.3 (C-
5), 98.3, 66.8 (C-3’), 62.2, 30.7, 25.5, 22.5 (2’-CH3), 19.5, 19.1 (2-CH3); IR
(film): ñ = 2914.3, 1736.1, 1505.6, 1373.4, 1319.7, 1257.2, 1181.5 cm�1; MS
(+EI): m/z : calcd for C13H19NO2S: 253.1136; found: 253.1134 [M]+ .


2-Methyl-4-([E]-2’-methylprop-1’-en-3’-ol)thiazole (41): Thiazole 40
(353 mg, 1.56 mmol) was dissolved in MeOH (10 mL) and Dowex 50X8
(4 g, 20% DVB) was added. The reaction mixture was shaken at RT for
5 h. The reaction mixture was filtered and the resin washed with MeOH
(20 mL). The resin was re-suspended in MeOH (10 mL) and Et3N (2 mL)
was added. The reaction mixture was shaken at RT for 4 h. The reaction
mixture was filtered and the resin washed with MeOH (30 mL). The fil-
trate was concentrated under reduced pressure to give alcohol 41
(208 mg, 92%) as a yellow oil. The bulk of the material was used in sub-
sequent reactions without further purification. A portion of the product
was purified by chromatography (silica gel, EtOAc/petrol 40:60). Rf =


0.28 (EtOAc/petrol 40:60); 1H NMR (400 MHz, CDCl3): d=6.94 (s, 1H,
H-5), 6.55 (s, 1H, H-1’), 4.19 (s, 2H, H-3’), 2.71 (s, 3H, 2-CH3), 2.07 (s,
3H, 2’CH3);


13C NMR (100 MHz, CDCl3): 164.7 (C-2), 152.9 (C-5), 140.1
(C-2’), 117.7 (C-1’), 115.0 (C-5), 68.0 (C-3’), 19.1 (2-CH3), 15.8 (2’-CH3);
IR (film): ñ = 3276, 2922, 2856, 1665, 1506, 1440, 1375, 1270, 1189 cm�1;
MS (+EI): m/z : calcd for C8H11NOS: 169.0561; found: 169.0557 [M]+ .


2-Methyl-4-([E]-2’-methylpropen-2’-al)thiazole (42): Alcohol 41 (196 mg,
1.17 mmol) was dissolved in toluene (10 mL) and oxygen was bubbled
through the solution for 5 min. Polymer-supported perruthenate (430 mg,
0.5 mmolg�1, 0.23 mmol, 20% DVB) was added and the reaction mixture
heated at reflux under an atmosphere of oxygen for 16 h. The reaction


mixture was filtered and the filtrate concentrated under reduced pres-
sure, to give aldehyde 42 (116 mg, 60%) as a yellow oil which, on stand-
ing at RT for 1 h, crystallised to give yellow needles. The bulk of the ma-
terial was used in subsequent reactions without further purification. A
portion of the product was purified by chromatography (silica gel,
EtOAc/petrol 20:80). Rf = 0.18 (EtOAc/petrol 20:80); m.p. 57 8C;
1H NMR (400 MHz, CDCl3): d=9.54 (s, 1H, H-3’), 7.43 (s, 1H, H-5),
7.23 (s, 1H, H-1’), 2.75 (s, 3H, 2-CH3), 2.19 (s, 3H, 2’-CH3);


13C NMR
(100 MHz, CDCl3): d=195.3 (C-3’), 165.9 (C-2), 151.6 (C-5), 141.0 (C-1’),
138.5 (C-2’), 122.7 (C-5), 19.3 (2-CH3), 11.0 (2’-CH3); IR (film): ñ =


3091, 2917, 2818, 2718, 1675, 1624, 1573, 1435, 1334, 1193 cm�1; MS
(+EI): m/z : calcd for C8H9NOS: 167.0405; found: 167.0399 [M]+ .


(S)-2-Methyl-4-([1E]-2’-methylhexa-1’,5’-dien-3’-ol)thiazole (43): (+)-Di-
isopinocamphenylallylborane (5.7 mL, 0.63m in pentane, 3.6 mmol) was
added dropwise at �100 8C to a solution of 2-methyl-4-([1E]-2-methyl-
propenal)-thiazole (42 ; 0.40 g, 2.4 mmol) in Et2O (10 mL). The mixture
was stirred at �100 8C for 3 h. The reaction was diluted with MeOH
(10 mL) and Dowex 50X8 (3 g, 20% DVB) was added. The reaction mix-
ture was shaken at RT for 5 h and then filtered. The resin was washed
with MeOH (20 mL) and the resin re-suspended in MeOH (10 mL). Trie-
thylamine (2 mL) was added and the reaction mixture shaken at RT for
4 h. The mixture was filtered and the resin washed with MeOH (3î
10 mL). The filtrate was concentrated under reduced pressure to give al-
cohol 43 as a yellow oil (449 mg, 89%). The bulk of the material was
used in subsequent reactions without further purification. A portion of
the product was purified by chromatography (silica gel, EtOAc/petrol
40:60). Rf = 0.21 (EtOAc/petrol 40:60); HPLC (Chiracel OD, MeCN/
hexane 25:75) indicated 93% ee ; [a]25


D = �19.8 (c = 0.97 in CHCl3).
Rf = 0.21 (EtOAc/petrol 40:60; 1H NMR (400 MHz, CDCl3, 25 8C): d=
6.94 (s, 1H, H-5), 6.55 (s, 1H, H-1’), 5.87±5.77 (m, 1H, H-5’), 5.15 (d,
3J(H,H)=17.2 Hz, 1H, Ha-6’), 5.11 (d, 3J(H,H)=10.2 Hz, 1H, Hb-6’), 4.21
(t, 3J(H,H)=5.8 Hz, 1H, H-3’), 2.70 (s, 3H, 2-CH3), 2.45±2.33 (m, 2H, H-
4’), 2.04 (s, 3H, 2’-CH3);


13C NMR (100 MHz, CDCl3, 25 8C): d=164.6
(C-2), 152.8 (C-4), 141.3 (C-2’), 134.5 (C-5’), 119.1 (C-1’), 118.1 (C-6’),
115.6 (C-5), 76.4 (C-3’), 40.0 (C-4’), 19.2 (2-CH3), 14.4 (2’-CH3); IR
(film): ñ = 3340, 2923, 2105, 1640, 1506, 1435, 1377, 1271, 1188 cm�1; MS
(+EI): m/z : calcd for C11H15NOSNa: 232.0772; found: 232.0769
[M+Na]+ .


(S)-2-Methyl-4-([E]-2’-methyl-3’-(tert-butyldimethylsilanyloxy)hexa-1’,5’-
dienyl)thiazole (44): TBSOTf (26 mL, 115 mmol) and Et3N (0.02 mL,
143 mmol) were added to a solution of alkene 43 (20 mg, 96 mmol) in
CH2Cl2 (2 mL). The reaction mixture was stirred at RT for 30 min. Poly-
mer-supported-TBD (150 mg, 2.2 mmolg�1, 330 mmol, 2% DVB) was
added and the reaction mixture shaken at RT for 16 h. The mixture was
filtered and the filtrate concentrated under reduced pressure to yield
TBS ether 44 as a yellow oil (30 mg, 97%). The bulk of the material was
used in subsequent reactions without further purification. A portion of
the product was purified by chromatography (silica gel, EtOAc/petrol
20:80). Rf =0.55 (EtOAc/petrol 20:80); [a]25


D = ++1.46 (c = 0.97 in
CHCl3);


1H NMR (400 MHz, CDCl3): d=6.92 (s, 1H, H-5), 6.46 (s, 1H,
H-1’), 5.84±5.73 (m, 1H, H-5’), 5.04 (d, 3J(H,H)=17.4 Hz, 1H, Ha-6’),
5.00 (d, 3J(H,H)=10.4 Hz, 1H, Hb-6’), 4.16 (t, 3J(H,H)=6.5 Hz, 1H, H-
3’), 2.67 (s, 3H, 2-CH3), 2.38±2.28 (m, 2H, H-4’), 1.93 (s, 3H, 2-CH3), 0.87
(s, 9H, SiC(CH3)2), 0.10 (s, 3H, SiCH3), 0.01 (s, 3H, SiCH3);


13C NMR
(100 MHz, CDCl3): d=164.3 (C-2), 153.2 (C-4), 142.0 (C-2’), 135.3 (C-5’),
118.9 (C-1’), 116.5 (C-6’), 115.1 (C-5), 78.5 (C-3’), 41.4 (C-4’), 25.7
(SiC(CH3)3), 19.2 (SiC(CH3)3), 18.2 (2-CH3), 13.9 (2’-CH3), �3.8 (SiCH3),
�4.6 (SiCH3); IR (film): ñ = 2927, 1504, 1471, 1251, 1181, 1071 cm�1; MS
(+EI): m/z : calcd for C17H29NOSSiNa: 380.1692; found: 380.1675
[M+Na]+ .


2-Methyl-4-([E]-2’-methyl-3’-(S)-(tert-butyldimethylsilanyloxy)hex-1’-en-
5’,6’-diol)thiazole (45): Alkene 44 (23 mg, 71 mmol) and OsO4 (0.06 mL,
2.5 wt% in tBuOH, 5 mmol) was added to a suspension of polymer-sup-
ported 4-methylmorpholine-N-oxide[55] (200 mg) in acetone/H2O (2 mL,
9:1). The reaction mixture was heated at 40 8C for 16 h. Polyvinylpyridine
(50 mg, 0.48 mmol, �9.5 mmolg�1) was added and the mixture stirred at
RT for 4 h. The reaction was filtered and the filtrate concentrated under
reduced pressure to yield diol 45 as a dark brown oil (25 mg, 97%, 5R :5S
1:1). The bulk of the material was used in subsequent reactions without
further purification. A portion of the product was purified by chromatog-
raphy (silica gel, EtOAc). Rf = 0.49 (EtOAc); 1H NMR (400 MHz,
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CDCl3): d=6.94, 6.92 (s, 1H, H-5), 6.58, 6.50 (s, 1H, H-1’), 4.50±4.43 (m,
1H, H-3’), 3.95±3.89 (m, 1H, H-5’), 3.63±3.59 (m, 1H, Ha-6’), 3.50±3.43
(m, 1H, Hb-6’), 2.71 (s, 3H, 2-CH3), 2.03, 2.02 (s, 3H, 2-CH3), 1.89±1.82
(m, 1H, Ha-4’), 1.70±1.60 (m, 1H, Hb-4’), 0.93, 0.92 (s, 9H, SiC(CH3)3),
0.08, 0.04 (2îs, 3H, 2îSiCH3);


13C NMR (100 MHz, CDCl3): d=164.7/
164.6 (C-2), 153.0, 152.6 (C-4), 141.4 and 141.0 (C-2’), 119.5/118.7 (C-1’),
115.6, 115.5 (C-5), 77.3 and 75.8 (C-3’), 71.1/69.0 (C-5’), 66.8, 66.5 (C-6’),
39.0/38.3 (C-4’), 25.8 (SiC(CH3)3), 19.3, 19.2 (SiC(CH3)3), 18.2, 18.0 (2-
CH3), 15.1, 13.8 (2’-CH3), �4.8 (SiCH3), �4.4 (SiCCH3), �5.3 (SiCH3),
�5.2 (SiCH3); IR (film): ñ = 3346, 2921, 1501, 1436, 1357, 1251,
1067 cm�1.


2-Methyl-4-([E]-2-methyl-3-[S]-(tert-butyldimethylsilanyloxy)hex-1-ene-
5-al)-thiazole (46): Amberlyst A27 (periodate form) (200 mg, 0.4 mmol,
2 mmolg�1) was added to a solution of diol 45 (45 mg, 0.13 mmol) in
MeOH/H2O (3 mL, 5:1). The mixture was shaken at RT for 1 d. The re-
action was filtered and the resin washed with MeOH (10 mL) and the fil-
trate concentrated under reduced pressure. The residue was dissolved in
CH2Cl2 (2 mL) and the mixture filtered. The filtrate was concentrated
under reduced pressure to yield aldehyde 46 as a brown oil (39 mg,
95%). A portion of the product was purified by chromatography (silica
gel, EtOAc/petrol 50:50). Rf = 0.45 (EtOAc/petrol 50:50); [a]25


D = �15.6
(c = 3.58, CHCl3);


1H NMR (400 MHz, CDCl3): d=9.78 (t, 3J(H,H)=
2.5 Hz, 1H, H-5’), 6.94 (s, 1H, H-5), 6.55 (s, 1H, H-1’), 4.68 (dd,
3J(H,H)=8.2 Hz, 4.0 Hz, 1H, H-3’), 2.73 (ddd, 3J(H,H)=15.5 Hz, 8.3 Hz,
2.9 Hz, 1H, Ha-4’), 2.69 (s, 3H, 2-CH3), 2.50 (ddd, 3J(H,H)=15.6, 4.0,
2.1 Hz, 1H, Hb-4’), 2.03 (s, 3H, 2’-CH3), 0.87 (s, 9H, SiCCH3), 0.07 (s,
3H, SiCH3), 0.02 (s, 3H, SiCH3);


13C NMR (100 MHz, CDCl3, 25 8C): d=
201.6 (C-5’), 164.7 (C-2), 152.6 (C-4), 140.4 (C-2’), 119.3 (C-1’), 115.9 (C-
5), 73.9 (C-3’), 50.1 (C-4’), 25.7 (SiC(CH3)3), 19.2 (SiC(CH3)3), 18.1 (2-
CH3), 14.1 (2’-CH3), �5.6 (SiCH3), �5.2 (SiCH3); IR (film): ñ = 2954,
2928, 1725, 1501, 1436, 1252, 1077 cm�1; MS (+EI): m/z : calcd for
C16H27NO2SSi: 325.1532; found: 325.1537 [M]+ .


4-Chloromethyl-2-methyl-thiazole (52):[53] Thiazole chloride hydrochlo-
ride salt 51 (12.70 g, 68.9 mmol) was dissolved in methanol (150 mL) and
polymer supported carbonate (Fluka, 39.3 g, 3.50 mmolg�1, 138 mmol)
was added. The reaction mixture was shaken at RT for 30 min. The mix-
ture was filtered and the filtrate concentrated under reduced pressure to
yield thiazole free base 52 as a brown oil (10.0 g, 98%). The product was
used in the subsequent reaction without further purification. Rf = 0.67
(CH2Cl2/MeOH 19:1); 1H NMR (400 MHz; CDCl3): d = 7.12 (s, 1H, H-
5), 4.65 (s, 2H, CH2), 2.71 (s, 3H, CH3).


(2-Methyl-thiazol-4-ylmethyl)-phosphonic acid diethyl ester (53):[15]


Triethyl phosphite (13.23 g, 79.6 mmol) was added to thiazole chloride 52
and heated to 160 8C for 3 h. A colour change from colourless to deep
red occurred. The reaction was cooled to RT and excess triethyl phos-
phite removed under reduced pressure at 60 8C to yield phosphonate 53
as a red oil (15.43 g, 84%). The bulk of the material was used in subse-
quent reactions without further purification. A portion of the product
was purified by chromatography (silica gel, Et2O/MeOH 19:1). Rf = 0.21
(CH2Cl2/MeOH 19:1) viewed: UV (254 nm) or KMnO4;


1H NMR
(400 MHz, CDCl3): d=6.83 (d, 1H, 3J(H,H)=3.5 Hz, H-5), 3.86 (q,
3J(H,H)=7.4 Hz, 4H, 2îOCH2), 3.12 (d, 3J(H,H)=11.0 Hz, 2H, CH2),
2.45 (s, 3H, 2-CH3), 1.06 (t, 3J(H,H)=7.4 Hz, 6H, 2îCH2CH3);
13C NMR (100 MHz, CDCl3): d=164.7 (d, 4J(C,P)=1.1 Hz, C-2), 145.5
(d, 2J=8.2 Hz, C-4), 115.1 (d, 3J(C,P)=7.6 Hz, C-5), 61.6 (d, 2J=6.6 Hz,
OCH2), 28.9 (d, 1J(C,P)=140 Hz, CH2), 18.5 (s, 2-CH3), 15.8 (d, 3J=6.0,
CH2CH3); IR (film): ñ = 2980, 2237, 1519, 1247, 1054, 1024, 952, 925,
726 cm�1; MS (+ESI): m/z : calcd for C9H16NO3PSNa: 272.0486; found:
272.0489 [M+Na]+ .


(�)-(3S)-3-(tert-Butyldimethylsilyloxy)dihydrofuran-2-one (48):[15,21] Hy-
droxy lactone 47 (2.05 g, 19.6 mmol) was dissolved in CH2Cl2 (80 mL).
Polymer-supported DMAP (Argonaut, 1.49 mmolg�1, 26.30 g, 39.2 mmol)
was added to the mixture at RT before addition of TBSCl (4.13 g,
27.4 mmol). The reaction was stirred for 1.5 h at RT then filtered and
concentrated under reduced pressure to yield lactone 48 as a pale yellow
oil (3.92 g, 93%) that crystallised on standing at �10 8C. The bulk of the
material was used in subsequent reactions without further purification. A
portion of the product was purified by chromatography (silica gel,
EtOAc/petrol 1:5). M.p. 17±18 8C; Rf = 0.31 (petrol/EtOAc 5:1); [a]25


D =


�32.5 (c = 1.72, CHCl3) (lit. [a]20
D = �30.5 (c = 5.82, CHCl3));


1H NMR
(400 MHz, CDCl3): d=4.41 (app. t, 3J(H,H)=8.4 Hz, 1H, H-3), 4.37 (td,


3J(H,H)=8.8, 3.2 Hz, 1H, Ha-5), 4.19 (td, 3J(H,H)=9.0, 6.4 Hz, 1H, Hb-
5), 2.50±2.43 (m, 1H, Ha-4), 2.22 (m, 1H, Hb-4), 0.91 (s, 9H, SiC(CH3)3),
0.017 (s, 3H, Si(CH3)2), 1.014 (s, 3H, Si(CH3)2);


13C NMR (100 MHz,
CDCl3): d=175.9 (C-2), 68.2 (C-3), 64.7 (C-5), 32.3 (C-4), 25.6
(SiC(CH3)3), 18.2 (SiC(CH3)3), �4.8 (SiCH3), �5.3 (SiCH3); IR (film):
ñ = 2955, 2930, 2858, 1783, 1473, 1361, 1252, 1219, 1148, 1107, 1020, 998,
836, 778 cm�1; HRMS (+ESI): m/z : calcd for C10H20O3SiNa: 239.1079;
found: 239.1065 [M+Na]+ .


(�)-(3S)-3-(tert-Butyldimethylsilyloxy)-5-hydroxypentan-2-one (49):[15] A
solution of MeLi (1.6m in Et2O, 10.6 mL, 17.0 mmol) was added dropwise
to a stirred solution of lactone 48 (3.5 g, 16.2 mmol) in THF (55 mL) at
�78 8C over 10 min to provide a yellow solution. The mixture was stirred
at �78 8C for 30 min before quenching the reaction by the addition of a
polymer-supported carboxylic acid (Amberlite IRC-50, 34 g, 340 mmol,
10 mmolg�1). The reaction was allowed to warm to RT, stirred for 45 min
before filtration and concentration under reduced pressure to yield a
yellow oil. On standing at RT this oil crystallised as a pale yellow solid
49 (3.68 g, 98%). The bulk of the material was used in subsequent reac-
tions without further purification. A portion of the product was purified
by chromatography (silica gel, EtOAc/petrol 1:3). Analysed as an equili-
brium mixture of lactol and ring opened isomer; m.p. 54±55 8C (lit. 53±
60 8C); Rf = 0.34 (petrol/EtOAc 5:3); [a]25


D = ++24.76 (c = 2.2, CHCl3);
1H and 13C NMR spectra were both complex due to being a mixture of
three isomers; IR (film): ñ = 3412, 2955, 2930, 2859, 1472, 1251, 1139,
1021, 867, 836, 776, 671 cm�1; MS (+ESI): m/z : calcd for C10H20O3SiNa:
239.1079; found: 255.1408 [M+Na]+ .


(�)-(3S)-3,5-Bis-(tert-butyldimethylsilyloxy)-pentan-2-one (50):[14,15]


Lactol 49 (3.0 g, 12.9 mmol) and polymer-supported DMAP (Argonaut,
1.49 mmolg�1, 17.3 g, 2.6 mmol) were suspended in CH2Cl2 (50 mL) at
RT before the portionwise addition of TBSCl (2.72 g, 18.1 mmol). The
mixture was stirred for 2.5 h at RT, then filtered and concentrated under
reduced pressure to yield ketone 50 as a pale yellow oil (3.68 g, 98%).
The bulk of the material was used in subsequent reactions without fur-
ther purification. A portion of the product was purified by chromatogra-
phy (silica gel, EtOAc/petrol 1:10). Rf = 0.73 (petrol/EtOAc 5:2)
viewed: moly dip; [a]25


D = �12.2 (c = 3.4, CHCl3) (lit. [a]20
D = �12.9


(c = 1.00, CHCl3));
1H NMR (400 MHz, CDCl3): d=4.15 (dd, 3J(H,H)=


6.3, 5.6 Hz, 1H, H-3), 3.74±3.63 (m, 2H, H-5), 2.15 (s, 3H, H-1), 1.86±
1.74 (m, 2H, H-4), 0.91 (s, 9H, SiC(CH3)3), 0.86 (s, 9H, SiC(CH3)3), 0.05
(s, 3H, SiCH3), 0.05 (s, 3H, SiCH3), 0.023 (s, 3H, SiCH3), 0.019 (s, 3H,
Si(CH3)2);


13C NMR (100 MHz, CDCl3): d=212.1 (C-2), 75.7 (C-3), 58.3
(C-5), 37.7 (C-1), 25.9 (SiC(CH3)3), 25.7 (SiC(CH3)3), 25.6 (C-4), 18.2
(SiC(CH3)3), 18.1 (SiC(CH3)3), �3.6 (SiCH3), �5.0 (SiCH3), �5.48
(SiCH3), �5.5 (SiCH3); IR (film): ñ = 2955, 2929, 2885, 2858, 1718, 1472,
1464, 1361, 1253, 1101, 1005, 833, 774 cm�1; MS (+ESI): m/z : calcd for
C17H38O3Si2Na 369.2257; found: 369.2257 [M+Na]+.


(3S)-4-[(E)-3,5-Bis-(tert-butyldimethylsilyloxy)-2’-methylpent-1-enyl]-2-
methylthiazole (54):[14] A solution of nBuLi (25.3 mL, 1.6m solution in
hexanes, 40.5 mmol) was added to a stirred solution of phosphonate 53
(11.20 g, 40.5 mmol) in THF (32 mL) at �78 8C over 7 min. A colour
change occurred from pale red to dark red/brown. The reaction mixture
was stirred at �78 8C for 10 min before addition of ketone 50 (4.00 g,
11.6 mmol) over 5 min at �78 8C. The mixture was stirred for 5 min at
�78 8C, then allowed to warm slowly to RT and stirred for 45 min. Poly-
mer-supported benzaldehyde (Argonaut, 1.2 mmolg�1, 48.30 g,
58.0 mmol) was added and the mixture diluted with Et2O (100 mL) and
stirred at RT for 30 min. Silica gel (200 mL dry) and Et2O (200 mL) were
added causing a colour change from deep red to pale yellow. The suspen-
sion was filtered and washed using Et2O. The filtrate was concentrated,
then dissolved in Et2O (50 mL) and silica gel (50 mL dry) was added.
The mixture was filtered and concentrated under reduced pressure to
yield 54 as a yellow oil (5.36 g, 105%). The bulk of the material was used
in subsequent reactions without further purification. A portion of the
product was purified by chromatography (silica gel). Rf = 0.40 (CH2Cl2)
viewed: UV (254 nm) or moly dip; [a]25


D = �1.0 (c = 5.0, CHCl3) (lit.
[a]20


D = �0.7 (c = 0.46, CHCl3));
1H NMR (600 MHz, CDCl3): d=6.90


(s, 1H, H-5), 6.48 (s, 1H, H-1’), 4.33 (dd, 1H, 3J(H,H)=7.7, 4.7 Hz, H-
3’), 3.73±3.62 (m, 2H, H-4’), 2.70 (s, 3H, 2-CH3), 2.00 (s, 3H, 2’-CH3),
1.81±1.71 (m, 2H, H-5’), 0.902 (s, 9H, SiC(CH3)3), 0.900 (s, 9H,
SiC(CH3)3), 0.08 (s, 3H, SiCH3), 0.04 (s, 6H, SiCH3), 0.01 (s, 3H,
Si(CH3)2);


1H NMR (150 MHz, CDCl3): d=164.2 (C-2), 153.3 (C-4),
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142.5 (C-2’), 118.6 (C-5), 114.9 (C-1’), 75.1 (C-3’), 59.6 (C-5’), 39.9 (2’-
CH3), 25.9 (SiC(CH3)3), 25.8 (SiC(CH3)3), 19.1 (C-14), 18.22 (SiC(CH3)3),
18.21 (SiC(CH3)3), 13.8 (C-21), �4.6 (SiCH3), �5.1 (SiCH3), �5.3
(SiCH3), �5.4 (SiCH3); IR (film): ñ = 2953, 2928, 2856, 1472, 1463, 1251,
1183, 1083, 1005, 832, 774 cm�1; MS (+ESI): m/z : calcd for C22H43NO2S-
Si2Na: 464.2451; found: 464.2466 [M+Na]+ .


(E)-3S-(tert-Butyldimethylsilyloxy)-4-methyl-5-(2-methylthiazol-4-yl)-
pent-4-en-1-ol (55):[14,19, 21, 27] A solution of CSA (3.80 g, 16.4 mmol) in
MeOH (200 mL) was added to a solution of di-silyl ether 54 (4.80 g,
10.9 mmol) in MeOH/CH2Cl2 (1:1, 200 mL) at 0 8C. The reaction mixture
was stirred at 0 8C for 2.5 h before the addition of polymer-supported car-
bonate and the mixture was allowed to warm to RT. Filtration and sol-
vent removal under reduced pressure yielded mono-silyl ether 55 as a
pale yellow viscous oil (3.70 g, 104%). The bulk of the material was used
in subsequent reactions without further purification. A portion of the
product was purified by chromatography (silica gel, MeOH/CH2Cl2 1:30).
Rf = 0.46 (CH2Cl2/MeOH 19:1) viewed: UV (254 nm) or moly dip; [a]25


D =


�34.1 (c = 0.595, CHCl3) (lit. [a]20
D = �31.5 (c = 2.81, CHCl3));


1H NMR (600 MHz, CDCl3): d=6.93 (s, 1H, H-5’), 6.53 (s, 1H, H-5),
4.39 (dd, 3J(H,H)=7.3, 4.6 Hz, 1H, H-3), 3.79±3.72 (m, 2H, H-1), 2.72 (s,
3H, 2’-CH3), 2.30 (br s, 1H, OH), 2.03 (d, 3J(H,H)=0.6 Hz, 3H, 4-CH3),
1.93±1.87 (m, 1H, Ha-2), 1.84±1.72 (m, 1H, Hb-2), 0.92 (s, 9H,
SiC(CH3)3), 0.12 (s, 3H, SiCH3), 0.05 (s, 3H, SiCH3);


13C NMR
(150 MHz, CDCl3): d=164.5 (C-2’), 153.0 (C-1), 141.6 (C-4), 118.8 (C-4’),
115.4 (C-5), 77.5 (C-3), 60.4 (C-1), 38.2 (2’-CH3), 25.8 (SiC(CH3)3), 19.2
(C-4’), 18.1 (SiC(CH3)3), 14.4 (2-CH3), �4.6 (SiCH3), �5.2 (SiCH3); IR
(film): ñ = 3403, 2928, 2857, 1472, 1253, 1185, 1074, 837, 777 cm�1; MS
(+EI): m/z : calcd for C16H29NO2SSi: 327.1688; found: 327.1675 [M]+ .


Fragment 3–4-[(E)-3S-(tert-Butyldimethylsilyloxy)-5-iodo-2-methylpent-
1-enyl]-2-methylthiazole (5):[19] Iodine (1.55 g, 6.12 mmol) was added to a
suspension of alcohol 55 (500 mg, 1.53 mmol) diethylaminomethylpoly-
styrene (Fluka, 3.2 mmolg�1, 2.87 g, 9.17 mmol) with polymer-supported
triphenylphosphine (Fluka, 3.3 mmolg�1, 2.32 g, 7.65 mmol) in MeCN/
Et2O (3:1, 13.5 mL) at RT. The reaction mixture was stirred at RT for
19 h before filtration and concentration under reduced pressure to yield
the iodide 5 as a yellow oil (489 mg, 73%). The bulk of the material was
used in subsequent reactions without further purification. A portion of
the product was purified by chromatography (silica gel, EtOAc/petrol
1:5). Rf = 0.58 (petrol/EtOAc 3:1); [a]25


D = ++12.8 (c = 0.76, CHCl3)
(lit. [a]20


D = ++11.0 (c = 1.00, CHCl3));
1H NMR (600 MHz, CDCl3): d=


6.94 (s, 1H, H-5), 6.52 (s, 1H, H-1’), 4.23 (dd, 3J(H,H)=7.4, 4.5 Hz, 1H,
H-3’), 3.21 (t, 3J(H,H)=7.2 Hz, 2H, H-5’), 2.72 (s, 3H, 2-CH3), 2.14±2.06
(m, 1H, Ha-4’), 2.05±2.00 (m, 1H, Hb-4’), 2.01 (d, 3J(H,H)=0.6 Hz, 3H,
2-CH3), 0.91 (s, 9H, SiC(CH3)3), 0.13 (s, 3H, SiCH3), 0.04 (s, 3H, SiCH3);
13C NMR (150 MHz, CDCl3): d=164.5 (C-2), 152.9 (C-4), 141.0 (C-2’),
119.5 (C-5), 115.5 (C-1’), 78.1 (C-3’), 40.4 (2’-CH3), 25.8 (SiC(CH3)3), 19.2
(C-4’), 18.1 (SiC(CH3)3), 13.9 (2-CH3), 3.0 (C-5’), �4.6 (SiCH3), �4.9
(SiCH3); IR (film): ñ = 2928, 2857, 1471, 1252, 1080, 935, 834, 775 cm�1;
MS (+EI): m/z : calcd for C16H28INOSSi: 437.0706; found: 437.0708 [M]+


.


(�)-(3S,4E)-3-(tert-Butyldimethylsilyloxy)-4-(methyl-5-(2-methyl-1,3-
thiazol-4-yl)pent-4-enyl)-triphenylphosphonium iodide on polystyrene
(56):[19] Polymer-supported triphenylphosphine (Fluka, 3.3 mmolg�1,
518 mg, 1.71 mmol) was added to iodide 5 (490 mg, 1.12 mmol) in PhMe
(2 mL) and the mixture was heated to 90 8C for 18 h without stirring. The
reaction was cooled to RT, filtered and the resin washed using CH2Cl2
(3î5mL), then Et2O (3î5mL). The polymer was dried under reduced
pressure to yield the immobilized phosphonium salt 56 as a yellow solid
(870 mg, 0.90 mmolg�1 calculated based on mass increase of polymer and
recovered iodide). The unloaded iodide 5 was recovered as yellow oil
(172 mg) from the washings and recycled. The product was used in the
subsequent reaction without further purification. IR (solid): ñ = 2930,
1586, 1435, 1253, 1180, 1110 cm�1; elemental analysis found: P 5.34 (load-
ing 1.72 mmolg�1), N 1.10 (loading: 0.8 mmolg�1).


Fragment coupling and cyclisation (compound numbering is based on
epothilone structure)


1,3-Bis-(tert-butyldimethylsilyloxy)-7-hydroxy-4,4,6,8-tetramethyl-12-tri-
decen-5-one (57): A solution of LDA was prepared: nBuLi (0.63 mL,
1.6m solution in hexanes, 1.00 mmol) was added to DIPA (101 mg,


1.00 mmol) in THF (3 mL) at �78 8C, warmed to 0 8C over 10 min, then
cooled back to �78 8C to give a colourless solution.


A solution of ketone 3 (250 mg, 0.62 mmol) in THF (1.0 mL) was added
dropwise over 5 min to the freshly prepared solution of LDA at �78 8C.
After being stirred for 20 min at �78 8C, the pale yellow solution was
slowly warmed to �40 8C and after 30 min it was cooled back to �78 8C
(colourless solution). A solution of aldehyde 4 (118 mg, 0.93 mmol) in
THF (1 mL) was added dropwise at �78 8C over 10 min down the side of
the cooled reaction vessel, and the resulting mixture was stirred for
25 min and then quenched at �78 8C by slow addition of glacial acetic
acid (0.5 mL). The reaction mixture was warmed to RT and diluted with
Et2O before diamine resin (NovaBiochem, 1.0 g, 3.0 mmolg�1, 3.0 mmol)
was added. The mixture was stirred for 2 h, filtered and the filtrate was
concentrated under reduced pressure to yield 57 as a colourless oil
(333 mg, 100%, 13:1 mix of diastereoisomers). The bulk of the material
was used in subsequent reactions without further purification. A portion
of the product was purified by chromatography (silica gel, EtOAc/petrol
1:20).


(3S,6R,7S,8S)-Major diastereoisomer 57: Rf = 0.22 (petrol 40±60/EtOAc
20:1); [a]25


D = �54.1 (c = 0.75, CHCl3);
1H NMR (600 MHz, CDCl3):


d=5.85±5.78 (m, 1H, H-12), 4.99 (d, 3J(H,H)=17.1 Hz, 1H, CH=


CHtransCHcis), 4.92 (d, 3J(H,H)=10.0 Hz, 1H, CH=CHtransCHcis), 3.90 (dd,
3J(H,H)=7.4, 2.6 Hz, 1H, H-3), 3.69±3.65 (m, 1H, Ha-1), 3.62±3.57 (m,
1H, Hb-1), 3.48 (s, 1H, OH), 3.32±3.27 (m, 2H, H-6, H-7), 2.08±2.02 (m,
2H, H-11), 1.82±1.77 (m, 1H, Ha-2), 1.64±1.61 (m, 1H, Hb-2), 1.61±1.42
(m, 4H, Ha-9, H-8, H-10), 1.20 (s, 3H, H-22), 1.10±1.09 (m, 1H, Hb-9),
1.09 (s, 3H, H-23), 1.02 (d, 3J(H,H)=6.8 Hz, 3H, H-24), 0.90 (s, 9H,
SiC(CH3)3), 0.88 (s, 9H, SiC(CH3)3), 0.82 (d, 3J(H,H)=6.8 Hz, 3H, H-
17), 0.10 (s, 3H, Si(CH3)2), 0.08 (s, 3H, Si(CH3)2), 0.03 (s, 6H, 2î
Si(CH3)2);


13C NMR (150 MHz, CDCl3): d=218.1 (C-5), 139.1 (C-12),
114.2 (C-13), 74.8 (C-7), 74.1 (C-3), 60.5 (C-1), 54.0 (C-4), 41.3 (C-6),
37.9 (C-2), 35.5 (C-8), 34.2 (C-11), 32.4 (C-9), 26.1 (C-10), 26.1
(SiC(CH3)3), 25.9 (SiC(CH3)3), 22.8 (C-22), 20.4 (C-23), 18.3 (SiC(CH3)3),
18.2 (SiC(CH3)3), 15.3 (C-25), 9.59 (C-24), �3.8 (Si(CH3)2), �4.1
(Si(CH3)2), �5.3 (Si(CH3)2), �5.30 (Si(CH3)2); IR (film): ñ = 3506 (br),
2956, 2929, 2857, 1682, 1472, 1254, 1090, 994, 834, 774 cm�1; HRMS
(+ESI): m/z: calcd for C29H60O4Si2Na: 551.3928; found: 551.3923 [M+Na]+.


(3S,6S,7R,8S)-Minor diastereoisomer 57: Rf = 0.15 (petrol 40±60/EtOAc
20:1) viewed: moly dip; 1H NMR (600 MHz, CDCl3): d=5.84±5.81 (m,
1H, H-12), 5.03 (d, 3J(H,H)=17.1 Hz, 1H, CH=CHtransCHcis), 4.97 (d,
3J(H,H)=10.2 Hz, 1H, CH=CHtransCHcis), 4.06 (dd, 7.0, 3.3 Hz, 1H, H-3),
3.69±3.65 (m, 1H, Ha-1), 3.65±3.57 (m, 1H, Hb-1), 3.44 (s, 1H, OH), 3.32±
3.20 (m, 2H, H-6, H-7), 2.08±2.00 (m, 2H, H-11), 1.82±1.77 (m, 1H, Ha-
2), 1.64±1.61 (m, 1H, Hb-2), 1.61±1.42 (m, 4H, Ha-9, H-8, H-10), 1.16 (s,
3H, H-22), 1.10±1.09 (m, 1H, Hb-9), 1.12 (s, 3H, H-23), 1.00 (d, 3H,
3J(H,H)=6.8 Hz, H-24), 0.92 (d, 3J(H,H)=6.8 Hz, 3H, H-25), 0.90 (s,
9H, SiC(CH3)3), 0.88 (s, 9H, SiC(CH3)3), 0.10 (s, 3H, Si(CH3)2), 0.08 (s,
3H, Si(CH3)2), 0.03 (m, 6H, 2îSi(CH3)2);


13C NMR (150 MHz, CDCl3):
d=222.1 (C-5), 138.7 (C-12), 114.6 (C-13), 75.1 (C-7), 72.8 (C-3), 60.2 (C-
1), 54.4 (C-4), 41.4 (C-6), 37.8 (C-2), 35.3 (C-8), 33.9 (C-11), 32.2 (C-9),
26.2 (C-10), 26.15 (SiC(CH3)3), 26.11 (SiC(CH3)3), 22.9 (C-22), 19.5 (C-
23), 18.3 (SiC(CH3)3), 18.2 (SiC(CH3)3), 15.6 (C-25), 10.8 (C-24), �3.80
(Si(CH3)2), �4.10 (Si(CH3)2), �5.29 (Si(CH3)2), �5.30 (Si(CH3)2); IR
(film): ñ = 3506 (br), 2956, 2929, 2857, 1682, 1472, 1254, 1090, 994, 834,
774 cm�1.


(3S,6R,7S,8S)-1,3,7-Tris-(tert-butyldimethylsilyloxy)-4,4,6,8-tetramethyl-
12-tridecen-5-one (58): Aldol adduct 57 (600 mg, 1.14 mmol) was dis-
solved in CH2Cl2 (12 mL) and treated at 0 8C with diethylaminomethyl-
polystyrene (1.07 g, 3.2 mmolg�1, 3.40 mmol) and TBSOTf (450 mg,
1.7 mmol). After stirring for 3.5 h (reaction complete by TLC), the reac-
tion was quenched by the addition methanol (0.2 mL), warmed to RT
and stirred for 2 h. The mixture was filtered and the filtrate concentrated
under reduced pressure to yield the tris-tert-butyldimethylsilyl ether
product 58 (728 mg, 99%) as pale yellow oil. The bulk of the material
was used in subsequent reactions without further purification. A portion
of the product was purified by chromatography (silica gel, EtOAc/petrol
1:20). Rf = 0.45 (petrol/EtOAc 20:1) viewed: moly dip; [a]25


D = �32.8
(c = 0.81, CHCl3);


1H NMR (600 MHz, CDCl3): d=5.82±5.77 (m, 1H,
H-12), 4.97 (d, 3J(H,H)=17.1 Hz, 1H, CH=CHtransCHcis), 4.94 (d,
3J(H,H)=10.0 Hz, 1H, CH=CHtransCHcis), 3.90 (dd, 5.0, 2.5 Hz, 1H, H-3),
3.77 (dd, 3J(H,H)=4.9, 2.5 Hz, 1H, H-7), 3.68±3.64 (app. qn, 3J(H,H)=
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6.8 Hz, 1H, Ha-1), 3.60±3.56 (m, 1H, Hb-1), 3.15±3.13 (m, 1H, H-6), 2.03
(m, 2H, H-11), 1.65±1.55 (m, 1H, Ha-2), 1.50±1.34 (m, 4H, Hb-2, H-8, H-
10), 1.26±1.21 (m, 1H, Ha-9), 1.22 (s, 3H, H-22), 1.20±1.09 (m, 1H, Hb-9),
1.05 (d, 3J(H,H)=6.8 Hz, 3H, H-24), 1.03 (s, 3H, H-23), 0.92 (d,
3J(H,H)=6.8 Hz, 3H, H-25), 0.91 (s, 9H, SiC(CH3)3), 0.90 (s, 9H,
SiC(CH3)3), 0.88 (s, 9H, SiC(CH3)3), 0.092 (s, 3H, Si(CH3)2), 0.066 (s,
3H, Si(CH3)2), 0.060 (s, 3H, Si(CH3)2), 0.030 (s, 3H, Si(CH3)2), 0.028 (s,
3H, Si(CH3)2), 0.016 (s, 3H, Si(CH3)2);


13C NMR (150 MHz, CDCl3): d=
218.1 (C-5), 138.9 (C-12), 114.4 (C-13), 77.4 (C-7), 74.0 (C-3), 60.9 (C-1),
53.7 (C-4), 45.0 (C-6), 38.9 (C-8), 38.1 (C-2), 34.3 (C-11), 30.5 (C-9), 27.1
(C-10), 26.2 (SiC(CH3)3), 26.1 (SiC(CH3)3), 25.9 (SiC(CH3)3), 24.5 (C-22),
19.4 (C-23), 18.5 (SiC(CH3)3), 18.3 (SiC(CH3)3), 18.2 (SiC(CH3)3), 17.4
(C-25), 15.1 (C-24), �3.72 (Si(CH3)2), �3.8 (Si(CH3)2), �3.9 (Si(CH3)2),
�4.0 (Si(CH3)2), �5.27 (Si(CH3)2), �5.30 (Si(CH3)2); IR (film): ñ = 2955,
2929, 2857, 1696, 1472, 1463, 1253, 1093, 985, 833, 773 cm�1; MS (+ESI):
m/z : calcd for C35H74O4Si3Na: 665.4793; found: 665.4812 [M+Na]+ .


(3S,6R,7S,8S,12Z,15S,16E)-6,10,12-Tris-(tert-butyldimethylsilyloxy)-
5,7,9,9-tetramethyl-8-oxo-dodecanal (59): Tris-tert-butyldimethylsilyl
ether 58 (300 mg, 0.47 mmol) was dissolved in CH2Cl2 (12.0 mL) and
cooled to �78 8C. The mixture was treated with O3 for 7 min until all
starting material had been consumed (by TLC) and solution turned blue.
Polymer-supported triphenylphosphine (Fluka, 780 mg, 3.0 mmolg�1,
2.3 mmol) was added at �78 8C and allowed to warm slowly to RT and
shaken for 15 h. The suspension was filtered and the filtrate concentrated
under reduced pressure to yield the corresponding aldehyde 59 as colour-
less oil (300 mg, 100%). The bulk of the material was used in subsequent
reactions without further purification. A portion of the product was puri-
fied by chromatography (silica gel, EtOAc/petrol 1:20). Rf = 0.25
(petrol/EtOAc 20:1) viewed: moly dip; [a]25


D = �34.9 (c = 0.49, CHCl3);
1H NMR (600 MHz, CDCl3): d=9.72 (s, 1H, H-12), 3.87 (dd, 3J(H,H)=
7.4, 2.4 Hz, 1H, H-3), 3.75 (dd, 3J(H,H)=6.7, 2.0 Hz, 1H, H-7), 3.64±3.62
(m, 1H, Ha-1), 3.56±3.54 (m, 1H, Hb-1), 3.10 (app. qn, 3J(H,H)=6.8 Hz,
1H, H-6), 2.37 (dd, m, 2H, H-11), 1.73±1.64 (m, 1H, Ha-10), 1.58±1.50
(m, 1H, Ha-2), 1.47±1.37 (m, 4H, Hb-10, H-8, Ha-9, Hb-2), 1.19 (s, 3H, H-
22), 1.18±1.08 (m, 1H, Hb-9), 1.02 (d, 3J(H,H)=6.9, 3H, H-24), 1.00 (s,
3H, H-23), 0.91 (d, 3J(H,H)=6.8 Hz, 3H, H-25), 0.87 (s, 9H, SiC(CH3)3),
0.86 (s, 9H, SiC(CH3)3), 0.85 (s, 9H, SiC(CH3)3), 0.06 (s, 3H, SiCH3),
0.037 (s, 3H, SiCH3), 0.034 (s, 3H, SiCH3), 0.029 (s, 3H, SiCH3), �0.002
(s, 3H, SiCH3), �0.006 (s, 3H, Si(CH3)2);


13C NMR (150 MHz, CDCl3):
d=217.9 (C-5), 202.1 (C-12), 77.4 (C-7), 73.9 (C-3), 60.8 (C-1), 53.6 (C-
4), 45.2 (C-6), 44.3 (C-11), 38.7 (C-8), 38.1 (C-2), 30.5 (C-9), 26.2
((SiC(CH3)3), 26.1 ((SiC(CH3)3), 25.9 ((SiC(CH3)3), 24.4 (C-22), 20.3 (C-
10), 19.4 (C-23), 18.5 (SiC(CH3)3), 18.3 (SiC(CH3)3), 18.2 (SiC(CH3)3),
17.5 (C-25), 15.2 (C-24), �3.7 (Si(CH3)2), �3.75 (SiCH3), �3.8 (SiCH3),
�4.0 (SiCH3), �5.28 (SiCH3), �5.31 (SiCH3); IR (film): ñ = 2955, 2929,
2857, 1730, 1693, 1473, 1256, 1101, 986, 836, 775 cm�1; MS (+ESI): m/z :
calcd for C34H72O5Si3Na: 667.4585; found: 667.45710 [M+Na]+ .


(3S,6R,7S,8S,12Z,15S,16E)-1,3,7,15-Tetrakis(tert-butyldimethylsilyloxy)-
4,4,6,8,16-pentamethyl-17-(2-methyl-1,3-thiazol-4-yl)heptadeca-12,16-
dien-5-one (60): Polymer-supported phosphonium salt 56 (430 mg,
0.8 mmolg�1, 0.34 mmol) was dried by PhMe azeotrope before being
washed using dry CH2Cl2 (5î1 mL), then THF (5î1 mL) in a fritted
tube. The resin was suspended in THF (2 mL) and NaHMDS (1m solu-
tion in THF, 1.6 mL, 1.6 mmol) was slowly added at RT (colour change
from light brown to black). The mixture was stirred at RT for 10 min,
then filtered under Ar, washed with THF (5î2 mL) and the ylide resus-
pended in THF (2 mL). The reaction mixture was cooled to �78 8C and a
solution of aldehyde 59 (100 mg, 0.16 mmol) was added slowly over
1 min. The mixture was stirred at �78 8C for 10 min then filtered through
celite and concentrated under reduced pressure to yield alkene adduct 60
as a pale yellow oil (135 mg, 93%). The bulk of the material was used in
subsequent reactions without further purification. A portion of the prod-
uct was purified by chromatography (silica gel, EtOAc/petrol 1:15). Rf =


0.45 (petrol/EtOAc 10:1) viewed: UV (254 nm) or moly dip; [a]25
D =


�31.0 (c = 0.40, CHCl3);
1H NMR (600 MHz, CDCl3): d=6.91 (s, 1H,


H-19), 6.45 (s, 1H, H-17), 5.40±5.37 (m, 2H, H-12, H-13), 4.12 (dd,
3J(H,H)=6.3, 6.2 Hz, 1H, H-15), 3.89 (d, 3J(H,H)=5.5 Hz, 1H, H-3),
3.76 (d, 3J(H,H)=5.5 Hz, 1H, H-7), 3.66 (m, 1H, Ha-1), 3.57 (m, 1H, Hb-
1), 3.14 (app. qn, 3J(H,H)=6.8 Hz, 1H, H-6), 2.70 (s, 3H, H-21), 2.33±
2.29 (m, 2H, H-14), 2.10±1.90 (m, 2H, H-11), 2.00 (s, 3H, H-26), 1.57 (m,
1H, Ha-2), 1.49 (m, 1H, Hb-2), 1.40±1.34 (m, 3H, H-9, H-8), 1.22 (s, 3H,


H-22), 1.20±1.05 (m, 2H, H-10), 1.04 (d, 3J(H,H)=6.9 Hz, 3H, H-24),
1.02 (s, 3H, H-23), 0.90 (m, 12H, SiC(CH3)3, H-25), 0.88 (s, 9H,
SiC(CH3)3), 0.875 (s, 9H, SiC(CH3)3), 0.87 (s, 9H, SiC(CH3)3), 0.086 (s,
3H, SiCH3), 0.058 (s, 9H, 3îSiCH3), 0.027 (s, 9H, 3îSiCH3), 0.022 (s,
3H, SiCH3);


13C NMR (150 MHz, CDCl3): d=218.2 (C-8), 164.3 (C-20),
153.2 (C-18), 142.1 (C-16), 131.2 (C-12), 125.9 (C-13), 118.9 (C-17), 115.0
(C-19), 78.6 (C-15), 77.4 (C-7), 74.0 (C-3), 61.0 (C-1), 53.7 (C-4), 45.0 (C-
6), 39.0 (C-8), 38.1 (C-2), 34.7 (C-14), 30.8 (C-9), 28.0 (C-11), 27.9 (C-10),
26.2 (SiC(CH3)3), 26.1 (SiC(CH3)3), 25.9 (SiC(CH3)3), 25.8 (SiC(CH3)3),
24.5 (C-22), 19.2 (C-23), 19.1 (C-21), 18.5 (SiC(CH3)3), 18.4 (SiC(CH3)3),
18.3 (SiC(CH3)3), 18.2 (SiC(CH3)3), 17.5 (C-25), 15.1 (C-24), 13.8 (C-26),
�3.7 (SiCH3), �3.8 (SiCH3), �4.0 (SiCH3), �4.7 (SiCH3), �4.9 (SiCH3),
�5.26 (SiCH3), �5.28 (SiCH3), �5.31 (SiCH3); IR (film): ñ = 2955, 2929,
2885, 2857, 1695, 1472, 1253, 1088, 985, 834, 774 cm�1; MS (+ESI): m/z :
calcd for C50H99NO5SSi4Na: 960.6213; found: 960.6186 [M+Na]+ .


(3S,6R,7S,8S,12Z,15S,16E)-3,7,15-Tris(tert-butyldimethylsilyloxy)-1-hy-
droxy-4,4,6,8,16-pentamethyl-17-(2-methyl-1,3-thiazol-4-yl)heptadeca-
12,16-dien-5-one (61): A solution of tetra-(tert-butyl(dimethyl)silyl ether
60 (94 mg, 0.10 mmol) in MeOH/CH2Cl2 (1:1, 4.4 mL) was cooled to 0 8C.
Camphorsulfonic acid (48.0 mg, 0.20 mmol) was added portionwise and
the mixture stirred at 0 8C for 4 h. Upon completion of reaction, the mix-
ture was diluted with CH2Cl2 (5 mL), quenched and scavenged by the ad-
dition of polymer-supported carbonate (Argonaut, 143 mg, 2.8 mmolg�1,
0.40 mmol) and stirred for 2 h at RT. The mixture was filtered and con-
centrated under reduced pressure to yield colourless oil 61 (82.7 mg,
99%). The bulk of the material was used in subsequent reactions without
further purification. A portion of the product was purified by chromatog-
raphy (silica gel, EtOAc/petrol 1:10). Rf = 0.14 (petrol/EtOAc 10:1)
viewed: moly dip; [a]25


D = �18.5 (c = 0.475, CHCl3);
1H NMR


(600 MHz, CDCl3): d=6.91 (s, 1H, H-19), 6.45 (s, 1H, H-17), 5.42±5.36
(m, 2H, H-12, H-13), 4.12 (app. t, 3J(H,H)=6.4 Hz, 1H, H-15), 4.06 (dd,
3J(H,H)=6.3, 3.9 Hz, 1H, H-3), 3.79 (dd, 3J(H,H)=7.1, 2.5 Hz, 1H, H-7),
3.64 (d, 3J(H,H)=5.5 Hz, 2H, H-1), 3.12 (app. qn, 3J(H,H)=7.0 Hz, 1H,
H-6), 2.70 (s, 3H, H-21), 2.33±2.27 (m, 2H, H-14), 2.04±1.92 (m, 2H, H-
11), 1.99 (s, 3H, H-26), 1.92 (br s, 1H, OH), 1.60±1.56 (m, 2H, H-2),
1.42±1.38 (m, 2H, H-10), 1.32 (m, 1H, H-8), 1.22 (s, 3H, H-22), 1.19±1.14
(m, 2H, H-9), 1.06 (s, 3H, H-23), 1.06 (d, 3J(H,H)=6.6 Hz, 3H, H-24),
0.91 (d, 3J(H,H)=6.5 Hz, 3H, H-25), 0.90 (s, 9H, SiC(CH3)3), 0.89 (s,
9H, SiC(CH3)3), 0.88 (s, 9H, SiC(CH3)3), 0.10 (s, 3H, SiCH3), 0.067 (s,
3H, SiCH3), 0.063 (s, 3H, SiCH3), 0.056 (s, 3H, SiCH3), 0.04 (s, 3H,
SiCH3), 0.01 (s, 3H, SiCH3);


13C NMR (150 MHz, CDCl3): d=218.0 (C-
8), 164.3 (C-20), 153.2 (C-18), 142.2 (C-16), 131.2 (C-12), 126.0 (C-13),
118.8 (C-17), 115.0 (C-19), 78.6 (C-15), 77.5 (C-7), 73.1 (C-3), 60.2 (C-1),
53.8 (C-4), 45.0 (C-6), 38.8 (C-8), 38.4 (C-2), 34.7 (C-14), 30.5 (C-9), 28.0
(C-11), 27.8 (C-10), 26.2 (SiC(CH3)3), 26.0 (SiC(CH3)3), 25.8 (SiC(CH3)3),
24.9 (C-22), 19.2 (C-21), 18.5 (SiC(CH3)3), 18.24 (SiC(CH3)3), 18.19
(SiC(CH3)3), 17.7 (C-23), 17.6 (C-25), 15.6 (C-24), 13.8 (C-26), �3.7
(SiCH3), �3.8 (SiCH3), �3.9 (SiCH3), �4.0 (SiCH3), �4.7 (SiCH3), �4.9
(SiCH3); IR (film): ñ = 3395, 2955, 2929, 2857, 1693, 1472, 1254, 1081,
986, 836, 775 cm�1; MS: m/z : calcd for C44H86NO5SSi3: 824.5534; found:
824.55210 [M+H]+ .


(3S,6R,7S,8S,12Z,15S,16E)-3,7,15-Tris-(tert-Butyldimethylsilyloxy)-
4,4,6,8,16-pentamethyl-17-(2-methyl-thiazol-4-yl)-5-oxo-heptadeca-12,16-
dienal (62): Powdered 4 ä molecular sieves, NMO (16.5 mg, 0.14 mmol),
and TPAP (1.65 mg, 0.005 mmol) were added at 0 8C to a solution of al-
cohol 61 (75 mg, 0.094 mmol) in CH2Cl2 (2 mL). The mixture was allowed
to warm to RT and stirred for 3 h 10 min. The reaction was loaded onto
silica and filtered through using petroleum ether 40±60/EtOAc 10:1 until
all aldehyde had been collected. Concentration under reduced pressure
yielded the aldehyde product 62 as a colourless oil (67 mg, 93%). The
bulk of the material was used in subsequent reactions without further pu-
rification. A portion of the product was purified by chromatography
(silica gel, EtOAc/petrol 1:20). Rf = 0.45 (petrol/EtOAc 10:1); [a]25


D =


�15.1 (c = 1.04, CHCl3);
1H NMR (600 MHz, CDCl3): d=9.75 (s, 1H,


H-1), 6.90 (s, 1H, H-19), 6.45 (s, 1H, H-17), 5.42±5.34 (m, 2H, H-12, H-
13), 4.47 (app. t, 3J(H,H)=5.0 Hz, 1H, H-3), 4.12 (app. t, 3J(H,H)=
6.4 Hz, 1H, H-15), 3.76 (dd, 3J(H,H)=6.6, 2.0 Hz, 1H, H-7), 3.11 (app.
qn, 3J(H,H)=7.0 Hz, 1H, H-6), 2.69 (s, 3H, H-21), 2.51 (ddd, 3J(H,H)=
16.9, 3.4, 1.6 Hz, 1H, Ha-2), 2.39 (ddd, 3J(H,H)=16.9, 5.4, 2.7 Hz, 1H,
Hb-2), 2.35±2.25 (m, 2H, H-14), 2.01±1.99 (m, 2H, H-11), 1.99 (s, 3H, H-
26), 1.42±1.30 (m, 2H, H-10), 1.29±1.25 (m, 1H, H-8), 1.23 (s, 3H, H-22),
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1.19±1.10 (m, 2H, H-9), 1.07 (s, 3H, H-23), 1.03 (d, 3J(H,H)=6.9 Hz, 3H,
H-24), 0.90±0.87 (m, 30H, H-25, 3îSiC(CH3)3), 0.09 (s, 3H, SiCH3),
0.051 (s, 3H, SiCH3), 0.050 (s, 3H, SiCH3), 0.049 (s, 3H, SiCH3), 0.03 (s,
3H, SiCH3), 0.003 (s, 3H, SiCH3);


13C NMR (150 MHz, CDCl3): d=218.0
(C-5), 201.0 (C-1), 164.3 (C-20), 153.2 (C-18), 142.1 (C-16), 131.2 (C-12),
126.0 (C-13), 118.9 (C-17), 115.0 (C-19), 78.6 (C-15), 77.5 (C-7), 73.3 (C-
3), 53.4 (C-4), 49.5 (C-2), 45.1 (C-6), 38.8 (C-8), 34.7 (C-14), 30.6 (C-9),
28.0 (C-11), 27.9 (C-10), 26.2 (SiC(CH3)3), 25.9 (SiC(CH3)3), 25.85
(SiC(CH3)3), 24.1 (C-22), 19.2 (C-21), 18.8 (C-23), 18.5 (SiC(CH3)3), 18.2
(SiC(CH3)3), 18.1 (SiC(CH3)3), 17.7 (C-25), 15.5 (C-24), 13.9 (C-26), �3.7
(SiCH3), �3.8 (SiCH3), �4.1 (SiCH3), �4.5 (SiCH3), �4.7 (SiCH3), �4.9
(SiCH3); IR (film): ñ = 2955, 2930, 2857, 1729, 1693, 1472, 1255, 1083,
988, 836, 775 cm�1; MS (+ESI): m/z : calcd for C44H83NO5SSi3: 822.5378;
found: 822.5372 [M]+ .


Polymer-supported chlorite 63 :[54] Amberlite IRA 900 (Cl� form) poly-
styrene resin (Fluka, 4.0 mmolg�1 containing 10% H2O, 10.0 g,
36.0 mmol) was washed with H2O (2î50 mL). The resin was suspended
in a solution of sodium chlorite (18.1 g, 0.20 mol) in water (100 mL). The
mixture was shaken at RT for 24 h before filtration. The polymer was
washed with H2O (4î50 mL), MeCN (4î50 mL) and Et2O (2î50 mL),
then dried under reduced pressure at room temperature to give a yellow
solid resin 63 (16.9 g, estimated 2.1 mmolg�1 of ClO2). The polymer was
stored under argon at �20 8C and used within a month. IR (solid): ñ =


3378 (br), 3025, 2929, 1636, 1613, 1482, 1476, 1420, 1379, 1219, 1090, 973,
920, 889, 858, 825, 707 cm�1.


Polymer-supported dihydrogenphosphate 64 :[54] Amberlite IRA 900 (Cl�


form) polystyrene resin (Fluka, 4.0 mmolg�1 containing 10% H2O, 10.0 g,
36.0 mmol) was washed with H2O (2î50 mL). The resin was suspended
in a solution of potassium dihydrogen phosphate (27.2 g, 200 mmol) in
H2O (100 mL). The mixture was shaken at RT for 24 h before filtration.
The polymer was washed with water (4î50 mL), and ether (2î50 mL),
then dried under reduced pressure at RT to give a yellow solid resin 64
(18.5 g, estimated 2.0 mmolg�1 of H2PO4). IR (solid): ñ = 3338 (br),
1639, 1485, 1476, 1135, 1071, 928, 855, 822 cm�1.


(3S,6R,7S,8S,12Z,15S,16E)-3,7,15-Tris-(tert-butyldimethylsilyloxy)-
4,4,6,8,16-pentamethyl-17-(2-methyl-thiazol-4-yl)-5-oxo-heptadeca-12,16-
dienoic acid (65):[19] A mixture of polymer-supported chlorite 63 (229 mg,
~0.5 mmolg�1, 0.11 mmol) and polymer-supported dihydrogenphosphate
64 (343 mg, ~0.5 mmolg�1, 0.17 mmol) resins was added to a solution of
aldehyde 62 (47 mg, 0.057 mmol) in tert-butyl alcohol (3 mL), water
(0.6 mL), and 2,3-dimethylbut-2-ene (0.14 mL, 2m solution in THF,
0.29 mmol). The mixture was stirred for 6 h until all material had been
oxidised, then filtered using Et2O to wash the resins. The filtrate was col-
lected and concentrated under reduced pressure to yield carboxylic acid
65 as a colourless oil (47.4 mg, 99%). The bulk of the material was used
in subsequent reactions without further purification. A portion of the
product was purified by chromatography (silica gel, EtOAc/petrol 1:10,
then 1:5, then 1:3). Rf = 0.07 (petrol 40±60/EtOAc 10:1) viewed: UV
(254 nm) or moly dip; [a]25


D = �15.5 (c = 3.77, CHCl3) (lit. [a]22
D = �8.8


(c = 0.80, CHCl3));
1H NMR (600 MHz, CDCl3): d=6.92 (s, 1H, H-19),


6.52 (s, 1H, H-17), 5.43±5.36 (m, 2H, H-12, H-13), 4.39 (dd, 3J(H,H)=
6.5, 3.1 Hz, 1H, H-3), 4.15 (app. t, 3J(H,H)=6.5 Hz, 1H, H-15), 3.77 (dd,
3J(H,H)=7.4, 1.5 Hz, 1H, H-7), 3.14 (app. qn, 3J(H,H)=6.8 Hz, 1H, H-
6), 2.71 (s, 3H, H-21), 2.48 (dd, 3J(H,H)=16.4, 3.0 Hz, 1H, Ha-2), 2.32
(dd, 3J(H,H)=14.9, 6.9 Hz, 1H, Hb-2), 2.33±2.26 (m, 2H, H-14), 2.07±
2.02 (m, 1H, Ha-11), 2.02±1.94 (m, 1H, Hb-11), 1.97 (s, 3H, H-26), 1.43±
1.36 (m, 5H, H-8, H-9, H-10), 1.21 (s, 3H, H-22), 1.11 (s, 3H, H-23), 1.05
(d, 3J(H,H)=6.8 Hz, 3H, H-25), 0.90±0.88 (m, 30H, H-24, 3îSiC(CH3)3),
0.10 (s, 3H, SiCH3), 0.062 (s, 3H, SiCH3), 0.060 (s, 3H, SiCH3), 0.056 (s,
3H, SiCH3), 0.05 (s, 3H, SiCH3), 0.01 (s, 3H, SiCH3);


13C NMR
(150 MHz, CDCl3): d=218.0 (C-5), 176.5 (C-1), 164.8 (C-20), 152.9 (C-
18), 142.7 (C-16), 131.4 (C-12), 126.0 (C-13), 118.6 (C-17), 114.7 (C-19),
78.7 (C-15), 77.3 (C-7), 73.5 (C-3), 53.6 (C-4), 44.9 (C-6), 40.1 (C-2), 39.0
(C-8), 34.7 (C-14), 30.8 (C-9), 28.0 (C-11), 27.8 (C-10), 26.2 (SiC(CH3)3),
26.0 (SiC(CH3)3), 25.8 (SiC(CH3)3), 23.6 (C-22), 19.2 (C-21), 18.9 (C-23),
18.5 (SiC(CH3)3), 18.19 (SiC(CH3)3), 18.18 (SiC(CH3)3), 17.3 (C-25), 15.7
(C-24), 13.8 (C-26), �3.8 (SiCH3), �3.9 (SiCH3), �4.2 (SiCH3), �4.6
(SiCH3), �4.7 (SiCH3), �4.9 (SiCH3); IR (film): ñ = 2954, 2930, 2857,
1713, 1472, 1252, 1081, 988, 836, 775 cm�1; MS (+ESI): m/z : calcd for
C44H83NO6SSi3Na: 860.5147; found: 860.5124 [M+Na]+ .


(3S,6R,7S,8S,12Z,15S,16E)-3,7-Bis-(tert-butyldimethylsilyloxy)-15-hy-
droxy-4,4,6,8,16-pentamethyl-17-(2-methyl-thiazol-4-yl)-5-oxo-heptadeca-
12,16-dienoic acid (66):[13,19] A solution of tris-silyl ether 65 (36.5 mg,
0.044 mmol) in THF (0.8 mL) at RT was treated with TBAF (0.26 mL,
1m solution in THF, 0.25 mmol)). After being stirred for 4 h, the reaction
mixture was diluted with Et2O (5 mL) and H2O (2.5 mL) washed with
aqueous HCl (5 mL, 1m solution). The aqueous phase was extracted with
Et2O (3î5mL), and the combined organic phase was washed with brine
(10 mL), dried over MgSO4, and concentrated under reduced pressure to
yield hydroxy acid 66 as pale yellow oil (31.5 mg, 100%). The bulk of the
material was used in subsequent reactions without further purification. A
portion of the product was purified by chromatography (silica gel,
MeOH/CH2Cl2 1:19). Rf = 0.20 (CH2Cl2/MeOH 19:1) viewed: UV
(254 nm) or moly dip; [a]25


D = �19.1 (c = 0.56, CHCl3) (lit. [a]22
D =


�19.2 (c = 0.1, CHCl3));
1H NMR (600 MHz, CDCl3): d=6.96 (s, 1H,


H-19), 6.65 (s, 1H, H-17), 5.60±5.54 (m, 1H, H-12), 5.46±5.39 (m, 1H, H-
13), 4.41 (dd, 3J(H,H)=6.1, 3.5 Hz, 1H, H-3), 4.20 (dd, 3J(H,H)=6.9,
6.0 Hz, 1H, H-15), 3.80 (dd, 3J(H,H)=6.5, 1.1 Hz, 1H, H-7), 3.14 (app.
qn, 3J(H,H)=6.8 Hz, 1H, H-6), 2.72 (s, 3H, H-21), 2.51 (dd, 3J(H,H)=
16.4, 3.4 Hz, 2H, H-2), 2.46±2.23 (m, 2H, H-14), 2.38 (dd, 3J(H,H)=16.4,
6.4 Hz, 2H, H-2), 2.18±2.11 (m, 1H, Ha-11), 2.03 (s, 3H, H-26), 2.10±1.95
(m, 1H, Hb-11), 1.48±1.32 (m, 5H, H-8, 2îCH2, H-9/H-10), 1.23 (s, 3H,
H-22), 1.14 (s, 3H, H-23), 1.07 (d, 3H, 3J(H,H)=6.8 Hz, H-24), 0.91±0.84
(m, 21H, H-25, 2îSiC(CH3)3), 0.11 (s, 3H, SiCH3), 0.08 (s, 3H, SiCH3),
0.07 (s, 3H, SiCH3), 0.06 (s, 3H, SiCH3);


13C NMR (150 MHz, CDCl3):
d=218.0 (C-5), 175.1 (C-1), 165.1 (C-20), 152.5 (C-18), 141.8 (C-16),
133.4 (C-12), 125.0 (C-13), 118.8 (C-17), 115.2 (C-19), 77.3 (C-7), 76.8 (C-
15), 73.5 (C-3), 53.7 (C-4), 44.8 (C-6), 40.0 (C-2), 39.0 (C-8), 33.4 (C-14),
30.9 (C-9), 28.0 (C-11), 27.9 (C-10), 26.2 (SiC(CH3)3), 26.0 (SiC(CH3)3),
23.5 (C-22), 19.2 (C-21), 18.8 (C-23), 18.5 (SiC(CH3)3), 18.2 (SiC(CH3)3),
17.1 (C-25), 16.0 (C-24), 14.5 (C-26), �3.8 (SiCH3), �3.9 (SiCH3), �4.2
(SiCH3), �4.6 (SiCH3); IR (film): ñ = 3299 (br), 2952, 2929, 2856, 1712,
1695, 1472, 1460, 1384, 1361, 1252, 1085, 988, 836, 775 cm�1; MS (+ESI):
m/z : calcd for C44H83NO6SSi3Na: 860.5147; found: 860.5124 [M+Na]+ .


(4S,7R,8S,9S,16S)-4,8-Bis-(tert-butyldimethylsilyloxy)-5,5,7,9-tetramethyl-
16-[(E)-1-methyl-2-(2-methyl-1,3-thiazol-4-yl)-1-vinyl]-(13Z)-1-oxacyclo-
hexadec-13-ene-2,6-dione (67):[13,14, 19, 23] A solution of hydroxy acid 66
(10.9 mg, 0.015 mmol) in THF (0.9 mL) was treated at RT with Et3N
(17.6 mg, 0.024 mL, 0.17 mmol) and 2,4,6-trichlorobenzoyl chloride
(37.6 mg, 0.024 mL, 0.15 mmol). The reaction mixture was stirred at RT
for 50 min, then diluted with PhMe (4.0 mL) and added slowly over
40 min to a solution of polymer-supported DMAP (210 mg, 0.31 mmol,
1.48 mmolg�1) in PhMe (20 mL) at 80 8C and stirred at that temperature
for 2 h. The reaction mixture was cooled to RT and polymer-supported
diamine resin (NovaBiochem, 250 mg, 3.8 mmolg�1, 0.95 mmol) and Am-
berlite IRC-50 carboxylic acid resin (500 mg, 5 mmol, 10 mmolg�1) were
added. The suspension was shaken at RT for 2 h, then filtered and con-
centrated under reduced pressure. The resulting crude oil 67 (19 mg) was
contaminated with reagent by-products. The bulk of the material was
used in subsequent reactions without further purification. A portion of
the product was purified by chromatography (silica gel, Et2O/petrol 1:7).
Rf = 0.24 (petrol/Et2O 7:1) sviewed: UV (254 nm) or moly dip; [a]25


D =


�25.5 (c = 0.29, CHCl3) (lit. [a]22
D = �22.9 (c = 0.30, CHCl3);


1H NMR
(600 MHz, CDCl3): d=6.96 (s, 1H, H-19), 6.57 (s, 1H, H-17), 5.57±5.48
(m, 1H, H-12), 5.42±5.34 (m, 1H, H-13), 5.01 (d, 3J(H,H)=10.3 Hz, 1H,
H-15), 4.04 (d, 3J(H,H)=10.1 Hz, 1H, H-3), 3.90 (d, 3J(H,H)=8.6 Hz,
1H, H-7), 3.01 (app. qn, 3J(H,H)=7.3 Hz, 1H, H-6), 2.82 (d, 3J(H,H)=
16.3 Hz, 1H, Ha-2), 2.80±2.70 (m, 1H, Ha-14), 2.71 (s, 3H, H-21), 2.67
(dd, 3J(H,H)=16.5, 10.5 Hz, 1H, Ha-2), 2.41±2.31 (m, 1H, Ha-11), 2.12 (s,
3H, H-26), 2.16±2.06 (m, 1H, Hb-14), 1.92±1.82 (m, 1H, Hb-11), 1.63±1.46
(m, 3H, H-8, Ha-9, Ha-10), 1.19±1.00 (m, 2H, Hb-9, Hb-10), 1.19 (s, 3H,
H-22), 1.15 (s, 3H, H-23), 1.10 (d, 3J(H,H)=6.7 Hz, 3H, H-24), 0.96 (d,
3J(H,H)=7.0 Hz, 3H, H-25), 0.94 (s, 9H, SiC(CH3)3), 0.85 (s, 9H,
SiC(CH3)3), 0.12 (s, 3H, SiCH3), 0.10 (s, 3H, SiCH3), 0.08 (s, 3H, SiCH3),
�0.09 (s, 3H, SiCH3);


13C NMR (150 MHz, CDCl3): d=215.0 (C-5), 171.3
(C-1), 164.6 (C-20), 152.5 (C-18), 138.6 (C-16), 135.0 (C-12), 122.8 (C-13),
119.5 (C-17), 116.0 (C-19), 79.5 (C-15), 79.2 (C-7), 76.4 (C-3), 53.4 (C-4),
47.9 (C-6), 38.9 (C-2), 37.9 (C-8), 31.8 (C-14), 31.4 (C-9), 29.1 (C-11),
28.4 (C-10), 26.3 (SiC(CH3)3), 26.1 (SiC(CH3)3), 24.9 (C-22), 24.2 (C-23),
19.2 (C-21), 19.0 (C-24), 18.7 (SiC(CH3)3), 18.6 (SiC(CH3)3), 17.6 (C-25),
15.2 (C-26), �3.2 (SiCH3), �3.4 (SiCH3), �3.7 (SiCH3), �5.7 (SiCH3); IR
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(film): ñ = 2946, 2929, 2856, 1741, 1697, 1465, 1463, 1380, 1255, 1183,
1160, 1095, 1062, 1019, 984, 937, 875, 836, 775 cm�1; MS (+ESI): m/z :
calcd for C38H67NO5SSi2Na: 728.4176; found: 728.4199 [M+Na]+ .


Epothilone C


(4S,7R,8S,9S,16S)-4,8-Dihydroxy-5,5,7,9-tetramethyl-16-[(E)-1-methyl-2-
(2-methyl-1,3-thiazol-4-yl)-1-vinyl]-(13Z)-1-oxacyclohexadec-13-ene-2,6-
dione (2): Crude bis-TBS-epothilone C macrolactone 67 was dissolved in
CH2Cl2 (2.0 mL) at RT. Polymer-supported sulfonic acid resin (Argonaut
MP-TsOH(I), ~1.5 mmolg�1, 116 mg, 0.18 mmol) was added and the mix-
ture shaken at RT for 1 h. Analysis by TLC showed complete capture of
the macrolactone. The resin was filtered and washed using CH2Cl2
(3 mL), then Et2O (3 mL), then MeOH (3 mL), to remove all unbound
impurities. The product was released using a solution of NH3 in MeOH
(3 mL, 2m solution). The filtrate was concentrated under reduced pres-
sure to give epothilone C (2) as a yellow oil (5.8 mg, 81% over 2 steps).
The product (2.9 mg) was purified by flash column chromatography
(silica gel, CH2Cl2/MeOH 99:1) to yield epothilone C (2.2 mg, 76%) as a
colourless foam. Rf = 0.51 (CH2Cl2/MeOH 95:5); [a]25


D = �80.6 (c =


0.17, CHCl3) (lit. [a]22
D = �80.2 (c = 1.70, CHCl3));


1H NMR (600 MHz,
CDCl3): d=6.96 (s, 1H, H-19), 6.59 (br s, 1H, H-17), 5.46±5.43 (td,
3J(H,H)=10.3, 4.3 Hz, 1H, H-12), 5.41±5.37 (td, 3J(H,H)=9.7, 4.5 Hz,
1H, H-13), 5.29 (dd, 3J(H,H)=9.8, 1.7 Hz, 1H, H-15), 4.23 (dd,
3J(H,H)=11.4, 2.2 Hz, 1H, H-3), 3.74±3.73 (m, 1H, H-7), 3.25 (br s, 1H,
C(3)HOH), 3.14 (dq, 3J(H,H)=6.8, 2.0 Hz, 1H, H-6), 3.00 (br s, 1H,
C(7)HOH), 2.71±2.66 (m, 1H, Ha-14), 2.70 (s, 3H, H-21), 2.49 (dd,
3J(H,H)=15.1, 11.4, 1H, Ha-2), 2.36 (dd, 3J(H,H)=15.1, 2.4 Hz, 1H, Hb-
2), 2.30±2.24 (m, 1H, Hb-14), 2.24±2.17 (m, 1H, Ha-11), 2.09 (br s, 3H, H-
26), 2.04±1.97 (m, 1H, Hb-11), 1.79±1.74 (m, 1H, H-8), 1.74±1.55 (m, 1H,
Ha-10), 1.40±1.28 (m, 1H, Ha-9), 1.33 (s, 3H, H-22), 1.26±1.14 (m, 2H,
Hb-9, Hb-10), 1.18 (d, 3J(H,H)=6.8 Hz, 3H, H-24), 1.09 (s, 3H, H-23),
1.00 (d, 3J(H,H)=6.9 Hz, 3H, H-25); 13C NMR (125 MHz, CDCl3): d=
220.5 (C-5), 170.4 (C-1), 165.0 (C-20), 151.9 (C-18), 138.7 (C-16), 133.4
(C-12), 125.0 (C-13), 119.4 (C-17), 115.8 (C-19), 78.4 (C-15), 74.1 (C-7),
72.3 (C-3), 53.3 (C-4), 41.7 (C-6), 39.2 (C-2), 38.5 (C-8), 32.4 (C-14), 31.8
(C-9), 27.6 (C-11), 27.5 (C-10), 22.7 (C-22), 19.0 (C-21), 18.6 (C-23), 15.9
(C-24), 15.5 (C-25), 13.5 (C-26); IR (film): ñ = 3450, 2934, 1735, 1686,
1462, 1292, 1250, 1183, 1146, 1043, 1004, 975, 730 cm�1; MS: m/z : calcd
for C26H39NO5SNa: 500.2447; found: 500.2449 [M+Na]+ .
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Crystallization-Induced Asymmetric Transformation of Chiral-at-metal
Ruthenium(ii) Complexes Bearing Achiral Ligands


Olivier Hamelin,*[a] Jacques Pÿcaut,[b] and Marc Fontecave*[a]


Optically pure compounds are of importance in many do-
mains of chemistry. However, while stereochemistry has
been developed to a high level in organic chemistry, only a
few studies concerning inorganic complexes have been re-
ported, even if the synthetic approaches and the difficulties
are very similar. Octahedral complexes bearing two or three
bidentate achiral ligands exist in two enantiomeric forms,
namely, D and L.[1] In spite of recent progress in this area,
the control of the chirality at the metal center during the
synthesis remains an attractive challenge.


In most cases, the preparation of optically pure ruthenium
bis- and tris(diimine) complexes involves an initial racemic
synthesis, followed by a resolution process. The separation
of the optically active compounds from the racemic product
mixtures is achieved by various methods including chiral
chromatography techniques[2] (HPLC with a chiral station-
ary phase) and fractional diastereomeric crystallization with


chiral anions as the resolving agents.[3] Tartrate salts are
commonly used but Trisphat (tris[tetrachlorobenzene-1,2-bi-
s(olato)]phosphate) is gaining recognition as a very efficient
and versatile NMR chiral-shift and resolving agent.[4] How-
ever, by definition, the theoretical maximum yield in a reso-
lution cannot exceed 50% for each of the two pure enan-
tiomers. To overcome this limitation, stereoselective synthet-
ic methods have been developed that allow the preparation
of optically active ruthenium bis(bipyridine) complexes. For
instance, Von Zelewsky and co-workers[5] and more recently
the groups of Inoue[6] and of Balavoine[7] have used a chiral
™chiragen∫ ligand and enantiopure methyl-p-tolyl sulfoxide,
respectively, as chiral auxiliaries to prepare optically active
ruthenium(ii) bis(diimine) complexes with high diastereose-
lectivities. However, the preparation of chiral-at-metal com-
plexes with only achiral ligands required a subsequent step
to substitute the optically active ligands with achiral ones
and this has to be achieved without any racemization.[8]


Considering these problems and with the aim of preparing
optically active chiral-at-metal ruthenium(ii) bis(diimine)
complexes bearing only achiral ligands,[9] we investigated a
new strategy allowing the efficient preparation of such com-
plexes from racemic mixtures. This is an original and rare
reaction in coordination chemistry, namely, an asymmetric
transformation induced by light and selective crystallization
in the presence of the chiral Trisphat anion. For this pur-
pose, we prepared novel bis(diimine) ruthenium complexes
that are described in this paper.


[a] Dr. O. Hamelin, Prof. M. Fontecave
Laboratoire de Chimie et Biochimie des Centres Rÿdox Biologiques
DRDC-CB, UMR 5047 Universitÿ Joseph Fourier/CEA/CNRS
CEA Grenoble
17 avenue des Martyrs, 38054 Grenoble cedex, (France)
Fax: (+33)438-789-124
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Abstract: Recently, we observed that
the enantiopure L form of the tributy-
lammonium salt of the chiral anion
tris[tetrachlorobenzene-1,2-bis(olato)]-
phosphate, also named Trisphat, was
able to induce an efficient resolution of
a D,L racemic mixture of cis-
[Ru(dmp)2(NCCH3)2](PF6)2 (dmp=2,9-
dimethyl-1,10-phenanthroline) due to
the spontaneous and selective precipi-
tation of the heterochiral pair [D-
Ru(dmp)2(CH3CN)2][L-Trisphat]2. We
report here that the combination of


such a stereoselective precipitation
process and irradiation results in the
quantitative conversion of the initial
[Ru(dmp)2(NCCH3)2]


2+ racemate into
only one of the two enantiomers. This
is the first example in inorganic
chemistry of an asymmetric trans-
formation that leads to a chiral


complex with no chiral ligand.
Finally, three new racemic ruthenium
bis(diimine) complexes, namely
[Ru(dmp)2(NCCH3)Py](PF6)2 (Py=
pyridine), [Ru(dmp)2(1,3-diaminopro-
pane)](PF6)2, and [Ru(dmp)2(ethylene-
diamine)](PF6)2 were synthesized. For
all of them, crystallization-induced
asymmetric transformation proved to
be an efficient way of obtaining the
corresponding optically active chiral-at-
metal complexes in high yields and
with excellent stereoselectivities.


Keywords: asymmetric synthesis ¥
chiral-at-metal complexes ¥
crystallization ¥ ruthenium
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Results


Preparation of the complexes : The racemic complex
[Ru(dmp)2(NCCH3)2][PF6]2 (1-(PF6)2, dmp=2,9-dimethyl-
1,10-phenanthroline) was prepared according to a described
procedure.[9] Three new complexes, namely, rac-
[Ru(dmp)2(NCCH3)Py](PF6)2 2-(PF6)2, Py=pyridine),
[Ru(dmp)2(1,3-diaminopropane)](PF6)2 (3-(PF6)2), and
[Ru(dmp)2(ethylenediamine)](PF6)2 (4-(PF6)2), used in this
study have also been prepared for the first time and fully
characterized. The synthesis of 2-(PF6)2 was achieved from
1-(PF6)2 by selective substitution of one acetonitrile ligand
by a pyridine one in ethanol at 50 8C for 8 h in 90% yield.
Crystals of 2-(PF6)2 suitable for X-ray analysis were grown
by slow evaporation of dichloromethane from a concentrat-
ed solution of 2-(PF6)2 in a dichloromethane/ethanol mix-
ture. The molecular structure of the dication 2 is shown in
Figure 1. The cis N(2)-Ru-N(3) and N(1)-Ru-N(4) angles
are increased by as much as 128 with regard to those of a
pure octahedron because of the steric repulsion generated
by one of the two methyl groups of each of the dmp ligands
in combination with the fact that the bite angle of the phe-
nanthroline chelates is less than 908. The same effects were
also observed for the pyridine and the acetonitrile ligands
that face the two other methyl groups, with cis angles of
98.458 and 101.208 for N(3)-Ru-N(6) and N(1)-Ru-N(5), re-
spectively (Table 1). Interestingly, each phenanthroline pres-
ents an important curvature centered around the methyl
group of the other diimine ligand. Indeed, the angles
formed by the average planes of the two pyridinyl moieties
of the same phenanthroline are 8.88 in one case and 12.68 in
the other.


Complexes 3-(PF6)2 and 4-(PF6)2 were efficiently prepared
from [Ru(dmp)2Cl2] by substitution of both chloride ligands
by 1,3-diaminopropane and ethylenediamine, respectively, in
refluxing ethanol followed by an anion metathesis with


NH4PF6 in water. The structures of both complexes were
also determined by X-ray analysis from single crystals ob-
tained by slow evaporation of acetone from an acetone/etha-
nol/cyclohexane solution for 3-(PF6)2 and by slow diffusion
of diethyl ether into a solution of acetone for 4-(PF6)2
(Figure 1). In both structures, as was observed for 2-(PF6)2,
the cis N-Ru-N angles between the two nitrogen atoms of
two different dmp ligands and between the nitrogen atom of
one dmp ligand and the amine nitrogen atom located in
front of the methyl substituents are increased by about 108
and 88, respectively (that is, N(2)-Ru-N(3) and N(2)-Ru-
N(5) for 3-(PF6)2; Table 1). The steric hindrance generated
by the methyl groups is probably also at the origin of the
curvatures observed for every phenanthroline, with angles
of 14.5±17.18 between the two planes of the pyridinyl moiet-


Figure 1. ORTEP views of the structures of the following cations: [Ru(dmp)2(NCCH3)Py]2+ (2), [Ru(dmp)2(1,3-diaminopropane)]2+ (3), [Ru(dmp)2(ethyl-
enediamine)]2+ (4) with PF6


� counterions. Hydrogen atoms have been omitted for clarity.


Table 1. Selected bond lengths [ä] and angles [8] for complexes 2-(PF6)2,
3-(PF6)2, and 4-(PF6)2.


[a]


Complex Bond [ä] Angle [8]


2-(PF6)2 Ru�N(1) 2.116(3) N(1)-Ru-N(3) 177.73(9)
Ru�N(2) 2.087(2) N(2)-Ru-N(3) 101.26(10)
Ru�N(3) 2.090(3) N(1)-Ru-N(4) 102.70(10)
Ru�N(4) 2.075(3) N(3)-Ru-N(6) 98.49(10)
Ru�N(5) 2.128(3) N(1)-Ru-N(5) 101.20(10)
Ru�N(6) 2.035(3) N(5)-Ru-N(6) 90.65(10)


3-(PF6)2 Ru�N(1) 2.101(3) N(2)-Ru-N(4) 179.77(15)
Ru�N(2) 2.046(3) N(2)-Ru-N(3) 101.15(13)
Ru�N(3) 2.077(3) N(1)-Ru-N(4) 100.62(11)
Ru�N(4) 2.050(3) N(4)-Ru-N(6) 96.90(12)
Ru�N(5) 2.128(4) N(2)-Ru-N(5) 97.87(14)
Ru�N(6) 2.117(3) N(5)-Ru-N(6) 85.84(13)


4-(PF6)2 Ru�N(1) 2.117(2) N(2)-Ru-N(3) 179.25(8)
Ru�N(2) 2.086(3) N(1)-Ru-N(3) 101.69(9)
Ru�N(3) 2.113(2) N(2)-Ru-N(4) 101.04(9)
Ru�N(4) 2.079(3) N(2)-Ru-N(5) 97.97(8)
Ru�N(5) 2.147(3) N(3)-Ru-N(6) 96.83(9)
Ru�N(6) 2.130(3) N(5)-Ru-N(6) 79.57(9)


[a] The estimated standard deviations in the least-significant digits are
given in parentheses.
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ies of the same phenanthroline. Moreover, while the six-
membered ring formed by the diaminopropane ligand and
the ruthenium center adopts a boat conformation with an
N(5)-Ru-N(6) angle of 88.848 ; this cis angle drops to 79.578
with the ethylenediamine ligand, which shows a twist confor-
mation. Bond lengths are those expected for this type of
RuII complex.


Asymmetric transformation : We recently observed that ad-
dition of a small excess of the tributylammonium salt of the
enantiopure L form of the Trisphat anion to a dichlorome-
thane solution of a D,L racemic mixture of cis-
[Ru(dmp)2(NCCH3)2](PF6)2 (1-(PF6)2) resulted in the imme-
diate selective precipitation of the heterochiral ion pair [D-
1][L-Trisphat]2 (98% de, 48% yield), while the homochiral
ion pair [L-1][L-Trisphat]2 remained in solution.[9]


To evaluate its photochemical stability, the isolated opti-
cally pure [D-1][L-Trisphat]2 was dissolved in acetonitrile
and then irradiated with a standard light (40 W tungsten fil-
ament). After a 2 h irradiation period, the solution was
dried and the crude residue was dissolved in [D6]acetone.
Conversion of [D-1] into [L-1] can be easily monitored by
1H NMR spectroscopy in [D6]acetone since both enantiom-
ers are associated in solution with Trisphat and the resulting
diastereomeric ion pairs have different chemical shifts in
their NMR spectra.[9] The best resolution was obtained with
acetone as the solvent and in the presence of a small excess
of [nBu3NH][L-Trisphat] (2.1 equiv). As shown in Figur-
e 2a,b, under these conditions, most signals in the aromatic
region of the spectrum of the racemic 1-(PF6)2 were indeed
split into two signals of equal intensity. NMR analysis of the
reaction mixture after irradiation thus showed the presence
of an equimolar mixture of [L-1][L-Trisphat]2 and [D-1][L-
Trisphat]2 as the result of the isomerization of the chiral
metal center (data not shown). The trans isomer, defined as
the complex with the two acetonitrile ligands trans to each
other, could not be formed, probably because of the steric
hindrance created by the methyl groups of the dmp ligands.


These results, namely, the selective crystallization of the
heterochiral pair and the light-dependent racemization, led
us to use the following strategy for converting the racemic
1-(PF6)2 complex into a unique optically active diastereom-
er. [nBu3NH][L-Trisphat] (2.1 equiv) was added to a di-
chloromethane solution of the complex 1-(PF6)2 and the re-
sulting suspension was then irradiated as described above.
The composition of the suspension was monitored at time
intervals by NMR spectroscopy of a concentrated aliquot
after redissolution in [D6]acetone. During the reaction, mod-
ifications in the spectrum were observed that indicate the
slow disappearance of the homochiral isomers (Figure 2c±f).
After an irradiation period of 3 h, the conversion was nearly
complete. The precipitate was then filtered off and dissolved
in [D6]acetone, then two additional equivalents of L-Tri-
sphat were added for an optimal resolution in the NMR
spectrum (Figure 2g). Integration of the peaks in the region
d=7.30±7.50 ppm, peaks that correspond to the two H8 pro-
tons of the dmp ligands, revealed diastereoselectivity of up
to 98%. In addition, the yield of the isolated salt was almost
quantitative; this was also confirmed by NMR measure-


ments of the filtrate, in which no complex could be detect-
ed.


The thermal behavior of the racemic complex 1 in the
presence of Trisphat was also examined under dark condi-
tions. The initial dichloromethane suspension resulting from
the addition of enantiopure L-Trisphat (2 equiv) to the race-
mic mixture was refluxed in the dark. The transformations
were monitored by 1H NMR spectroscopy as discussed
above. Interestingly, the isomerization was shown to occur
but the reaction proved much slower than under conditions
with irradiation: after 38 h the [D-1][L-Trisphat]2:[L-1][L-
Trisphat]2 diastereomeric ratio was only 84:16 (79:21 after
18 h; data not shown).


For the sake of testing the generality of the photochemi-
cal reaction, complexes 2-(PF6)2, 3-(PF6)2,and 4-(PF6)2, for
which resolution by Trisphat had also proved to be success-
ful, were irradiated in the presence of [nBu3NH][L-Trisphat]
under the conditions used for 1-(PF6)2 (dichloromethane,
40 W). Exposure of 2-(PF6)2 to light resulted in the forma-
tion of a large quantity of [D-1][L-Trisphat]2, a result illus-
trating the relatively high photolability of the pyridine
ligand. Consequently, to avoid release of pyridine, the reac-
tion was performed under dark conditions at room tempera-
ture (20±25 8C). After 4 days, the two diastereoisomers were


Figure 2. 1H NMR spectra (300 MHz, [D6]acetone) of the aromatic pro-
tons for the racemic 1-(PF6)2 complex a) in the absence and b) in the
presence of [nBu3NH][L-Trisphat] (2.1 equiv). Expansion of the d=7.38±
7.46 ppm region of the 1H NMR spectra for the reaction mixture after
c) 15 min, d) 45 min, e) 2.25 h, and f) 3 h of exposure to light. g) Expan-
sion of the d=7.38±7.46 ppm region of the 1H NMR spectrum of the iso-
lated precipitate in the presence of two additional equivalents of
[nBu3NH][L-Trisphat].
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isolated by precipitation in diethyl ether in a good yield
(74%) and with a good stereoselectivity (75.0% de ;
65.5% de after 2.5 days; 1H NMR spectroscopic determina-
tion; Table 2). It is noteworthy that the optically pure com-
plex can be obtained by filtration of the precipitate formed
after irradiation in reasonable yield. The CD spectrum of
the complex dissolved in acetonitrile showed, from the sign
of the ligand-centered transition at 270 nm, a positive
Cotton effect at higher energy and a negative effect at lower
energy, which is characteristic for a D configuration of the
[Ru(dmp)2(NCCH3)Py]2+ ion (Figure 3).[10] Consequently, as
was observed for 1-(PF6)2, addition of one enantiomer of the
tributylammonium Trisphat salt to rac-[2](PF6)2 resulted in
the stereoselective precipitation of the heterochiral pair [D-
2][L-Trisphat]2.


As expected, because of the lower lability of the diamino
ligands, more intense irradiation was needed to observe a
reaction with 3-(PF6)2 and 4-(PF6)2. Moreover, because of
the higher solubility of the corresponding Trisphat salts, a
1:1 mixture of CH2Cl2 and CHCl3 was used as the solvent.
Thus, exposure of 3-(PF6)2 or 4-(PF6)2 in the presence of a
small excess of [nBu3NH][L-Trisphat] to a 250 W halogen
lamp resulted in reactions with stereoselectivities of 91.8
and 95.0% after reaction for 10 and 24 h, respectively. Com-
plexes [3][L-Trisphat]2 and [4][L-Trisphat]2 were isolated by


precipitation in diethyl ether in 81 and 79% yields, respec-
tively (Table 2). The lower diastereoselectivities, relative to
the reaction with 1-(PF6)2, can be explained by the larger
solubilities of the less-soluble ion pairs. However, as for [1]
[L-Trisphat]2 and [2][L-Trisphat]2, optically pure complexes
can be obtained by filtration of the precipitate formed after
irradiation (100% de and 60% yield for [3][L-Trisphat]2
after 5.5 h). The absolute configurations of the final com-
plexes obtained from 3-(PF6)2 and 4-(PF6)2 were also deter-
mined by CD spectroscopy, after irradiation, by comparison
with the CD spectra obtained for [D-1][L-Trisphat]2 and [D-
2][L-Trisphat]2. Both showed Cotton effects of the opposite
sign from the transition at 275 nm, a result suggesting the se-
lective formation of the homochiral [L-3][L-Trisphat]2 and
[L-4][L-Trisphat]2 pairs (Figure 3).


Discussion


The results reported here provide a rare example of an
asymmetric transformation in coordination chemistry. In the
case studied here, it leads to the preparation of chiral ruthe-
nium bis(diimine) complexes in high yields and with excel-
lent optical purities. The reaction used is based on the two
following properties of this class of complexes.


First, ruthenium bis(diimine) complexes are known to be
light-sensitive, undergoing slow transformation under pro-
longed exposure to light. In particular, the exchange of li-
gands and racemization can occur upon irradiation. The ex-
change of ligands has been rather extensively studied. For
example, Sauvage and co-workers[11] showed that visible-
light irradiation of mixed ruthenium(ii) complexes contain-
ing 1,10-phenanthroline and a sterically hindered bidentate
ligand leads to the clean and selective substitution of the
latter by acetonitrile solvent molecules. Under controlled ir-
radiation in either the ligand-centered (LC) or metal-to-
ligand charge transfer (MLCT) bands, the dmso ligand of
enantiopure cis-[Ru(bpy)2(dmso)Cl][PF6] (dmso=dimethyl-
sulfoxide, bpy=bipyridine) can also be substituted by a vari-
ety of ligands with complete retention of configuration.[12] In
contrast, photoracemization reactions have seldom been re-
ported. One can mention the observation by Inoue and co-
workers that the enantiomeric excess of a sample of purified
optically active [Ru(bpy)2Cl(dmso)]+ slowly decreases on
standing as a result of photodegradation.[13] This explains


Table 2. Light-induced asymmetric transformation of 1-(PF6)2, 2-(PF6)2, 3-(PF6)2, and 4-(PF6)2 in the presence of [nBu3NH][L-Trisphat].


1-(PF6)2 2-(PF6)2 3-(PF6)2 4-(PF6)2


conditions CH2Cl2, 40 W, 3 h CH2Cl2, dark, 4d CH2Cl2/CHCl3 (1:1), 250 W, 10 h CH2Cl2/CHCl3 (1:1), 250 W, 24 h
diastereoselectivity >98:2 3:1 11.2:1 >19:1
expansion of an
aromatic region of the
1H NMR spectrum of the
diastereomeric mixture
with an excess of
[nBu3NH][L-Trisphat]
in [D6]acetone.
absolute configuration of the product [D-1][L-Trisphat]2 [D-2][L-Trisphat]2 [L-3][L-Trisphat]2 [L-4][L-Trisphat]2
yield [%] quantitative 74.2 81.1 79.1


Figure 3. Circular dichroism spectra in CH3CN of a) [D-
Ru(dmp)2(NCCH3)Py][L-Trisphat]2, b) [L-Ru(dmp)2(1,3-diaminopro-
pane)][L-Trisphat]2, and c) [L-Ru(dmp)2(ethylenediamine)][L-Trisphat]2.
Inset: Expansion of l=330±500 nm region for the same compounds.
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why chiral ruthenium complexes are generally used and
stored under dark conditions. The racemization reaction
probably occurs by the photodissociation of at least one of
the ligands and the rearrangement of the pentacoordinate
intermediate before return of the released ligand into the
coordination sphere.


Second, the two cationic enantiomers ([D-(1±4)]2+ and
[L-(1±4)]2+) of complexes 1±4 give, upon association with
L-Trisphat, the heterochiral [D-(1±4)][L-Trisphat]2 and ho-
mochiral [L-(1±4)][L-Trisphat]2 pairs, which have very dif-
ferent solubilities. This allows the selective precipitation of
one of the two diastereoisomers. Further physicochemical
and structural studies are required to understand why, in the
case of complexes 1 and 2 containing acetonitrile ligands,
precipitation of the heterochiral pair is favored whereas, in
the case of complexes 3 and 4 containing diamine ligands,
the homochiral pair preferentially precipitates, as shown by
CD spectroscopy.


As a consequence of these two properties, it is possible to
convert, in the presence of enantiopure Trisphat with a
clever choice of solvent and upon exposure to light, one cat-
ionic enantiomer from a racemic mixture of ruthenium bis-
(diimine) complexes into the other with good to excellent
yields. This is beautifully shown here with complex 1-(PF6)2.
The reaction is summarized in Scheme 1. Upon addition of
two equivalents of [nBu3NH][L-Trisphat] to a racemic mix-
ture of 1-(PF6)2, anion metathesis leads to a 1:1 mixture of
the homochiral [L-1][L-Trisphat]2 and heterochiral [D-1][L-
Trisphat]2 complexes. Classical resolution was achieved be-
cause of the highly selective precipitation of the latter (de>
98%) with only the more soluble homochiral isomer left in
solution. Exposure of the solution to light results in the slow
racemization of the [L-1]2+ ion and leads to the formation
of the less soluble [D-1][L-Trisphat]2 complex, which thus


precipitates continuously to allow its quantitative prepara-
tion.


Such a process, commonly observed in organic chemistry,
can be defined as an asymmetric transformation of the
second kind, also named a crystallization-induced asymmet-
ric transformation.[14] To the best of our knowledge, such an
asymmetric transformation has never been reported for the
synthesis of a chiral-at-metal complex with achiral ligands.
Recently, Brunner and co-workers reported a diastereose-
lective preparation of Ir and Rh chiral-at-metal complexes
by crystallization-induced asymmetric transformation.[15]


However, the optically active bidentate Schiff base ligand
was present in the coordination sphere in order to control
the stereoselective isomerization of the chiral metal center
during the crystallization.


By using three additional ruthenium bis(diimine) com-
plexes with different light sensitivities, we have demonstrat-
ed that this reaction displays some kind of generality and
may have broad applicability. Certainly, the degree of ster-
eoselectivity of the transformation highly depends on the
difference between the solubilities of the homochiral [L-Ru]
[L-Trisphat]2 and heterochiral [D-Ru][L-Trisphat]2 diaster-
eomeric pairs. This in turn depends on the ligands at posi-
tions 5 and 6, as illustrated by the results obtained with 2, 3,
and 4.


Conclusion


We demonstrate here that the photolabilization of ligands
combined with a selective crystallization allows the highly
diastereoselective preparation of inorganic chiral-at-metal
complexes with achiral ligands through an efficient asym-
metric transformation in the presence of Trisphat as a chiral
auxiliary agent. We guess that most of the resolution meth-
ods used to access these chiral ruthenium bis(diimine) com-
plexes could be turned into this straightforward technique.
One application of such complexes is catalysis. We recently
reported that an optically pure ruthenium bis(diimine) com-
plex (D- or L-[1]2+) with achiral ligands was able to catalyze
the enantioselective oxidation of sulfides by H2O2. Even if
the enantiomeric excesses were relatively low (less than
18%), we demonstrated for the first time that the chiral in-
formation carried by the stereogenic reactive metal center
could be catalytically transferred to substrates. Catalytic
asymmetric epoxidations with isolated optically pure or en-
riched chiral-at-metal complexes are currently under investi-
gation.


Experimental Section


[Ru(dmp)2Cl2]
[16] and [Ru(dmp)2(CH3CN)2](PF6)2


[9] (1-(PF6)2) were pre-
pared according to previously described procedures. Solvents used in syn-
thetic procedures were analytical grade. Dichloromethane and chloro-
form were distilled over CaCl2. Ethylenediamine and 1,3-diaminopropane
were purchased from Aldrich and pyridine wa spurchased from SDS.
[nBu3NH][L-Trisphat] was provided by J. Lacour (University of Genõve,
Geneva, Switzerland). All the preparations of the complexes were car-
ried out in dark conditions and under argon.


Scheme 1. Light- and crystallization-induced asymmetric transformation
of the racemic 1-(PF6)2 complex in presence of two equivalents of
[nBu3NH][L-Trisphat].
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Instruments: NMR spectra were recorded on a Bruker EMX-300 appara-
tus at 300 MHz. Electrospray mass spectrometry was performed on a Fin-
nigan LC-Q instrument. Absorption spectra were recorded with a Hew-
lett±Packard 8453 spectrometer. Circular dichroism spectra were record-
ed on a JASCO J-810 spectropolarimeter at 25 8C with a 0.1-cm path-
length cell. Data collection was performed at 298 K by using a Bruker
SMART diffractometer with a charged couple device area detector, with
graphite-monochromated MoKa radiation (l=0.71073 ä). Molecular
structures was solved by direct methods and refined on F2 by full-matrix
least-squares techniques with the SHELXTL package with anisotropic
thermal parameters. All non-hydrogen atoms were refined anisotropical-
ly; hydrogen atoms were placed in ideal positions and refined as riding
atoms with individual isotopic displacement parameters. Pertinent crys-
tallographic data are summarized in Table 1.


Diastereomeric excesses of the ruthenium complexes were determined
by NMR analysis after dissolution of the isolated precipitate in [D6]ace-
tone, in the presence of an excess of Trisphat salt to obtain a good split-
ting pattern.


Preparation of [Ru(dmp)2(NCCH3)Py](PF6)2 (2-(PF6)2): Pyridine
(45.4 mL, 562.0 mmol, 10 equiv) was added to a solution of 1-(PF6)2
(50.0 mg, 56.2 mmol) in absolute ethanol (22.0 mL) and the mixture was
heated to 50 8C for 8 h under an argon atmosphere and in the dark. The
resulting light-brown suspension was then cooled to room temperature
and stirred for 12 h. The suspension was concentrated in vacuo. Crystalli-
zation by slow diffusion of diethyl ether into a concentrated solution in
acetone afforded 2-(PF6)2 (46.7 mg, 90% yield) as brown crystals. Suita-
ble single crystals for X-ray analysis were obtained by slow evaporation
of dichloromethane from a solution of 2-(PF6)2 in a dichloromethane/eth-
anol mixture. 1H NMR (300 MHz, CD2Cl2): d=8.53 (d, 1H, J=8.3 Hz),
8.37 (d, 1H, J=8.3 Hz), 8.30 (d, 1H, J=8.3 Hz), 8.29 (d, 1H, J=8.3 Hz),
8.15±7.80 (m, 6H), 7.74 (t, 2H, J=7.9 Hz), 7.59 (tt, 1H, J=7.8, 1.4 Hz),
7.56 (d, 1H, J=8.3 Hz), 7.40 (d, 1H, J=8.3 Hz), 7.11 (pseudo t, 2H, J=
7.1 Hz), 3.18 (s, 3H), 2.57 (s, 3H), 2.21 (s, 3H), 1.94 (s, 3H), 1.76 (s,
3H) ppm; MS (ESI, acetone, 30 8C): m/z (%): 783 [2-(PF6)]


+ (92), 616
[Ru(dmp)2PyF]+ (70), 579 [Ru(dmp)2(NCCH3)F]+ (52), 299 [Ru(dmp)2-


Py]2+ (100), 259 [Ru(dmp)2]
2+ (74); UV/Vis (CH2Cl2): lmax (e)=234


(41546), 272 (49197), 293 (24156), 306 (18093), 392 (7706), 455 nm
(7400 m


�1 cm�1); elemental analysis: calcd (%) for C35H36N6O2F12P2Ru
([Ru(dmp)2(NCCH3)Py](PF6)2¥2H2O): C 45.08, H 3.48, N 8.53, F 23.13, P
6.28, Ru 10.25; found: C 44.90, H 3.46, N 8.81, F 22.61, P 6.48, Ru 9.55;
crystallographic data: triclinic, P1≈ , a=8.2916(17), b=10.851(2), c=
20.890(4) ä, V=1826.2(6) ä3, Z=2, R=0.0453, Rw=0.1152.


Preparation of [Ru(dmp)2(1,3-diaminopropane)](PF6)2 (3-(PF6)2): A sol-
ution of [Ru(dmp)2Cl2] (100.0 mg, 170.0 mmol) and 1,3-diaminopropane
(17.7 mL, 187.1 mmol, 1.1 equiv) in absolute ethanol (8.0 mL) was refluxed
in the dark and under an argon atmosphere for 1.5 h. The resulting crim-
son-red solution was concentrated in vacuo and the residue was dissolved
in water. Precipitation of the complex by addition of NH4PF6 (277.1 mg,
1.7 mmol, 10 equiv) and subsequent filtration and drying under high
vacuum afforded 3-(PF6)2 (135 mg, 153.2 mmol, 90% yield) as a red-
orange powder, which could be used without further purification. Crystal-
lization by slow evaporation of acetone from an acetone/ethanol/cyclo-
hexane solution of 3-(PF6)2 afforded crystals suitable for X-ray analysis.
1H NMR (300 MHz, CD2Cl2): d=8.49 (d, 2H, J=8.3 Hz), 8.40 (d, 2H,
J=8.3 Hz), 8.10 (dAB, 4H, J=8.8 Hz), 7.83 (d, 2H, J=8.3 Hz), 7.59 (d,
2H, J=8.3 Hz), 3.25±3.05 (br s, 2H), 2.98 (s, 6H), 2.62±2.42 (br s, 2H),
2.02 (s, 6H), 1.80±1.60 (br s, 2H), 1.27±1.47 (m, 4H) ppm; MS (ESI, ace-
tone): m/z (%): 737 [3-(PF6)]


+ (57), 611 [Ru(dmp)2(1,3-diaminopropa-
ne)F]+ (46), 537 [Ru(dmp)2F]+ (100), 259 [Ru(dmp)2]


2+ (19); UV/Vis
(CH3CN): lmax (e)=220 (10598), 234 (51461), 275 (62332), 293 (20244),
420 (5158), 477 (6539), 506 nm (8677 m


�1 cm�1); elemental analysis: calcd
(%) for C31H34N6F12P2Ru: C 42.23, H 3.89, N 9.53; found: C 41.71, H
3.86, N 9.17; crystallographic data: orthorombic, Fdd2, a=33.504(7), b=
46.670(9), c=12.509(3) ä, V=19560(7) ä3, Z=16, R=0.0689, Rw=


0.1683.


Preparation of [Ru(dmp)2(ethylenediamine)](PF6)2 (4-(PF6)2): The com-
plex 4-(PF6)2 was prepared in a similar manner to 3-(PF6)2 by using ethyl-
enediamine instead of 1,3-diaminopropane and with a 90% yield. Suita-
ble crystals for X-ray analysis were prepared by diffusion of diethyl ether
in a concentrated acetone solution of 4-(PF6)2.


1H NMR (300 MHz,
CD2Cl2): d=8.49 (d, 2H, J=8.3 Hz), 8.38 (d, 2H, J=8.3 Hz), 8.09 (s,


4H), 7.81 (d, 2H, J=8.3 Hz), 7.59 (d, 2H, J=8.3 Hz), 3.65±3.55 (br s,
2H), 2.97 (s, 6H), 2.67±2.60(br s, 2H), 2.21±2.14 (br s, 2H), 2.02 (s, 6H),
1.31±1.24 (br s, 2H) ppm; MS (ESI, acetone): m/z (%): 723 [4-(PF6)]


+


(100), 537 [Ru(dmp)2F]+ (67), 289 [Ru(dmp)2(ethylenediamine)]2+ (48),
259 [Ru(dmp)2]


2+ (68); UV/Vis (CH3CN): lmax (e)=221 (12409), 234
(50339), 275 (64067), 293 (29417), 420 (7523), 476 (9836), 499 nm
(12243 m


�1 cm�1); elemental analysis: calcd (%) for C32H40N6O2P2F12Ru
([Ru(dmp)2(ethylenediamine)](PF6)2¥H2O¥EtOH): C 41.25, H 4.33, N
9.02, F 24.47, P 6.65, Ru 10.85; found: C 40.93, H 3.94, N 9.09, F 24.01, P
7.14, Ru 10.85; crystallographic data: orthorhombic, Fdd2, a=33.788(7),
b=45.439(9), c=12.639(3) ä, V=19404(7) ä3, Z=16, R=0.0337, Rw=


0.0873.


Standard conditions for asymmetric transformation : Dichloromethane
and chloroform were used after distillation over CaCl2, filtration over a
plug of basic alumina, and deoxygenation by argon bubbling. [nBu3NH]
[L-Trisphat] (2.1 equiv) was added to a solution of the complex in di-
chloromethane (1.4 mm for complexes 1 and 2) or a 1:1 mixture of di-
chloromethane/chloroform (0.7 mm for complexes 3 and 4). An immedi-
ate precipitate was observed in the cases of 1 and 2, whereas 5±10 min
were needed for precipitation with 3 and 4. The resulting suspension was
then stirred and exposed to a lamp (40 W tungsten filament for 3 h for 1,
250 W halogen lamp for 3 (10 h) and 4 (24 h)) located 10 cm from the
sample, while under an argon atmosphere. For complex 1, the precipitate
was filtered and washed successively with dichloromethane and diethyl
ether. For 2±4, the suspension was concentrated and dissolved in a mini-
mum of acetone, then the complexes were precipitated by addition of the
solution into a large volume of diethyl ether. The mixture was then fil-
tered, washed with diethyl ether, and dried under high vacuum. Optically
pure complexes can be obtained by filtration of the precipitate after irra-
diation.


[Ru(dmp)2(NCCH3)Py][L-Trisphat]2 ([2][L-Trisphat]2):
1H NMR


(300 MHz, [D6]acetone): d=8.82 (d, 1H, J=8.3 Hz), 8.61 (d, 1H, J=
8.3 Hz), 8.59 (d, 1H, J=8.3 Hz), 8.65±8.45 (br s, 3H), 8.25 (dAB, 1H, J=
8.7 Hz), 8.17 (dAB, 1H, J=8.7 Hz), 8.13 (s, 2H), 7.99 (d, 1H, J=8.3 Hz),
7.96 (d, 1H, J=8,3 Hz), 7.77 (tt, 1H, J=1.5, 7.5 Hz), 7.72 (d, 1H, J=
8.3 Hz), 7.58 (d, 1H, J=8.3 Hz), 7.18 (pseudo t, 2H, J=7.5 Hz), 3.37 (s,
3H), 2.76 (s, 3H), 2.41 (s, 3H), 2.10±1.90 (s, 3H, recovered by solvent
peak), 1.87 (s, 3H) ppm; MS (ESI, acetone, 30 8C): m/z (%): 1408 {[2]
[Trisphat]}+ (12), 1367 {[Ru(dmp)2Py][Trisphat]}+ (2), 1288 {[Ru(dmp)2]
[Trisphat]}+ (8), 579 [Ru(dmp)2(NCCH3)F]+ (52), 299 [Ru(dmp)2Py]2+


(56), 259 [Ru(dmp)2]
2+ (100+ ); CD for [2][L-Trisphat]2 (CH3CN): lmax


(De)=208 (�122), 221 (128), 237 (44), 243 (49), 255 (31), 260 (35), 280
(�27), 338 (�1), 374 (1.5), 414 nm (�0.5 m


�1 cm�1).


[Ru(dmp)2(1,3-diaminopropane)][L-Trisphat]2 ([3][L-Trisphat]2):
1H NMR (300 MHz, [D6]acetone):d=8.73 (d, 2H, J=8.3 Hz), 8.58 (d,
2H, J=8.3 Hz), 8.23 (s, 4H), 8.03 (d, 2H, J=8.3 Hz), 7.76 (d, 2H, J=
8.3 Hz), 3.90±3.72 (m, 2H), 3.21 (s, 6H), 2.76 (s, 2H), 2.70±2.40 (br s,
2H), 2.12 (s, 6H), 1.85±1.65 (m, 2H), 1.60±1.45 (m, 2H) ppm; MS (ESI,
acetone): m/z (%): 1362 {[3][Trisphat]}+ (22), 1288 {[Ru(dmp)2][Tri-
sphat]}+ (36), 553 [Ru(dmp)2Cl]+ (32), 267 [Ru(dmp)2(H2O)]2+ (97,
metastable species), 259 [Ru(dmp)2]


2+ (100); CD for [3][L-Trisphat]2
(CH3CN): lmax (De)=208 (�151), 222 (163), 233 (69), 241 (81), 264 (39),
277 (60), 342 (1), 353 (1.5), 385 (�1.5), 436 nm (2.42 m


�1 cm�1).


[Ru(dmp)2(ethylenediamine)][L-Trisphat]2 ([4][L-Trisphat]2):
1H NMR


(300 MHz, [D6]acetone): d=8.70 (d, 2H, J=8.3 Hz), 8.58 (d, 2H, J=
8.3 Hz), 8.23 (s, 4H), 8.02 (d, 2H, J=8.3 Hz), 7.78 (d, 2H, J=8.3 Hz),
4.50±4.30 (m, 2H), 3.21 (s, 6H), 2.76 (s, 2H), 2.65±2.40 (m, 4H), 2.15 (s,
6H) ppm; MS (ESI, acetone): m/z (%): 1348 {[4][Trisphat]}+ (53), 1288
{[Ru(dmp)2][Trisphat]}


+ (8), 267 [Ru(dmp)2(H2O)]2+ (100, metastable
species), 259 [Ru(dmp)2]


2+ (66); CD for [4][L-Trisphat]2 (CH3CN): lmax


(De)=209 (�213), 220 (186), 234 (67), 241 (78), 265 (�58), 277 (82), 336
(0.2), 357 (1.5), 386 (�2.5), 428 nm (5.7 m


�1 cm�1).


Crystallographic data : CCDC-224443 (2-(PF6)2), CCDC-224444 (3-
(PF6)2), and CCDC-224445 (4-(PF6)2) contain the supplementary crystal-
lographic data for this paper. These data can be obtained free of charge
via www.ccdc.cam.ac.uk/conts/retrieving.html (or from the Cambridge
Crystallographic Data Centre, 12 Union Road, Cambridge CB2 1EZ,
UK; fax: (+44) 1223-336033; or deposit@ccdc.cam.uk).


Chem. Eur. J. 2004, 10, 2548 ± 2554 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2553


Asymmetric Transformation of Ruthenium(ii) Complexes 2548 ± 2554



www.chemeurj.org





Acknowledgements


We are grateful to the ™Ministõre FranÁais de la Recherche et de la Tech-
nologie∫ for an ™ACI Jeunes Chercheurs 2000∫ grant. We also thank J.
Lacour (University of Genõve, Geneva, Switzerland) for a generous gift
of Trisphat and C. Lebrun (DRFMC, CEA-Grenoble) for the ES-MS
analysis.


[1] A. von Zelewsky, O. Mamula, J. Chem. Soc. Dalton Trans. 2000, 219.
[2] a) D. Hesek, Y. Inoue, S. R. L. Everett, H. Ishida, M. Kunieda,


M. G. B. Drew, J. Chem. Soc. Dalton Trans. 1999, 3701; b) T. J. Ruth-
erford, P. A. Pellegrini, J. Aldrich-Wright, P. C. Junk, F. R. Keene,
Eur. J. Inorg. Chem. 1999, 1677; c) N. C. Fletcher, P. C. Junk, D. A.
Reitsma, F. R. Keene, J. Chem. Soc. Dalton Trans. 1998, 133.


[3] a) B. Kolp, H. Viebrock, A. Von Zelewsky, D. Abeln, Inorg. Chem.
2001, 40, 1196; b) T. J. Rutherford, M. G. Quagliotto, F. R. Keene,
Inorg. Chem. 1995, 34, 3857; c) A. Shulman, F. P. Dwyer in Chelating
Agents and Metal Chelates (Eds.: F. P. Dwyer, D. P. Mellor), Aca-
demic Press, New York, 1964, p. 383; d) X. Hua, A. von Zelewsky,
Inorg. Chem. 1995, 34, 5791; e) X. Hua, A. von Zelewsky, Inorg.
Chem. 1991, 30, 3796.


[4] a) J. J. Jodry, J. Lacour, Chem. Eur. J. 2000, 6, 4297; b) J. Lacour, S.
Torche-Haldimann, J. J. Jodry, C. Ginglinger, F. Favarger, Chem.
Commun. 1998, 1733.


[5] a) H. M¸rner, P. Belser, A. Von Zelewsky, J. Am. Chem. Soc. 1996,
118, 7989; b) N. C. Fletcher, F. R. Keene, H. Viebrock, A. Von Ze-
lewsky, Inorg. Chem. 1999, 38, 1113; c) U. Knof, A. Von Zelewsky,
Angew. Chem. 1999, 111, 312; Angew. Chem. Int. Ed. 1999, 38, 302.


[6] D. Hesek, Y. Inoue, S. R. L. Everitt, H. Ishida, M. Kunieda, M. G. B.
Drew, Inorg. Chem. 2000, 39, 317.


[7] F. Pezet, J.-C. Daran, I. Sasaki, H. Ait-Haddou, G. G. A. Balavoine,
Organometallics 2000, 19, 4008.


[8] D. Hesek, Y. Inoue, H. Ishida, S. R. L. Everitt, M. G. B. Drew, Tetra-
hedron Lett. 2000, 41, 2617.


[9] M. Chavarot, S. Mÿnage, O. Hamelin, F. Charanay, J. Pÿcaut, M.
Fontecave, Inorg. Chem. 2003, 42, 4810,


[10] M. Brissard, O. Convert, M. Gruselle, C. Guyard-Duhayon, R.
Thouvenot, Inorg. Chem. 2003, 42, 1378; see also refs. [4d] and [4e].


[11] a) J.-P. Collin, A.-C. Laemmel, J.-P. Sauvage, New J. Chem. 2001, 25,
22; b) A.-C. Laemmel, J.-P. Collin, J.-P. Sauvage, Eur. J. Inorg.
Chem. 1999, 383.


[12] D. Hesek, G. A. Hembury, M. G. B. Drew, S. Taniguchi, Y. Inoue,
Inorg. Chem. 2001, 40, 2478.


[13] D. Hesek, Y. Inoue, S. R. L. Everitt, H. Ishida, M. Kunieda, M. G. B.
Drew, J. Chem. Soc. Dalton Trans. 1999, 3701.


[14] a) H. Komatsu, H. Awano, J. Org. Chem. 2002, 67, 5419; b) W. H. J.
Boesten, J.-P. G. Seerden, B. de Lange, H. J. A. Dielemans, H. L. M.
Elsenberg, B. Kaptein, H. M. Moody, R. M. Kellogg, Q. B. Broxter-
man, Org. Lett. 2001, 3, 1121; c) E. Vedejs, Y. Donde, J. Org. Chem.
2000, 65, 2337; d) E. L. Eliel, S. H. Wilen, Stereochemistry of Organ-
ic Compounds, Wiley-Interscience, New York, 1994, pp. 316, 364±
374, 1192, 1193.


[15] H. Brunner, A. Kˆllnberger, T. Burgemeister, M. Zabel, Polyhedron
2000, 19, 1519.


[16] A. S. Goldstein, R. H. Beer, R. S. Drago, J. Am. Chem. Soc. 1994,
116, 2424.


Received: November 26, 2003 [F5749]


Published online: March 12, 2004


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 2548 ± 25542554


FULL PAPER O. Hamelin, M. Fontecave, and J. Pÿcaut



www.chemeurj.org






Molecular Shuttles Based on Tetrathiafulvalene Units and 1,5-
Dioxynaphthalene Ring Systems


Seogshin Kang, Scott A. Vignon, Hsian-Rong Tseng, and J. Fraser Stoddart*[a]


Introduction


In recent years, the convergence of two areas of scientific
endeavor, namely the design and synthesis of mechanically
interlocked compounds[1,2] and solid-state molecular elec-
tronic devices,[3] has led to many significant and unexpected
discoveries. The incorporation of these compounds, that is,
catenanes and rotaxanes containing mechanical bonds, into
solid-state devices has led to the demonstration[4] of high-
density molecular memory and logic devices. Despite some
skepticism, a number of such devices incorporating different
electrodes[5] and molecular switches[6] have been demon-
strated to operate by mechanisms that are believed to be
similar to those observed in solution[7,8] and in half-devices.[9]


In spite of these numerous examples, a number of questions
still remain to be answered with regard to the detailed


mechanism of operation of full, two-terminal devices. One
of the main questions surrounding the full devices relates to
the precise mechanism operating within the single monolay-
er of mechanically-interlocked bistable catenanes[7] or rotax-
anes[8] sandwiched between the two electrodes.
The collaboration between our group at UCLA and the


Heath group at Caltech has resulted[4a±d] in the incorporation
of numerous bistable [2]catenanes and [2]rotaxanes into mo-
lecular-switch tunnel junctions (MSTJs). Such devices are
constructed by depositing a Langmuir±Blodgett (LB) mono-
layer[10] of molecules onto a patterned bottom electrode,
which has been either polysilicon[4a±c] or a semiconducting
carbon nanotube,[4d] but never a metal. This step is then fol-
lowed by the electron beam (e-beam) deposition of a top
electrode, composed of a layer of Ti followed by a layer of
Al. A schematic of such a device, composed of a polysilicon
bottom electrode and a monolayer of amphiphilic bistable
[2]rotaxanes, and its proposed mode of operation is shown
in Figure 1. The fabricated device can be switched between
high and low conductivity states by applying �2 V. If the
higher conducting, or metastable (™ON∫) state of the switch
is left unperturbed, it will undergo a thermal relaxation
back to the lower conducting, ground (™OFF∫) state of the
switch. Also, in keeping with a thermally activated process,
it has been observed that, if the device is cooled down to


[a] S. Kang, S. A. Vignon, Dr. H.-R. Tseng, Prof. J. F. Stoddart
California Nanosystems Institute and
Department of Chemistry and Biochemistry
University of California, Los Angeles
405 Hilgard Avenue, Los Angeles, CA 90095±1569 (USA)
Fax: (+1)310-206-1843
E-mail : stoddart@chem.ucla.edu


Abstract: Six different degenerate
[2]rotaxanes were synthesized and
characterized. The rotaxanes contained
either two tetrathiafulvalene (TTF)
units or two 1,5-dioxynaphthalene
(DNP) ring systems, both of which
serve as recognition sites for a cyclo-
bis(paraquat-p-phenylene) (CBPQT4+)
ring. Three different spacer units were
incorporated into the dumbbell compo-
nents of the [2]rotaxanes between the
recognition sites. They include a poly-
ether chain, a terphenyl unit, and a di-
phenyl ether linker, all of which were
investigated in order to probe the
effect of the spacers on the rate of the


shuttling process. Data from dynamic
1H NMR spectroscopy revealed a rela-
tively small difference in the DG�


values for the shuttling process in the
[2]rotaxanes containing the three dif-
ferent spacers, in contrast to a large
difference between the TTF-containing
rotaxanes (18 kcalmol�1) and the DNP-
containing rotaxanes (15 kcalmol�1).
This 3 kcalmol�1 difference is predomi-


nantly a result of a ground-state effect,
reflecting the much stronger binding of
TTF units to the CBPQT4+ ring in
comparison with DNP ring systems. An
examination of the enthalpic (DH�)
and entropic (DS�) components for the
shuttling process in the DNP-contain-
ing rotaxanes revealed significant dif-
ferences between the three spacers, a
property which could be important in
designing new molecules for incorpora-
tion into molecular electronic and
nanoelectromechanical (NEMs) devi-
ces.


Keywords: molecular shuttles ¥
nanotechnology ¥ NMR spectros-
copy ¥ rotaxanes ¥ self-assembly ¥
template synthesis
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sufficiently low temperatures (~200 K), it can no longer be
switched between these two states.[4a] These observations, to-
gether with results from many control experiments, suggest
that an activated process, most likely an electromechanical
one, is responsible for the switching ™ON∫ and ™OFF∫ of
the device.[11]


The experimental results were certainly not unexpected,
since these mechanically interlocked, switchable molecules
had been designed specifically to undergo electrochemical
switching. The bistable [2]catenanes[7] and [2]rotaxanes[8] are
composed of two components, a tetracationic cyclophane,
cyclobis(paraquat-p-phenylene) (CBPQT4+), and either a
two-station crown ether macrocycle in the case of the bista-
ble [2]catenanes,[7] or a two-station dumbbell component in
the case of the bistable [2]rotaxanes.[8] Within the crown
ether and dumbbell components, the two stations must serve
as very different recognition sites for the CBPQT4+ ring.
Examples of such recognition sites are a tetrathiafulvalene


(TTF) unit and a 1,5-dioxynaphthalene (DNP) ring system.
Being the much stronger p-electron donor, the TTF unit re-
sides inside the CBPQT4+ ring with greater than 99:1 pref-
erence over the DNP ring system (Figure 2a). However, if
the TTF unit is oxidized to its mono- or dicationic form,
then the molecules undergo a circumrotation or translation-
al process so as to position the DNP ring system inside the
CBPQT4+ ring (Figure 2b). This mechanical movement can
then be reversed by reducing the oxidized TTF unit (TTF+


or TTF2+) back to its neutral form (TTF). However, a barri-
er (DG�


DNP) exists to this returning motion (Figure 2c)–one
which, in solution, is overcome rapidly so that an equilibri-
um is established whereby, once again, the lower energy
translational isomer dominates. In more restricted environ-
ments, however, the time it takes for the higher energy
translational isomer (the metastable state) to return to the
lower energy translational isomer (the ground state) can be
expected to increase and does.[12]


Figure 1. Schematic idealized representation of a molecular switch tunnel junction (MSTJ) composed of a bottom polysilicon electrode, a monolayer of
amphiphilic bistable [2]rotaxanes, and a top electrode composed of Ti and Al. The proposed operating mechanism of the device is also shown. Applica-
tion of +2 V oxidizes the TTF unit and causes movement of the CBPQT4+ ring to the DNP ring system. After the voltage is removed, the TTF unit re-
turns to its neutral form, but the ring remains on the DNP ring system in a metastable state. This state is a higher conducting one relative to the ground
state, which is reached when the ring returns to the TTF unit through thermal relaxation or application of �2 V.


Figure 2. Schematic descriptions of the potential-energy surfaces for bistable [2]catenanes and [2]rotaxanes, a) in the neutral ground state, in which the
lower energy isomer with the TTF unit inside the CBPQT4+ ring constitutes the highly preferred translational isomer; b) in the oxidized state, in which
the DNP ring system now resides exclusively within the CBPQT4+ ring; and c) in the metastable state, in which the DNP ring system still resides within
the CBPQT4+ as a result of the barrier, DG�


DNP, to its return to the much lower energy translational isomer where the TTF unit is located inside the
CBPQT4+ ring.
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Although this (electro)chemical switching mechanism has
also been observed in solution employing both UV-visible[8c]


and 1H NMR[8c,13] spectroscopy, the kinetics associated with
the switching process cannot be measured by using these
techniques, because it occurs too rapidly. It would be possi-
ble to determine DG�


TTF and
DG�


DNP (Figure 2) for these non-
degenerate, two-station cate-
nanes[14] and rotaxanes[15] by
studying the circumrotation or
shuttling exchange processes,
respectively, that occur within
them, except that this possibili-
ty is precluded by the fact that
far too little of the higher
energy translational isomer
with the DNP ring system
inside the CBPQT4+ ring is
present to detect in these spec-
troscopic experiments. One way
to avoid this problem is to
design and synthesize model
systems that are similar enough
to the nondegenerate systems,
such that the energy barriers
for the circumrotation and shut-
tling processes will be very sim-
ilar in the two systems. Here,
we present one approach to this
problem that involves synthe-
sizing degenerate, two-station
rotaxanes whereby both recog-
nition sites positioned along the
dumbbell component of the
[2]rotaxane are identical, that
is, either both TTF units or
both DNP ring systems, so that
the exchange process (shut-
tling[15]) between two iso-
energetic forms (Figure 3) can
be easily observed by dynamic
1H NMR spectroscopy.
In addition to comparing the


shuttling rates in molecular
shuttles containing dual TTF
and DNP stations, it was also


possible for us to incorporate
different spacer units into the
degenerate [2]rotaxanes be-
tween the two recognition sites.
Since the CBPQT4+ ring must
pass over these spacer units to
move from one site to the
other, by changing the size and/
or functionality associated with
these spacer units, it should be
possible to influence the shut-
tling speed. Three different
spacer units were incorporated


into the range of molecular shuttles in order to determine
their influence. Here we will describe 1) the template-direct-
ed synthesis[16] of the six degenerate [2]rotaxanes, 1¥4PF6±
6¥4PF6, shown in Figure 4, and their corresponding dumbbell
components, 7--12 ; 2) the complete characterization of all


Figure 3. Schematic descriptions of the potential-energy surfaces for degenerate [2]rotaxanes that contain two
identical recognition sites for the CBPQT4+ ring, either a) both DNP ring systems or b) both TTF units.


Figure 4. The structural formulas for the six degenerate [2]rotaxanes, 1¥4PF6±6¥4PF6, containing either two
TTF units or two DNP ring systems. Also shown are the labels for the protons used to study the shuttling
process.
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the molecular shuttles; and 3) a dynamic 1H NMR spectro-
scopic study of the shuttling rates in all of these compounds.


Results and Discussion


Design and synthetic strategy : Retrosynthetic analyses of
the degenerate [2]rotaxanes 1¥4PF6±6¥4PF6, and their corre-
sponding precursor dumbbell-shaped compounds 7±12 led to
the following considerations and strategies. Common, of
course, to all six syntheses is the final clipping reaction to
form (Schemes 1 and 2) the CBPQT4+ ring around each of
the six dumbbell-shaped compounds. It is a template-direct-
ed procedure.[16] The conventional syntheses (Schemes 1 and
2) of the DNP-containing dumbbell-shaped compounds 7, 9,
and 11 rely upon two key starting materials, namely, the al-
cohol 3 and its tosylate[17] 14, which are co-joined directly by
nucleophilic substitution to give 7 or to one or two spacers,
namely 19 and 20 by esterification and nucleophilic substitu-
tion, respectively, to afford 9 and 11. Under essentially simi-
lar conditions, the syntheses of the three TTF-containing
dumbbell-shaped compounds 8, 10, and 12 have been ach-
ieved (Schemes 1 and 2) starting from precursors which in-
clude the alcohol 15 and its tosylate 16, as well as the two
spacers 19 and 20 where appropriate.


Synthesis : The routes employed in the syntheses of the de-
generate, two-station [2]rotaxanes 1¥4PF6 and 2¥4PF6, and
their corresponding dumbbell-shaped compounds 7 and 8,


respectively, are outlined in Scheme 1. The dumbbell-shaped
compound 7 was obtained in 87% yield by alkylating the al-
cohol[18] 13 with the tosylate 14 in the presence of NaH as
base. The dumbbell-shaped compound 7 was then used as
the template in a template-directed synthesis[16] of the [2]ro-
taxane 1¥4PF6. A CBPQT4+ ring was clipped onto the dumb-
bell-shaped template from its dicationic precursor[19] 18¥2PF6
and a,a’-dibromoxylene (17) to give the [2]rotaxane 1¥4PF6
in 54% yield, as an analytical pure, purple solid after chro-
matography on silica gel using a 1% NH4PF6 solution in
Me2CO as eluent. Similarly, the TTF-containing [2]rotaxane
2¥4PF6 and its dumbbell-shaped precursor 8 were prepared
from the alcohol[8c,13] 15 with the tosylate[8c,13] 16, in 82%
and 51%, respectively, by using the reaction and isolation
conditions similar to those employed in the preparations of
7 and 1¥4PF6.
The preparation of the dumbbell-shaped compounds 9±12


and their corresponding [2]rotaxanes 3¥4PF6±6¥4PF6, are
summarized in Scheme 2. In pathway I, the dumbbell-
shaped compounds 9 and 10 were obtained in 95% and
97% yields by a diesterfication of 4,4’-oxybis(benzoic acid)
(19) with two equivalent of the alcohols 13 and 15, respec-
tively. In pathway II, dialkylation of 4,4’’-dihydroxy-p-ter-
phenyl[20] (20) with the tosylates 14 and 16, in the presence
of K2CO3, LiBr, and [18]crown-6 in DMF, gave the dumb-
bell-shaped compounds 11 and 12 in 90% and 63% yields,
respectively. Once again, the [2]rotaxanes 3¥4PF6±6¥4PF6
were obtained in 25%, 11%, 25%, and 51% yields, respec-
tively, by applying a template-directed protocol[16] in which


Scheme 1. The syntheses of the [2]rotaxanes 1¥4PF6 and 2¥4PF6.
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the dumbbell-shaped compounds were treated with the dica-
tionic precursor 18¥2PF6 and a,a’-dibromoxylene (17) in
DMF at room temperature.


Dynamic 1H NMR spectroscopy: The shuttling processes in
the six degenerate [2]rotaxanes, namely 1¥4PF6±6¥4PF6,
were investigated by acquiring 1H NMR spectra of each ro-
taxane at a variety of different temperatures in CD3COCD3.
In these rotaxanes, the CBPQT4+ ring is located on one of
two identical stations and shuttles back and forth between
these two degenerate forms. At lower temperatures, this
shuttling process becomes slow on the 1H NMR timescale
and the signals in the 1H NMR spectrum separate into pairs
of equal intensity signals. This separation is most evident
when observing the 1H NMR signals (Figure 5) for the alkyl
protons on the hydrophobic stoppers. The chemical shifts
for these protons in the dioxynaphthalene-containing rotax-
anes 1¥4PF6, 3¥4PF6 and 5¥4PF6 at high and low temperature
are listed in Table 1. Quantitative analysis of this shuttling
process was accomplished by using two methods. Spin satu-
ration transfer[21] (SST) was used to determine the rate of
shuttling in the slow-exchange regime and line-shape analy-
sis[22] (LSA) (see Figure 6 for example spectra) was used


over the entire range. The data are summarized in Tables 2±
4. From this data, it is apparent that the DG� values for
shuttling in all of these three rotaxanes are all within ~
0.5 kcalmol�1 of each other. Thus, very little difference is
observed between the shuttling processes in rotaxanes con-


Table 1. 1H NMR chemical shift values for select protons of the degener-
ate 1,5-dioxynaphthalene-containing rotaxanes 1¥4PF6, 3¥4PF6, and
5¥4PF6 at high and low temperature in CD3COCD3 at 500 MHz.


Assignment[a] Limiting T Limiting T
d values[b] [K] d values[c] [K]


1¥4PF6 HtBu 1.20, 1.27 236 1.30 326
HEt 2.52, 2.58 236 2.61 315
HMe 1.11, 1.17 236 1.21 326


3¥4PF6 HtBu 1.25, 1.28 232 1.32 327
HEt 2.56, 2.59 232 2.63 317
HMe 1.15, 1.19 232 1.23 327


5¥4PF6 HtBu 1.22, 1.25 236 1.29 316
HEt 2.54, 2.57 236 2.60 316
HMe 1.12, 1.15 236 1.20 316


[a] Assignments for these protons are given in Figure 4. [b] Low tempera-
ture. [c] High temperature.


Scheme 2. The syntheses of the [2]rotaxanes 3¥4PF6±6¥4PF6.
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taining the three different spacers considering DG� values
alone.
Quantitative analyses of the shuttling processes in rotax-


anes 2¥4PF6, 4¥4PF6 and 6¥4PF6 were precluded by the pres-
ence of multiple isomers arising from the different possible


Table 4. Kinetic and thermodynamic data for shuttling in the [2]rotaxane
5¥4PF6 in CD3COCD3.


T [K] [a] kex [s
�1] DG� [kcalmol�1][b]


236 0.1[c] 14.8
247 0.4[c] 14.9
259 1.5[c] 14.9


247 0.4[d] 14.8
258 1.4[d] 14.9
270 4.4[d] 15.0
282 13[d] 15.0
293 33[d] 15.1
305 85[d] 15.2


[a] Calibrated using neat MeOH sample. [b] �0.1 kcalmol�1. [c] These
data were obtained by the spin saturation transfer[21] (SST) method. Ex-
change was observed between the resonances for H2/6 (Figure 4) at d=
2.26/7.33 ppm. [d] These data were obtained by the line shape analysis[22]


(LSA) method. The signals corresponding to HEt (Figure 4) at d=2.54/
2.57 ppm were simulated.


Table 3. Kinetic and thermodynamic data for shuttling in the [2]rotaxane
3¥4PF6 in CD3COCD3.


T [K][a] kex [s
�1] DG� [kcalmol�1][b]


248 0.2[c] 15.3
259 0.7[c] 15.3
270 1.8[c] 15.4
282 4.7[c] 15.6


270 2[d] 15.4
282 6[d] 15.5
294 19[d] 15.5
304 55[d] 15.4
317 120[d] 15.6


[a] Calibrated using neat MeOH sample. [b] �0.1 kcalmol�1. [c] These
data were obtained by the spin saturation transfer[21] (SST) method. Ex-
change was observed between the resonances for HtBu (Figure 4) at d=
1.27/1.30 ppm. [d] These data were obtained by the line shape analysis[22]


(LSA) method. The signals corresponding to HEt (Figure 4) at d=2.56/
2.59 ppm were simulated.


Table 2. Kinetic and thermodynamic data for shuttling in the [2]rotaxane
1¥4PF6 in CD3COCD3.


T [K][a] kex [s
�1] DG� [kcalmol�1][b]


247 0.2[c] 15.2
255 0.7[c] 15.3


259 0.8[d] 15.2
271 3[d] 15.2
282 8[d] 15.3
293 20[d] 15.4
305 47[d] 15.5


[a] Calibrated using neat MeOH sample. [b] �0.1 kcalmol�1. [c] These
data were obtained by the spin saturation transfer[21] (SST) method. Ex-
change was observed between the resonances for HMe (Figure 4) at d=
1.15/1.20 ppm. [d] These data were obtained by the line shape analysis[22]


(LSA) method. The signals corresponding to HEt (Figure 4) at d=2.52/
2.58 ppm were simulated.


Figure 5. Partial 1H NMR spectra for 5¥4PF6 in CD3COCD3 recorded at
a) 316 K, b) 282 K, and c) 226 K. The resonances corresponding to the
protons on the hydrophobic stopper are labeled. Structural assignments
for these protons can be found in Figure 4. Note that at lower tempera-
tures, the signals for Me, Et (CH2CH3) and tBu separate out into two
triplets, two quartets, and two singlets, respectively: at higher tempera-
tures one triplet, one quartet, and one singlet are observed as a result of
coalescence of the respective signals.


Figure 6. The simulated (top) and experimental (bottom) partial
1H NMR spectra for the resonances of the HEt protons (Figure 4) of
5¥4PF6 at a) 305 K, b) 293 K, c) 282 K, d) 270 K, e) 258 K, and f) 247 K.
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substitution patterns on the TTF moiety (referred to here as
cis and trans). Thus, there are four possible exchange proc-
esses that can occur, with the CBPQT4+ ring moving from
cis-to-trans, trans-to-cis, cis-to-cis, or trans-to-trans. Although
it would be interesting to study the different rates of shut-
tling between these isomers and the relative preference of
the ring for one isomer over the other, it was not possible to
identify these isomers in the 1H NMR spectrum well enough
to analyze the shuttling process. It was, however, possible to
estimate[23] that the DG� value for shuttling between the
two TTF sites is ~17±18 kcalmol�1 by observing the coales-
cences of the many peaks corresponding to the different iso-
mers.
In order to investigate more deeply the different effects


of the three spacers on the shuttling process, the DH� and
DS� values were deduced from the graphs shown in
Figure 7. An examination of this data (Table 5) reveals sig-
nificant differences for the three different spacers. The
glycol chain spacer has the largest entropic penalty (large
negative DS�) associated with a reduction in the conforma-
tional flexibility in the transition state. On the other hand,
the enthalpic penalty for shuttling over the glycol chain
spacer is the smallest of the three, presumably because of fa-
vorable electrostatic interactions between the partially nega-


tive oxygen atoms and the CBPQT4+ ring, and also the
smaller size relative to the aromatic spacers. The terphenyl
and diester spacers have similar entropic penalties and are
smaller than that for the glycol spacer. This result is not su-
prising on account of the more rigid nature of these aromat-
ic-ring-containing spacers. The largest enthalpic penalty of
the three spacers is found to be for the diester-containing
spacer, perhaps resulting from the ™bent∫ nature of the
spacer resulting from the bisphenyloxy linkage, compared to
the linear terphenyl spacer. Enthalpic versus entropic con-
siderations will be important when designing molecules to
operate as molecular machines and switches in the solid
state. The operating temperatures will also have to be con-
sidered when choosing the optimal spacer to incorporate
into the molecular design. In order to construct devices
where the shuttling or switching barrier does not change
dramatically with temperature, more rigid aromatic spacers
will need to be used.


Conclusion


In this paper, kinetic and thermodynamic data have been
presented for shuttling of a CBPQT4+ ring component in a
series of degenerate [2]rotaxanes containing either two TTF
units or two DNP ring systems in their dumbbell compo-
nents as recognition sites for the ring. These degenerate mo-
lecular shuttles serve as models to study the barriers to ring
movement in the nondegenerate bistable [2]rotaxanes used
in molecular electronic devices.[4] It has been found that the
barrier for shuttling between two DNP ring systems is
~15 kcalmol�1, while in the case of two TTF units the barri-
er increases to ~17±18 kcalmol�1. The difference observed
between these two molecular shuttles arises primarily from
a ground-state effect, reflecting the difference in binding
constants of the TTF unit (Ka=500000m


�1 in CD3CN,
DGo


298=�8 kcalmol�1)[24] versus the DNP ring system (Ka=


25000m�1 in CD3CN, DG
o
298=�6 kcalmol�1),[25] each carry-


ing two diethyleneglycol substituents, with a CBPQT4+ ring.
Additionally, the effect of the spacers on the DG� values
was shown to be minimal. When the enthalpic and entropic
activation parameters, namely DH� and DS�, were deter-
mined, large differences were observed. In an upcoming
review article, this thermodynamic data will be compared to
data for similar processes in more restricted environments,
such as half-devices and full-devices, to provide further evi-
dence that the mechanism operating across all of these re-
gimes is a common one, namely a mechanical ring move-
ment.


Figure 7. Eyring plots created from the data in Tables 2±4 for the degen-
erate rotaxanes a) 1¥4PF6, b) 3¥4PF6, and c) 5¥4PF6. The values for DH


�


and DS� were obtained from the slopes and intercepts of these plots, re-
spectively, and are given in Table 5.


Table 5. Activation parameters for shuttling in the [2]rotaxanes 1¥4PF6,
3¥4PF6, and 5¥4PF6 in CD3COCD3.


DH� [kcalmol�1] DS� [cal molK�1]


1¥4PF6 12.7 �9.3
3¥4PF6 14.5 �3.2
5¥4PF6 13.6 �4.8


Chem. Eur. J. 2004, 10, 2555 ± 2564 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2561


Molecular Shuttles 2555 ± 2564



www.chemeurj.org





Experimental Section


General methods : Chemicals were purchased from Aldrich and used as
received. The alcohols 13[16] and 15,[8c,13] the tosylate 16,[8c,13] a,a’-[1,4-
phenylenebis (methylene)]bis-(4,4’-bipyridium) bis(hexa-fluorophos-
phate) (18¥2PF6),


[19] and 4,4’-dihydroxy-p-terphenylene (20)[20] were all
prepared according to procedures reported in the literature. Solvents
were dried following methods described in the literature. All reactions
were carried out under an anhydrous argon atmosphere. Thin-layer chro-
matography (TLC) was performed on aluminum sheets coated with silica
gel 60F (Merck 5554). The plates were inspected by UV light and, if re-
quired, developed in I2 vapor. Column chromatography was carried out
by using silica gel 60 (Merck 9385, 230±400 mesh). Melting points were
determined on an Electrothermal 9100 melting point apparatus and are
uncorrected. All 1H and 13C NMR spectra were recorded on either 1) a
Bruker ARX400 (400 MHz and 100 MHz, respectively), 2) a Bruker
ARX500 (500 MHz and 125 MHz, respectively), or 3) a Bruker
Avance 500 (500 MHz and 125 MHz, respectively), using residual solvent
as the internal standard. Samples were prepared by using CDCl3,
CD3COCD3, or CD3CN purchased from Cambridge Isotope Laborato-
ries. All chemical shifts are quoted using the d scale, and all coupling
constants (J) are expressed in Hertz (Hz). Electron impact ionization
mass spectrometry (EIMS) was performed on a AUTO-SPEC instru-
ment. Fast atom bombardment (FAB) mass spectra were obtained using
a ZAB-SE mass spectrometer, equipped with a krypton primary atom
beam, utilizing a m-nitrobenzyl alcohol matrix. Cesium iodide or poly(-
ethylene glycol) were employed as reference compounds. Electrospray
mass spectra (ESMS) were measured on a VG ProSpec triple focusing
mass spectrometer with MeCN as the mobile phase. Microanalyses were
performed by Quantitative Technologies, Inc.


Tosylate 14 : A suspension of 4-[4-ethylphenyl-bis(4-tert-butylphenyl)me-
thyl]phenol[26] (477 mg, 1.00 mmol), the ditosylate[27] of 1,5-bis[2(hydrox-
yethoxy)ethoxy]naphthalene (1.09 g, 1.69 mmol), K2CO3 (276 mg,
2.00 mmol), LiBr (10 mg, cat. amount), and [18]crown-6 (10 mg, cat.
amount) in anhydrous MeCN (150 mL) was heated under reflux for two
days. After cooling to room temperature, the mixture was filtered and
the solid was washed with CH2Cl2. The combined organic phase was
dried in vacuo and the residue was purified by column chromatography
(SiO2, EtOAc/hexane 1:3) to give the tosylate 14 (763 mg, 80%) as a col-
orless oil. 1H NMR (CDCl3, 500 MHz): d=1.23 (t, J=7.6 Hz, 3H), 1.30
(s, 18H), 2.35 (s, 3H), 2.62 (q, J=7.6 Hz, 2H), 3.82 (t, J=4.7 Hz, 2H),
3.91 (t, J=4.7 Hz, 2H), 3.99 (t, J=4.8 Hz, 2H), 4.07 (t, J=4.8 Hz, 2H),
4.16 (t, J=4.9 Hz, 2H), 4.19 (t, J=4.7 Hz, 2H), 4.22 (t, J=4.7 Hz, 2H),
4.32 (t, J=4.9 Hz, 2H), 6.79 (d, J=7.5 Hz, 1H), 6.80±6.82 (m, 2H), 6.86
(d, J=7.5 Hz, 1H), 7.04±7.10 (m, 10H), 7.21±7.24 (m, 6H), 7.31 (dd, J=
8.5, 7.5 Hz, 1H), 7.34 (dd, J=8.5, 7.5 Hz, 1H), 7.76±7.79 (m, 2H), 7.80
(d, J=8.5 Hz, 1H), 7.88 ppm (d, J=8.5 Hz, 1H); 13C NMR (CDCl3,
125 MHz): d=15.3, 21.5, 28.2, 31.3, 34.2, 60.3, 63.1, 67.3, 67.8, 67.9, 68.9,
69.3, 69.8, 70.0, 105.6, 105.7, 113.1, 114.5, 114.7, 124.0, 125.0, 125.1, 126.5,
126.6, 126.7, 127.8, 129.7, 130.6, 131.0, 132.1, 132.9, 139.7, 141.3, 144.1,
144.5, 144.7, 148.2, 154.1, 154.3, 156.5 ppm; MS(FAB): m/z (%): 948 (20)
[M]+ ; elemental analysis calcd(%) for C60H68O8S: C 75.92, H 7.22;
found: C 75.93, H 7.28.


General procedure for the preparation of the dumbbell-shaped com-
pounds 7 and 8 : A mixture of the alcohols 13[16] or 15[8c,13] (0.600 mmol)
and NaH (4.8 mmol) in dry THF (20 mL) was heated under reflux for
30 min, and a solution of the tosylate 14 or 16[8c,13] (639 mg, 0.673 mmol),
respectively, in THF (5 mL) was then added into the mixture. The reac-
tion mixture was heated and stirred under reflux for 16 h. After cooling
down to room temperature, H2O was added to the mixture. The mixture
was then extracted with CH2Cl2 (3î50 mL) and brine, and dried
(MgSO4). The solvent was removed and the residue was subjected to
column chromatography (SiO2, EtOAc/Hexane: 1/2) to give the dumb-
bell-shaped compounds.


Compound 7: Yield: 87%; 1H NMR (CD3COCD3, 500 MHz): d=1.16 (t,
J=7.5 Hz, 6H), 1.25 (s, 36H), 2.57 (q, J=7.5 Hz, 4H), 3.61 (t, J=4.5 Hz,
4H), 3.67 (t, J=4.4 Hz, 4H), 3.86±3.91 (m, 8H), 3.93±3.97 (m, 4H), 4.06±
4.11 (m, 4H), 4.16±4.20 (m, 4H), 4.20±4.24 (m, 4H), 6.75±6.80 (m, 4H),
6.83 (d, J=6.2 Hz, 2H), 6.85 (d, J=6.2 Hz, 2H), 7.03±7.09 (m, 20H),
7.23±7.29 (m, 12H), 7.80 (d, J=8.4 Hz, 2H), 7.81 ppm (d, J=8.4 Hz,


2H); 13C NMR (CD3COCD3, 125 MHz): d=14.8, 19.8, 27.8, 30.7, 33.8,
63.0, 67.3, 67.8, 69.3, 69.4, 69.6, 70.4, 70.6, 105.5, 105.6, 113.1, 114.1, 114.2,
124.0, 124.0, 125.0, 125.0, 126.6, 130.4, 130.7, 131.8, 139.3, 141.3, 144.3,
144.6, 148.1, 154.3, 154.3, 156.8, 169.9 ppm; MS (FAB): m/z (%): 1572
(100) [M+1]+ ; elemental analysis calcd(%) for C106H122O11: C 80.98, H
7.82; found: C 80.78, H 7.86.


Compound 8 : Yield: 82%; 1H NMR (CD3COCD3, 500 MHz): d=1.18 (t,
J=7.6 Hz, 6H), 1.27 (s, 36H), 2.58 (q, J=7.6 Hz, 4H), 3.56±3.60 (m,
20H), 3.64±3.66 (m, 4H), 3.77±3.79 (m, 4H), 4.08±4.10 (m, 4H), 4.28±
4.29 (m, 8H), 6.47±6.50 (m, 4H), 6.80±6.82 (m, 4H), 7.05±7.10 (m, 20H),
7.27±7.29 ppm (m, 8H); 13C NMR (CD3COCD3, 125 MHz): d=14.9, 27.8,
29.1, 30.7, 33.8, 63.0, 67.2, 67.5, 67.5, 67.6, 69.1, 69.1, 69.1, 69.4, 69.4, 70.2,
70.3, 70.3, 70.3, 109.7, 113.1, 116.4, 116.5, 116.5, 124.1, 126.7, 130.4, 130.7,
131.8, 134.7, 134.7, 134.8, 134.8, 139.3, 141.3, 144.3, 144.6, 148.1,
156.8 ppm; MS(FAB): m/z (%): 1780 (100) [M+1]+ ; elemental analysis
calcd(%) for C102H122O11S8: C 68.80, H 6.91; found: C 68.72, H 6.86.


General procedure for the preparation of the dumbbell-shaped com-
pounds 9 and 10 : A suspension of the alcohols 13[16] or 15[8c,13]


(0.33 mmol), 4,4’-oxybis(benzoic acid) (19) (39 mg, 0.15 mmol), DCC
(129 mg, 0.60 mmol), and DMAP (73 mg, 0.60 mmol) in a solvent mixture
containing CH2Cl2 (7 mL) and THF (20 mL) was stirred at room temper-
ature for 24 h. After removal of solvent, the residue was purified by
column chromatography (SiO2, EtOAc/hexane 1:2) to give the dumbbell-
shaped compounds.


Compound 9 : Yield: 95%; 1H NMR (CDCl3, 500 MHz): d=1.22 (t, J=
7.6 Hz, 6H), 1.29 (s, 36H), 2.61 (q, J=7.6 Hz, 4H), 3.96±3.99 (m, 8H),
4.03 (t, J=4.9 Hz, 4H), 4.04 (t, J=4.9 Hz, 4H), 4.14 (t, J=4.7 Hz, 4H),
4.29 (t, J=4.9 Hz, 4H), 4.30 (t, J=4.9 Hz, 4H), 4.52 (t, J=4.7 Hz, 4H),
6.77±6.79 (m, 4H), 6.80 (d, J=7.7 Hz, 2H), 6.81 (d, J=7.7 Hz, 2H), 6.98
(d, J=8.8 Hz, 4H), 7.03±7.09 (m, 20H), 7.20±7.23 (m, 8H), 7.28 (dd, J=
8.5, 7.7 Hz, 2H), 7.29 (d, J=8.5, 7.7 Hz, 2H), 7.84 (d, J=8.5 Hz, 2H),
7.85 (d, J=8.5 Hz, 2H), 8.04 ppm (d, J=8.8 Hz, 4H); 13C NMR (CDCl3,
125 MHz): d=15.2, 28.2, 31.3, 34.2, 63.1, 64.1, 67.2, 67.8, 67.9, 69.4, 69.7,
69.9, 70.0, 105.6, 105.6, 113.1, 114.5, 114.7, 118.5, 124.0, 125.0, 125.0,
125.5, 126.6, 126.6, 126.7, 130.6, 131.0, 131.9, 132.1, 139.7, 141.3, 144.1,
144.5, 148.2, 154.2, 154.2, 156.7, 160.1, 165.8 ppm; MS(FAB): m/z (%):
1812 (88) [M+1]+ ; elemental analysis calcd(%) for C120H130O15: C 79.53,
H 7.23; found: C, 79.07, H, 7.23.


Compound 10 : Yield: 97%; 1H NMR (CD3COCD3, 500 MHz): d=1.19
(t, J=7.5 Hz, 6H), 1.30 (s, 36H), 2.61 (q, J=7.5 Hz, 4H), 3.60±3.64 (m,
8H), 3.66±3.71 (m, 8H), 3.80±3.84 (m, 8H), 4.09±4.10 (m, 4H), 4.29±4.31
(m, 8H), 4.43±4.45 (m, 4H), 6.43±6.47 (3îs, 4H), 6.81±6.83 (m, 4H),
7.09±7.16 (m, 20H), 7.30 (d, J=8.4 Hz, 8H), 8.09 ppm (d, J=8.5 Hz,
4H); 13C NMR (CD3COCD3, 125 MHz): d=14.9, 27.8, 29.3, 30.7, 33.8,
63.0, 63.8, 67.2, 67.6, 67.6, 68.8, 69.1, 69.4, 70.3, 70.3, 113.1, 116.3, 116.4,
116.5, 118.6, 124.0, 126.6, 130.4, 130.7, 131.7, 131.8, 139.3, 141.3, 144.3,
144.6, 148.1, 156.8, 160.1, 165.1, 204.3 ppm; MS (FAB): m/z (%): 2021
(97) [M]+ .


General procedure for the preparation of the dumbbell-shaped com-
pounds 11 and 12 : A solution of tosylates 14 or 16[8c,13] (0.321 mmol), the
terphenyl diol 20 (38 mg, 0.146 mmol), K2CO3 (61 mg, 0.437 mmol), LiBr
(10 mg, cat. amount), and [18]crown-6 (10 mg, cat. amount) in anhydrous
DMF (10 mL) was heated at 100 8C for 10 h. After cooling down to room
temperature and removal of solvent, the mixture was extracted with
CH2Cl2 (3î50 mL). The combined organic layers were dried (MgSO4)
and evaporated. The residue was purified by column chromatography
(SiO2, EtOAc/hexane/CH2Cl2 1:2:5) to give the dumbbell-shaped com-
pound.


Compound 11: Yield: 90%; 1H NMR (CDCl3, 500 MHz): d=1.25 (t, J=
7.6 Hz, 6H), 1.31 (s, 36H), 2.64 (q, J=7.6 Hz, 4H), 3.99 (t, J=4.8 Hz,
4H), 4.04 (t, J=4.8 Hz, 4H), 4.07 (t, J=4.8 Hz, 4H), 4.10 (t, J=4.8 Hz,
4H), 4.16 (t, J=4.8 Hz, 4H), 4.24 (t, J=4.8 Hz, 4H), 4.31±4.35 (m, 8H),
6.81±6.83 (m, 4H), 6.85 (d, J=7.5 Hz, 2H), 6.86 (d, J=7.5 Hz, 2H), 7.03
(d, J=8.7 Hz, 4H), 7.06±7.12 (m, 20H), 7.23±7.26 (m, 8H), 7.33 (dd, J=
8.4, 7.5 Hz, 2H), 7.34 (dd, J=8.4, 7.5 Hz, 2H), 7.56 (d, J=8.7 Hz, 4H),
7.61 (s, 4H), 7.89 (d, J=8.4 Hz, 2H), 7.90 ppm (d, J=8.4 Hz, 2H);
13C NMR (CDCl3, 125 MHz): d=15.2, 28.1, 29.6, 31.3, 34.2, 63.1, 67.3,
67.6, 67.9, 67.9, 69.9, 70.0, 70.0, 105.7, 113.1, 114.6, 114.6, 114.9, 124.0,
125.0, 126.6, 126.7, 126.7, 126.9, 127.9, 130.6, 131.0, 132.1, 133.4, 139.0,
139.7, 141.3, 144.1, 144.5, 148.2, 154.2, 154.2, 156.5, 158.3 ppm; MS(FAB):
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m/z (%): 1816 (100) [M+1]+ ; elemental analysis calcd(%) for
C124H134O12: C 81.99, H 7.44; found: C 81.07, H 7.53.


Compound 12 : Yield: 63%; 1H NMR (CD3COCD3, 500 MHz): d=1.17
(t, J=7.6 Hz, 6H), 1.26 (s, 36H), 2.58 (q, J=7.6 Hz, 4H), 3.56±3.64 (m,
12H), 3.64±3.68 (m, 4H), 3.75±3.80 (m, 4H), 3.81±3.83 (m, 4H), 4.06±
4.09 (m, 4H), 4.15±4.18 (m, 4H), 4.28±4.30 (m, 8H), 6.46, 6.48, 6.49, 6.49
(4 î s, 4H), 6.79±6.82 (m, 4H), 7.01 (d, J=8.6 Hz, 2H), 7.02 (d, J=
8.6 Hz, 2H), 7.05±7.11 (m, 20H), 7.26±7.28 (m, 8H), 7.59 (d, J=8.6 Hz,
2H), 7.60 (d, J=8.6 Hz, 2H), 7.63 ppm (s, 4H); 13C NMR (CD3COCD3,
125 MHz): d=14.8, 26.7, 27.8, 30.6, 33.8, 63.0, 67.2, 67.5, 67.6, 69.1, 69.2,
69.4, 69.4, 70.3, 70.4, 113.1, 114.9, 116.3, 116.4, 116.4, 116.5, 124.0, 126.6,
126.6, 127.6, 130.4, 130.7, 131.8, 134.7, 134.7, 134.8, 139.2, 139.2, 141.3,
144.3, 144.6, 148.1, 156.8, 158.6 ppm; MS(FAB): m/z (%): 2024 (100)
[M+1]+ ; elemental analysis calcd (%) for C120H134O12S8: C 71.18, H 6.67;
found: C 70.81, H 6.64.


General procedure for the preparation of the [2]rotaxanes : A solution of
the dumbbell-shaped compounds 7, 8, 9, 10, 11, or 12 (0.035 mmol), the
dicationic salt 18¥2PF6 (74 mg, 0.105 mmol) and the dibromide 17 (28 mg,
0.105 mmol) in anhydrous DMF (10 mL) was stirred at room tempera-
ture for 10 d (after approximately 2 d the color changed to dark purple
(for DNP) or dark green (for TTF) and a white precipitate formed).
After removal of the solvent, the residue was subjected to column chro-
matography (SiO2) and unreacted dumbbell-shaped compounds was
eluted with Me2CO, whereupon the eluent was changed to Me2CO/
NH4PF6 (1.0 g NH4PF6 in 100 mL Me2CO) and the colored band contain-
ing the [2]rotaxanes was collected. Most of the solvent was removed
under vacuum. After adding H2O (50 mL) to the residue, the precipitate
was collected by filtration, washed with Et2O (30 mL), and dried in
vacuo to afford the [2]rotaxanes.


Compound 1¥4PF6 : Yield: 54%; m.p. 256±258 8C; UV/Vis (MeCN):
lmax=514 nm;


1H NMR (CD3CN, 500 MHz): d=1.06±1.15 (m, 6H), 1.20,
1.26 (2 î s, 36H), 2.18±2.23 (m, 1H), 2.24±2.31 (m, 1H), 2.47±2.63 (m,
4H), 3.54±4.41 (m, 32H), 5.53±5.81 (m, 8H), 5.81±5.89 (m, 1H), 6.03±
6.10 (m, 1H), 6.11±6.18 (m, 1H), 6.31±6.38 (m, 1H), 6.57±6.74 (m, 2H),
6.77±7.33 (m, 42H), 7.78±8.04 (m, 10H), 8.29±8.45 (m, 4H), 8.63±8.81 (m,
2H), 8.86±9.01 ppm (m, 2H); MS (FAB): m/z (%): 2526 (15) [M�PF6]+ ,
2381 (30) [M�2PF6]+ , 2236 (10) [M�3PF6]+ ; elemental analysis calcd
(%) for C142H154N4O11P4F24: C 63.81, H 5.81, N 2.10; found: C 62.90, H
5.98, N 2.00.


Compound 2¥4PF6 : Yield: 51%; m.p. 106±108 8C (decomp); UV/Vis
(MeCN): lmax=846 nm;


1H NMR (CD3CN, 500 MHz): d=1.17 (t, J=
7.6 Hz, 6H), 1.26 (s, 36H), 2.57 (m, 4H), 3.20±4.28 (m, 40H), 5.47±5.83
(m, 8H), 6.01±6.36 (m, 4H), 6.49±6.64 (m, 2H), 6.66±6.82 (m, 2H), 6.96±
7.17 (m, 20H), 7.19±7.33 (m, 8H), 7.51±7.95 (m, 16H), 8.75±9.15 ppm (m,
8H); MS (FAB): m/z (%): 2734 (5) [M�PF6]+ , 2589 (4) [M�2PF6]+ ; ele-
mental analysis calcd (%) for C138H154N4O11P4S8F24: C 57.53, H 5.39, N
1.94; found: C 59.85, H 5.23, N 1.99.


Compound 3¥4PF6 : Yield: 25%; m.p. 251±253 8C; UV/Vis (MeCN):
lmax=516 nm;


1H NMR (CD3CN, 500 MHz): d=1.11±1.18 (m, 6H), 1.19±
1.28 (br, 36H), 2.31±2.39 (m, 2H), 2.51±2.60 (m, 4H), 3.80±4.00 (m, 8H),
4.04±4.12 (m, 2H), 4.13±4.34 (m, 16H), 4.36±4.48 (m, 4H), 4.71±4.79 (m,
2H), 5.55±5.74 (m, 8H), 5.86±5.98 (m, 2H), 6.17±6.28 (m, 2H), 6.71±6.85
(m, 6H), 6.86±6.93 (m, 2H), 6.94±7.00 (m, 2H), 7.01±7.14 (m, 24H),
7.15±7.35 (m, 14H), 7.62±7.72 (m, 2H), 7.80±8.10 (m, 12H), 8.46±8.71 (m,
4H), 8.71±8.99 ppm (m, 2H); MS(FAB): m/z (%): 2767 (12) [M�PF6]+ ,
2621 (8) [M�2PF6]+ , 2476 (7) [M�3PF6]+ ; elemental analysis calcd (%)
for C156H162N4O15P4F24: C 64.32, H 5.61, N 1.92; found: C 62.71, H 5.46,
N 1.85.


Compound 4¥4PF6 : Yield: 11%; m.p. 221±221 8C; 1H NMR (CD3CN,
500 MHz): d=1.17 (2ît, J=7.5 Hz, 6H), 1.23±1.27 (m, 36H), 2.57 (q,
J=7.5 Hz, 4H), 3.52±4.58 (m, 20H), 5.49±5.68 (m, 8H), 6.00, 6.04, 6.20,
6.21 (4îs, 2H), 6.52, 6.53, 6.56, 6.58 (4îs, 2H), 7.09±7.16 (m, 20H), 7.30
(d, J=8.4 Hz, 8H), 8.09 (d, J=8.5 Hz, 4H), 6.76±9.00 ppm (m, 52H); MS
(FAB): m/z (%): 2974 (10) [M�PF6]+ , 2831 (9) [M�2PF6]+ .
Compound 5¥4PF6 : Yield: 25%; m.p. 252±254 8C; UV/Vis (MeCN):
lmax=519 nm;


1H NMR (CD3COCD3, 500 MHz): d=1.13±1.21 (m, 6H),
1.21±1.34 (s, 36H), 2.53±2.61 (m, 4H), 2.72±2.80 (m, 2H), 3.87±4.68 (m,
32H), 5.93±6.15 (m, 8H), 6.20±6.38 (m, 2H), 6.39±6.60 (m, 2H), 6.77±
7.16 (m, 32H), 7.19±7.37 (m, 10H), 7.45±7.66 (m, 6H), 7.69±7.96 (m,
10H), 8.15±8.52 (m, 8H), 9.10±9.51 ppm (m, 8H); MS (FAB): m/z (%):


2771 (10) [M�PF6]+ ; elemental analysis calcd (%) for
C160H165N4O12P4F24: C 65.90, H 5.70, N 1.92; found: C 64.16, H 5.76, N
1.66.


Compound 6¥4PF6 : Yield: 51%; m.p. 228 8C (decomp); UV/Vis (MeCN):
lmax=846 nm;


1H NMR (CD3COCD3, 500 MHz): d=1.11±1.19 (m, 6H),
1.20±1.30 (m, 36H), 2.51±2.61 (m, 4H), 3.51±4.36 (m, 40H), 5.82±5.95 (m,
4H), 5.96±6.08 (m, 4H), 6.20, 6.25, 6.34, 6.38 (4 ? s, 4H), 6.48 (m, 1H),
6.61±6.84 (m, 7H), 6.95±7.11 (m, 20H), 7.19±7.30 (m, 8H), 7.35±7.62 (m,
8H), 7.82±7.99 (m, 8H), 8.10±8.38 (m, 8H), 9.33±9.50 ppm (m, 8H); MS
(ESI): m/z (%): 1418 [M�2PF6]2+ , 897 [M�3PF6]3+ ; elemental analysis
calcd (%) for C156H166N4O12S8P4F24: C 59.95, H 5.35, N 1.79; found: C
59.99, H 5.37, N 1.75.
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The Advantage of Being Virtual–Target-Induced Adaptation and Selection
in Dynamic Combinatorial Libraries


Kay Severin*[a]


Introduction


Self-assembly processes are increasingly being employed for
the construction of large and complex molecules with de-
fined structures. But self-assembly can also be used to gener-
ate structural diversity in a very efficient way. The require-
ment for such a fuzzy assembly process is that several nearly
isoenergetic structures can be built with the same reactive
building blocks.[1] In recent years it became apparent that
this diversity-orientated assembly offers unique possibilities
for the detection of new receptors and catalysts as well as
for the discovery of lead compounds in medicinal chemis-
try.[2,3]


A mixture of molecules, which is generated by reversible
assembly of suitable building blocks under thermodynamic
control, forms a chemical network that is able to adapt to
the environment.[4] If a target molecule is added to such a
system, it will re-equilibrate until the new thermodynamic
minimum is established. It has been proposed that the re-
equilibration will lead to the amplification of molecules with
high affinity to the target molecule. Given that it is possible
to detect the amplification by analytical techniques, this dy-
namic combinatorial library (DCL) could be screened for
molecules that bind to the target in a single experiment.


Starting with some seminal publications by Sanders and
co-workers,[5] Lehn and co-workers,[6] and others[7] in the
mid 1990s, selection experiments with DCLs have now been
performed by using various target molecules such as alkali
metal ions,[8] alkaline-earth metal ions,[9] alkylammonium
ions,[10] anions,[11] N-heterocycles,[12] crown ethers,[13] uracil
derivatives,[14] halocarbons,[15] biphenyl,[16] nucleic acids,[17]


small peptides,[18] proteins,[19] protein crystals,[20] and transi-
tion state analogues.[21] Compared to this wealth of experi-
mental data, there is a surprising lack of theoretical analyses
about the adaptive behavior of DCLs.[22,23] An important
contribution was published by Moore and Zimmerman, who
have derived equations that describe the equilibrium con-
centrations of an infinitely large DCL with and without a
target.[23] Under the assumptions that a) the members can be
completely transformed from one into another and b) the
equilibrium constants follow a normal distribution function
with a standard deviation of one logK unit, the model pre-
dicts that the mean binding constant of the DCL can be
shifted, but only to a very limited degree. Although based
on a very simple model, this analysis is very useful in under-
standing some intrinsic limitations of selection protocols
based on DCLs.


Herein comprehensive numerical simulations are present-
ed of the adaptive behavior of selected DCLs. The underly-
ing models were chosen to be minimal representations of
typical classes of DCLs. By studying the effect of important
parameters such as association constants and target concen-
tration, some key characteristics of such chemical networks
were derived. Importantly, it is demonstrated that the suc-
cess of the selection process depends decisively on the
design of the DCL and on the boundary conditions. Further-
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Abstract: Numerical simulations are
presented that describe the adaptive
behavior of simple dynamic combinato-
rial libraries (DCLs) upon addition of
a target. By studying the effect of vari-
ous parameters such as the network
topology, the initial concentrations, the
association constants, and the binding
affinities, general characteristics of


such systems were derived. It is shown
that the adaptation may lead to the
amplification of molecules with a high


affinity to the target, but only for spe-
cific boundary conditions. Furthermore,
it is demonstrated that the selection
process can be refined by using an evo-
lutionary approach. These results are
of importance for the design of selec-
tion experiments with DCLs.


Keywords: combinatorial
chemistry ¥ dynamic chemistry ¥
host±guest chemistry ¥ networks ¥
numerical simulations
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more, we will show for some specific models how the selec-
tion process can be refined using iterative procedures.


Results and Discussion


General considerations : For DCLs, which are obtained by
assembly of reactive subunits, several different network to-
pologies can be distinguished. For type A, only one building
block is used and structural diversity is generated by dispari-
ty of the aggregation number (Scheme 1). For type B, two or


more building blocks are used to assemble oligomeric spe-
cies with uniform aggregation number but variable composi-
tion.[24] A variation of this class is the DCL of type B*,
which is obtained by assembly of different building blocks
but all members of the library have at least one common
subunit (e.g. a spacer or a bridging ligand). Libraries of
type C represent a hybrid of type A and type B because
both the aggregation number as well as the building block is
variable.[25]


In the following the results of numerical simulations are
described which were performed to determine the changes
that occur upon addition of a target that binds to one or sev-
eral members of the DCL. The underlying models were
chosen to be minimal representations of the types A, B and
B* discussed above. This work focuses on systems of low
complexity because of the interest in deconvoluting the ef-
fects of key parameters such as target concentration and
equilibrium constants. Of particular interest was the ques-
tion of whether the adaptation that occurs upon addition of
a target T is sufficient–in qualitative and quantitative
terms–to be of use as an auto-selection procedure for the
detection of molecules with high affinity to the target. For
the discussion it is useful to introduce the amplification
factor fX, which is defined by the ratio of the steady-state
concentration of the DCL member X after and before the
addition of the target molecule. For values of fX>1, the spe-
cies X is amplified as a result of the target T. The absolute
value of fX can be used as a quantitative measurement of
the adaptation process. For competition situations in which
several members of the library bind to the target with com-


parable affinity, it is furthermore important to discuss the
selectivity factor sX-Y of two species X and Y. sX-Y is defined
as the steady-state concentration of X divided by the steady-
state concentration of Y.[26] In all cases, the steady-state con-
centrations of the corresponding species involved were si-
mulated by using the program Gepasi.[27]


fx ¼
½X�ss þ ½XT�ss in the presence of T


½X�ss in the absence of T
ð1Þ


sX�Y ¼ ½X�ss
½Y�ss


ð2Þ


[X]ss= steady-state concentration of X


[Y]ss= steady-state concentration of Y
[XT]ss= steady-state concentration of X bound to T


Minimal models for DCLs of type A : The first model that
was investigated is a minimal representation of a DCL of
type A. A monomer A is in equilibrium with a dimer AA
and a trimer AAA (Scheme 2). The corresponding associa-


tion constants are KAA and KAAA. Both assemblies are able
to bind to a target molecule T with the binding constants
KAAT and KAAAT.


[28] For all calculations, the initial monomer
concentration was fixed to [A]i=20 mm.


For a first series of calculations, the association constants
were set to KAA=1600 mm


�1 and KAAA=20 mm
�1. In the ab-


sence of a target T, these values lead to the formation of
equal amounts of the two receptors ([AA]= [AAA]=
3.99 mm) together with a very small amount of the free
building block A ([A]=0.05 mm). If an excess of a target T
([T]i=100 mm) is introduced, the relative concentration of
the two receptors changes depending on their affinity to the
target. Under the assumption that only the dimer AA is
able to bind the target with KAAT=10 mm


�1, the nearly
quantitative transformation of AAA into AA is observed
(Table 1, entry 2). Similar results are obtained if the affinity
to the target is two orders of magnitude lower (Table 1,
entry 3). If it is assumed that only the trimer AAA acts as a
receptor with KAAAT=10 mm


�1 or KAAAT=0.1 mm
�1, the pic-


Scheme 1. Different types of dynamic combinatorial libraries, obtained
by self-assembly of reactive building blocks.


Scheme 2. A minimal model of a DCL of type A (™Model 1∫): a dimeric
receptor AA and a trimeric receptor AAA are formed by assembly of
the building block A. Both receptors are able to bind to a target T.
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ture is reversed with nearly all AA being transformed into
AAA during the adaptation process (Table 1, entries 4 and
5). A way to slightly improve the amplification is to aug-
ment the initial concentration of the target: if the amount of
target is increased by a factor of 10 ([T]i=1000 mm), the
amplification factor for AAA increases from fAAA=1.49 to
fAAA=1.63 which corresponds to 98% of its maximum value
(Table 1, entry 6).


The examples discussed so far represent extreme situa-
tions since the target binds exclusively to one of the two as-
semblies with high affinity. A more interesting and realistic
situation is the case where both assemblies act as competing
receptors. The steady-state concentrations for a system in
which both receptors have the same affinity for the target T
(KAAT=KAAAT=10 mm


�1) are given in Table 1, entry 7.
Upon addition of the target, the system re-equilibrates con-
siderably with substantial amounts of AA being formed
from AAA (fAA=2.33). We thus observe the clear selection
of the smaller receptor AA although the binding constants
are the same. This result can be explained by the fact that
the re-equilibration enhances the total number of receptor
molecules (three AA can be formed from two AAA). For
the system described in Table 1, entry 7 we have a total of
9.75 mm receptors bound to the target whereas without re-
equilibration the maximum amount would be 2î3.99 mm=


7.98 mm. The preferential binding of the smaller assembly
AA is less pronounced if we assume that the binding con-
stants to the target are smaller. For KAAT=KAAAT=


0.01 mm
�1, we find a total of 4.63 mm of AA and 3.57 mm of


AAA (Table 1, entry 8).
The total concentrations of the assemblies AA and


AAA[29] as a function of the binding constant KAAAT with a
fixed value for the affinity of the dimeric receptor AA
(KAAT=10 mm


�1) are shown in Figure 1. For a binding con-
stant of KAAAT=304 mm


�1, the relative concentration of
[AA]t and [AAA]t are the same and correspond to the equi-
librium concentrations in the absence of T. We therefore ob-
serve no adaptation of the dynamic mixture upon addition
of 100 mm target T. For binding constants of KAAAT>


304 mm
�1, the trimeric assembly AAA is selected. At


KAAAT=3668 mm
�1 the amount of AAA ([AAA]t=6 mm)


has reached 90% of its maximum value of 6.66 mm. For
binding constants below KAAAT=304 mm


�1, we observe the
selection of the dimeric receptor AA. Interestingly, there is
a region (10 mm


�1<KAAAT<304 mm
�1) in which AA is se-


lected although the trimeric re-
ceptor AAA forms more stable
complexes with the target.


As indicated above, the pref-
erential selection of the dimer
AA over the trimer AAA can
be explained as a result of the
increased total number of re-
ceptors, which are able to bind
to the target when the system
re-equilibrates to form AA
from AAA. It was therefore of


interest to see how the system behaves when we offer only a
limited amount of target. Calculations, similar to those de-
scribed in Figure 1, were performed by using an initial
target concentration of only 4 mm (this corresponds to half
of the total initial receptor concentration). The results are
depicted in Figure 2. Clearly, the maximum adaptation ob-
served for such a system is smaller. For very high values of
KAAAT the selectivity approaches a value of sAAA-AA=2.75,
whereas for very small values of KAAAT the selectivity is sAA-


AAA=2.92. From an experimental point of view, this is a dis-


Table 1. Calculated steady-state concentrations of the receptors AA, AAA, AAT and AAAT [mm] for differ-
ent associations constants KAAT and KAAAT [mm


�1]. The calculations are based on Model 1 described in
Scheme 2.


Entry KAAT KAAAT [T]i [AA] [AAT] [AAA] [AAAT]


1 ± ± 0 3.99 0 3.99 0
2 10 0 100 0.01 9.99 0.00 0.00
3 0.1 0 100 0.92 8.41 0.44 0.00
4 0 10 100 0.06 0.00 0.01 6.62
5 0 0.1 100 1.09 0.00 0.57 5.37
6 0 0.1 1000 0.26 0.00 0.06 6.43
7 10 10 100 0.01 9.28 0.00 0.47
8 0.01 0.01 100 2.36 2.27 1.82 1.75


Figure 1. Total concentrations of the receptors AA (*) and AAA (*) as
a function of the binding constant KAAAT in the presence of 100 mm


target T. The remaining variables were fixed to the following values:
[A]i=20 mm ; KAA=1600 mm


�1; KAAA=20 mm
�1; KAAT=10 mm


�1. The
calculations are based on Model 1 described in Scheme 2.


Figure 2. Total concentrations of the receptors AA (*) and AAA (*) as
a function of the binding constant KAAAT in the presence of 4 mm target
T. The remaining variables were fixed to the following values: [A]i=
20 mm ; KAA=1600 mm


�1; KAAA=20 mm
�1; KAAT=10 mm


�1. The calcula-
tions are based on Model 1 described in Scheme 2.


Chem. Eur. J. 2004, 10, 2565 ± 2580 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2567


Target-Induced Adaptation and Selection in Dynamic Combinatorial Libraries 2565 ± 2580



www.chemeurj.org





advantage because the overall changes that have to be de-
tected by analytical means are smaller. But on the other
hand, the region where AA is selected although the binding
constant of AAA is higher, is much smaller: it goes from
KAAAT=10 mm


�1±18 mm
�1.


Experimentally, it may be possible to differentiate be-
tween free and bound receptors. In principle, this could be
done by various spectroscopic techniques in homogeneous
solution. Another possibility would be that the target is im-
mobilized on a solid support and nonbound receptors are
separated by filtration. For the situation described above
with a substoichiometric amount of target this would be
beneficial. Figure 3 shows the steady-state concentrations of


the receptors, which are bound to the target T. Equal
amounts of AAT and AAAT (™no adaptation∫) are ob-
served for KAAAT=13 mm


�1 which is very close to the
™ideal∫ value of 10 mm


�1. For binding constants of AAA
which differ by a factor of 10 from that of AA (KAAT=


10 mm
�1) we already observe a good selectivity for the re-


spective adduct: the selectivity is sAAT-AAAT=12.2 for
KAAAT=1 mm


�1 and sAAAT-AAT=7.2 for KAAAT=100 mm
�1.


These results demonstrate that for a selection process with
such a system, it is clearly advantageous to work with low
target concentrations, especially if it is possible to differenti-
ate between bound and free receptors. A requirement for
such a procedure, however, is that the binding constants for
target complexation are large enough to ensure significant
adduct formation under the conditions employed.


So far it has been assumed that the association constants
KAA and KAAA are sufficiently high that the equilibrium is
nearly completely on the side of the receptors AA and
AAA. By setting the association constants to the values of
KAA=5.54î10�4 mm


�1 and KAAA=5.26î10�2, a system is
generated in which without target the monomer A is the
dominating species ([A]i=19.00 mm), and the two receptors
are present in equally small amounts of [AA]i= [AAA]i=
0.20 mm. The steady-state concentrations of the receptors as
a function of the binding constant KAAAT are shown in
Figure 4. The graph resembles that of Figure 1: for KAAAT=


KAAT=10 mm
�1 we observe the clear domination of AA


([AA]t=6.43 mm) over AAA ([AAA]t=1.20 mm). The


region in which the ™wrong∫ receptor (= lower affinity for
T) is selected is smaller but it still covers almost one order
of magnitude in KAAAT (10 mm


�1<KAAAT<73 mm
�1). The


maximum values for [AA]t and [AAA]t are slightly lower
than what was found for the calculations described in
Figure 1. For such a system, it is not advantageous to differ-
entiate between free and bound receptors since the total
concentrations of AA and AAA are very close to the con-
centrations of the adducts AAT and AAAT.


To demonstrate that the characteristics described above
are also found for more complicated DCLs of type A, the
steady-state concentrations for a system were calculated, in
which a monomer A is in equilibrium with a dimer AA, a
trimer AAA, a tetramer AAAA, and a pentamer AAAAA
(Scheme 3). The initial concentration of A (56 mm) and the


association constants were chosen in such a fashion that
without target the four different aggregates are present in
equal amounts (4.00 mm each). The steady-state concentra-
tions for different binding constants and target concentra-
tions are listed in Table 2.


It is assumed that all four assemblies compete for the
target T. When the binding constants are all the same


Figure 3. Steady-state concentrations of the adducts AAT (*) and AAAT
(*) as a function of the binding constant KAAAT in the presence of 4 mm


target T. The remaining variables were fixed to the following values:
[A]i=20 mm ; KAA=1600 mm


�1; KAAA=20 mm
�1; KAAT=10 mm


�1. The
calculations are based on Model 1 described in Scheme 2.


Figure 4. Total concentrations of the receptors AA (*) and AAA (*) as
a function of the binding constant KAAAT in the presence of 100 mm


target T. The remaining variables were fixed to the following values:
[A]i=20 mm ; KAA=5.54î10�4 mm


�1; KAAA=5.26î10�2 mm
�1; KAAT=


10 mm
�1. The calculations are based on Model 1 described in Scheme 2.


Scheme 3. A model of a DCL of type A (™Model 2∫): receptors with ag-
gregation number 2±5 are formed by assembly of the building block A.
The association constants are fixed to KAA=1600 mm


�1 and KAAA=


KAAAA=KAAAAA=20 mm
�1. All receptors are able to bind to a target T


with a variable binding constant.
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(10 mm
�1), we find pronounced differences in the steady


concentrations of the total receptor concentrations. Whereas
a strong amplification of the dimer AA (24.25 mm ; fAA=


6.06) is observed, the concentrations of the higher aggre-
gates are all diminished compared to the equilibrium con-
centration before addition of the target (Table 2, entry 2).
Going from AA to AAAAA, the addition of each monomer
A leads to a decrease of the total concentration by approxi-
mately one order of magnitude. Consequently, the pentamer
AAAAA is present in only minute amounts (0.02 mm) al-
though its affinity for the target equals that of the dimer
AA. Again, the amount of re-equilibration is much less pro-
nounced when it is assumed that all binding constants are
smaller (Table 2, entry 3). Here the total concentration of
AA is only 1.7 times higher than that of the pentamer
AAAAA. If attempts are made to counterbalance the situa-
tion described in Table 2, entry 2 by increasing the affinity
to the target in the order AA!AAAAA, the preferential
formation of the dimer (fAA=2.45) together with a slight
amplification of the trimer (fAAA=1.35) and a reduction of
the tetramer (fAAAA=0.75) and the pentamer (fAAAAA=0.41)
(Table 2, entry 4) are still observed. The concentration of
the latter is only 17% of that of the dimer AA although its
affinity for the target is 1000 times higher. It is clear that
under those conditions, a selection process would give rise
to totally misleading results.


If the initial concentration of the target is reduced from
100 to 8 mm (this corresponds to half of the total initial re-
ceptor concentration), the selection process shifts in favor of
the pentamer AAAAA (7.70 mm ; fAAAAA=1.93). The small-
er aggregates are present in roughly equal amounts with am-
plification factors of f~0.5 (Table 2, entry 5). If we focus
only on the assemblies that are bound to the target (Table 2,
entry 6), there is a clear differentiation between all recep-
tors. Importantly, the relative concentrations correspond ap-
proximately to the relative binding constants. A selection
process performed with a low target concentration and with
focus on the adducts (A)xT could thus be used to determine
the relative affinities.


The results obtained for these simple model systems point
to some important characteristics of DCLs of type A: 1) It is
not necessarily the assembly with the highest affinity for the
target that displays the highest amplification factor. 2) In
competition situations, there is an intrinsic bias for the selec-
tion of assemblies with a small aggregation number. 3) The
preference for small assemblies is less pronounced for low


binding constants. 4) It is possi-
ble that there is no re-equilibra-
tion upon addition of a target
although the affinities of the
DCL members to the target
differ substantially. 5) Although
it is advantageous to work with
a large access of the target if
only one member of the library
is able to bind to the target, for
competition situations it may
be better to reduce the total
amount of target. 6) If limited


amounts of target are used, it is beneficial to perform the
analysis based on the concentration of the DCL members
that are bound to the target.


Minimal models for DCLs of type B : As a minimal repre-
sentation of a DCL of type B, the model shown in Scheme 4


was chosen. The reversible assembly of a binding site A and
a second binding site B gives rise to a dynamic mixture of
three receptors (AA, AB, and BB).[30] All receptors are able
to bind to a target T. Equal amounts of the subunits A and
B were used for all simulations ([A]= [B]=10 mm). Conse-
quently, for high association constants the concentrations of
the homo-dimeric assemblies AA and BB are always the
same and adaptation changes only the relative concentration
of the homo-dimeric assemblies AA and BB with respect to
the hetero-dimeric assembly AB. It was furthermore as-
sumed that the affinities between the building blocks are all
the same. In the absence of a target molecule, the statistical
distribution of the three receptors is thus expected to be
[AA]:[AB]:[BB]=1:2:1. To account for the statistical prefer-
ence of the heterodimer (AB=BA), we have set=KAA=


KBB=
1=2KAB.


For the first model that was investigated, the association
constants of the three receptors were fixed to KAA=KBB=


Table 2. Steady-state concentrations of the receptors AA, AAA, AAAA and AAAAA [mm] for different as-
sociations constants [mm


�1] and initial target concentrations [mm]. The calculations are based on Model 2 de-
scribed in Scheme 3.


Entry [T]i KAAT KAAAT KAAAAT KAAAAAT [AA] [AAA] [AAAA] [AAAA]


1[a] 0 10 10 10 10 4.00 4.00 4.00 4.00
2[a] 100 10 10 10 10 24.25 2.20 0.20 0.02
3[a] 100 0.01 0.01 0.01 0.01 5.43 4.56 3.83 3.22
4[a] 100 10 100 1000 10000 9.79 5.40 2.99 1.65
5[a] 8 10 100 1000 10000 2.12 1.66 2.06 7.70
6[b] 8 10 100 1000 10000 0.02 0.13 0.95 6.90


[a] The values listed correspond to the total concentrations of free + bound receptors. [b] The values listed cor-
respond to the concentrations of the receptors bound to the target.


Scheme 4. A minimal model of a DCL of type B (™Model 3∫): three di-
meric receptors (AA, BB, and AB) are formed by assembly of the build-
ing blocks A and B. All receptors are able to bind to a target T.
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1=2KAB=1000 mm
�1. Under those conditions, the three recep-


tors AA, AB, and BB are the dominant species in solution
([AA]= [BB]=2.49 mm ; [AB]=4.99 mm) with a monomer
concentration of only 0.05 mm. It should be pointed out
that–contrary to what is found for DCLs of type A–the
equilibrium concentrations of the receptors do not change
upon addition of a target if we assume that the binding con-
stants are all the same. This is generally true for DCLs of
type B because re-equilibration will not affect the total con-
centration of the library members. Adaptation is therefore
only expected if we introduce thermodynamic differences by
variation of the binding affinities to the target. For the pres-
ent system, it is assumed that receptor AA has a high affini-
ty for the target with KAAT=100 mm


�1 and that receptor BB
has a low affinity with KBBT=1 mm


�1. Using a large excess
of the target T (100 mm), the total concentration of the as-
semblies AA and AB was determined as a function of the
binding constant KABT of the hetero-dimeric receptor AB
(Figure 5).


Under the conditions specified above, virtually all recep-
tors are bound to a target molecule. For a binding constant
of KABT=10 mm


�1, the relative concentration of AA and
AB ([AA]t=2.49 mm ; [AB]t=4.99 mm) corresponds to the
equilibrium concentration that is found without target.
Clearly, there are other boundary conditions, which can give
rise to steady-state concentrations that are indistinguishable
from a system without target. From the observation that the
addition of a target does not change the concentration of
the DCL members, it is therefore not possible to conclude
that there is no binding or equal binding to the target. On
the contrary, it is possible that the binding constants vary
substantially. In the special case of KABT=10 mm


�1, for ex-
ample, an adaptation of the dynamic mixture is not ob-
served although the other binding constants are quite dis-
tinct (KAAT=100 mm


�1 and KBBT=1 mm
�1).


For binding constants of KABT>10 mm
�1, the concentra-


tion of AB is higher than the statistically expected value of
5 mm. The dynamic mixture has thus adapted in a way that
leads to selection of the hetero-dimeric receptor AB over
the homo-dimeric receptor AA. Notably, there is again a


region (10 mm
�1<KABT<100 mm


�1) in which the selection
does not give the right answer: AB is selected although the
homo-dimeric receptor AA is more stable.


For binding constants of KABT<10 mm
�1, we amplify the


homo-dimeric assembly AA. One should note, however,
that we automatically co-amplify BB if we select AA.
Unless we can differentiate the target-bound assemblies, we
are not able to tell by simple measurements of the total con-
centrations whether AA or BB is the high affinity receptor
that is responsible for the observed amplification. This is an-
other general characteristic of a DCL of type B (given that
the equilibrium is not on the side of the monomers; see
below) because the depletion of hetero-assemblies to form a
specific homo-assembly will automatically generate homo-
assemblies comprising the other building blocks.


If we omit BB as a competitive receptor by setting the
binding constant KBBT to zero, we increase the region where
the heterodimeric receptor AB is selected (sAB-AA>2 for
KABT> 1 mm


�1; Figure 6). The peculiar behavior of the


latter system is further underlined by the following facts: if
both receptors AA and AB have the same high affinity for
the target T (KAAT=KABT=100 mm


�1), the complete domi-
nation of the adduct ABT (9.89 mm ; fAB=1.98) is observed
over the adduct AAT (0.05 mm ; fAA=0.02). If such a system
were investigated experimentally, the less than 1% homo-di-
meric receptor AA would be unlikely to be detected al-
though it binds to the target with the same affinity as the se-
lected receptor AB. On the other hand it is evident from
Figure 6 that the selection of AA is only possible if the bind-
ing constants differ by more than two orders of magnitude
(KABT<1 mm


�1). To understand these results in qualitative
terms, it is important to realize that by converting one AA
and one BB into two AB, the number of assemblies that are
able to bind to the target, is increased from one to two.


Similar to what was found for DCLs of type A, the intrin-
sic preference of the hetero-dimer AB over the homo-dimer
AA is less pronounced at lower binding constants. For
KAAT=KABT=0.01 mm


�1, for example, we find a total con-
centration of [AB]t=5.81 mm (fAB=1.16) versus [AA]t=
2.08 mm (fAA=0.84). These values are much closer to a sit-


Figure 5. Total concentrations of the receptors AA (*) and AB (*) as a
function of the binding constant KABT. The remaining variables were
fixed to the following values: [A]i= [B]i=10 mm ; [T]i=100 mm ; KAA=


KBB=
1=2KAB=1000 mm


�1; KAAT=100 mm
�1; KBBT=1 mm


�1. The calcula-
tions are based on Model 3 described in Scheme 4.


Figure 6. Total concentrations of the receptors AA (*) and AB (*) as a
function of the binding constant KABT. The remaining variables were
fixed to the following values: [A]i= [B]i=10 mm ; [T]i=100 mm ; KAA=


KBB=
1=2KAB=1000 mm


�1; KAAT=100 mm
�1; KBBT=0 mm


�1. The calcula-
tions are based on Model 3 described in Scheme 4.
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uation in which equal binding constants of AB and AA lead
to equal amplification factors.


Next, the influence of the initial target concentration on
the total concentration of AA and AB was investigated. The
binding constants were fixed to KAAT=100 mm


�1, KABT=


10 mm
�1, and KBBT=1 mm


�1. As described above, for high
target concentration these values lead to a situation where
no adaptation is observed, that is the concentration of AA
and AB correspond to the equilibrium concentration with-
out target. The selectivity factor sAA-AB therefore equals 0.5.
Similar values are found for [T]i=14 mm (Figure 7). Going


to smaller initial target concentrations, the total amount of
AA slightly increases with a maximum value for [T]i=5 mm


and then decreases to the expected value of 2.5 mm for
[T]i=0 mm. Accordingly, the selectivity increases from sAA-


AB=0.54 to a maximum value of sAA-AB=0.87 and finally de-
creases to sAA-AB=0.50. From the data one can conclude
that for these boundary conditions it is advantageous to
work at low target concentrations around 5 mm but the over-
all benefit is modest.[31]


The picture changes substantially if we focus exclusively
on the assemblies that are bound to the target T. The corre-
sponding data are shown in Figure 8. For an initial target
concentration of 14 mm, the assemblies AB and AA are
almost exclusively bound to the target with concentrations
close to what is found for [T]i=100 mm. By reducing the
available amount of target, we constantly reduce the con-
centration of adducts ABT and BBT. For the homo-dimeric
assembly AA, on the other hand, we first observe an in-
crease in concentration with a maximum at [T]i~6 mm. The
selectivity factor constantly increases to its maximum value
of sAAT-ABT=5. From an experimental point of view, these re-
sults are important. Given that we are able to differentiate
between free and bound receptors, we can move from a sit-
uation at [T]i=14 mm where the observed adducts approxi-
mately reflect the equilibrium concentrations without target
to a situation at [T]i=4 mm where we observe the preferen-


tial formation of AAT (2.59 mm) over ABT (1.22 mm) and
BBT (0.14 mm) in accordance with the relative binding con-
stants. In terms of selectivity it would be best to work at
very low concentrations of [T]i but in reality, the analytical
technique employed will set a limit on the smallest amount
of AAT that can be measured with sufficient accuracy.


The association constants of the receptors AA, AB, and
BB were the last parameters, the influence of which we
have investigated for Model 3 (Figure 9). The relative ratio


between the constants was fixed to KAA=KBB=
1=2KAB to


simulate a statistical distribution, and the absolute values
were varied from 1î10�8 mm


�1	KAA	1 mm
�1. The binding


constants to the target were again set to KAAT=100 mm
�1,


KABT=10 mm
�1 and KBBT=1 mm


�1 with an initial target con-
centration of 100 mm. The shapes of the resulting curves re-
semble that of Figure 8. For an association constant of
KAA=1 mm


�1, the total concentrations of the assemblies are
close to the equilibrium concentration that is found without
target (no adaptation). If we simultaneously reduce the sta-
bility of all assemblies, we initially increase the total amount


Figure 7. Total concentrations of the receptors AA (*) and AB (*) and
the selectivity factor sAA-AB (&) as a function of the initial concentration
of the target T. The remaining variables were fixed to the following
values: [A]i= [B]i=10 mm ; KAA=KBB=


1=2KAB=1000 mm
�1; KAAT=


100 mm
�1; KABT=10 mm


�1, KBBT=1 mm
�1. The calculations are based on


Model 3 described in Scheme 4.


Figure 8. Steady-state concentrations of the adducts AAT (*), BBT (&)
and ABT (*) and the selectivity factor sAAT-ABT (&) as a function of the
initial concentration of the target T. The remaining variables were fixed
to the following values: [A]i= [B]i=10 mm ; KAA=KBB=


1=2KAB=


1000 mm
�1; KAAT=100 mm


�1; KABT=10 mm
�1; KBBT=1 mm


�1. The calcula-
tions are based on Model 3 described in Scheme 4.


Figure 9. Steady-state concentrations of the receptors AA (*), BB (&)
and AB (*) and the selectivity factor sAA±AB (&) as a function of the asso-
ciation constant KAA (unit: mM�1). The remaining variables were fixed to
the following values: [A]i= [B]i=10 mm ; [T]i=100 mm ; KAA=KBB=
1=2KAB; KAAT=100 mm


�1; KABT=10 mm
�1; KBBT=1 mm


�1. The calcula-
tions are based on Model 3 described in Scheme 4.
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of AA but reduce the total amounts of AB and BB. The se-
lectivity constantly increases to approach sAA-AB=5 for very
small values of KAA. The maximum value of [AA]t
(2.98 mm) is observed for KAA=1.5î10�4 mm


�1. This associ-
ation constant is so low that without a target, the building
blocks A and B are the dominating species in solution
([A]= [B]=9.94 mm for [T]i=0 mm) and only small amounts
of the DCL members are formed ([AA]= [BB]=15 mm and
[AB]=30 mm for [T]i=0 mm). In a real experiment, the less
than 1% aggregates that are present without a target are
most likely not to be detected. We therefore have a situation
in which the DCL is completely virtual.[32]


From a selection point of view, this virtual combinatorial
library (VCL) is highly advantageous. The amplification fac-
tors are significantly higher than what is found for a ™real∫
DCL with KAA>1 mm


�1. For the high affinity receptor AA,
for example, we find an amplification factor of fAA=201 for
the virtual DCL with KAA=1.5î10�4 mm


�1. Likewise, the
fact that the relative concentrations of the different aggre-
gates AA, AB, and BB correspond to the relative affinities
to the target is of importance. A selection process per-
formed with this VCL would therefore provide the right an-
swers: the assembly AA
([AA]t=2.98 mm ; fAA=201)
has the highest affinity for the
target followed by AB ([AB]t=
2.58 mm ; fAA=87) and the low
affinity receptor BB ([BB]t=
0.56 mm ; fAA=38). The VCL
approach allows differentiation
between the good receptor AA
and the low affinity receptor
BB without the need to sepa-
rate bound and non-bound as-
semblies (in ™real∫ DCLs,
[AA]t always equals [BB]t).


For the next model that was
investigated, the complexity
was increased slightly by intro-
ducing a third building block C
(Scheme 5). Similar to A and B,
C can form homo- and hetero-
dimers. Therefore, the DCL
comprises six competing recep-
tors. Again, the association con-
stants of the hetero-dimers
were set to be two times higher
than those of the homo-dimers
to account for the statistical
preference of the former (KAA=KBB=KCC=


1=2KAB=
1=2KAC=


1=2KBC). For all calculations, the initial concentra-
tions of the monomers were fixed to [A]i= [B]i= [C]i=
12 mm. The results of the simulations are summarized in
Table 3.


The first three entries describe rather special cases to
point out some important characteristics that appear to be
general for DCLs of type B. For these simulations, the initial
target concentration was set to 100 mm and the association
constants fixed at KAA=1000 mm


�1. Under these conditions,


only very small amounts of the free building blocks A, B,
and C are present in solution. If we assume that all recep-
tors have the same high affinity to the target of KXYT=


100 mm
�1, the assemblies are all bound to the target but


there is no adaptation and the total receptor concentrations
[XY]t correspond to what is found without a target (Table 3,
entry 1). Given that only the assembly AA displays a pro-
nounced affinity for T and all other assemblies have the
same low binding constant of 0.01 mm


�1 (Table 3, entry 2),
we observe a significant amplification of AA ([AA]t=


Scheme 5. A model of a DCL of type B (™Model 4∫): six dimeric recep-
tors (AA, BB, CC, AB, AC, and BC) are formed by assembly of the
building blocks A, B, and C. All receptors are able to bind to a target T.


Table 3. Steady-state concentrations of the receptors AA, BB, CC, AB, AC, and BC [mm] for different associ-
ations constants [mm


�1], binding constants [mm
�1] and initial target concentrations [mm]. The calculations are


based on Model 4 described in Scheme 5.


Entry [T]i KAA KAAT KBBT KCCT KABT KACT KBCT


[AAT] [BBT] [CCT] [ABT] [ACT] [BCT]
[AA]t [BB]t [CC]t [AB]t [AC]t [BC]t


1 100 1000 100 100 100 100 100 100
2.00 2.00 2.00 4.00 4.00 4.00
2.00 2.00 2.00 4.00 4.00 4.00


2 100 1000 100 0.01 0.01 0.01 0.01 0.01
5.88 1.39 1.39 0.06 0.06 2.78
5.88 2.96 2.96 0.12 0.12 5.92


3 100 1000 100 0.01 0.01 100 0.01 0.01
0.34 0.01 2.59 11.28 0.02 0.31
0.34 0.02 5.61 11.28 0.04 0.67


4 100 1000 180 3.2 5.6î10�2 24 3.2 4.2î10�1


2.04 2.03 1.76 4.07 3.82 3.75
2.04 2.03 2.14 4.07 3.84 3.86


5 8 1000 180 3.2 5.6î10�2 24 3.2 4.2î10�1


3.17 0.72 0.03 3.01 0.61 0.29
3.27 2.01 3.01 3.74 1.71 4.21


6 100 1î10�4 180 3.2 5.6î10�2 24 3.2 4.2î10�1


3.11 1.02 0.06 3.56 0.84 0.48
3.11 1.02 0.07 3.56 0.84 0.49


7 100 1000 4.2î10�1 5.6î10�2 7.5î10�3 1.5î10�1 5.6î10�2 2.1î10�2


2.21 1.67 0.91 3.75 2.83 2.52
2.27 2.01 2.32 4.04 3.41 3.92
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5.88 mm, fAA=2.94). But there is a concomitant amplifica-
tion of species which comprise the other building blocks B
and C, namely BB and CC ([BB]t= [CC]t=2.96 mm ; fBB=
fCC=1.48) and the hetero-assembly BC ([BC]t=5.92 mm ;
fBC=1.48). If we focus on those assemblies that are bound
to the target, the concentration of the B/C receptors is much
lower and AAT is the only species that is amplified relative
to the equilibrium concentration. Entry 3 in Table 3 de-
scribes a system with two competing receptors AA and AB,
both of which have a high affinity for the target (KAAT=


KABT=100 mm
�1). Now it is the hetero-dimer AB which is


totally dominating the mixture ([AB]t=11.28 mm ; fAB=


2.82) with only small amounts of the homo-dimer AA being
present ([AA]t=0.34 mm ; fAA=0.17). The other species that
is amplified is the low-affinity receptor CC with an amplifi-
cation factor which equals that of AB ([CC]t=5.61 mm ;
fCC=2.81). If such a system would be investigated experi-
mentally, we would obtain two hits, one of which is a false
positive. The second good receptor AA, on the other hand,
would stay unnoticed.


The remaining four entries in Table 3 describe a more
complicated scenario. It was assumed that the target coordi-
nates to the sites A, B and C with a binding energy of
DG8=�15, �10, and �5 kJmol�1, respectively, and that the
overall binding energy for the dimeric receptor is strictly ad-
ditive (e.g. �30 kJmol�1 for AAT). The resulting binding
constants range from KAAT=180 mm


�1 to KCCT=5.6î
10�2 mm


�1.[33] The steady-state concentrations of the assem-
blies using an excess of target T and a high association con-
stant KAA are given in Entry 4 in Table 3. Interestingly,
there is basically no re-equilibration of the system when
compared to the statistical distribution found without a
target. Apparently, for this special combination of binding
constants, the effects cancel out resulting in a nearly statisti-
cal distribution.


As already discussed for Model 3, there are several possi-
bilities to improve the situation. First, one can reduce the
amount of target added (Table 3, entry 5). With an initial
target concentration of 8 mm, the highest amplification
factor is found for the best receptor AA ([AA]t=3.27 mm ;
fAA=1.64). Furthermore, the total concentration of AA is
now higher although the target concentration was reduced.
But still, the low affinity receptor CC is likewise amplified
to some extent ([CC]t=3.01 mm ; fCC=1.51). If we focus on
the target-bound receptors, however, the relative concentra-
tions reflect nicely the relative binding constants.


A similar improvement is found if we work with a VCL
(Table 3, entry 6). Again, it is the receptor AA that is ampli-
fied the most ([AA]t=3.11 mm ; fAA=219) followed by the
hetero-dimer AB ([AB]t=3.56 mm ; fAB=125). It should be
noted, however, that for a real experiment it might be diffi-
cult to determine the exact amplification factor due to the
low steady-state concentration of the assemblies in the ab-
sence of the target (e.g. 14 mm for AA). Nevertheless, the
good receptor AA can be identified simply by its concentra-
tion if we account for the statistical preference of AB over
AA.


Finally, a system was investigated for which the binding
affinities to the target were reduced to half of what was


used for the simulations described in entries 4±6 in Table 3
(e.g. �15 kJmol�1 for AA; Table 3, entry 7). Experimentally,
this could be achieved by changing the solvent polarity or
by changing the pH. Compared to entry 4 in Table 3, we ob-
serve a slight improvement: if we focus on the target-bound
assemblies and account for the statistical preference of the
hetero-dimers, we can identify AA as the best receptor but
the differentiation is less good when compared to the sys-
tems described in entries 5 and 6 in Table 3.


From the simulations described above, the following char-
acteristics of a DCL of type B can be deduced: 1) It is not
necessarily the assembly with the highest affinity for the
target that displays the highest amplification factor. 2) In
competition situations, there is an intrinsic bias for the selec-
tion of hetero-assemblies. 3) It is possible that there is no re-
equilibration upon addition of a target although the affini-
ties of the DCL members to the target differ substantially.
4) Low target concentrations and/or low binding constants
can give rise to selectivities which correspond more closely
to the relative binding affinities, in particular if it is possible
to differentiate between bound and non-bound members of
the DCL. 5) For high association constants, the amplification
of an assembly with a high content of one subunit will lead
to the concomitant amplification of assemblies with a high
content of the other subunits. 6) For selection processes with
a DCL of type B, it is advantageous to work under condi-
tions where the building blocks are the dominant species in
solution and the aggregates are present in only small
amounts (VCL approach).


A minimal model for a DCL of type B*: To simulate the
adaptive behavior of a DCL of type B*, the minimal model
described in Scheme 6 was used. The basic features are simi-


lar to that of Model 3: two building blocks A and B contain
binding sites for a target T. But this time, the self-assembly
process requires a spacer X. The resulting receptors AXA,
AXB, and BXB form a dynamic mixture, which is able to
adapt upon addition of a target T.


To have a direct comparison with Model 3, boundary con-
ditions were chosen which give rise to steady-state concen-
trations that are similar to what was calculated for a DCL
without spacer. Thus, the association constant KAAA was


Scheme 6. A minimal model of a DCL of type B* (™Model 5∫): three re-
ceptors (AXA, AXB, and BXB) are formed by assembly of the building
blocks A and B and the spacer X. All receptors are able to bind to a
target T.
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fixed to 10000 mm
�2 with KAXA=KBXB=


1=2KAXB to ensure a
statistical distribution of the receptors in the absence of a
target. For [A]i= [B]i= [X]i=10 mm, we find a steady-state
concentration of 2.48 mm for AXA and BXB and of
4.98 mm for AXB. The affinities to the target T were chosen
as before, that is the stability constants of the receptors
were set to KAXAT=100 mm


�1, KAXBT=10 mm
�1, and


KBXBT=1 mm
�1.


If equal concentrations of A, B, and X are employed, this
DCL behaves very similarly to what was found for Model 3.
For [A]i= [B]i= [X]i=10 mm and [T]i=100 mm , for exam-
ple, we basically observe no re-equilibration of the system.
Interesting differences, however, arise if we vary the concen-
tration of the building blocks A and B with respect to the
spacer X. This is shown in Figure 10. As already described


above, at an initial concentration of [X]i=10 mm the system
does not show any adaptation and the selectivity factor sAXA-


AXB is 0.5. As soon as we deprive the mixture of the spacer
X, the concentration of the receptors AXB and BXB de-
creases. The steady-state concentration of the high affinity
receptor AXA, however, at first increases when the concen-
tration of [X]i is lowered. This may seem surprising because
we reduce the concentration of one of its building blocks
but on the other hand we increase the amount of the free
subunit A. Finally, the concentration of AXA also ap-
proaches zero because the availability of X becomes the lim-
iting factor. Going from [X]i=10 mm to [X]i=0.1 mm, the
selectivity factor constantly rises to its maximum value of
sAXA-AXB=5.


The data show that it is advantageous to perform a selec-
tion experiment at low concentration of the common build-
ing block X. If maximum selectivity were the only objective,
it would be advantageous to work at very low concentrations
of X. But from a practical point of view, it is most likely
better to investigate the selection process at intermediate X
concentrations where significant (and detectable) amounts
of receptor are formed. Mechanistically, the reduction of X
has a similar effect to working with a virtual DCL because


both systems contain significant amounts of the free building
blocks A and B. These free monomers act as a kind of
buffer, which reduce the direct competition situation be-
tween the receptors (AB can only be formed on behalf of
AA and BB).


For the optimal design of a selection process with a DCL
of type B, these findings are of central importance. As dem-
onstrated previously, DCLs of type B may face the problem
that the assembly that is amplified most is not necessarily
the assembly with the highest affinity to the target T. At
least partially, this problem can be reduced if the experi-
ment is performed with a virtual DCL, with a low target
concentration, or by operating under conditions where the
affinities to the target are not too high. But depending on
the type of interaction that is used to assemble the subunits
(covalent, noncovalent or metal±ligand bonds), it may be
very difficult to adjust the association constants in such a
way that a virtual DCL results. For systems that show a very
low affinity for the target, the amplification may be difficult
to detect. The introduction of a common building block X
to generate a DCL of type B* represents another possibility
for dealing with the above mentioned problem. In real sys-
tems, this building block may be a metal ion in a DCL
based on metal complexes or a difunctional linker in a cova-
lent DCL. By using sub-stoichiometric amounts of X with
respect to the other building blocks, it is possible to enhance
the selectivity factors and to reduce the possibility of false
positives.


Evolutionary systems : A particularly interesting perspective
of DCLs is the possibility of refining the selection using an
iterative process. Here, two conceptually different ap-
proaches can be distinguished. The first method is schemati-
cally described in Scheme 7. An equilibrated DCL is sub-


jected to conditions under which exchange reactions are
slow. After addition of an immobilized target, the DCL
members that are not bound to the target are separated and
subsequently re-equilibrated under conditions that allow a
fast exchange. This re-equilibration may lead to the refor-
mation of DCL members with a high affinity to the target,
which are then separated by using again the immobilized
target.


Numerical simulations and experimental data (see below)
on a system of this kind have been described by Eliseev.[22d]


Figure 10. Steady-state concentrations of the receptors AXA (*), BXB
(&) and AXB (*) and the selectivity factor sAXA-AXB (&) as a function of
the initial concentration of the spacer X. The remaining variables were
fixed to the following values: [A]i= [B]i=10 mm ; [T]i=100 mm ; KAXA=


10000 mm
�2 ; KAA=KBB=


1=2KAB; KAXAT=100 mm
�1; KBXBT=10 mm


�1;
KBXBT=1 mm


�1. The calculations are based on Model 5 described in
Scheme 6.


Scheme 7. Iterative procedure for the selection of DCL members with a
high affinity to an immobilized target (™Method 1∫).
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Using a small DCL of three different compounds that can
be completely inter-converted, they were able to demon-
strate that it is possible to amplify the DCL member with
the highest affinity to the immobilized target. The overall
effect was shown to be the same as if the target was added
directly to the equilibrating DCL. It was pointed out that
the separation of the equilibration step from the selection
step could be advantageous since the equilibration condi-
tions are not necessarily compatible with the target.


The systems modeled by Eliseev are rather special since
they are based on DCLs where each member can be con-
verted into every other member. This is clearly not true for
DCLs of type B and for DCLs of type A one has to account
for the fact that the aggregation numbers are different for
the various species. One of his main conclusions is valid for
all types of DCLs: the final equilibrium for an evolutionary
system with separated equilibration and selection steps
(Scheme 7) will correspond to what is found for a system
having identical boundary conditions except that the target
is added directly to the dynamic mixture. The final concen-
trations for DCLs of types A and B will therefore be the
same as described in the previous sections. It is important to
note, however, that for high binding constants or for low as-
sociation constants, the iterative process may require many
cycles to reach the final equilibrium. This is illustrated by
the following calculations.


To simulate an evolving DCL of type A, the model depict-
ed in Scheme 2 was used with the exception that the equili-
bria between A, AA, and AAA were separated from the
binding event to the (immobilized) target. The following
fixed parameters were employed: [A]i=20 mm ; [T]i=
100 mm ; KAA=1600 mm


�1; KAAA=20 mm
�1. As outlined


above, these values give rise to an equimolar mixture of AA
and AAA in the absence of T ([AA]= [AAA]=3.99 mm).
Using these concentrations, the amount of receptors that are
bound to the immobilized target were calculated assuming
that there is no interconversion between A, AA and AAA.
With binding constants of KAAT=1î10�2 mm


�1 and KAAAT=


1î10�3 mm
�1, we find that 1.97 mm AA and 0.36 mm AAA


are bound to the target. The solution concentrations of
these species are 2.02 mm (AA) and 3.63 mm (AAA), re-
spectively. Those values were employed as the input concen-
trations for the next equilibration step which gives rise to
steady-state concentrations of [AA]=3.18 mm and
[AAA]=2.84 mm. Addition of this solution to the immobi-
lized target increases the concentration of AAT from
1.97 mm to 2.54 mm and decreases that of AAAT from
0.36 mm to 0.28 mm. The evolution of this system over the
first six cycles is shown in Figure 11. Within six generations,
the system has reached a stable equilibrium with final con-
centrations of [AAT]f=2.85 mm and [AAAT]f=0.25 mm.
The iterative process therefore leads to an increase of the
selection factor from sAAT-AAAT=5.47 to sAAT-AAAT=11.40. As
mentioned above, these final values correspond exactly to
what is calculated for a system where the target is added di-
rectly to the dynamic mixture of A, AA and AAA
(Model 1, Scheme 2).


If we increase both binding constants by a factor of ten
(KAAT=1î10�1 mm


�1; KAAAT=1î10�2 mm
�1), we also in-


crease the maximum selectivity that is found for the final
equilibrium to sAAT-AAAT=21.43. This effect is expected be-
cause the intrinsic preference for the smaller aggregate AA
is higher for larger binding constants. But instead of six
cycles, it now requires 16 cycles to establish the final equili-
brium for this system. Experimentally, this trend may be a
severe limitation because with binding constants above
1 mm


�1, the system evolves very slowly and many cycles are
needed to reach the final equilibrium.


The same problem applies to VCLs. Because VCLs dis-
play a low concentration of aggregates, the amount that can
be bound to the target in each selection step is very small.
As for systems with high binding constants, the number of
cycles required to reach the final equilibrium is therefore
large.


A conceptually very different evolutionary approach is
depicted in Scheme 8. An immobilized target is added to a
DCL. The mixture is then subjected to conditions under
which adaptation occurs. When the new equilibration is es-


Figure 11. Steady-state concentrations of the target-bound receptors
AAT and AAAT over the first five cycles of the evolutionary selection
process for binding constants of KAAT=1î10�2 mm


�1 and KAAAT=1î
10�3 mm


�1. The remaining variables were fixed to the following values:
[A]i=20 mm ; [T]i=100 mm ; KAA=1600 mm


�1; KAAA=20 mm
�1. The cal-


culations are based on Method 1 described in Scheme 7.


Scheme 8. Iterative procedure for the selection of DCL members with a
high affinity to an immobilized target (™Method 2∫).
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tablished, the system is ™frozen∫ (e.g. by cooling or by a pH
change) and the bound and the non-bound members of the
library are separated by filtration. The fraction of the DCL
that is bound to the target is then subjected again to condi-
tions under which equilibration occurs. In each cycle of this
process, a certain fraction of the DCL is lost in the separa-
tion step. However, given that the immobilized target is able
to shift the composition of the DCL towards members with
high binding constants, the relative concentration of these
species will increase.


To simulate such an experiment, we have focused on the
DCL illustrated in Scheme 5 (Model 4). For the boundary
conditions, we have chosen the VCL situation described in
Table 3, entry 6. Under those conditions we already observe
a good selectivity for best receptor AA (KAAT=180 mm


�1).
Together with the second best receptor AB (KABT=


24 mm
�1), these two DCL members are the dominant species


that are bound to the target T ([AAT]=3.11 mm ; [ABT]=
3.56 mm). The low affinity receptors BB and AC (KBBT=


KACT=3.2 mm
�1) are likewise bound to the target but the


concentrations are approximately three times lower. The
concentrations of the remaining receptors CC and BC are
very low under these conditions (0.49 and 0.07 mm).
Figure 12 shows the evolution of the system for the first six
generations.


In the theoretical paper by Moore and Zimmerman, an
evolutionary protocol as described in Scheme 8 was disre-
garded as impractical because ™the overall yield will plum-
met exponentially∫.[23] Although it is true that the overall
yield decreases during such a process, the relative yields may
change substantially. In our simulation, the concentration of
the high affinity receptor AA even increases initially. After
six cycles, we still observe 2.06 mm of AA, whereas the total
concentration of all other DCL members is 0.06 mm. While
this corresponds to a substantial loss of material (88%),
such a situation can be highly advantageous under practical
considerations. Without this iterative process, there are sig-


nificant amounts of four DCL members, the separation of
which might be analytically challenging. After six cycles, the
concentration of the best receptor AA has dropped from
3.11 mm to 2.06 mm but there are essentially no other DCL
members that would interfere with the measurement.


A related behavior is found if we calculate the evolution
of a system with limiting amounts of target according to
Table 3, entry 5. The concentrations of all assemblies drop
with each cycle with the exception of the high affinity recep-
tor AA. Even after 14 cycles, the concentration of the latter
is higher than at the beginning (3.62 versus 3.17 mm ;
Figure 13), whereas the concentration of the competing re-
ceptor AB has dropped by 46%. The total concentration of
all other receptors is less than 0.2 mm.


Also of interest was the behavior of the system described
in Table 3, entry 7. Compared to the previous system, the af-
finities for the target are reduced leading to a small amplifi-
cation of the best receptor AA in the first equilibration step
([T]i=100 mm) but all competing receptors are likewise
present in significant amounts. After 14 cycles, the concen-
tration of AAT is as high as at the beginning (with an inter-
mediate maximum after six cycles) but the concentrations of
the remaining receptors have dropped between 66 and 99%
(Figure 14). The final differentiation is remarkably good,
given the fact that the binding constants are very similar
(the binding constant of the best receptor AA and the worst
receptor CC differ by a factor of 56).


These simulations show that an evolutionary protocol ac-
cording to Scheme 8 is potentially very valuable, in particu-
lar for larger DCLs, where the separation of the different
members becomes difficult. But what are the basic criteria
that have to be fulfilled so that an iterative procedure will
lead to the relative enrichment of the best binders? First of
all, a repetitive selection protocol according to Scheme 8 is
not useful for DCLs of type A. Since the assemblies are
formed from a single building block, each equilibration step
will produce all possible DCL members. Due to the fact that


Figure 12. Steady-state concentrations of the target-bound receptors
AAT, BBT, CCT, ABT, ACT, and BCT over the first six cycles of the
evolutionary selection process. The remaining variables were fixed to the
following values: [A]i= [B]i= [C]i=12 mm ; [T]i=100 mm ; KAA=1î
10�4 mm


�1; KAA=KBB=KCC=
1=2KAB=


1=2KAC=
1=2KBC; KAAT=180 mm


�1;
KBBT=24 mm


�1; KCCT=5.6î10�2 mm
�1; KABT=24 mm


�1; KACT=3.2 mm
�1;


KBCT=4.2î10�1 mm
�1. The calculations are based on Method 2 described


in Scheme 8.


Figure 13. Steady-state concentrations of the target-bound receptors
AAT, BBT, CCT, ABT, ACT, and BCT over the first fourteen cycles of
the evolutionary selection process. The remaining variables were fixed to
the following values: [A]i= [B]i= [C]i=12 mm ; [T]i=8 mm ; KAA=


1000 mm
�1; KAA=KBB=KCC=


1=2KAB=
1=2KAC=


1=2KBC; KAAT=180 mm
�1;


KBBT=24 mm
�1; KCCT=5.6î10�2 mm


�1; KABT=24 mm
�1; KACT=3.2 mm


�1;
KBCT=4.2î10�1 mm


�1. The calculations are based on Method 2 described
in Scheme 8.
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the overall concentration decreases with each cycle, this re-
equilibration will lead to a relative increase of assemblies
with a low aggregation number.[34] The iterative process
therefore enhances the bias for small assemblies. Unless the
smallest assembly is also the best binder, the evolutionary
process will be counterproductive.


For DCLs of type B, one should perform the experiment
under conditions that already lead to an amplification of the
best binders in the first cycle (e.g. with limiting target con-
centration, or ideally with a VCL). Furthermore, the binding
constant of the assembly with the highest affinity to the
target should be large enough that the majority of the re-
spective assembly is bound to the target. Too much material
is otherwise lost in the washing steps. The opposite is true
for the binding constants of the low affinity receptors. Here,
it is desirable that a significant fraction is removed by sepa-
ration of the immobilized target.[35] One should note that
the procedure described in Scheme 8 does not represent a
simple affinity chromatography with several washing steps
for which an increase in receptor concentration (as descri-
bed in Figure 12 13, and 14) would be impossible.


Comparison with experimental data : An experiment, which
corresponds to Model 1 (Scheme 2) was realized by using
pseudo-peptide cyclic hydrazones.[10d] In thermodynamic
equilibrium, a dimeric (88%) and a trimeric macrocycle
(11%) were shown to be the dominant species in solution.
Addition of acetylcholine as a target reversed the composi-
tion of the library (13% dimer, 86% trimer). We thus ob-
serve the strong amplification of the assembly with the
higher aggregation number. Since the experiments were per-
formed with a ™real∫ DCL in the presence of an excess of
target, our calculations predict that the observed selectivity
is only possible if the binding constant of the trimer is signif-
icantly larger than that of the dimer. In the publication,[10d]


the authors provide only data for the complexation of the
trimer. It is therefore not clear whether we have a real com-
petition situation between two receptors in this system. In a


full account on this topic,[10c] the authors mention that for
some targets such as BnEt3NCl, it is possible to amplify
higher oligomers than trimers. Unfortunately, there are
again no detailed thermodynamic data on this–according to
our calculations–unusual behavior.


A completely different response was observed for a struc-
turally related pseudo-peptide hydrazone library using a
crown ether as the target.[13] Here, the monomeric building
block, which was present in trace amounts in the initial
DCL, was amplified considerably so that it finally represent-
ed the dominant species in solution. Although we have not
explicitly modeled a system where the monomeric building
block can interact with the target, it is clear that such an in-
teraction may lead to a very strong re-equilibration. This
follows from the same argument that was outlined above:
the formation of the monomer on behalf of the oligomers
will increase the total amount of molecules that are able to
interact with the target.


An examination of all the available experimental data on
DCLs of type A[2] reveals that in most cases, it is an assem-
bly with a small (but not necessarily the smallest) aggrega-
tion number that is amplified the most.[36] It is plausible that
the receptors detected in these experiments are indeed the
best binders but our simulations show that a receptor with a
high aggregation number will have a hard time competing
with the smaller ones and may thus escape detection.


For selection experiments with DCLs of type B, our calcu-
lations predict that there is an intrinsic advantage for
hetero-assemblies that exceeds the simple statistical prefer-
ence. This result was recently validated experimentally for a
DCL of trinuclear metallamacrocycles.[22a] Steric interactions
were used to introduce thermodynamic differences among
the DCL members. In accordance with the predictions, it
was not the thermodynamically most stable homo-trimer
that was formed preferentially but the less stable hetero-
trimers.


A DCL of type B which corresponds closely to Model 3
(Scheme 4) was described by Hioki and Still.[18b] Two differ-
ent organic oligomers A and B, which can act as receptors
for small peptides, were connected by means of a disulfide
bridge. Under conditions that allow disulfide exchange, a
nearly equal distribution of the species AA, AB, and BB
was observed. Addition of an excess of a polymer-supported
tripeptide as a target resulted in a pronounced re-equilibra-
tion with amplification of the homo-dimers AA and BB. Ac-
cording to calculations, this is only possible if the hetero-
dimer AB has a significantly weaker binding affinity and
this is exactly what the authors found. Since an immobilized
target was employed, they were also able to separate the
bound and non-bound receptors. This allowed the isolation
the high affinity receptor AA in 97.5% purity.


The advantage of working with VCLs was demonstrated
by Eliseev, Nicolau and co-workers.[19a,b] Using combinatori-
al mixtures of imines and the enzyme neuraminidase as a
target, they were able to able identify potent inhibitors in
single screening experiments. The key for the success of the
experiment was that the conditions were chosen is such a
fashion that the selected imines[37] were only formed in the
presence of the target. In some cases, the observed amplifi-


Figure 14. Steady-state concentrations of the target-bound receptors
AAT, BBT, CCT, ABT, ACT, and BCT over the first fourteen cycles of
the evolutionary selection process. The remaining variables were fixed to
the following values: [A]i= [B]i= [C]i=12 mm ; [T]i=8 mm ; KAA=


1000 mm
�1; KAA=KBB=KCC=


1=2KAB=
1=2KAC=


1=2KBC; KAAT=4.2î
10�1 mm


�1; KBBT=5.6î10�2 mm
�1; KCCT=7.5î10�3 mm


�1; KABT=1.5î
10�1 mm


�1; KACT=5.6î10�2 mm
�1; KBCT=2.1î10�3 mm


�2. The calculations
are based on Method 2 described in Scheme 8.
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cation factors were higher than 100, which allowed screening
of mixtures of remarkable complexity. It should be noted
that in addition to using a VCL approach, these experiments
were also performed with assemblies that contain sub-stoi-
chiometric amounts of a common building block (the
amine). This might have contributed to the observed selec-
tivity.


Remarkably high amplification factors were also reported
in a recent publication by Nitschke and Lehn in which they
studied the dynamic assembly of a metallosupramolecular
grid.[38] Again a VCL approach was employed.


A clear demonstration that the introduction of a common
building block can be beneficial for a selection process with
DCLs was reported by the group of McLendon.[22b,39] In-
stead of screening the interactions with a target, they used a
DCL to address the question of protein folding. For this pur-
pose, they synthesized three peptide subunits containing 20
amino acids and a bipyridine ligand at the C-terminus. In
the presence of iron(ii), these peptides form a library of 11
exchange-labile three-helix bundles. Here, the metal ions act
as a common building block. By determining the steady-
state concentrations of the peptide-bundles in the presence
of different concentrations of iron(ii), they found that the
most stable assembly was only selected when substoichio-
metric amounts of iron(ii) were employed.


Although there are several reports about screening ex-
periments with immobilized targets,[2] there are–to the best
of our knowledge–only two publications about evolution-
ary systems.[7g,22d] Both are from the group of Eliseev who
have used a photochemically induced isomerization process
to generate a mixture of three different dicarbonic acids.
Following a protocol that corresponds to Method 1,
Scheme 7, the mixture was repetitively equilibrated and
then allowed to interact with an immobilized arginin group.
After 30 cycles, they observed a pronounced increase of the
best receptor with respect to the other two. As predicted
theoretically, the final concentration of the best receptor
corresponds to what was calculated for a selection experi-
ment where the equilibration is performed directly in the
presence of the target.


A real refinement of the selection process should be pos-
sible with the method described in Scheme 8. Although con-
ceptually simple, an experiment of this kind has not yet
been performed (possibly discouraged by concerns as out-
lined by Moore and Zimmerman).[23] Our simulations show
that such a process is potentially very useful, in particular
for more complex DCLs with competing assemblies. It re-
mains to be seen whether future experiments can confirm
this prediction.


Conclusion


The theoretical analyses reported in this publication were
carried out to gain further insight into the adaptive behavior
of DCLs. Instead of presenting general mathematical de-
scriptions, numerical simulations were performed on select-
ed minimal models using a series of typical (or instructive)
boundary conditions.[40] As expected for any complex net-


work of interacting entities, some of the systems described
in this study display a behavior that would be difficult to
predict in detail without numerical simulations. For DCLs
with an increased structural diversity, this is even more
likely to be the case. The simulations have also revealed
some fundamental trends and characteristics, which should
be considered in the design of selection experiments with
DCLs of types A and B.


A central finding is the fact that for both types of DCLs,
it is not necessarily the assembly with the highest affinity to
a given target that is amplified the most. Quite contrary, it is
possible that the addition of a target molecule will lead to a
decreased steady-state concentration of the best binder. This
contradicts what has been claimed repeatedly in the litera-
ture.[41] Furthermore, it is possible that a target does not
induce a re-equilibration of the dynamic mixture, even if the
binding constants of the constituent members vary substan-
tially.


For DCLs of type A, a bias is observed for the selection
of assemblies with a small aggregation number, whereas for
DCLs of type B there is an intrinsic preference for assem-
blies, the composition of which reflects the composition of
the library. These preferences are most pronounced for sys-
tems with high association and binding constants containing
an excess of target. To utilize DCLs in selection processes, it
would be desirable if the highest amplification factors are
found for the species with the highest binding constants.
Our simulations show that such an ™ideal∫ situation can be
approached by an appropriate design of the selection experi-
ment. An important parameter that is easy to control is the
initial target concentration and for many systems it should
be advantageous to work with relatively low amounts of the
target. If the chemistry involved allows modulation of the
association constants, it is recommended that the work is
carried out with virtual libraries under conditions where the
building blocks (and not the assemblies) are the dominant
species in solution. Alternatively, one can design the DCL
in such a fashion that the assemblies contain a common
building block. Then it would be beneficial to use substoi-
chiometric amounts of this building block with respect to
the other subunits.


Evolutionary protocols represent an interesting alterna-
tive or extension to single DCL selection experiments. An
experimental setup as described in Scheme 7 allows separa-
tion of the selection step from the equilibration step which
may be advantageous for sensitive targets. According to the
simulations reported herein, the repetitive equilibration in
the presences of a target (Scheme 8) can be used to increase
the signal-to-noise ratio of a selection experiment without a
dramatic decrease of the signal intensity, at least for some
systems. It will be interesting to compare these predictions
with future experimental data.
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Solvent Effects on 195Pt and 205Tl NMR Chemical Shifts of the Complexes
[(NC)5Pt�Tl(CN)n]


n� (n=0±3), and [(NC)5Pt�Tl�Pt(CN)5]
3� Studied by


Relativistic Density Functional Theory


Jochen Autschbach*[a] and Boris Le Guennic[a, b]


Introduction


The complexes [(NC)5Pt�Tl(CN)n]
n�, n=0±3, (I, II, III, and


IV) and [(NC)5Pt�Tl�Pt(CN)5]
3� (V) (see Figure 1) belong


to a fascinating class of inorganic compounds that are stable
in aqueous solution and afford direct, nonbridged, Pt�Tl
bonds. Complex II was first synthesized by Glaser et al. in
1995, and characterized by multinuclear NMR spectrosco-
py.[1] The experimental studies were subsequently extended
to include the other complexes I and III±V, and related
compounds. The structures were extensively investigated by
NMR spectroscopy, vibrational spectroscopy, X-ray diffrac-
tion of single crystal samples, and EXAFS (extended X-ray
absorption fine structure analysis) studies of the complexes
in solution.[2±6] A number of computational studies on the
title compounds have so far been carried out by several


groups.[7±9] Russo and Kaltsoyannis have performed relativis-
tic density functional theory (DFT) calculations.[7] By com-
puting harmonic vibrational frequencies they confirmed that
the proposed structures of complexes I±IV (Figure 1) are


Figure 1. Proposed (see Ref. [2]) structures for the complexes I±V.[a] Dr. J. Autschbach, Dr. B. Le Guennic
Department of Chemistry, University at Buffalo
Buffalo, NY 14260-3000 (USA)
Fax: (+1)716-645-6963
E-mail : jochena@buffalo.edu.


[b] Dr. B. Le Guennic
Lehrstuhl f¸r Theoretische Chemie, Universit‰t Erlangen
Egerlandstra˚e 3, 91058 Erlangen (Germany)


Abstract: The 295Pt and 205Tl NMR
chemical shifts of the complexes
[(NC)5Pt�Tl(CN)n]


n� n=0±3, and of
the related system
[(NC)5Pt�Tl�Pt(CN)5]


3� have been
computationally investigated. It is dem-
onstrated that based on relativistically
optimized geometries, by applying an
explicit first solvation shell, an addi-
tional implicit solvation model to rep-
resent the bulk solvent effects
(COSMO model), and a DFT ex-
change-correlation potential that was
specifically designed for the treatment
of response properties, that the experi-


mentally observed metal chemical
shifts can be calculated with satisfacto-
ry accuracy. The metal chemical shifts
have been computed by means of a
two-component relativistic density
functional approach. The effects of
electronic spin±orbit coupling were in-
cluded in all NMR computations. The
impact of the choice of the reference,
which ideally should not affect the ac-


curacy of the computed chemical shifts,
is also demonstrated. Together with
recent calculations by us of the Pt and
Tl spin±spin coupling constants, all
measured metal NMR parameters of
these complexes are now computation-
ally determined with sufficient accura-
cy in order to allow a detailed analysis
of the experimental results. In particu-
lar, we show that interaction of the
complexes with the solvent (water)
must be an integral part of such an
analysis.
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compatible with the experimentally observed infrared spec-
tra. Pyykkˆ and Patzschke have recently investigated the
structural features of complexes I±IV with a variety of
methods.[8,9] They have focused in particular on the reasons
for the occurrence of the rather short Pt�Tl internuclear dis-
tances (around 2.6 ä), and on an analysis of the pronounced
multicenter character of the metal�metal bond, and on the
question of the oxidation state of the metal atoms. The mul-
ticenter bond has also been analyzed in Ref. [10] for com-
plex II. The nuclear spin±spin coupling constants of complex
II were first calculated by Autschbach and Ziegler with rela-
tivistic DFT.[10] It was shown that the curious fact of 2JTl�C


A


being about four times larger than 1JTl�C
B is also compatible


with the proposed structure, and a nonbridged Pt�Tl bond,
provided that coordination of the Tl center by four water
molecules is taken into account in the computations. The
large magnitude of the experimental JPt�Tl of 57 kHz could
not quantitatively be reproduced in the computations (calcu-
lated value: ~40 kHz). However, the results already indicat-
ed that 50% or more of the magnitude of JPt�Tl must be at-
tributed to solvent coordination of the Tl center.


Recently, we have computationally investigated the nucle-
ar spin±spin coupling constants of the whole series of com-
plexes I±V.[11] We could demonstrate that based on accurate
relativistically optimized geometries, by applying an explicit
first solvation shell, an additional implicit solvation model
to represent the bulk solvent effects, and a DFT exchange-
correlation (XC) potential that was specifically designed for
the treatment of response properties, that the experimental-
ly observed spin±spin coupling constants can be calculated
with satisfactory accuracy (typically within about 15% devi-
ation from experimental values). Thereby, remarkably large
effects from the bulk solvent, and from the influence of the
XC potential were found. In particular JPt�Tl is a very sensi-
tive indicator for the quality of the computational model.
We showed that the experimentally observed trend of de-
creasing JPt�Tl along the series I±V can only be understood
by taking direct solvent coordination of Tl and bulk solvent
effects into consideration. The other coupling constants are
also very strongly affected.


So far, no attempts have been made to compute the metal
chemical shifts for the title compounds. NMR observables
are very sensitive to experimental probes, and therefore not
easy to reproduce in computations. The NMR properties of
complexes I±V are especially sensitive to the quality of the
computational model. Thus, they serve as an ideal bench-
mark to simultaneously test a variety of parameters that
define the quality of a model for the description of heavy
atomic main group and transition-metal complexes in gener-
al, and compounds with directly bonded heavy main group
and transition-metal elements in particular. The NMR ob-
servables probe, for instance, the geometry, the quality of
the calculated electronic structure, the quality of the relativ-
istic approach, and the extent to which the environment
must be treated, and so on. It is the purpose of the present
paper to demonstrate that the same computational model
that yields the best agreement with experimental data for
the spin±spin coupling constants performs also best for the
metal chemical shifts. As already mentioned, this model in-


volves an explicit treatment of the Tl-solvent coordination,
implicit bulk solvent effects, and the use of the aforemen-
tioned improved XC potential, employed in relativistic DFT
calculations. Both 195Pt and 205Tl chemical shifts are investi-
gated. The effects of the electronic spin±orbit coupling,
known to be of high importance for a correct description of
heavy nucleus magnetic shieldings and chemical shifts, are
included in all NMR computations.[12±14] Taking the large ef-
fects from various competing influences (relativity, solvents,
the quality of the description of the electronic structure, ge-
ometries, etc.,) into consideration, the final results can be
regarded as quite satisfactory when compared to experimen-
tal data (remaining errors are typically within ~15%, de-
pending on the reference). The choice of the reference nu-
cleus for the evaluation of the chemical shift is extensively
discussed, since it imposes an additional layer of complexity
for the present study relative to spin±spin coupling calcula-
tions, but also allows us to choose a presentation of the re-
sults with a maximum cancellation of systematic errors.


In Computational Details, we describe the computational
details and the computational models that have been ap-
plied in this study. The Results and Discussion is devoted to
the presentation of the results and their analysis, as well as a
discussion of the various possible reference compounds.
Some concluding remarks are given in the Conclusion.


Computational Details


Density functional computations have been carried out by using the Am-
sterdam Density Functional (ADF) program package.[15±17] It incorporates
a modified version[18] of the code developed by Wolff et al.[19] for the two-
component relativistic computation of nuclear shielding constants, based
on the zeroth-order regular approximation (ZORA) Hamiltonian.[20,21]


The modifications that have been made do not affect the results obtained
with the program, but implement a significantly better scaling of the
computational time with increasing system size. It has recently been dem-
onstrated that the ZORA yields very accurate hyperfine integrals for the
valence orbitals of heavy atoms, relative to a fully relativistic treat-
ment.[22] See also Ref. [23]. The chemical shifts can therefore be expected
to be close to not yet available fully relativistic DFT NMR results, which
would otherwise be equivalent in terms of basis functions, XC potential,
and other parameters, which affect the quality of the computation.


The shielding constant sA for a nucleus A within the relativistic ZORA
formalism consists of four terms as shown in Equation (1) below.


sA ¼ sD
A þ sP


A þ sSO
A þ sGC


A ð1Þ


Here, sD
A is the diamagnetic shielding, and sP


A the paramagnetic one.
These two terms are also present in a nonrelativistic or a scalar (i.e.,
™one-component relativistic∫) ZORA calculation. sSO


A denotes the spin±
orbit induced terms due to the ZORA analogues of the Fermi-contact
(FC) and the spin±dipole (SD) operators.[12] It is important to note that,
due to the different shapes of the orbitals obtained from a variational
two-component calculation, sD


A and sP
A are also somewhat different com-


pared with scalar relativistic calculations. Finally, sGC
A denotes gauge cor-


rection terms obtained from the implemented GIAO (gauge including
atomic orbitals) formalism in a finite basis[24±26] (it should be noted that
sGC is supposed to include all GIAO related terms. This is different from
the ™gauge terms∫ that are printed by the ADF NMR program). Chemi-
cal shifts with respect to a reference nucleus (ref) are calculated as
shown below in Equation (2).


dA ¼ sref
A �sprobe


A ð2Þ
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The Vosko-Wilk-Nusair (VWN) local density approximation (LDA) func-
tional has been used in all geometry optimizations, and a subset of the
NMR computations.[27] It provides a reasonable accuracy for structures,
and often of NMR properties, of heavy metal complexes.[10,12, 18, 28±32] In
addition, the NMR chemical shifts have also been computed by using the
Perdew±Wang (PW91)[33] generalized gradient correction (GGA) density
functional in order to demonstrate that the results are not very sensitive
to the particular choice of the approximate (nonhybrid) density function-
al for the ground-state computation. The ™statistical average of orbital-
dependent model potentials∫ (SAOP) Kohn±Sham potential has been
previously designed for, and successfully applied to, excitation energies
and frequency-dependent response properties.[34±38] Poater et al. have re-
cently reported that SAOP results show considerable improvement with
respect to other potentials, such as VWN or Becke±Perdew (BP),[39, 40] for
a range of light-nuclei chemical shifts.[41] In our previous study, its influ-
ence on the calculation of spin±spin coupling constants has been descri-
bed.[11] Its association with a continuum solvation model (see below) has
resulted in good agreement between computed and experimental nuclear
spin±spin coupling constants for I±V.


The optimized geometries of the complexes I±V have already been dis-
cussed in a previous paper.[11] The frozen core Slater-type basis sets used
for geometry optimizations include 4f, 5spd and 6s, or 6sp, as valence
shells for Pt, and for Tl, respectively. The 1s shell has been kept frozen
for C, N, and O. For reasons of consistency with Ref. [11], all-electron
Slater-type basis sets augmented with steep 1s and 2p functions in the
case of Pt and Tl have been used for the computations of NMR chemical
shifts. All basis sets are of triple-z quality augmented with two polariza-
tion functions for the metal×s valence shells, one polarization function for
C, N, and O, and of double-z quality for the core shells in the case of all-
electron computations.


Solvent effects have been taken into account by using two different ap-
proaches. In solution, complexes I, II, III, and V are moderately strongly
coordinated by water molecules.[3,10] This first (solvation or coordination)
water shell is represented in the computation by explicitly adding water
molecules to surround the Tl atom. We have also used the COSMO (con-
ductor-like screening model) as implemented in ADF,[45] in order to im-
plicitly treat the remaining bulk solvent effects.[46,47] (The radii of the
atomic spheres used in the COSMO calculations are 1.39, 1.7, 2.2, 1.4,
1.3, and 1.16 ä for Pt, Tl, C, N, O, and H, respectively. The metal radii
are not optimized. However, a modification of the metal radii should not
change the computational results by a significant amount).[42±44] It has
previously been demonstrated that usually the innermost solvent shell
has to be included explicitly[48] when computed nuclear shieldings are to
be directly compared to experimental data. In Ref. [11], we showed that
for the present samples the nuclear spin±spin coupling constants are very
strongly affected both by direct H2O coordination, and bulk solvent ef-
fects.


There is no real perturbation of the electron density by a static external
magnetic field. Consequently, at the level of ™uncoupled∫ DFT response
theory that is employed in our NMR calculations, no perturbation of the
effective Kohn±Sham potential, and also the COSMO potential is consid-
ered in the expression of the shielding tensor. The unperturbed Kohn±
Sham potential directly enters the shielding tensor first, in principle,
through the ZORA operators,[19] and secondly through sGC


A .[49,50] We have
considered the COSMO potential in the latter terms, and should note
that its effect on the results is not at all negligible. Its indirect effects on
the chemical shifts, through an alteration of the unperturbed orbitals and
their energies, are very important as well, as will be shown in the Results
and Discussion. The ZORA operators are built from a model potential
(sum of atomic potentials) instead of the self-consistently determined
Kohn±Sham potential of the molecules.[20,21] Consequently, the COSMO
potential has no direct influence on these operators, which we would
expect to be negligible anyway.[51]


For the anionic species, the counterion effects have not been simulated.
It has previously been demonstrated that solvent effects can be similar to
counterion effects in the computation of NMR properties.[32]


Results


Choice of references for the determination of the chemical
shifts : By definition [Eq. (2)], chemical shifts are reported
with respect to a reference nucleus. This is not the case for a
number of other magnetic resonance properties that are cur-
rently accessible to computation, for instance, nuclear spin±
spin coupling constants. Usually, the presence of a reference
in the calculation is helpful, because of systematic error can-
cellation. However, in this work the heavy-nucleus reference
choice adds a layer of complexity, because of the need to ac-
curately describe the reference shielding.


All measurements were carried out in aqueous solution.
For the present samples, experimental data have been re-
ported with respect to Tl+ or Tl(CN)3 for Tl chemical shifts,
and with respect to [Pt(CN)6]


2� for Pt chemical shifts.[2] Ac-
cordingly, these references have been used in our calcula-
tions. However, Tl chemical shifts computed with respect to
the rather problematic Tl+ reference will be omitted from
the discussion, because of the considerably large error ob-
tained from these calculations. In order to take into account
the solvent effects on the reference, Tl chemical shifts have
also been computed with respect to Tl(CN)3¥2H2O with the
two additional water molecules situated on both sides of the
Tl(CN)3 plane. The significance of the reference choice will
also be demonstrated for the Pt chemical shift calculations
by comparing the two dianionic complexes [Pt(CN)6]


2� and
[Pt(Cl)6]


2� as references.
Calculated chemical shifts are often reported with respect


to references that are closely related to the studied com-
plexes in order to take advantage of a maximum amount of
error cancellation. Consequently, for the present work, Pt
and Tl chemical shifts were additionally evaluated with re-
spect to complex IV. For this system, no first (explicit) metal
coordination shell by water molecules needs to be consid-
ered, because of the high number of cyanide ligands on the
Tl atom and its pseudotetrahedral coordination.[11]


195Pt and 205Tl NMR chemical shifts : As in our previous
work about the nuclear spin±spin coupling constants of the
same complexes,[11] different computational methods applied
to several structural arrangements have been used with the
aim of well reproducing the experimental Pt and Tl chemi-
cal shifts, and to understand the various electronic and struc-
tural influences. The solvent effects due to the water mole-
cules coordinated to the Tl atom strongly shift the Pt�Tl
coupling constants. Consequently, in the present work, we
have also applied this approach of adding an explicit solva-
tion shell to those of the studied complexes with open coor-
dination spheres around Tl (™model A∫, excluding complex
IV, and the Pt references [Pt(CN)6]


2� and [Pt(Cl)6]
2�. For


these systems, model A, and the not explicitly solvated sys-
tems are considered to be equivalent). Instead of calling this
a solvent shell, it is also possible to view this model as treat-
ing the aquo-complexes of I, II, III, and V. It was previously
shown that regarding heavy metal spin±spin coupling con-
stants, even ™inert∫ solvents such as chloroform can cause
very sizeable solvent shifts, compared with the free sys-
tems.[30] The stronger nucleophilic the solvent, the larger is
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the effect. With the present samples, we believe that is
somewhat a matter of taste to view the first solvation shell
as regular ligands.


Recent studies have demonstrated that treating the sol-
vent implicitly as a polarizable continuum may yield impor-
tant contributions to the NMR parameters.[52±55] This was, to
an unexpected extent, confirmed by our work on the present
sample×s coupling constants.[11] Such an approach, available
in form of the COSMO model in the ADF code,[45] has been
applied here first on the free molecules (™model B∫), and
secondly on the previously described water complexes
™model A∫, in order to simultaneously take into account the
explicit first solvation shell, and implicit bulk solvent effects.
This combined treatment of solvent effects will be termed
™model C∫. This model might give a good representation of
the effects on the Pt and Tl chemical shifts of both the
direct coordination of the Tl atom by solvent molecules, and
the electrostatic interaction with the bulk solvent. We
should point out that ™model B∫ and ™model C∫ are not the
same as those defined in our previous paper.[11]


The experimentally observed and computed Pt and Tl
chemical shifts for complexes I±V are collected in Table 1
and 2, and graphically displayed in Figure 2 and 3, respec-
tively. Although a certain amount of redundancy is intro-
duced in the tables, for the convenience of the reader we


have tabulated the chemical shifts with respect to the vari-
ous references instead of the calculated shielding constants.
In order to allow the interested reader to obtain the individ-
ual shielding constants, the absolute shieldings for complex
IV in the various models are listed in Table 3.


The first observation concerns the comparison between
the results obtained with established standard LDA and
GGA functionals (by using the PW91 functional as a typical
representative for the latter). For this series of complexes,
the chemical shifts are not particularly sensitive to the
choice of the approximate density functional, though differ-
ences are, of course, observed. For instance, Pt chemical
shifts are systematically lowered by 100 ppm, at the most,
when the GGA functional is applied. The influence of the
GGA functional is even less noticeable in the case of the Tl
chemical shifts. We do not expect any significant changes of
the results upon switching to a different nonhybrid GGA. It
has previously been demonstrated that for heavy atomic
molecules, for which the NMR results are not too delicately
balanced by different contribution of varying sign, the heavy
atom chemical shifts tend to be rather insensitive to the par-
ticular choice of the approximate nonhybrid density func-
tional. To compare, please see Refs. [19], [56], and [12].


In the following, we will thus focus on the results comput-
ed with the LDA and SAOP functionals. We should already


Table 1. Calculated NMR chemical shifts [ppm] of 195Pt in the complexes I±V with respect to [Pt(CN)6]
2�, [Pt(Cl)6]


2�, and complex IV.[a]


Reference [Pt(CN)6]
2� [Pt(Cl)6]


2� complex IV


LDA GGA SAOP LDA GGA SAOP LDA GGA SAOP


complex I
unsolvated 1150 973 937 �943 �1002 �70 2446 2337 2078
model A (3H2O)[b] �337 �434 �325 �2430 �2409 �1332 959 930 816
model A (4H2O)[b] �529 �620 �494 �2622 �2595 �1501 767 744 647
model A (5H2O)[b] �655 �745 �600 �2748 �2720 �1607 641 619 541
model B[c] 989 899 1017 �1898 �1918 �967 1362 1298 1335
model C (3H2O)[d] 73 32 118 �2814 �2785 �1866 446 431 436
model C (4H2O)[d] 109 56 126 �2778 �2761 �1858 482 455 444
model C (5H2O)[d] 99 50 116 �2788 �2767 �1868 472 449 434
exptl[e] �182 �182 �182 473 473 473 405 405 405


complex II
unsolvated �546 �649 �528 �2639 �2624 �1535 750 715 613
model A (4H2O)[b] �1145 �1227 �1016 �3238 �3202 �2023 151 137 125
model B[c] 198 141 211 �2689 �2676 �1773 571 540 529
model C (4H2O)[d] �68 �112 �37 �2955 �2929 �2021 305 287 281
exptl[e] �272 �272 �272 383 383 383 315 315 315


complex III
unsolvated �942 �1031 �840 �3035 �3006 �1847 354 333 301
model A (2H2O)[b] �1042 �1127 �919 �3135 �3102 �1926 254 237 222
model B[c] �49 �99 �25 �2936 �2916 �2009 324 300 293
model C (2H2O)[b] �229 �266 �184 �3116 �-3083 �2168 144 133 134
exptl[e] �471 �471 �471 184 184 184 116 116 116


complex IV
unsolvated �1296 �1364 �1141 �3389 �3339 �2148 0 0 0
model B[c] �373 �399 �318 �3260 �3216 �2302 0 0 0
exptl[e] �587 �587 �587 68 68 68 0 0 0


complex V
unsolvated �192 �324 �103 �2285 �2299 �1110 1104 1040 1038
model A (4H2O)[b] �753 �857 �647 �2846 �2832 �1654 543 507 494
model B[c] 887 794 855 �2000 �2023 �1129 1260 1193 1136
model C (4H2O)[d] 231 168 238 �2656 �2649 �1746 604 567 556
exptl[e] �56 �56 �56 599 599 599 531 531 531


[a] Spin±orbit relativistic chemical shifts from scalar relativistically optimized geometry. [b] Model A: scalar relativistically optimized geometry, which in-
cludes explicit first solvation shell. [c] Model B: scalar relativistically optimized geometry by using the COSMO model for all solvent effects. No explicit
first solvation shell. [d] Model C: model A+COSMO for the bulk solvent effects. [e] References [2] and [3].
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mention here that ™model C∫
yields good agreement between
computed and experimental
chemical shifts, whereas the
other models sometimes afford
huge errors. A detailed discus-
sion of the different models fol-
lows below.


We shall begin with the dis-
cussion of the Pt chemical shifts
calculated with respect to the
[Pt(CN)6]


2� reference. There is
poor agreement between com-
puted and experimental Pt
chemical shifts for the free mol-
ecules. In particular, for com-
plex I, the experimental chemi-
cal shift is overestimated by
more than 1300 ppm. For the
other complexes, we find an un-
derestimation of d(Pt) between
136 and 701 ppm. This unsolvat-
ed ™model∫ has also been used
as a benchmark in order to esti-
mate the importance of elec-


Table 2. Calculated NMR chemical shifts [ppm] of 205Tl in the complexes I±V with respect to Tl(CN)3, Tl(CN)3+2H2O, and complex IV.[a]


Reference Tl(CN)3 Tl(CN)3+2H2O complex IV


LDA GGA SAOP LDA GGA SAOP LDA GGA SAOP


complex I
unsolvated �3890 �3777 �4079 �3140 �3085 �3295 �2266 �2259 �2480
model A (3H2O)[b] �2368 �2342 �2687 �1618 �1650 �1903 �744 �824 �1088
model A (4H2O)[b] �2357 �2347 �2715 �1607 �1655 �1931 �733 �829 �1116
model A (5H2O)[b] �2308 �2291 �2635 �1558 �1599 �1851 �684 �773 �1036
model B[c] �6566 �6277 �6334 �6198 �6250 �5907 �5839 �5662 �5611
model C (3H2O)[d] �1631 �1609 �1909 �1263 �1300 �1482 �904 �994 �1186
model C (4H2O)[d] �1657 �1657 �2027 �1289 �1348 �1600 �930 �1042 �1304
model C (5H2O)[d] �1629 �1621 �2022 �1261 �1312 �1595 �902 �1006 �1299
exptl[e] �2056 �2056 �2056 �2056 �2056 �2056 �1438 �1438 �1438


complex II
unsolvated �663 �685 �513 87 7 271 961 833 1086
model A (4H2O)[b] �1650 �1615 �1851 �900 �923 �1067 �26 �97 �252
model B[c] �1064 �1069 �923 �696 �760 �496 �337 �454 �200
model C (4H2O)[d] �1244 �1222 �1520 �876 �913 �1093 �517 �607 �797
exptl[e] �1471 �1471 �1471 �1471 �1471 �1471 �853 �853 �853


complex III
unsolvated �109 �139 �78 641 553 706 1515 1379 1521
model A (2HO)[b] �1745 �1659 �1678 �995 �967 �894 �121 �141 �79
model B[c] 53 27 26 421 336 453 780 642 749
model C (2HO)[d] �790 �716 �850 �422 �407 �423 �63 �101 �127
exptl[e] �867 �867 �867 �867 �867 �867 �249 �249 �249


complex IV
unsolvated �1624 �1518 �1599 �874 �826 �815 0 0 0
model B[c] �727 �615 �723 �359 �306 �296 0 0 0
exptl[e] �618 �618 �618 �618 �618 �618 0 0 0


complex V
unsolvated 931 910 1235 1681 1602 2019 2555 2428 2834
model A (4H2O)[b] �2319 �2251 �2379 �1569 �1559 �1595 �695 �733 �780
model B[c] 1045 995 1202 1413 1304 1629 1772 1610 1925
model C (4H2O)[d] �1664 �1597 �1754 �1296 �1288 �1327 �937 �982 �1031
exptl[e] �1605 �1605 �1605 �1605 �1605 �1605 �987 �987 �987


[a] Spin±orbit relativistic chemical shifts from scalar relativistically optimized geometry. [b] Model A: scalar relativistically optimized geometry including
explicit first solvation shell. [c] Model B: scalar relativistically optimized geometry using the COSMO model for all solvent effects. No explicit first solva-
tion shell. [d] Model C: model A+COSMO for the bulk solvent effects. [e] Reference [2] and [3].


Figure 2. Comparison of calculated and experimental 195Pt NMR chemical shifts for different computational
approaches and references (given above the graphics). See footnotes of Table 1 for an explanation of the com-
putational models. The experimental values are labeled on the top of the graphics. The straight thick line indi-
cates where dcalc=dexp. The lines connecting the points do not represent fits to the data points, but were added
to guide the eye. LDA and GGA results are not shown because of their similarity to the SAOP values.
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tronic spin±orbit coupling in the calculations. For instance,
the scalar relativistic 195Pt chemical shifts for the complexes
I, II and III with respect to [Pt(CN)6]


2� deviate from experi-
ment by 2132, 682, and 493 ppm, respectively, whereas the
errors are reduced to 1332, 274, and 471 ppm when spin±
orbit coupling is considered.


The explicit inclusion of the solvent molecules
(™model A∫) negatively shifts all the calculated Pt chemical
shifts. The effect of this explicit solvation is comparatively
small for complexes II, III, and V, but increases the differen-
ces with the experimental values. As expected, and similar
to the coupling constants,[11] the higher the coordination of
the Tl by the cyano ligands, the smaller the effect of coordi-


nation of additional solvent
molecules on the Pt chemical
shifts. For complex I, it can be
seen that the solvent effect is
also increasing with increasing
number of coordinated water
molecules.


A next step to improve the
computational model is the im-
plicit addition of bulk solvent
effects. However, without the
explicit first solvation shell
(™model B∫), no agreement is
observed between calculated
(COSMO) and experimental Pt
chemical shifts. For instance, for
complexes I and V, for which
no cyano ligand is coordinated
to the Tl atom, a huge error of
more than 900 ppm is obtained.
Similar to our ™model A∫, the
higher the (CN)� coordination
is around the Tl atom, the
closer the computed chemical
shift is to the experimental one.


The presence of both explicit first solvation shell, and im-
plicit bulk solvent effects (™model C∫) clearly increases the
quality of the calculated Pt chemical shifts. The maximum
error is 287 ppm for complex V. The application of a stan-
dard GGA functional (PW91) slightly improves the agree-
ment between computed and experimental Pt chemical
shifts.


Regarding the spin±spin coupling constants, we could
show that the simultaneous application of explicit solvation,
the COSMO model, and the SAOP potential allowed to
obtain a very good agreement between computed and exper-
imental coupling constants.[11] Here, we do not obtain a sub-
stantial improvement from the SAOP potential for the Pt
chemical shift calculated with respect to [Pt(CN)6]


2� at the
level of ™model C∫. Moreover in this particular case, it
seems that the PW91 functional is slightly more accurate
than the SAOP potential. For all complexes, the difference
between calculated and experimental data is still about
200 ppm. However, it must be noted that by applying the
different models, changes of d(Pt) in the order of thou-
sand ppm are obtained, with the final results being balanced
by various competing effects. Thus, the errors of 200 ppm
with respect to the experiment data are not particularly
large.


In order to investigate the influence of the reference
choice, Pt chemical shifts have been further calculated with
respect to [Pt(Cl)6]


2�, and complex IV. The more similar to
the studied complexes the reference is, the more accurate
the agreement between computed and experimental values
can be expected, because of a better compensation of sys-
tematic errors. This is demonstrated by the results obtained
with respect to complex IV. The same trends with
[Pt(CN)6]


2� are obtained, of course, but the agreement with
the experiment values is much better for the best computa-


Figure 3. Comparison of calculated and experimental 205Tl NMR chemical shifts for different computational
approaches, and references (given above the graphics). See footnotes of Table 2 for an explanation of the com-
putational models, and details about the graphics.


Table 3. Calculated absolute NMR s(195Pt) and s(205Tl) shielding con-
stants [ppm] for the reference complex IV.[a]


Reference LDA GGA SAOP


s(195Pt)
unsolvated 6237 6118 6197
model B[b,c] 6478 6358 6425
model B[b,d] ± 6368 6421
model B[b,e] ± 6354 6434


s(205Tl)
unsolvated 10034 10154 10209
model B[b,c] 9664 9781 9860
model B[b,d] ± 9796 9867
model B[b,e] ± 9791 9881


[a] Spin±orbit relativistic chemical shifts from scalar relativistically opti-
mized geometry. [b] Model B: scalar relativistically optimized geometry
by using the COSMO model for all solvent effects. No explicit first solva-
tion shell. [c] The radii of the atomic spheres used in the COSMO calcu-
lations are 1.39, 1.7, 2.2, 1.4, 1.3, and 1.16 ä for Pt, Tl, C, N, O, and H, re-
spectively. [d] The radii of the atomic spheres of the ligand atoms are
20% smaller than used usually, that is, 1.76 and 1.12 ä for C and N, re-
spectively. [e] The radii of the atomic spheres of the ligand atoms are
20% larger than used usually, that is, 2.64 and 1.68 ä for C and N, re-
spectively.
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tional model with complex IV as the reference. For instance,
by using the solvated ™model A∫, the LDA calculations
qualitatively reproduce the experimental data. Only the Pt
chemical shift for the complex I is overestimated by about
500 ppm. The inclusion of both explicit and bulk solvent ef-
fects in the SAOP calculations (™model C∫) finally allows a
very good agreement between calculated and measured
values to be obtained. In that case, the largest error is of
about 30 ppm for complexes I and II, which corresponds to
a deviation of the experimental values by 7% and 10%, re-
spectively. Results of a similar quality have also been ob-
tained with the standard LDA and GGA functionals.


With respect to the reference [Pt(Cl)6]
2�, the differences


between computed and experimental Pt chemical shifts are
huge. It can be seen that when applying the SAOP potential
in the shielding calculations for [Pt(Cl)6]


2�, the errors de-
crease significantly, but remain unacceptably large. For in-
stance, at the level of ™model C∫ (SAOP) the Pt chemical
shift of complex I is in error by 2341 ppm when taken with
respect to [Pt(Cl)6]


2�, but only by 29 ppm with respect to
complex IV. Unlike the other references, s(Pt) in [Pt(Cl)6]


2�


appears to be very sensitive to the choice of the potential.
In comparison to [Pt(CN)6]


2�, sSO and sD are of the same
magnitude in [PtCl6]


2�, but sP is much larger, and most
likely the source of the errors. This might be indicated by,
and partialy attributed to, the significantly smaller HOMO±
LUMO gap computed for this reference. It could be the
cause of an overestimation of the negative sP contribution
by about 2000 to 3000 ppm, depending on the functional,
with the positive sSO being less sensitive to deficiencies in
the electronic structure. We believe that the huge disagree-
ments with the experimental values are due to a particularly
poor description of the reference [PtCl6]


2�, not the com-
plexes I±V.


The conclusions previously drawn for the computed Pt
chemical shifts of complexes I±V, are also valid for the Tl
chemical shift calculations. The best agreement is obtained
by using the solvated ™model C∫. Although the standard
LDA and GGA functionals yield acceptable results, in con-
trast to the Pt chemical shifts a significant improvement is
obtained for the Tl shifts of complexes I±III when using the
SAOP potential. Considering solvent effects on the refer-
ence shielding by using Tl(CN)3+2H2O instead does not en-
hance the agreement with experimental values. The addition
of the water molecules in both sides of the Tl(CN)3 plane
only results in a small increase of all Tl chemical shifts. With
complex IV as the reference, the agreement with the experi-
mental data is best, with an error of about 10% for the com-
plexes I, II, and V. The percentage error is somewhat larger
for complex III due to the small magnitude of the experi-
mental value.


In order to study the reliability of the final results ob-
tained with the COSMO model, NMR s(195Pt) and s(205Tl)
shielding constants have been calculated for the reference
complex IV (™model B∫) with different COSMO radii for
the atomic spheres of the ligand atoms. In other terms, how
sensitive are the computed shieldings to the cavity size? The
results are collected in Table 3. Changing the radii of the
atomic spheres for C and N by �20% changes the Pt and


Tl shielding constants far less than the calculated magnitude
of the total COSMO contributions. This indicates that the
calculated shieldings, at least at the level of ™model C∫, are
not particularly sensitive towards the choice of the COSMO
radii.


We have previously seen a very pronounced dependence
of JPt�Tl on R(Pt�Tl).[11] It is thus important to investigate
the sensitivity of the shielding constants with respect to the
structural parameters. Additional data have therefore been
obtained for complex I (™model C∫) with varying fixed
values of R(Pt�Tl), and all other geometrical variables opti-
mized. It appears that around the equilibrium Pt�Tl dis-
tance, the shielding constants are not extremely sensitive to
the modification of the structural parameters. For example,
a decrease of as much as 0.13 ä of the Pt�Tl distance, af-
fects the Pt and Tl shielding constants by 9 and 429 ppm, re-
spectively. However, the Tl chemical shifts are obviously
more sensitive to the Pt�Tl distance than the Pt shifts.


Discussion


When comparing chemical shifts to experimental data it is
very important to consider solvent effects. Sizeable solvent
effects on 199Hg chemical shifts were already known experi-
mentally for many years.[57] This specific case has been com-
putationally investigated for the first time by Wolff et al.
(linear 199Hg complexes).[19] Solvent-induced changes of dHg


were experimentally reported to be of the order of 103 ppm
for HgI2, and found to be of similar magnitude in the com-
putations in Ref. [19]. These are cases in which the solvent
strongly coordinates to the heavy atom, and it is obvious
that it must be considered explicitly to some extent. In some
cases this coordination causes large geometry changes,[19]


which are partially responsible for the effects on the chemi-
cal shift. Unfortunately, the inclusion of solvent molecules
usually causes the systems to be rather large for relativistic
computations. This might be the reason why, to the best of
our knowledge, no further detailed computational study re-
garding solvent effects on heavy ™relativistic∫ transition-
metal nuclar shieldings has so far appeared. Treating the sol-
vent as a polarizable continuum may also have important ef-
fects on the NMR parameters.[52±54] We are not aware of pre-
vious applications to heavy transition-metal complexes. To
remind the reader, ™model C∫ takes into account both ex-
plicit and implicit solvent effects, whereas ™model A∫ and
™model B∫ are only concerned with either one of them.


Our previous study on the same heavy metal complexes
has revealed that all calculated spin±spin coupling constants
are systematically improved upon introducing more realistic
computational models for the treatment of the solvent.[11]


This conclusion can not be directly transfered to the calcula-
tion of the Pt and Tl NMR chemical shifts. In particular,
though ™model B∫ might be thought of as an improved
model of the solvated systems, the chemical shifts are not
much improved. However, its use in addition to the explicit
first solvation shell (™model C∫) noticeably enhances the
agreement between computed and experimental Pt chemical
shifts, even if the SAOP potential is not applied at the same
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time. Including the SAOP potential, this most realistic com-
putational model yields the best agreement between com-
puted and experimental data for the Tl chemical shifts. For
the Pt chemical shifts, the results are of similar quality with
all functionals. The results are close to the experimental
data when [Pt(CN)6]


2� or complex IV are chosen as the ref-
erence.


In exact theory, chemical shift calculations should not
depend on the choice of reference. However, the compari-
son between the approximate calculated results obtained
with respect to Tl+ , Tl(CN)3, Tl(CN)3+2H2O, and complex
IV for the Tl chemical shifts, and with respect to
[Pt(CN)6]


2�, [Pt(Cl)6]
2� and complex IV for the Pt chemical


shifts, reveals the inherent errors of the computations. It can
be seen that with the most reasonable computational model,
acceptable though not uniformly accurate, results are ob-
tained with all references, excluding [Pt(Cl)6]


2�. Obviously,
the closer the reference is to the geometry and electronic
structure (structural arrangement, ligands, charge and so on)
of the samples, the better the agreement is with the experi-
mental values.


Conclusion


A large variety of parameters, including geometries, basis
sets, solvents, references, and so on, can drastically influence
the quality of NMR chemical shift computations. Many
studies on small and light atomic molecules have already
been published which were concerned with the effects relat-
ed to each of them.[49,50] In comparison, little is known about
transition metal nuclei, in particular for the heavier ones,
since the usage of a relativistic theoretical formalism is im-
perative. The past years have seen a strongly increasing in-
terest in the relativistic computation of nuclear shieldings in
molecules, which contain heavy atoms.[12,13] However, most
of them have so far focused on novel relativistic methodolo-
gy, a comparison to nonrelativistic data, and interpretations
of relativistic effects. Some of these methods have by now
been established as useful computational tools to study
NMR spectroscopy of transition metals, and the computa-
tionally more efficient among those can be applied to larger
and/or more complicated systems.


In the present work, we have focused on the importance
of modeling the electronic structure, and the chemical envi-
ronment of complexes I±V, and for the first time computed
their metal chemical shifts. Together with Ref. [11], all ex-
perimentally determined NMR parameters of the heavy
nuclei have now been computed with sufficient accuracy
(typically within about 15% deviation from experimental
data) in order to allow a detailed analysis of the observed
trends. We believe that in order to achieve a much better
agreement with experimental data, significantly more in-
volved computations in which a number of remaining sour-
ces of errors are simultaneously eliminated, are required.
This is likely to demand the dynamical calculation of time-
averaged nuclear shieldings of the solvated systems at finite
temperature,[58] and include the counter ions, along with a
more accurate treatment of electron correlation. Perhaps ex-


plicit interaction of the solvent with the ligands is also
needed, and its neglection could be partially responsible for
the drastic failure of the [PtCl6]


2� reference.
The effects of the solvent (H2O) on the NMR observables


have turned out to be remarkably large, and in some cases
account for most of their magnitudes. The best computation-
al models uniformly agree with the experimental data,
which gives some confidence both in that the results recover
the experimental trends for the right reason, and that the
originally proposed structures (Figure 1) of the complexes[1,2]


are correct, despite some unintuitive details of the NMR
spectra, for instance for complex II.


Generally, for transition-metal complexes with a possibili-
ty of direct metal±solvent interaction we believe that a
model of comparable quality as our ™model C∫, perhaps in
conjunction with the SAOP potential or one with similar
characteristics regarding response properties, is necessary to
cover most of the environmental effects, and to obtain a rea-
sonably good electronic structure. This model represents a
good compromise at affordable computational coast.
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Syntheses and Reactions of Hexavalent Organotellurium Compounds
Bearing Five or Six Tellurium�Carbon Bonds


Masataka Miyasato,[b] Takao Sagami,[b] Mao Minoura,[c] Yohsuke Yamamoto,[b] and
Kin-ya Akiba*[a]


Introduction


Organotellurium compounds have been utilized in organic
synthesis[1] and the structures and reactivity of dialkyltellur-
ides, dialkyltellurium oxides, and trialkyltellurium halides
have been thoroughly investigated.[2] Although considerable
attention has been paid to the hypervalency of some tetra-
organotellurium compounds,[3] of the hexavalent organotel-
lurium compounds bearing more than five Te�C bonds,
(CH3)6Te


[4] was the only structurally characterized com-


pound until our recent reports.[5,6] We reported several new
synthetic procedures for novel types of hexavalent organo-
tellurium compounds bearing five or six Te�C bonds; 1) first
synthesis of (4-CF3C6H4)6Te (1 a) by one-pot reaction of 4-
CF3C6H4Li and TeCl4 together with synthesis of Ph6Te (1 b)
by reaction of Ph4TeF2 with PhLi,


[5a,b] 2) Ph5TeCl (2 b-Cl)
and Ph5TeBr (2 b-Br) by the reaction of SO2Cl2 or Br2, re-
spectively, with Ph5Te


�Li+ generated from TeCl4 or TeBr4
with five equivalents of PhLi,[5c,d] 3) (4-CF3C6H4)5(CH3)Te
(3 a) from (4-CF3C6H4)5Te


�K+C8 by treatment with CH3I,
[5e]


and 4) (4-CH3C6H4)5(CH3)Te (3 c) from (4-CH3C6H4)2Te by
treatment with KC8 followed by reaction with CH3I.


[5f]


These methods recently reported by us are illustrated in
Scheme 1.
However, since most of the methods were reported as


communications, synthetic details, structural properties, and
especially reactivities of these newly prepared hexavalent
organotellurium compounds bearing five or six Te�C bonds
were not included. In addition, we need to show the scope
and limitations of these synthetic procedures because some
are only applicable for certain substituents. Here we report
the scope and details of the synthetic method for hexaorga-
notellurium compounds, including some new compounds.
We also describe the electrophilic halogenation of these
compounds to give the corresponding halides, which were
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Abstract: A variety of hexaorganotellu-
rium compounds, Ar6�n(CH3)nTe [Ar=
4-CF3C6H4, n=0 (1 a), n=1 (3 a), n=2
(trans-4 a and cis-4 a), n=3 (mer-5 a),
n=4 (trans-6 a); Ph, n=0 (1 b), n=1
(3 b), n=2 (trans-4 b); 4-CH3C6H4,
n=0 (1 c), n=1 (3 c), n=2 (trans-4 c),
n=4 (trans-6 c); 4-BrC6H4, n=0 (1 d)]
and Ar5(R)Te [Ar=4-CF3C6H4, R=4-
CH3OC6H4 (8); Ar=4-CF3C6H4, R=


vinyl (9), Ar=Ph, R=vinyl (10), Ar=
4-CF3C6H4, R=PhSCH2 (11), Ar=Ph,
R=PhSCH2 (12), Ar=4-CF3C6H4, R=


nBu (13)] and pentaorganotellurium
halides, Ar5TeX [Ar=4-CF3C6H4, X=


Cl (2 a-Cl), X=Br (2 a-Br); Ar=Ph,
X=Cl (2 b-Cl), X=Br (2 b-Br); Ar=4-
CH3C6H4, X=Cl (2 c-Cl), X=Br (2 c-
Br); Ar=4-BrC6H4, X=Br (2 d-Br)]
and (4-CF3C6H4)4(CH3)TeX [X=Cl
(trans-7 a-Cl) and X=Br (trans-7 a-Br)]
were synthesized by the following
methods: 1) one-pot synthesis of 1 a,
2) the reaction of SO2Cl2 or Br2
with Ar5Te


�Li+ generated from TeCl4


or TeBr4 with five equivalents
of ArLi, 3) reductive cleavage of
Ar6�m(CH3)mTe (m=0 or 2) with KC8
followed by treatment with CH3I,
4) valence expansion reaction from
low-valent tellurium compounds by
treatment with KC8 followed by reac-
tion with CH3I, 5) nucleophilic substi-
tution of Ar6�y�z(CH3)zTeXy�z (X=Cl,
Br, OTf; z=0, 1; y=1, 2) with organo-
lithium reagents. The scope and limita-
tions and some details for each method
are discussed and electrophilic halo-
genation of the hexaorganotellurium
compounds is also described.


Keywords: hypervalent anions ¥
organotellurium compounds ¥
tellurium
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converted to new unsymmetrically substituted hexaorgano-
tellurium compounds by organolithium reagents. Structural
properties, especially X-ray structural analysis of pentaaryl-
tellurium halides and of the corresponding pentaaryltelluri-
um cations (square-pyramid (SP) or trigonal-bipyramid
(TBP)), will be reported separately, together with the coor-
dination behavior of the cations with some nucleophiles.


Results and Discussion


Synthesis of hexaaryltellurium compounds based on the
one-pot procedure : In our previous report,[5a,b] (4-
CF3C6H4)6Te (1 a) was prepared by the one-pot reaction of
4-CF3C6H4Li and TeCl4 in 16% yield as shown in Scheme 2.


But Ph6Te (1 b) was prepared by the stepwise reaction of
Ph4TeF2 with PhLi since the one-step procedure gave Ph6Te
in only 0.5% yield even after careful examination of the re-
action conditions.
Since the possible mechanism for the formation of (4-


CF3C6H4)6Te is a complicated multistep process, the one-pot
method is applicable only for the synthesis of (4-
CF3C6H4)6Te (1 a).


Synthesis of Ar5TeCl (or Ar5TeBr) by the reaction of
SO2Cl2 (or Br2) with Ar5Te�Li+ : In our previous report,[5c,d]


Ph5TeCl (2 b-Cl) and Ph5TeBr (2 b-Br) were prepared by hal-
ogenation of Ph5Te


�Li+ , which was prepared by the reaction
of five equivalents of PhLi with one equivalent of TeCl4 or
TeBr4. The reaction should be carried out at very low tem-
peratures (�120 8C for 2 b-X). The method can be applied to
the synthesis of (4-CF3C6H4)5TeX (2 a-Cl and 2 a-Br) and (4-


BrC6H4)5TeBr (2 d-Br) as shown in Scheme 3. However,
after several attempts, we found that the temperature re-
quired for efficient trapping of Ar5Te


�Li+ with the halogen-
ating reagents was different for each substituent. That is,


very low temperatures (�115 to �120 8C) are necessary for
2 b and 2 d, but a relatively high temperature (�78 8C) was
applicable for 2 a.
Ph5Te


�Li+ [7] was reported to be in equilibrium with the
mixture of Ph4Te and PhLi and the equilibrium is shifted to
Ph5Te


�Li+ at very low temperatures (�120 8C) in THF
(which solvates Li+ efficiently). Since (4-CF3C6H4)5Te


�Li+


bearing an electron-withdrawing substituent should be more
stable than Ph5Te


�Li+ , (4-CF3C6H4)5Te
�Li+ should be the


predominant species in the equilibrium even at �78 8C. In
contrast, (4-CH3C6H4)5TeX bearing an electron-donating
substituent could not be obtained by the procedure.
In addition, the reactivity of electrophiles for the reaction


with the equilibrium mixture including Ar5Te
�Li+ is also


crucial in the reaction. For example, the reaction of CH3I
(weaker electrophile than halogenating reagents) with the
equilibrium mixture including Ph5Te


�Li+ did not give
Ph5(CH3)Te (3 b) efficiently. Only after very careful experi-
ments, could a 1% yield of 3 b be obtained by the reaction
of TeCl4 with five equivalents of PhLi followed by treatment
with excess CH3I (7.5 equivalents) at �105 8C. In the case of
(4-CF3C6H4)5Te


�Li+ , (4-CF3C6H4)5(CH3)Te was not obtained
at all.
Although Ar5Te


�Li+ derivatives were known to be the
predominant species in the equilibrium with Ar4Te and
ArLi, the reaction rate of the weak electrophile (CH3I) with
ArLi should be much higher than that with Ar5Te


�Li+ ,
where a higher temperature would be necessary for the re-
action to occur. On the other hand, the energy barrier of
the reaction of Ar5Te


�Li+ with strong halogenating reagents
such as Br2 should be much lower, and even at low tempera-
tures the reaction could proceed to give Ar5TeX (2-X)
(Scheme 4).


Scheme 1. Synthesis of hexavalent organotellurium compounds reported
by us.


Scheme 2. One-pot synthesis of hexaaryltellurium compounds.


Scheme 3. Synthesis of pentaaryltellurium halides.


Scheme 4. Electrophilic trapping of lithium pentaaryltelluride, which is in
equilibrium with tetraaryltellurium and aryllithium.
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However, the situation was dramatically different for (4-
CF3C6H4)5Te


�K+C8, which could be methylated easily by
CH3I.


[5e]


Reductive cleavage of one of the Te�C bonds in (4-
CF3C6H4)6Te and the related hexaorganotellurium com-
pounds: formation and reactions of Ar5Te�K+C8 : As was
previously communicated,[5a,b] (4-CF3C6H4)6Te showed re-
markable stability toward chromatographic treatment, ther-
molysis (up to 300 8C) or photolysis, alkyllithium reagents
(MeLi, nBuLi, or tBuLi), and some strong reducing reagents
(lithium naphthalenide, 4,4’-di-tert-butylbiphenylide, Na/K
alloy, K, or Na/Hg amalgam etc.). However, we found re-
cently that the reaction of (4-CF3C6H4)6Te with KC8 pro-
ceeded smoothly even at �78 8C in THF and the expected
anion (4-CF3C6H4)5Te


�K+C8 was generated quantitatively.
[5c]


A singlet signal (d=600 ppm at �45 8C), which could be as-
signed to (4-CF3C6H4)5Te


�K+C8, was observed by 125Te
NMR spectroscopy. Although (4-CF3C6H4)5(CH3)Te (3 a)
could not be prepared from CF3C6H4)5Te


�Li+ under various
conditions, 3 a was obtained quantitatively from (4-
CF3C6H4)5Te


�K+C8 (Scheme 5). The yields of 3 a at various
temperature implied that (4-CF3C6H4)5Te


�K+C8 could be
stable up to �20 8C (Table 1).


The large difference of the reactivities between (4-
CF3C6H4)5Te


�Li+ and (4-CF3C6H4)5Te
�K+C8 toward CH3I


strongly indicated that (4-CF3C6H4)5Te
�K+C8 should be the


exclusive species in the equilibrium with (4-CF3C6H4)4Te
and (4-CF3C6H4)KC8, if any (Scheme 5). Since the potassium
cation is intercalated by graphite,[8] the resultant K+C8
system can be regarded as a noncoordinating cation and
does not aggregate. That is, typical contact-ion pairing is
suppressed by intercalation of K+ into graphite. Since (4-
CF3C6H4)KC8 should be quite nucleophilic because of the
lack of aggregation, the equilibrium between (4-
CF3C6H4)5Te


�K+C8, (4-CF3C6H4)4Te, and (4-CF3C6H4)KC8


shifted toward (4-CF3C6H4)5Te
�K+C8, which became the ex-


clusive anion.
With heteroleptic hexavalent organotellurium compounds


such as (4-CF3C6H4)5(CH3)Te (3 a) having five aryl groups
and one methyl group in hand, it is interesting to examine
the selectivity of the Te�C (Te�Ar or Te�CH3) bond cleav-
age. The reaction of 3 a with excess KC8 was carried out at
�78 8C in THF, followed by treatment with CH3I. The prod-
ucts were separated and purified by recycling HPLC and the
dimethyl derivative, (4-CF3C6H4)4(CH3)2Te (trans-4 a), was
isolated in 14% yield together with 75% recovery of 3 a
(Scheme 6). Based on the NMR spectroscopic analyses, (4-


CF3C6H4)4(CH3)2Te was characterized as a trans isomer. In
the 1H NMR, a singlet (6H) derived from two equivalent
methyl groups appeared at d=2.25 ppm. In addition, 1H,
13C, and 19F NMR spectroscopy showed that all of the four
4-CF3C6H4 groups were equivalent. The structure of 4 a was
further confirmed to be trans by X-ray analysis.[5e] The crys-
tal structure of trans-4 a revealed that it had almost perfect
octahedral symmetry around the tellurium center. The 125Te
NMR spectrum exhibited a signal at d=272 ppm, which was
upfield shifted from the monomethyl compound 3 a (d=
345 ppm).
Signals assigned to the cis isomer were not observed in


the products, and isomerization of trans-4 a to the corre-
sponding cis-4 a did not take place even at 230±250 8C for
1 h in the solid state. Most of trans-4 a was recovered and
the decomposition product, (4-CF3C6H4)2Te, was obtained in
small amounts.
To clarify the mechanism of the reaction of (4-


CF3C6H4)5(CH3)Te (3 a) with KC8, CD3I was used instead of
CH3I after the reduction was complete. Only deuterated
compounds, (4-CF3C6H4)5(CD3)Te (3 a(CD3)) (68%) and (4-
CF3C6H4)4(CD3)2Te (trans-4 a(CD3)2) (12%) with high CD3
contents, were obtained (Scheme 6). These results showed
that cleavage of the tellurium�carbon bonds took place
almost quantitatively and the Te�CH3 bond was preferen-
tially cleaved over the five Te�Ar bonds. A plausible mech-
anism is shown in Scheme 7.
As a first step, one-electron reduction took place followed


by the preferred formation of (4-CF3C6H4)5Te
�K+C8 and


Scheme 5. Synthesis of pentakis(4-trifluoromethyl-phenyl)methyltelluri-
um by reduction of 1a with KC8 followed by treatment with CH3I.


Table 1. Yields of 3 a from 1 a and KC8.


Temp [8C] Time [h] 3 a [%]


�78 1 98
�45 1 98
�45 12 35
�20 1 98
0 0.5 15


RT 0.5 0[a]


[a] (4-CF3C6H4)2Te, (4-CF3C6H4)2, and 4-CF3C6H4I were obtained.


Scheme 6. Synthesis of trans-4 a by reduction of 3 a with KC8 followed by
treatment with CH3I (or CD3I).
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CH3C over that of (4-CF3C6H4)4(CH3)Te�K+C8 and (4-
CF3C6H4)C. The selectivity (68:12) would be related to the
higher stability of (4-CF3C6H4)5Te


�K+C8 over (4-
CF3C6H4)4(CH3)Te


�K+C8, which decompose to (4-
CF3C6H4)4Te


2�(K+C8)2. Formation of trans-4 a(CD3)2 indicat-
ed the presence of a novel species, the hypervalent 12-Te-4
dianion, (4-CF3C6H4)4Te


2�(K+C8)2.
125Te NMR spectra of su-


pernatant of the reaction mixture from 3 a with KC8 in THF
at �78 8C before addition of CH3I showed two signals at d=
591 ppm {corresponding to (4-CF3C6H4)5Te


�K+C8 (d=
600 ppm at �45 8C)} and d=385. The latter higher field
signal could be assigned to (4-CF3C6H4)4Te


2�(K+C8)2 since
3 a and trans-4 a were obtained almost quantitatively after
addition of CH3I to the solution. It should be pointed out
that conversion of (4-CF3C6H4)5Te


�K+C8 to (4-
CF3C6H4)4Te


2�(K+C8)2 did not take place because only one
of the six Te�Ar bonds in (4-CF3C6H4)6Te (1 a) was cleaved
even in the excess use of KC8 (Scheme 5).
Successful synthesis of trans-4 a led us to the investigation


of the reductive cleavage of trans-4 a with KC8. The reaction
of trans-4 a with excess KC8 was carried out at �78 8C fol-
lowed by addition of CH3I. After HPLC separation of crude
products, trans-4 a was recovered in 78% yield and newly
formed (4-CF3C6H4)2(CH3)4Te (trans-6 a) was obtained in
19% yield (Scheme 8).


The characterization of trans-6 a was performed by spec-
troscopic methods and elemental analyses. X-ray analysis of
trans-6 a confirmed the octahedral structure, which was simi-
lar to that of trans-4 a. The two 4-CF3C6H4 groups in trans-
6 a were located trans to each other.[5f]


CD3I was also used instead of CH3I to elucidate the
mechanism of formation of the unexpected product, trans-
6 a. Deuterated compounds, (4-CF3C6H4)4(CD3)2Te (trans-
4 a(CD3)2) and (4-CF3C6H4)2(CD3)4Te (trans-6 a(CD3)4),
were obtained in similar yields (80:14) to the reaction with
CH3I and their CD3 contents were almost quantitative
(Scheme 8). High CD3 contents of trans-6 a(CD3)4 implied
that the quantitative cleavage of all Te�CH3 bonds in trans-
4 a had occurred. 125Te NMR of the reaction mixture before
addition of CH3I at �78 8C showed that the signal at d=
385 ppm attributed to (4-CF3C6H4)4Te


2�(K+C8)2 was domi-
nant, but assignments for other many detectable signals
were unsuccessful. This complicated multi-step mechanism
(Scheme 9) will be considered below.


In this hypothetical mechanism, when the two Te�CH3
bonds bonds were cleaved, (4-CF3C6H4)4Te


2�(K+C8)2 would
be generated as discussed in Scheme 7 and was trapped with
CH3I to give trans-4 a. Since trans-4 a was the predominant
product, this reaction should be the main pathway. Since
Ar3(CH3)2Te


� generated by cleavage of the tellurium�aryl
bond would be less stable than Ar5Te


� , continuous cleavage
took place to give corresponding divalent species such as
Ar2Te. Then KC8 transferred electrons to Ar2Te to form the
dianion species, Ar2Te


2�, followed by reactions with electro-
philic reagents and KC8 successively. Since the hypothetical
mechanism indicated a possible new method for generation
of hexaorganotellurium compounds from divalent organotel-
lurium, the reaction of KC8 with Ar2Te and other low-valent
organotellurium compounds are examined.[5f]


Valence expansion reactions from low valent organotelluri-
um compounds to hexaorganotellurium compounds : The re-
action of (4-CF3C6H4)2Te with excess KC8 proposed above
was separately carried out at �78 8C in THF for 5 min fol-
lowed by treatment with CH3I. Fortunately, we could obtain
hexavalent tellurium compounds, 3 a (4%), trans-4 a (9%),
and trans-6 a (10%) as expected (Scheme 10).
This novel valence expansion reaction could be carried


out from other various lower valent tellurium compounds


Scheme 7. Possible mechanism for formation of 3 a and trans-4 a in the re-
duction of 3 a with KC8 followed by treatment with CH3I.


Scheme 8. Synthesis of trans-6a by reduction of trans-4 a with KC8 fol-
lowed by treatment with CH3I (or CD3I).


Scheme 9. Possible mechanism for formation of trans-4a(CD3)2 and trans-
6a(CD3)4 in the reduction of trans-4a with KC8 followed by treatment
with CD3I.
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such as (4-CF3C6H4)3Te
+Cl� , and the results are summarized


in Table 2. It should be noted that CH3K
[9] or PhCH2K


[10]


could be used instead of KC8, showing that CH3K or
PhCH2K acted as electron-donating reagents similar to KC8
in these systems.


A possible mechanism is illustrated in Scheme 11 al-
though the detailed reaction mechanism is not yet clear.
To clarify the mechanism, the effects of the amount of re-


agents (KC8 and CH3I) on the product yields were investi-
gated in the reaction of (4-CF3C6H4)2Te (Table 3).


When an equimolar amount of KC8 to (4-CF3C6H4)2Te
was used, no hexaorganotellurium compounds were ob-
tained, but instead the starting material was recovered. In
the case where five equivalents of KC8 were used, trans-4 a
along with the starting (4-CF3C6H4)2Te and (4-
CF3C6H4)(CH3)Te, which implied the generation of (4-
CF3C6H4)Te


� , were obtained. These results strongly indicat-
ed the formation of ArTe� and Ar� as was proposed in the
mechanism of Scheme 11. By comparison of the results from
ten equivalents of KC8 with those from fifteen equivalents
of KC8, it could be confirmed that when more KC8 was
used, the electron transfer from KC8 was greater, which in
turn effected the cleavage of Ar� , and the the yields of me-
thylated products increased (Table 3).
Based on this mechanism, the aryl anion derived from the


equilibrium between Ar2Te
2� and ArTe� should behave as a


key intermediate since an aryl source is needed to provide
hexavalent compounds having more aryl ligands than the
starting material, for example, 3 a or trans-4 a. To examine
the effect of equivalents of added aryl halides on the yields
of the products, four equivalents of 4-CF3C6H4Br were
added to a mixture of (4-CF3C6H4)2Te and excess KC8
(Table 4). As expected, the yields of trans-4 a (27%) were


increased in comparison with the results of two equivalents
of the bromide, and the sum of the yields for hexavalent
compounds also improved from 23% to 36%. Although ad-
dition of six equivalents of 4-CF3C6H4Br did not give better
results (26% of trans-4 a and 6% of trans-6 a), these results
showed that the addition of aryl halides was effective and
that the corresponding aryl anion played an important role
in the reaction.
Based on the possible mechanism in Scheme 11, the for-


mation of the trimethyl derivative, (4-CF3C6H4)3(CH3)3Te
(5 a), should be possible. To isolate 5 a, we made efforts to
optimize the reaction conditions and finally 5 a was obtained
though in very small amount (ca. 0.6%) in a larger scale re-
action of (4-CF3C6H4)(CH3)2Te


+I� together with trans-6 a
(10%; Scheme 12).


Scheme 10. Synthesis of hexaorganotellurium from lower valent organo-
tellurium compounds.


Table 2. Yields of the reaction of organotellurium compounds with KC8
(15 equivalents) or CH3K (2 equivalents) or PhCH2K (1 equivalent) after
treatment with CH3I (30 equivalents).


Starting material Reagents Yields [%, based on Te]
3a trans-4 a trans-6a


(4-CF3C6H4)2Te KC8 4 9 10
CH3K no 11 no
PhCH2K no 13 no


(4-CF3C6H4)(CH3)Te KC8 no no 4
(4-CF3C6H4)3Te


+Cl� KC8 21 7 7
CH3K 16 6 no


(4-CF3C6H4)2(CH3)Te
+CF3SO3


� KC8 no 31 4
(4-CF3C6H4)(CH3)2Te


+I� KC8 no no 16


3b trans-4b trans-6b


Ph3Te
+Br� [a] KC8 19 12 no


3 c trans-4 c trans-6 c


(4-CH3C6H4)3Te
+Cl� [b] KC8 36 0.2 6


[a] C6H5I (4 equivalents) was added. [b] 4-CH3C6H4I (4 equivalents) was
added.


Scheme 11. Possible mechanism for the formation of hexavalent organo-
telurium compounds in the reduction of low valent organotellurium com-
pounds with KC8 followed by treatment with CH3I.


Table 3. Effects of equivalents of the reagents (KC8 and CH3I) on the
products and the yields in the reaction of (4-CF3C6H4)2Te.


Equivalents Yields [%, based on Te]


KC8 CH3I 3 a trans-4 a trans-6 a
1 8 ± ± ± (4-CF3C6H4)2Te recovered
5 8 ± 21 ± (4-CF3C6H4)2Te 38%


(4-CF3C6H4)(CH3) Te 27%
10 11 ± 31 ±
15 30 4 9 10


Table 4. Effects of equivalents of 4-CF3C6H4Br on the products and
yields in the reaction of (4-CF3C6H4)2Te with KC8.


Equivalents Yields [%, based on Te]
4-CF3C6H4Br 3a trans-4a trans-6a


2 4 9 10
4 ± 27 9
6 ± 26 6


¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 2590 ± 26002594


FULL PAPER K.-y. Akiba et al.



www.chemeurj.org





The observed signals in 1H and 19F NMR spectra are in
good agreement with the meridional isomer of 5 a (integral
ratios for the three Ar and the three CH3 groups were 2:1)
and another possible isomer, the facial isomer, was not ob-
served. The 125Te NMR spectrum showed a singlet at d=
201 ppm, which is expected for the trimethyl derivative,
since the chemical shift was in between those of trans-4 a
(d=272 ppm) and trans-6 a (d=119 ppm). Unfortunately, X-
ray analysis of mer-5 a was not successful.
These results also indicated that the unique valence ex-


pansion reactions could be applicable for the synthesis of
new hexavalent tellurium compounds with mixed carbon li-
gands. In fact, we could obtain hexaorganotellurium species
possessing 4-CH3C6H4 ligands, which could not be prepared
otherwise. The X-ray structure of (4-CH3C6H4)4(CH3)2Te
(trans-4 c) is shown in Figure 1.


Electrophilic halogenation of hexaorganotellurium com-
pounds : The electrophilic halogenation reactions of the
newly prepared hexaorganotellurium compounds is interest-
ing because the reaction of the permethylated tellurium
compound, (CH3)6Te, with Br2 was reported to result in
quantitative formation of TeBr4 and CH3Br.


[4a] Although (4-
CF3C6H4)6Te did not react with strong halogenating reagents
(Cl2 or Br2), Ph6Te reacted with Cl2 or Br2 at room tempera-
ture to afford the corresponding monohalide, Ph5TeX (2 b-
X) (X=Cl, Br), respectively (Scheme 13).[5d]


Interestingly, the reaction of (4-CF3C6H4)5(CH3)Te with
Br2 proceeded smoothly at room temperature within five


minutes to give only (4-CF3C6H4)5TeBr (2 a-Br) in 92%
yield (Scheme 14). Br2 cleaved the Te-CH3 bond exclusively
without cleavage of the Te�Ar bond and (4-
CF3C6H4)4(CH3)TeBr was not detected. Other monomethyl
derivatives, 3 b, 3 c, and 3 d also reacted with excess Br2 to


afford the corresponding monobromide in good yields
[Ph5TeBr (2 b-Br : 58% yield), (4-CH3C6H4)5TeBr (2 c-Br :
quantitative yield), and (4-BrC6H4)5TeBr (2 d-Br : 70%
yield)]. Similarly, SO2Cl2 also reacted with 3 to give the cor-
responding monochlorides [(4-CF3C6H4)5TeCl (2 a-Cl : ca.
20% yield), Ph5TeCl (2 b-Cl : 80% yield), (4-CH3C6H4)5TeCl
(2 c-Cl : 88% yield)]. The reaction of 3 a with SO2Cl2 was
found to be sluggish, and more than 70% of 3 a was recov-
ered after five minutes. These results indicated that the com-
pound having more electron-donating substituents reacted
more easily.
Similary, trans-4 a was reacted with Br2 or SO2Cl2 to give


(4-CF3C6H4)4(CH3)TeX (trans-7 a-X ; X=Br or Cl) in 37 or
96% isolated yield, respectively (Scheme 15). Also in this


case, only one CH3 group was cleaved to give the corre-
sponding halide exclusively even when excess Br2 or SO2Cl2
was used. Since trans-7 a-Br was unstable, the isolated yield
of trans-7 a-Br was low. The molecular structure of trans-7 a-
Cl was confirmed by NMR spectroscopy and the X-ray anal-
ysis (Figure 2).


Scheme 12. Formation of mer-5a in the reaction of (4-
CF3C6H4)(CH3)2Te


+I� with KC8.


Figure 1. X-ray structure of trans-4c (30% thermal ellipsoids). Selected
bond lengths [ä]: Te�C1(aryl) 2.200(2), Te�C8(aryl) 2.207(2), Te�
C15(aryl) 2.201(2), Te�C22(aryl) 2.212(2), Te�C29(methyl) 2.183(2), Te�
C30(methyl) 2.200(2).


Scheme 13. Electrophilic halogenation of hexaphenyl-tellurium.


Scheme 14. Electrophilic halogenation of pentaaryl-methyltellurium to
give pentaaryltellurium halide.


Scheme 15. Electrophilic halogenation of tetraaryl-dimethyltellurium.
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Nucleophilic reactions of Ar5TeX with organolithium re-
agents : With several pentaorganotellurium halides in hand,
nucleophilic substitution reaction of the halide with carbon
nucleophiles was examined (Scheme 16).


However, the reactions shown in Scheme 16 were sluggish
under SN2 conditions and the reaction of Ph5TeCl with
excess PhLi in THF afforded the expected Ph6Te in only
5% yield.
Therefore, to develop the efficient method for the nucle-


philic substitution (SN1 type), treatment of the halide with
silver triflate (AgOTf: Tf= trifluoromethanesulfonyl) was
carried out before addition of the nucleophile. The struc-
tures of the triflate will be discussed in a separate paper.
The yields were much improved as expected in the synthesis
of 1 a±1 d, and various new unsymmetrically substituted hex-
aorganotellurium compounds could be prepared by the pro-
cedures (Scheme 17). ORTEP drawings of 1 d and 9 are
shown in Figure 3 and 4, respectively.
Interestingly, the similar reaction of trans-7 a-Cl by


AgOTf followed by nucleophilic reaction with CH3Li afford-
ed cis-dimethyl compound (cis-4 a) in 44% yield
(Scheme 18). The NMR spectral data (1H, 13C, and 19F) of
the product were in agreement with cis-4 a, which has two
different 4-CF3C6H4 groups based on its symmetry, and a
125Te NMR signal appeared at the same position as its other


isomer trans-4 a (d=272 ppm). The structural characteriza-
tion of cis-4 a was confirmed by X-ray analysis (Figure 5).
The crystals of cis-4 a melted at 236 8C without decomposi-


Figure 2. X-ray structure of trans-7a-Cl (30% thermal ellipsoids). Select-
ed bond lengths [ä]: Te�C1(aryl) 2.189(2), Te�C8(methyl) 2.12(2), Te�Cl
2.539(4).


Scheme 16. Synthesis of hexaorganotellurium compounds from pentaaryl-
tellurium halide.


Scheme 17. Improved synthesis of hexaorganotellurium compounds from
pentaaryltellurium triflate.


Figure 3. X-ray structure of 1d (30% thermal ellipsoids). Selected bond
lengths [ä]: Te�C1(aryl) 2.220(7), Te�C7(aryl) 2.245(8), Te�C13(aryl)
2.244(8).


Figure 4. X-ray structure of 9 (30% thermal ellipsoids). Selected bond
lengths [ä]: Te�C1(aryl) 2.238(5), Te�C8(aryl) 2.218(5), Te�C15(aryl)
2.213(5), Te�C22(aryl) 2.221(6), Te�C29(aryl) 2.221(5), Te�C36(vinyl)
2.177(5).
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tion, but the isomerization to trans-4 a did not take place at
all even after melting.
The reaction of cis-4 a with Br2 was carried out in a simi-


lar manner to the reaction of trans-4 a with Br2 and gave
trans-7 a-Br quantitatively. The possible mechanism of the
isomerization will be discussed in a separate paper.


Conclusion


Herein, several new synthetic methods including nucleophil-
ic reaction of pentaorganotellurium triflate with organolithi-
um reagents are described together with detailed discussion
on the scope and limitations of our recently reported meth-
ods for hexavalent organotellurium compounds. The triflats
could be prepared by halogenation of hexaorganotellurium
compounds followed by treatment with silver triflate. The
results presented here show that hexavalent organotellurium
compounds have provided new insights into a full picture of
the nature of the hexacoordinate state of tellurium. A sepa-
rate paper concerning the structures and properties of pen-
taorganotellurium halides which lead pentaorganotellurium
cations will be presented in due course.


Experimental Section


General : Graphite powder (1±2 micron) was purchased from Aldrich
Chemical Co. Elemental analyses were performed on a Perkin Elmer
Model 2400. 1H (400 MHz), 13C (100 MHz), 19F (376 MHz), and 125Te
(126 MHz) NMR spectra were measured with a JEOL EX-400 or AL-
400 spectrometer. Preparative gel permeation liquid chromatography
(HPLC) was performed by LC-908 equipped with JAIGEL-1H and -2H
columns (Japan Analytical Industry) with 1,2-dichloroethane as a solvent.
Compounds 1 a[5a,b] and 2 b[5c] were prepared by published procedures.


Synthesis of pentaaryltellurium halides : A solution of ArLi was prepared
from ArBr (12.0 mmol) in diethyl ether (30 mL) and nBuLi (1.60m solu-
tion in hexane, 769 mg, 12.0 mmol) at �78 8C. This solution of ArLi was
added to a suspension of TeCl4 (808 mg, 3.0 mmol) in diethyl ether
(20 mL) at �78 8C. The mixture was stirred for 1.5 min at �78 8C, and
then SO2Cl2 (405 mg, 3.0 mmol) or Br2 (480 mg, 3.0 mmol) was added at
�78 8C. The mixture was stirred for 2 h at �78 8C and was allowed to
warm to room temperature. The crude products were separated by
HPLC.


(4-CF3C6H4)5TeCl (2 a-Cl): Yellow crystals; m.p. 242±243 8C; 1H NMR
(CDCl3, 25 8C, CHCl3): d=7.87 (d, 3J(H,H)=8 Hz, 2H), 7.75 (d,
3J(H,H)=8 Hz, 2H), 7.63 (d, 3J(H,H)=8 Hz, 8H), 7.57 ppm (d,
3J(H,H)=8 Hz, 8H); 1H NMR (C6D6, 25 8C, C6D5H): d=7.46 (d,
3J(H,H)=8 Hz, 8H), 7.39 (d, 3J(H,H)=8 Hz, 2H), 7.15 (d, 3J(H,H)=
8 Hz, 8H), 7.07 ppm (d, 3J(H,H)=8 Hz, 2H); 19F NMR (CDCl3, 25 8C,
CFCl3): d=�63.3 (12F), �63.8 ppm (3F); 19F NMR (C6D6, 25 8C, CFCl3):
d=�62.6 (12F), �63.1 ppm (3F); 13C NMR (CDCl3, 25 8C, CHCl3): d=
157.1 (s, 1J(C,Te)=48 Hz), 139.0 (s, 1J(C,Te)=153 Hz), 134.4 (d), 133.6
(q, 2J(C,F)=33 Hz), 133.4 (d), 132.2 (q, 2J(C,F)=33 Hz), 126.7 (d), 125.3
(d), 123.5 (q, 1J(C,F)=272 Hz), 123.2 ppm (q, 1J(C,F)=274 Hz); 125Te
NMR (CDCl3, 25 8C, (CH3)2Te): d=498.8 ppm; elemental analysis calcd
(%) for C35H20ClF15Te: C 47.31, H 2.27; found: C 47.12, H 2.27.


(4-CF3C6H4)5TeBr (2 a-Br): Yellow crystals; m.p. 274±275 8C; 1H NMR
(CDCl3, 25 8C, CHCl3): d=7.87 (d, 3J(H,H)=8 Hz, 2H), 7.73 (d,
3J(H,H)=8 Hz, 2H), 7.63 (d, 3J(H,H)=8 Hz, 8H), 7.56 ppm (d,
3J(H,H)=8 Hz, 8H); 19F NMR (CDCl3, 25 8C, CFCl3): d=�63.3 (12F),
�63.8 ppm (3F); 13C NMR (CDCl3, 25 8C, CHCl3): d=157.1 (s,
1J(C,Te)=50 Hz), 139.1 (s, 1J(C,Te)=158 Hz), 134.4 (d), 133.7 (q,
2J(C,F)=31 Hz), 133.4 (d), 132.2 (q, 2J(C,F)=33 Hz), 126.6 (d), 125.3 (d),
123.6 (q, 1J(C,F)=272 Hz), 123.3 ppm (q, 1J(C,F)=274 Hz); 125Te NMR
(CDCl3, 25 8C, (CH3)2Te): d=487.8 ppm; elemental analysis calcd (%)
for C35H20F15TeBr: C 45.06, H 2.16; found: C 44.87, H 2.02.


Ph5TeCl (2 b-Cl): Yellow crystals; m.p. 215±216 8C; 1H NMR (CDCl3,
25 8C, CHCl3): d=7.79 (d,


3J(H,H)=7 Hz, 2H), 7.56 (d, 3J(H,H)=7 Hz,
8H), 7.49 (t, 3J(H,H)=7 Hz, 1H), 7.39 (t, 3J(H,H)=7 Hz, 2H), 7.34 (t,
3J(H,H)=7 Hz, 4H), 7.23 ppm (t, 3J(H,H)=7 Hz, 8H); 13C NMR
(CDCl3, 25 8C, CHCl3): d=154.4 (s), 134.8 (s), 134.2 (d), 133.4 (d), 131.9
(d), 130.7 (d), 129.2 (d), 127.7 ppm (d); 125Te NMR (CDCl3, 25 8C,
(CH3)2Te): d=533.9 ppm; elemental analysis calcd (%) for C30H25ClTe:
C 65.68, H 4.59; found: C 65.98, H 4.32.


Ph5TeBr : Yellow crystals; m.p. 217 8C; 1H NMR (CDCl3, 25 8C, CHCl3):
d=7.77 (d, 3J(H,H)=7 Hz, 2H), 7.57 (d, 3J(H,H)=7 Hz, 8H), 7.51 (d,
3J(H,H)=7 Hz, 1H), 7.32±7.45 (m, 6H), 7.23 ppm (t, 3J(H,H)=7 Hz,
8H); 13C NMR (CDCl3, 25 8C, CHCl3): d=153.7 (s), 134.0 (d), 133.5 (s),
133.3 (d), 130.7 (d), 129.2 (d), 129.1 (d), 127.6 ppm (d); 125Te NMR
(CDCl3, 25 8C, (CH3)2Te): d=548.4 ppm; elemental analysis calcd (%)
for C30H25BrTe: C 60.76, H 4.249; found: C 60.87, H 4.38.


(4-BrC6H4)5TeBr (2 d-Br): Pale yellow needles; m.p. 220 8C (decomp); 1H
NMR (CDCl3, 25 8C, CHCl3): d=7.34 (d,


3J(H,H)=9 Hz, 8H), 7.38 (d,
3J(H,H)=9 Hz, 8H), 7.55 ppm (s, 4H); 13C NMR (CDCl3, 25 8C, CHCl3):
d=124.5 (s), 126.2 (s), 130.8 (d), 131.7 (s), 132.7 (d), 134.1 (d), 135.2 (d),
151.9 ppm (s, 1J(C,Te)=34 Hz); 125Te NMR (CDCl3, 25 8C, (CH3)2Te):
d=512 ppm; elemental analysis calcd (%) for C30H20Br6Te: C 36.49, H
2.04; found: C 36.71, H 2.01.


General procedure for the reduction with KC8 and reductive cleavage of
a Te�C bond in 1a : Potassium graphite (KC8) was freshly prepared
before every experiment. Graphite powder was added into a two- or
three-necked round-bottomed flask with a stirring bar and dried well in
vacuo with heating (using a heat gun), then the vessel was purged with


Scheme 18. Formation of cis-4a in the reaction of CH3Li with trans-7 a-
OTf.


Figure 5. X-ray structure of cis-4 a (30% thermal ellipsoids). Selected
bond lengths [ä]: Te�C1(aryl) 2.223(5), Te�C8(aryl) 2.208(5), Te�
C15(aryl) 2.218(4), Te�C22(aryl) 2.217(4), Te�C29(methyl) 2.187(4), Te�
C30(methyl) 2.185(4).
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argon. Potassium cut into small pieces was rinsed with hexane and added
to the graphite. The mixture was well stirred magnetically with heating,
then preparation of KC8 was confirmed by the observation of a brown
colored powder. A solution of 1a (1.55 g, 1.55 mmol) in THF (30 mL)
was added to KC8 (3.1 equivalents) at �78 8C. After 1 h of stirring, CH3I
(1.00 mL, 16.1 mmol) was added. The mixture was filtered through a
Celite pad (graphite powder was removed) and volatile materials were
evaporated under reduced pressure. Recycling HPLC gave 1.32 g
(97.9%) of 3a.


(4-CF3C6H4)5(CH3)Te (3 a): Colorless needles; m.p. 258±259 8C (decomp);
1H NMR (CDCl3, 25 8C, CHCl3): d=2.35 (s, 3H), 7.45 (d,


3J(H,H)=8 Hz,
8H), 7.52 (d, 3J(H,H)=8 Hz, 8H), 7.54 (d, 3J(H,H)=8 Hz, 2H),
7.67 ppm (d, 3J(H,H)=8 Hz, 2H); 19F NMR (CDCl3, 25 8C, CFCl3): d=
�63.1 (12F), �63.3 ppm (3F); 13C NMR (CDCl3, 25 8C, CHCl3): d=33.8
(q, 1J(C,Te)=8 Hz, 12 Hz), 123.8 (q, 1J(C,F)=273 Hz), 123.8 (q,
1J(C,F)=273 Hz), 124.9 (d), 125.2 (d), 131.1 (q, 2J(C,F)=33 Hz), 131.2
(q, 2J(C,F)=33 Hz), 133.1 (d), 133.7 (d), 153.9 (s, 1J(C,Te)=21 Hz),
157.2 ppm (s, 1J(C,Te)=64 Hz); 125Te NMR (CDCl3, 25 8C, (CH3)2Te):
d=345 ppm; elemental analysis calcd (%) for C36H23F15Te: C 49.81, H
2.67; found: C 49.62, H 2.41.


(4-CF3C6H4)4(CH3)2Te (4 a): Colorless cubes, m.p. 275±276 8C (decomp);
1H NMR (CDCl3, 25 8C, CHCl3): d=2.25 (s, 6H), 7.40 (d,


3J(H,H)=8 Hz,
8H), 7.52 ppm (d, 3J(H,H)=8H); 19F NMR (CDCl3, 25 8C, CFCl3): d=
�63.1 ppm (s, 12F); 13C NMR (CDCl3, 25 8C, CHCl3): d=30.9 (q,
1J(C,Te)=13 Hz), 124.0 (q, 1J(C,F)=273 Hz), 124.7 (d), 130.6 (q,
2J(C,F)=33 Hz), 132.7 (d), 160.3 ppm (s, 1J(C,Te)=105 Hz); 125Te NMR
(CDCl3, 25 8C, (CH3)2Te): d=272 ppm; elemental analysis calcd (%) for
C30H22F12Te: C 48.82, H 3.00; found: C 48.71, H 2.91.


(4-CF3C6H4)3(CH3)3Te (mer-5a): A solution of (4-CF3C6H4)(CH3)2Te
+I�


(4.30 g, 10.0 mmol) in THF (200 mL) was added to KC8 (11.6 equiv) at
�78 8C. After 5 min of stirring, CH3I (12.5 mL, 201 mmol) was added.
Recycling HPLC gave trans-4a (tR=58 min, 48.7 mg, 0.0660 mmol,
0.660%), trans-6a (tR=64 min, 477 mg, 0.998 mmol, 9.98%), and mer-5a
(tR=63 min, 37.3 mg, 0.0613 mmol, ca. 0.6%). mer-5 a : colorless plates,
m.p. 219±220 8C (decomp); 1H NMR (CDCl3, 25 8C, CHCl3): d=2.06 (s,
3H), 2.07 (s, 6H), 7.32 (d, 3J(H,H)=8 Hz, 2H), 7.45 (d, 3J(H,H)=8 Hz,
2H), 7.56 (d, 3J(H,H)=8 Hz, 4H), 7.62 ppm (d, 3J(H,H)=8 Hz, 4H); 19F
NMR (CDCl3, 25 8C, CFCl3): d=�62.9 (s, 3F), �63.0 ppm (s, 6F); 13C
NMR (CDCl3, 25 8C, CHCl3): d=33.5 (q), 33.7 (q), 124.0 (q,


1J(C,F)=
273 Hz), 124.0 (q, 1J(C,F)=273 Hz), 124.3 (d), 124.7 (d), 130.0 (q,
2J(C,F)=33 Hz), 130.0 (q, 2J(C,F)=33 Hz), 131.5 (d), 132.1 (d), 162.2 (s),
162.9 ppm (s); 125Te NMR (CDCl3, 25 8C, (CH3)2Te): d=201 ppm; ele-
mental analysis calcd (%) for C24H21F9Te: C 47.41, H 3.48; found: C
47.66, H 3.58.


(4-CF3C6H4)2(CH3)4Te (trans-6a): A solution of trans-4 a (0.0384 g,
0.0520 mmol) in THF (5 mL)was added to KC8 (43 equiv) at �78 8C.
After the mixture had been stirred for 5 min, CH3I (0.30 mL, 4.82 mmol)
was added. Recycling HPLC gave trans-4 a (30.0 mg; 78.2%) and trans-
6a (4.8 mg; 19.3%). trans-6 a : Colorless cubes, m.p. 223±224 8C
(decomp); 1H NMR (CDCl3, 25 8C, CHCl3): d=1.88 (s, 12H), 7.64 (d,
3J(H,H)=8 Hz, 4H), 7.85 ppm (d, 3J(H,H)=8 Hz, 4H); 19F NMR
(CDCl3, 25 8C, CFCl3): d=�63.0 ppm (s, 6F); 13C NMR (CDCl3, 25 8C,
CHCl3): d=36.3 (q,


1J(C,Te)=7 Hz), 124.2 (q, 1J(C,F)=273 Hz), 124.9
(d), 129.6 (q, 1J(C,F)=33 Hz), 130.5 (d), 165.9 ppm (s, 1J(C,Te)=
173 Hz); 125Te NMR (CDCl3, 25 8C, (CH3)2Te): d=119 ppm; elemental
analysis calcd (%) for C30H22F12Te: C 45.29, H 4.22; found: C 45.29, H
4.23.


Ph4(CH3)2Te (trans-4 b): A solution of Ph3Te
+Br� (0.220 g, 0.501 mmol)


and PhI (0.230 mL, 2.06 mmol) in THF (30 mL) was added to KC8
(20.0 equiv) at �100 8C. After the mixture had been stirred for 1 min,
CH3I (1.30 mL, 20.9 mmol) was added. Recycling HPLC gave 3b
(50.6 mg, 0.0958 mmol, 19.1%) and trans-4b (27.3 mg, 0.0586 mmol,
11.7%). trans-4 b : Colorless needles, m.p. 246±247 8C (decomp); 1H NMR
(CDCl3, 25 8C, CHCl3): d=2.14 (s, 6H), 7.20 (t,


3J(H,H)=7 Hz, 8H), 7.28
(t, 3J(H,H)=7 Hz, 4H), 7.32 ppm (d, 3J(H,H)=7 Hz, 8H); 13C NMR
(CDCl3, 25 8C, CHCl3): d=29.5 (q,


1J(C,Te)=17 Hz), 127.1 (d), 127.5 (d),
132.6 (d), 157.5 ppm (s, 1J(C,Te)=75 Hz); 125Te NMR (CDCl3, 25 8C,
(CH3)2Te): d=274 ppm; elemental analysis calcd (%) for C26H26Te: C
67.00, H 5.62; found: C 66.73, H 5.35.


(4-CH3C6H4)5(CH3)Te (3 c), (4-CH3C6H4)4(CH3)2Te (trans-4 c), and (4-
CH3C6H4)2(CH3)4Te (trans-6 c): A solution of (4-CH3C6H4)3Te


+Cl�


(2.18 g, 5.00 mmol) and 4-CH3C6H4I (4.36 g, 20.0 mmol) in THF
(150 mL) was added to KC8 (15.3 equivalents) at �115 8C. After the mix-
ture had been stirred for 5 min, CH3I (10.0 mL, 161 mmol) was added.
Recycling HPLC gave 3 c (tR=68 min, 1.13 g, 1.89 mmol, 36.3%), trans-
4c (tR=71 min, 6.4 mg, 0.0123 mmol, 0.245%), and trans-6c (tR=71 min,
102 mg, 0.277 mmol, 5.54%). 3c : Colorless plates, m.p. 226±227 8C
(decomp); 1H NMR (CDCl3, 25 8C, CHCl3): d=2.16 (s, 3H), 2.24 (s, 3H),
2.31 (s, 12H), 6.95 (d, 3J(H,H)=8 Hz, 2H), 6.97 (d, 3J(H,H)=8 Hz, 8H),
7.27 (d, 3J(H,H)=8 Hz, 8H), 7.50 ppm (d, 3J(H,H)=8 Hz, 2H); 13C
NMR (CDCl3, 25 8C, CHCl3): d=21.0 (q), 21.1 (q), 33.0 (q,


1J(C,Te)=
12 Hz), 127.7 (d), 127.9 (d), 133.1 (d), 133.7 (d), 137.0 (s), 137.1 (s), 148.5
(s, 1J(C,Te)=17 Hz), 151.9 ppm (s, 1J(C,Te)=50 Hz); 125Te NMR (CDCl3,
25 8C, (CH3)2Te): d=341 ppm; elemental analysis calcd (%) for C36H38Te:
C 72.27, H 6.40; found: C 72.02, H 6.60. trans-4c : Colorless needles, m.p.
272±273 8C (decomp); 1H NMR (CDCl3, 25 8C, CHCl3): d=2.07 (s, 6H),
2.33 (s, 12H), 7.00 (d, 3J(H,H)=8 Hz, 8H), 7.20 ppm (d, 3J(H,H)=8 Hz,
8H); 13C NMR (CDCl3, 25 8C, CHCl3): d=21.3 (q), 29.7 (q,


1J(C,Te)=
15 Hz), 127.7 (d), 132.6 (d), 136.9 (s), 154.5 ppm (s, 1J(C,Te)=70 Hz);
125Te NMR (CDCl3, 25 8C, (CH3)2Te): d=266 ppm; elemental analysis
calcd (%) for C30H34Te: C 69.00, H 6.56; found: C 68.72, H 6.58. trans-
6c : Colorless plates, M.p. 213±214 8C (decomp); 1H NMR (CDCl3, 25 8C,
CHCl3): d=1.82 (s, 12H), 2.36 (s, 6H), 7.19 (d,


3J(H,H)=8 Hz, 4H),
7.63 ppm (d, 3J(H,H)=8 Hz, 4H); 13C NMR (CDCl3, 25 8C, CHCl3): d=
21.3 (q), 35.5 (q, 1J(C,Te)=7 Hz), 128.4 (d), 129.9 (d), 136.7 (s),
159.8 ppm (s, 1J(C,Te)=126 Hz); 125Te NMR (CDCl3, 25 8C, (CH3)2Te):
d=113 ppm; elemental analysis calcd (%) for C18H26Te: C 58.43, H 7.08;
found: C 58.20, H 7.29.


General procedures for bromination of hexaaryltellurium to give penta-
arylbromotellurium (2-Br): Br2 (5 drops, ca. 2.0 mmol) was added to a
solution of 3 (0.2 mmol) in CH2Cl2 (5 mL) at room temperature. After
the mixture had been stirred for 3 h, volatile materials were evaporated.
The crude product was almost pure 2-Br. The spectra of 2a-Br and 2b-Br
were identical to those described above.


(4-CH3C6H4)5TeBr (2 c-Br): Yellow needles, m.p. 211±212 8C (decomp);
1H NMR (CDCl3, 25 8C, CHCl3): d=2.33 (s, 15H), 7.03 (d,


3J(H,H)=
8 Hz, 10H), 7.47 ppm (d, 3J(H,H)=8 Hz, 10H); 13C NMR (CDCl3, 25 8C,
CHCl3): d=21.1 (q), 128.2 (d), 133.2 (d), 139.2 (d), 150.7 ppm (s);


125Te
NMR (CDCl3, 25 8C, (CH3)2Te): d=536 ppm.


General procedures for chlorination of hexaaryltellurium to give penta-
arylchlorotellurium (2-Cl): SO2Cl2 (10 drops, ca. 2.0 mmol) was added to
a solution of 3 (0.1 mmol) in CH2Cl2 (5 mL) at room temperature. After
the mixture had been stirred for 5 min, volatile materials were removed
in vacuo. The spectra of 2a-Cl and 2b-Cl were identical with those de-
scribed above. (4-CH3C6H4)5TeBr (2 c-Cl): Yellow needles, m.p. 180±
181 8C (decomp); 1H NMR (CDCl3, 25 8C, CHCl3): d=2.33 (s, 15H), 7.02
(d, 3J(H,H)=8 Hz, 10H), 7.43 ppm (d, 3J(H,H)=8 Hz, 10H); 13C NMR
(CDCl3, 25 8C, CHCl3): d=21.2 (q), 128.3 (d), 133.4 (d), 139.1 (d),
151.3 ppm (s); 125Te NMR (CDCl3, 25 8C, (CH3)2Te): d=536 ppm.


(4-CF3C6H4)4(CH3)TeBr (trans-7 a-Br): Br2 (5 drops, ca. 2.0 mmol) was
added to a solution of trans-4a (0.148 g, 0.201 mmol) in CH2Cl2 (5 mL) at
room temperature. After the mixture had been stirred for 3 h, volatile
materials were evaporated. Crude products were almost pure trans-7 a-
Br. Recycling HPLC gave trans-7 a-Br (0.059 g, 0.074 mmol, 37%);
yellow plates, m.p. 119±120 8C (decomp); 1H NMR (CDCl3, 25 8C,
CHCl3): d=2.61 (s, 3H), 7.56 ppm (s, 16H); 19F NMR (CDCl3, 25 8C,
CFCl3): d=�63.2 ppm (s, 12F); 13C NMR (CDCl3, 25 8C, CHCl3): d=
19.1 (q, 1J(C,Te)=70 Hz), 123.4 (q, 1J(C,F)=273 Hz), 125.0 (d), 131.9 (q,
2J(C,F)=33 Hz), 131.9 (d), 158.0 ppm (s, 1J(C,Te)=42 Hz); 125Te NMR
(CDCl3, 25 8C, (CH3)2Te): d=399 ppm. Br2 (3 drops, ca. 1.2 mmol) was
added to a solution of cis-4a (0.074 g, 0.100 mmol) in CH2Cl2 (5 mL) at
room temperature. After the mixture had been stirred for 5 min, volatile
materials were evaporated. Crude products were almost pure trans-7 a-
Br.


(4-CF3C6H4)4(CH3)TeCl (trans-7 a-Cl): SO2Cl2 (10 drops, ca. 2.0 mmol)
was added to a solution of trans-4a (0.0736 g, 0.0997 mmol) in CH2Cl2
(5 mL) at room temperature. After the mixture had been stirred for
5 min, volatile materials were removed in vacuo to give the desired trans-
7a-Cl (0.0726 g, 0.0957 mmol, 96.0%); colorless needles, m.p. 233±234 8C
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(decomp); 1H NMR (CDCl3, 25 8C, CHCl3): d=2.58 (s, 3H), 7.56 ppm (s,
16H); 19F NMR (CDCl3, 25 8C, CFCl3): d=�63.2 ppm (s, 12F); 13C NMR
(CDCl3, 25 8C, CHCl3): d=19.8 (q,


1J(C,Te)=86 Hz), 123.6 (q, 1J(C,F)=
273 Hz), 125.2 (d), 131.9 (q, 2J(C,F)=33 Hz), 132.2 (d), 158.8 ppm (s,
1J(C,Te)=57 Hz); 125Te NMR (CDCl3, 25 8C, (CH3)2Te): d=409 ppm; ele-
mental analysis calcd (%) for C29H19ClF12Te: C 45.92, H 2.52; found: C
45.72, H 2.35.


General procedures for nucleophilic substitution of the halide in penta-
organotellurium halide with organolithium reagents by triflate : THF
(25 mL) was added to a mixture of AgSO3CF3 (0.537 g, 2.09 mmol) and
pentaorganotellurium halide (1.20 mmol) at room temperature and the
reaction mixture was stirred for 10 min. After evaporation of THF in
vacuo, CH2Cl2 (25 mL) was added. Precipitated AgCl was filtered off
from the reaction mixture under an argon atmosphere, and CH2Cl2 was
evaporated from the filtrate. Et2O (50 mL) was added to the condensed
reaction mixture followed by addition of organolithium reagent
(15 mmol) at �90 8C. The reaction mixture was allowed to warm to room
temperature and the solvent was removed. Products were washed with
NH4Cl (aq).


(4-BrC6H4)6Te (1 d): Colorless plates, m.p. >300 8C; 1H NMR (CDCl3,
25 8C, CHCl3): d=6.85 (d,


3J(H,H)=9 Hz, 12H), 7.35 ppm (d, 3J(H,H)=
9 Hz, 12H); 13C NMR (CDCl3, 25 8C, CHCl3): d=123.9 (s), 131.6 (d),
134.6 (d), 147.3 ppm (s, 1J(C,Te)=37 Hz); 125Te NMR (CDCl3, 25 8C,
(CH3)2Te): d=476 ppm.


(4-CF3C6H4)5(4-MeOC6H4)Te (8): Colorless crystals; m.p. >290 8C; 1H
NMR (CDCl3, 25 8C, CHCl3): d=7.52 (d,


3J(H,H)=9 Hz, 2H), 7.49 (d,
3J(H,H)=9 Hz, 8H), 7.12 (d, 3J(H,H)=9 Hz, 8H), 7.10 (d, 3J(H,H)=
9 Hz, 2H), 6.83 (d, 3J(H,H)=9 Hz, 2H), 6.77 (d, 3J(H,H)=9 Hz, 2H),
3.79 ppm (s, 3H); 19F NMR (CDCl3, 25 8C, CFCl3): d=�63.1 (s, 12F),
�63.3 ppm (s, 3F); 13C NMR (CDCl3, 25 8C, CHCl3): d=159.6 (s), 153.2
(s), 153.0 (s), 152.9 (s), 134.6 (q, 2J(C,F)=42 Hz), 134.4 (q, 2J(C,F)=
42 Hz), 134.3 (d), 133.5 (d), 133.4 (d), 125.7 (q, 1J(C,F)=289 Hz), 125.6
(q, 1J(C,F)=289 Hz), 125.6 (d), 125.5 (d), 125.4 (d), 55.3 ppm (s); 125Te
NMR (CDCl3, 25 8C, (CH3)2Te): d=469.9 ppm; elemental analysis calcd
(%) for C37H23F15Te + 1/2H2O: C 49.97, H 2.72; found: C 50.02, H 2.54.


(4-CF3C6H4)5(CH=CH2)Te (9): Colorless needles; m.p. 214±215 8C; 1H
NMR (CDCl3, 25 8C, CHCl3): d=7.53 (d,


3J(H,H)=8 Hz, 2H), 7.51 (d,
3J(H,H)=8 Hz, 8H), 7.41 (d, 3J(H,H)=8 Hz, 2H), 7.35 (d, 3J(H,H)=
8 Hz, 8H), 6.80 (dd, 3J(H,H)=11 Hz, 18 Hz, 1H), 6.39 (d, 3J(H,H)=
11 Hz, 1H), 5.38 ppm (d, 3J(H,H)=18 Hz, 1H); 13C NMR (CDCl3, 25 8C,
CHCl3): d=153.9 (s,


1J(C,Te)=49 Hz), 151.6 (s, 1J(C,Te)=25 Hz), 133.6
(d), 132.9 (d), 131.5 (q, 2J(C,F)=32 Hz), 131.3 (q, 2J(C,F)=32 Hz), 129.6
(d), 125.6 (d), 125.5 (d), 125.1 (d), 123.7 (q, 1J(C,F)=271 Hz), 123.6 ppm
(q, 1J(C,F)=271 Hz); 125Te NMR (CDCl3, 25 8C, (CH3)2Te): d=


420.3 ppm; elemental analysis calcd (%) for C37H23F15Te + 1/2H2O: C
49.97, H 2.72; found: C 50.02, H 2.54.


Ph5(CH=CH2)Te (10): Colorless needles; m.p. 239±240 8C; 1H NMR
(CDCl3, 25 8C, CHCl3): d=7.30±7.45 (m, 1H), 7.38 (d,


3J(H,H)=8 Hz,
2H), 7.30 (t, 3J(H,H)=8 Hz, 8H), 7.19 (t, 3J(H,H)=8 Hz, 4H), 7.15±7.22
(m, 2H), 7.07 (d, 3J(H,H)=8 Hz, 8H), 6.85 (dd, 3J(H,H)=11 Hz, 19 Hz,
1H), 6.27 (d, 3J(H,H)=11 Hz, 1H), 5.32 ppm (d, 3J(H,H)=19 Hz, 1H).
13C NMR (CDCl3, 25 8C, CHCl3): d=154.2 (s,


1J(C,Te)=53 Hz), 151.6 (s,
1J(C,Te)=37 Hz), 150.1 (d), 149.8 (d), 133.6 (d), 133.2 (d), 128.3 (d),
128.1 (d), 127.5 (d), 127.3 ppm (d); 125Te NMR (CDCl3, 25 8C, (CH3)2Te):
d=429.5; elemental analysis calcd (%) for C32H28Te + 1/2H20: C 69.98,
H 5.32; found: C 69.88, H 5.13.


(4-CF3C6H4)5(CH2SPh)Te (11): Red solid; m.p. 152±153 8C; 1H NMR
(CDCl3, 25 8C, CHCl3): d=7.77 (d, 3J(H,H)=7 Hz, 2H), 7.72 (d,
3J(H,H)=7 Hz, 2H), 7.6±7.7 (m, 5H), 7.68 (d, 3J(H,H)=7 Hz, 8H), 7.46
(d, 3J(H,H)=7 Hz, 8H), 3.55 ppm (s, 2H); 19F NMR (CDCl3, 25 8C,
CFCl3): d=�63.0 (s, 12F), �63.4 ppm (s, 3F); 13C NMR (CDCl3, 25 8C,
CHCl3): d=152.2 (s), 150.6 (s), 140.8 (s), 133.6 (d), 133.2 (d), 131.0 (q,
2J(C,F)=30 Hz), 130.4 (q, 2J(C,F)=30 Hz), 130.1 (d), 125.9 (d), 125.8 (d),
125.7 (d), 123.3 (q, 1J(C,F)=270 Hz), 123.0 (q, 1J(C,F)=270 Hz), 122.5
(d), 47.0 ppm (s); 125Te NMR (CDCl3, 25 8C, (CH3)2Te): d=420.7 ppm; el-
emental analysis calcd (%) for C42H27F15STe: C 51.6, H 2.78; found: C
49.9, H 2.67.


Ph5(CH2SPh)Te (12): Colorless crystals; m.p. 164±165 8C; 1H NMR
(CDCl3, 25 8C, CHCl3): d=7.46 (d, 3J(H,H)=7 Hz, 2H), 7.42 (d,
3J(H,H)=7 Hz, 8H), 7.36±7.39 (m, 2H), 7.33 (t, 3J(H,H)=7 Hz, 4H),


7.24 (t, 3J(H,H)=7 Hz, 8H), 7.14±7.20 (m, 4H), 7.08 (t, 3J(H,H)=7 Hz,
2H), 3.76 ppm (s, 2H); 13C NMR (CDCl3, 25 8C, CHCl3): d=151.9 (s),
148.1 (s), 140.1 (s), 135.0 (d), 134.4 (d), 133.1 (d), 131.7 (d), 130.5 (d),
128.4 (d), 127.8 (d), 125.0 (d), 122.2 (d), 46.5 ppm (s); 125Te NMR
(CDCl3, 25 8C, (CH3)2Te): d=403.7 ppm; elemental analysis calcd (%)
for C37H32STe: C 69.84, H 5.06; found: C 70.14, H 5.00.


Ph5(nBu)Te (13): Colorless crystals; m.p. 130±131 8C; 1H NMR (CDCl3,
25 8C, CHCl3): d=7.27 (d,


3J(H,H)=7 Hz, 2H), 7.22 (d, 3J(H,H)=7 Hz,
8H), 7.22 (t, 3J(H,H)=7 Hz, 2H), 7.15 (t, 3J(H,H)=7 Hz, 1H), 7.11 (t,
3J(H,H)=7 Hz, 8H), 7.04 (t, 3J(H,H)=7 Hz, 4H), 2.84 (t, 3J(H,H)=
9 Hz, 2H), 1.41 (tt, 3J(H,H)=7 Hz, 9 Hz, 2H), 1.25 (tq, 3J(H,H)=7 Hz,
2H), 0.78 ppm (t, 3J(H,H)=7 Hz, 3H); 13C NMR (CDCl3, 25 8C, CHCl3):
d=152.7 (s), 151.6 (s), 133.6 (d), 132.9 (d), 128.3 (d), 127.9 (d), 127.8 (d),
127.5 (d), 50.1 (s), 30.9 (s), 24.7 (s), 13.6 ppm (s); 125Te NMR (CDCl3,
25 8C, (CH3)2Te): d=401.9 ppm; elemental analysis calcd (%) for
C42H27F15Te + 3benzene: C 60.32, H 3.79; found: C 59.98, H 3.55.


(4-CF3C6H4)4(CH3)2Te (cis-4 a): Colorless plates; m.p. 236±237 8C; 1H
NMR (CDCl3, 25 8C, CHCl3): d=2.19 (s, 6H), 7.46 (d,


3J(H,H)=8 Hz,
4H), 7.52 (d, 3J(H,H)=8 Hz, 4H), 7.53 (d, 3J(H,H)=8 Hz, 4H),
7.56 ppm (d, 3J(H,H)=8 Hz, 4H); 19F NMR (CDCl3, 25 8C, CFCl3): d=
�63.0 (s, 6F), �63.1 ppm (s, 6F); 13C NMR (CDCl3, 25 8C, CHCl3): d=
34.5 (q, 1J(C,Te)=9 Hz), 123.8 (q, 1J(C,F)=273 Hz), 123.9 (q, 1J(C,F)=
273 Hz), 124.6 (d), 124.7 (d), 130.4 (q, 2J(C,F)=33 Hz), 130.5 (q,
2J(C,F)=33 Hz), 132.7 (d), 132.8 (d), 159.6 (s, 1J(C,Te)=87 Hz),
160.0 ppm (s, 1J(C,Te)=25 Hz); 125Te NMR (CDCl3, 25 8C, (CH3)2Te):
d=272 ppm; elemental analysis calcd (%) for C30H22F12Te: C 48.82, H
3.00; found: C 48.65, H 2.82.


X-ray structural analysis of 1 d, cis-4a, trans-4 c, trans-7a-Cl, and 9 :
CCDC-212473 (1 d), CCDC-212475 (cis-4 a), CCDC-212476 (trans-4 c),
CCDC-212478 (trans-7a-Cl), and CCDC-212479 (and 9) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.can.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Centre, 12 Union Road, Cambridge
CB21EZ, UK; Fax: (+44)1223-336033; or deposit@ccdc.cam.ac.uk). A
summary of the important data from the X-ray structure determinations
is given in Table 5. Data were collected at 150 K on a Mac Science
DIP2030 imaging plate equipped with graphite-monochromated MoKa ra-
diation (l=0.71073 ä). Unit cell parameters were determined by autoin-
dexing several images in each data set separately with program DENZO.
For each data set, rotation images were collected in 38 increments with a
total rotation of 1808 about f. Data were processed by using SCALE-
PACK. The structures were solved by using the teXsan system and re-
fined by full-matrix least-squares. The programs (DENZO and SCALE-
PACK) are available from Mac Science Co. Z Otwinowski, University of
Texas, Southwestern Medical Center. The program teXsan is available
from Rigaku Co.
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Table 5. Crystallographic data for 1 d, cis-4 a, trans-4c, trans-7a-Cl, and 9.


Compound 1 d cis-4 a trans-4c trans-7a-Cl 9


formula C36H24Br6Te C30H22F12Te C30H34Te C29H19ClF12Te C37H23F15Te
molecular weight 1063.61 738.08 522.20 758.50 880.16
crystal system triclinic triclinic monoclinic tetragonal monoclinic
space group P1≈ P1≈ P21/n P4nc P21/n
crystal dimensions [mm] 0.25î0.25î0.20 0.45î0.35î0.15 0.50î0.40î0.15 0.30î0.20î0.15 0.35î0.20î0.15
color colorless colorless colorless colorless Colorless
habit plate plate plate plate Plate
a [ä] 8.8090(5) 11.3390(4) 10.1390(2) 12.1140(3) 11.3410(3)
b [ä] 10.3350(6) 12.3720(5) 19.4320(5) 12.1140(3) 18.3810(6)
c [ä] 10.6080(8) 12.6680(5) 13.3370(2) 9.5460(3) 17.090(4)
a [8] 73.533(3) 72.540(2) 90 90 90
b [8] 77.535(3) 88.201(2) 104.740(1) 90 91.788(2)
g [8] 67.508(3) 62.302(2) 90 90 90
V [ä3] 849.39(10) 1488.7(1) 2541.19(8) 1400.87(4) 3562.3(1)
Z 1 2 4 2 4
1calcd [gcm


�3] 2.079 1.646 1.365 1.798 1.641
m[cm�1] 7.979 1.093 1.185 1.256 0.940
F(000) 502 724 1024 740 1728
MoKa radiation [ä] 0.71073 0.71073 0.71073 0.71073 0.71073
temp [K] 190 200 190 200 273
2q max [8] 56.1 56.1 56 ± ±
data collected +h,�k,� l +h,�k,� l +h,+k,� l +h, �k, + l +h, +k,� l
total data collected, obsd 3326, 2664(I>3s(I)) 6503, 6045(I>3s(I)) 5774, 5628(I>3s(I)) 1025, 859(I>3s(I)) 7949, 6707(I>3s(I))
no. of parameters refined 196 380 280 100 469
R, Rw, goodness of fit (obs) 0.0743, 0.1180, 1.290 0.0648, 0.0984, 1.228 0.0471, 0.0844, 1.340 0.0316, 0.0466, 0.936 0.0749, 0.1246, 1.420
max shift in final cycle 0.0008 0.0015 0.0008 0.0291 0.0530
final diff map, max [eä�3] 1.11 1.19 0.63 0.35 1.27
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Synthesis of C3 Benzo[1,2-e:3,4-e’:5,6-e’’]tribenzo[l]acephenanthrylenes
(Crushed Fullerene Derivatives) by Intramolecular Palladium-Catalyzed
Arylation


Berta GÛmez-Lor,*[a] Esther Gonzµlez-Cantalapiedra,[b] Marta Ruiz,[a]


”scar de Frutos,[b, c] Diego J. Cµrdenas,[b] Amelia Santos,[a] and
Antonio M. Echavarren*[b, d]


Introduction


The chemistry of bowl-shaped polyarenes[1] has attracted
great interest due to their potential use as starting materials
for the development of syntheses of fullerenes alternative to
those based on the vaporization of graphite.[2] Progress to-
wards the synthesis of large polyarenes is also of interest in
the area of materials science.[3] Fullerenes have been formed
pyrolytically in low yield from aromatic hydrocarbons such
as naphthalene and corannulene.[4,5] Peaks attributable to
C60


+ C have been found in the mass spectra of cyclic poly-
ynes[6,7] and of products obtained by the glow discharge of
CHCl3 vapor.


[8] Additionally, C60 has been identified in ben-
zene/oxygen flames.[9]


We described in a preliminary communication a regiocon-
trolled approach for the synthesis of C60H30 (2), a polyarene


with a decacyclene core fused with three naphthyl units that
possesses the exact carbon atom topology of the C60 Schle-
gel diagram 2’ (Scheme 1).[10] The synthesis of 2 was based
on palladium-catalyzed intramolecular arylation[11,12] of a de-
rivative of truxene 1.[13,14] This heptacyclic polyarene has
been recognized as a potential starting material for the con-
struction of large polyarenes by several groups.[15, 16,17,18] Two
alternative preparations of 2 have been reported. The first,
reported by Jennenskens et al. ,[19] was based on the dehydro-
genation of polyarenes in the presence of S8, which gave
predominantly the C1 isomer of 2. A second, more recent
synthesis of 2, reported by Scott et al., was based on the
TiCl4-catalyzed trimerization of 5H-benzo[f]acephenanthry-
len-4-one.[20] This approach was later applied for the prepa-
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Abstract: The C60 polyarenes 4, 5, 18a, and 18b have been synthesized from trux-
ene by triple alkylation at C5, C10, and C15 followed by a palladium-catalyzed in-
tramolecular arylation. The synthesis of ™crushed fullerene∫ C60H30 (2) is the most
efficient reported to date and proceeds in 33% overall yield.
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ration of a chlorinated derivative of 2 in 11 steps from 1-
bromo-4-chlorobenzene, which afforded C60 in 0.1±1.0%
yield upon flash vacuum pyrolysis at 1100 8C.[21]


Our goal is to accomplish a stepwise synthesis of C60


based on the application of palladium-catalyzed arylation as
the key tool (Scheme 2).[22] Thus, a triple alkylation of a tri-


substituted truxene derivative 3[23] would give 4, which could
provide 5 by palladium-catalyzed intramolecular arylation.
Transformation of 5 into the tris(triflate) derivative 6 could
then allow a second arylation to
be carried out, furnishing bowl-
shaped polyarene 7. Polyarene
7 is a rather interesting synthet-
ic target in its own right, be-
sides being a potential precur-
sor of C60 and of endohedral
complexes of C60.
Herein, we detail the synthe-


sis of C60H30 (2), tributyl- and
triaryl derivatives (18a and
18b), trimethoxy derivative 5,
as well as two C48 derivatives (9
and 11), which document the
versatility of our approach for
the preparation of C3 polyar-
enes based on triple arylation
of a truxene core.


Results and Discussion


Synthesis of C48 polyarenes : As
a prelude to the synthesis of
C60H30 (2), we first investigated


the palladium-catalyzed cyclization of 8a and 8b bearing
three ortho-bromobenzyl groups. As expected, these deriva-
tives, readily available by alkylation of the trianion of 1,[14]


were cyclized in the presence of Pd(OAc)2 as a precatalyst
to give C48 polyarene 9 (Scheme 3). Interestingly, derivative
8a, with three benzyl groups in a syn relationship, was cy-


clized at 130 8C in DMF as the solvent, while the cyclization
of the anti isomer 8b had to be carried out at 150±165 8C in
DMF or DMA to give 9 in good yield (71±79%).
Compound 11, a simpler analogue of the trimethoxy com-


pound 5, was similarly synthesized from 4,9,14-trimethoxy-
truxene (3).[23] Thus, triple alkylation of the trilithium trian-
ion of 3 with o-bromobenzyl bromide gave a mixture of 10
and its anti isomer; the latter was isomerized under basic
conditions to afford 10 in 50% overall yield (Scheme 4).


Scheme 2.


Scheme 3.


Scheme 4.
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Palladium-catalyzed arylation of 10 was best carried out in
the presence of the more soluble Cs2CO3 as the base, lead-
ing to 11 in 40% yield, which is considerably more soluble
than the parent compound 9.


Synthesis of C60H30 (2): For the synthesis of 2 we tried the
cyclization of naphthalene analogues of 8a and 8b. Thus, al-
kylation of the trilithium trianion of 1 with 1-bromo-2-(bro-
momethyl)naphthalene[24] gave the anti derivative 12b as the
major compound, which was isomerized with KOtBu in
tBuOH under reflux conditions to give syn-5,10,15-tris[2-(1-
bromo)naphthylmethyl]truxene (12a) in 62% overall yield
(Scheme 5). Similarly, 13 was obtained by using 2-(bromo-


methyl)-1-methoxynaphthalene[25] as the electrophile in the
alkylation reaction, followed by base-catalyzed isomeriza-
tion (85% overall yield). Demethylation of 13 with BBr3 in
CH2Cl2 at �78 8C afforded tris(naphthol) 14 in 83% yield.
Trifluoromethanesulfonylation of 14 with Tf2O and 2,6-luti-
dine in CH2Cl2 provided tris(triflate) 15 in 52% yield.
Treatment of 12a with Pd(OAc)2 (10±20 mol%) in the


presence of BnMe3NBr and K2CO3 or with NaOAc in DMF
or DMA at 110±160 8C gave complex mixtures of insoluble
materials. However, the use of higher amounts of Pd(OAc)2
(100 mol%, 0.3 equiv) with K2CO3 as the base led to cleaner
mixtures, from which 2 could be isolated in 42% yield
(Scheme 5). The use of the more soluble Cs2CO3 as the base
increased the yield of 2 to 53%. Tris(triflate) 15 could also
be cyclized to give 2, albeit in lower yield (11%), by using
[Pd(PPh3)2Cl2] (150 mol%) and excess NaOPiv in DMA at
120 8C.[26]


Synthesis of tributyl and triphenyl derivatives of 2 : Polyar-
ene 2 is a highly insoluble substance and its 1H NMR spec-
trum could only be obtained in [D2]-1,1,2,2-tetrachloro-
ethane at 130 8C. In an attempt to prepare a more soluble
analogue, the synthesis of a tributylated derivative was un-
dertaken. Thus, alkylation of 2,7,12-tributyltruxene (16a)[23]


with 1-bromo-2-(bromomethyl)naphthalene gave a mixture
of 17a and its anti isomer in 62% yield (Scheme 6). Aryla-
tion of this mixture with Pd(OAc)2, BnMe3NBr, and Cs2CO3


in DMA at 130 8C for 24 h afforded 18a, which was isolated
in 26% yield. Similarly, alkylation of 2,7,12-triphenyltruxene
(16b)[26] gave 17b as a 5.5:1 anti/syn mixture in 71% yield,
which was treated with Pd(OAc)2, BnMe3NBr, and K2CO3


in DMA at 160 8C to give 18b in
38% yield.


Synthesis of trimethoxy derivative 5 :
Compound 5, a derivative of 2 with
three substituents at the strategic
positions C3, C13, and C23, was syn-
thesized from 4,9,14-trimethoxytrux-
ene (3). Thus, triple alkylation of
the trilithium trianion of 3 with 1-
bromo-2-(bromomethyl)naphthalene
gave a 1:3 syn/anti mixture (4a,b) in
90% yield. Attempted isomerization
of 4b to the syn-isomer 4a under
the standard conditions (heating
with KOtBu in tBuOH) was unsuc-
cessful in this case. Treatment of the
mixture of 4a,b with Pd(OAc)2 in
the presence of Cs2CO3 as the base
led to triple palladium-catalyzed in-
tramolecular arylation, furnishing 5
as a soluble yellow solid in 66%
yield (Scheme 7).


Structure of C3 C60H30 derivatives :
The 1H NMR spectrum of 18a in
CDCl3 at room temperature shows
only broad resonances, which sug-
gests a slow equilibration of differ-
ent conformers at this temperature.


However, the spectrum was found to be well-resolved in
[D2]-1,1,2,2-tetrachloroethane at 120 8C (Figure 1). The 1H
assignments were made on the basis of COSY and NOESY
experiments. The 13C NMR spectrum of 18a in CDCl3 at
room temperature showed the expected 20 C(sp2) signals
between d = 141 and 123 ppm. Although observation of the
correct number of resonances for sp2-type carbons suggests
that 18a possesses C3 symmetry, ten C(sp


3) signals were ob-
served for the butyl groups (range: d = 35.6±13.8 ppm) in-
stead of the expected four, which indicates that the n-butyl
chains adopt different conformations. The 1H NMR spec-
trum of triphenylated 18b featured only very broad resonan-
ces, even at 120 8C.
Since the room temperature NMR data suggested the


presence of several conformers in the case of 18a, we per-
formed DFT calculations at the B3LYP/6±31G(d)//AM1


Scheme 5.


Chem. Eur. J. 2004, 10, 2601 ± 2608 www.chemeurj.org ¹ 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 2603


Synthesis of ™Crushed Fullerene∫ Derivatives 2601 ± 2608



www.chemeurj.org





level of theory to study the energy differences among the
several possible isomers of the trimethyl analogue 18c. The
compound shows six axes of chirality: three are derived
from the relative positions of the aromatic surfaces connect-
ed to the central benzene ring, and the other three are relat-


ed to the positions of the methyl
groups above and below the mean
plane of the molecule. After explor-
ing the different possibilities, it was
established that conformers 18c
(C3) and 18c (C1) (Scheme 8) are
the most stable ones, being almost
isoenergetic (DDHf (C3�C1) =


0.6 kcalmol�1).
The 1H NMR spectrum of 5 in


CDCl3 at room temperature was
found to be well-resolved (Figure 2)
and corresponded to an average C3


symmetry. It is noteworthy that the
signals of H-3 and H-4 are shifted
downfield, whereas that of H-10 is
shifted upfield due to the buttress-
ing effect of the methoxy group.


Conclusion


Palladium-catalyzed intramolecular
arylation constitutes a versatile
method for the synthesis of large
C48 polyarenes 9 and 11, as well as
of C60 polyarenes 4, 5, 18a, and
18b. The synthesis of C60H30 (2) is


the most efficient reported to date and proceeds in just
three steps from truxene (1) in 33% overall yield. Polyarene
5 has been similarly synthesized from trimethoxytruxene 3


Scheme 6.


Scheme 7. Figure 1. Aromatic region of the 1H NMR spectrum of 18a ([D2]-1,1,2,2-
tetrachloroethane, 300 MHz, 120 8C). Assignments are based on a
NOESY experiment.
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in two steps (59% yield) and represents a potential starting
material for the preparation of 7 via tris(triflate) 6. The syn-
thesis of bowl-shaped 7 from 5 is now being pursued.


Experimental Section


Unless stated otherwise, NMR spectra were recorded at 23 8C. Solid-state
high-resolution CP-MAS 13C NMR spectra were recorded at 100.63 MHz
on a Bruker MSL 400 spectrometer, with a pulse width of 6.5 ms and a
contact time of 1 ms. EI mass spectra were obtained with a probe temper-
ature of 300 8C, an ion source at 300 8C, and an electron energy of 70 eV.
FAB mass spectra were obtained by using m-nitrobenzyl alcohol as the
matrix. Elemental analyses were performed at the UAM (SIdI). The
presence of solvents of crystallization was confirmed by 1H NMR. Sol-
vents were purified and dried according to standard procedures. Chroma-
tographic purifications were carried out on flash grade silica gel eluting
with distilled solvents. All reactions were carried out under argon.


Truxene (1), tribenzyl derivatives 8a and 8b,[21] 2,7,12-tri-n-butyltruxene
(16a),[26] 2,7,12-triphenyltruxene (16b),[26] and 1-bromo-2-(bromomethyl)-
naphthalene[26] were prepared according to known procedures. 1-Me-
thoxy-2-(bromomethyl)naphthalene was prepared by a small modifica-
tion of a known method.[26] The synthesis and X-ray structure of syn-
5,10,15-tris(1-methoxy-2-naphthylmethyl)-10,15-dihydro-5H-diinde-
no[3,2-a ;3’,2’-c]fluorene 13 has been reported elsewhere.[21]4,9,14-Trime-
thoxytruxene (3) was prepared following an improvement of our previ-
ously reported procedure[26] that obviates the need for catalytic debromi-
nation of 4-bromo-7-hydroxy-1-indanone. Thus, 7-hydroxy-1-indanone
was directly prepared from 4-bromophenyl propenoate in a one-pot proc-
ess (30% overall yield) that involves a Fries rearrangement, closure to
the indanone, and protiodebromination.[4] A mixture of 4-bromophenyl
propenoate (11.70 g, 51.52 mmol), AlCl3 (130 g, 0.97 mol), and NaCl
(43.0 g, 0.79 mol) was heated at 160 8C for 5 h. The warm mixture was
poured into ice, extracted with EtOAc, and the extract was dried
(Na2SO4) and concentrated. The residue was purified by flash chromatog-
raphy (hexane/EtOAc, 10:1) to give 7-hydroxy-1-indanone as a yellow
solid (2.30 g, 32%); m.p. 116±117 8C. It was found that the yield of the
final step (acid-catalyzed trimerization of 7-methoxy-1-indanone) could
be increased to 53% by heating at a lower temperature (120 8C instead
of 160 8C).


Benzo[e]diacephenanthrylene[4,5-j ;4’,5’-l]fluoranthene (9): Method a : A
mixture of 8a (500 mg, 0.59 mmol), Pd(OAc)2 (13 mg, 0.06 mmol),
BnMe3NBr (135 mg, 0.59 mmol), and K2CO3 (831 mg, 5.9 mmol) in DMF
(15 mL) was stirred at 150 8C for 24 h. The mixture was then cooled to
23 8C and diluted with water, and the solid produced was filtered off and
washed with water and acetone to give 9 as a clear brown solid (252 mg,
71%). When the reaction was carried out in DMA at 165 8C, 9 was ob-
tained in 79% yield.


Method b : A mixture of 8b (150 mg, 0.18 mmol), Pd(OAc)2 (4 mg,
0.02 mmol), BnMe3NBr (41 mg, 0.18 mmol), and K2CO3 (244 mg,
1.8 mmol) in DMF (5 mL) was stirred at 130 8C for 24 h. The mixture
was then cooled to 23 8C and diluted with water, and the solid produced
was filtered off and washed with water and acetone to give 9 as a clear
brown solid (77 mg, 71%); m.p. >350 8C; 1H NMR (300 MHz, [D2]-
1,1,2,2-tetrachloroethane, 130 8C): d = 9.01 (s, 3H), 8.87 (d, J = 7.9 Hz,
3H), 8.66±8.64 (m, 3H), 8.52 (d, J = 7.8 Hz, 3H), 8.19 (d, J = 7.4 Hz,
3H), 7.87 (t, J = 7.9 Hz, 3H), 7.69±7.58 ppm (m, 6H); 13C NMR (solid-
state, 100.6 MHz): d = 134.99, 131.48, 128.32, 124.56, 121.16 ppm; EI-
MS: m/z (%): 600 ([M+], 23), 528 (7).


syn-5,10,15-Tris(2-bromophenylmethyl)-4,9,14-trimethoxy-10,15-dihydro-
5H-diindeno[1,2-a ;1’,2’-c]fluorene (10): nBuLi (2.90 mL, 2.5m in hexanes,
7.20 mmol) was added to 3 (1.000 g, 2.31 mmol) in THF (200 mL) at
�78 8C. The red solution obtained was slowly allowed to warm to �10 8C
over a period of 3 h, and then a solution of o-bromobenzyl bromide
(2.010 g, 8.10 mmol) in THF (50 mL) was added. The resulting mixture
was warmed to 23 8C and stirred at this temperature for 16 h. After stan-
dard extractive work-up (CH2Cl2, H2O) and evaporation of the solvent,
trituration with hexane gave a 3:1 mixture of anti- and syn-trialkylated
derivatives as a yellow solid (1.190 g, 55%). This mixture was suspended
together with KOtBu (220 mg, 4.00 mmol) in tBuOH (200 mL) and
heated under reflux conditions for 12 h. After the mixture had cooled,
the solvent was evaporated and the residue was chromatographed
(hexane/CH2Cl2, 4:1) to give syn-10 as a pale brown solid (590 mg,
27%); m.p. 267±268 8C; Rf = 0.15 (hexane/CH2Cl2, 4:1);


1H NMR
(CDCl3, 300 MHz): d = 7.36 (dd, J = 12.0, 1.6 Hz, 3H), 7.15 (t, J =


Scheme 8. Minimum conformers for model 18c (DFT calculations at the
B3LYP/6±31G(d)//AM1 level).


Figure 2. Aromatic region of the 1H NMR spectrum of 5 (CDCl3, 23 8C).
Assignments are based on a NOESY experiment.
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12.0 Hz, 3H), 7.07±6.78 (m, 15H), 5.32 (td, J = 8.8, 3.2 Hz, 3H), 4.04 (s,
9H), 3.43 (dd, J = 20.2, 8.1 Hz, 3H), 2.99 ppm (dd, J = 20.9, 12.0 Hz,
3H); 13C NMR (CDCl3, 75 MHz): d = 154.23, 149.51, 142.22, 139.26,
135.53, 132.32, 130.97, 129.57, 127.55, 127.49, 126.73, 126.09, 118.01,
109.70, 55.59, 50.70, 39.79 ppm; EI-MS: m/z : 938 ([M+], 100), 859 (60),
769 (100).


8,16,24-Trimethoxybenzo[e]diacephenanthrylene[4,5-j ;4’,5’-l]fluoranthene
(11): A mixture of 10 (500 mg, 0.53 mmol), Pd(OAc)2 (357 mg,
0.53 mmol), BnMe3NBr (244 mg, 1.06 mmol), and Cs2CO3 (1.69 g,
5.3 mmol) in DMA (25 mL) was heated at 140 8C for 36 h. After being
cooled to room temperature, the mixture was filtered and the insoluble
solid was washed with CH2Cl2 and acetone. The filtrate was diluted with
CH2Cl2, then washed with water, dried (Na2SO4), and concentrated. The
residue was chromatographed (hexane/Et2O, 10:3) to give 11 as a yellow
solid (146 mg, 40%); m.p. 200±202 8C; Rf = 0.15 (hexane/Et2O, 10:3);


1H
NMR (CDCl3, 300 MHz): d = 7.80 (d, J = 10.1 Hz, 3H), 7.64 (dd, J =


8.1, 1.2 Hz, 3H), 7.34 (td, J = 7.7, 1.2 Hz, 3H), 7.20 (dd, J = 7.3, 1.6 Hz,
3H), 7.09 (d, J = 4.1 Hz, 3H), 7.08 (s, 3H), 6.88 (dd, J = 5.3, 4.5 Hz,
3H), 3.90 ppm (s, 9H); 13C NMR (CDCl3, 75 MHz; DEPT): d = 154.52
(C), 140.85 (C), 139.29 (C), 138.67 (C), 138.66 (C), 132.93 (CH), 132.32
(CH), 131.27 (C), 129.98 (C), 129.50 (C), 129.07 (CH), 127.97 (CH),
126.85 (CH), 124.13 (C), 116.81 (CH), 111.21 (CH), 56.11 ppm (CH3);
MALDI-MS (dithranol): m/z : 691.9 ([M++1]).


syn-5,10,15-Tris(1-bromo-2-naphthylmethyl)-10,15-dihydro-5H-diinde-
no[1,2-a ;1’,2’-c]fluorene (12a) and anti-5,10,15-tris(1-bromo-2-naphthyl-
methyl)-10,15-dihydro-5H-diindeno[1,2-a ;1’,2’-c]fluorene (12b): nBuLi
(1.3 mL, 2.5m solution in hexanes, 3.25 mmol) was added to 1 (342 mg,
1 mmol) in THF (25 mL) at �78 8C. The resulting mixture was then
slowly allowed to warm to �10 8C over 4 h to give a red solution, to
which a solution of 1-bromo-2-(bromomethyl)naphthalene (975 mg,
3.25 mmol) in THF (10 mL) was added. After 30 min, the mixture was di-
luted with EtOAc, washed with saturated aqueous NaCl solution, dried
(Na2SO4), and concentrated. The residue was triturated with hexanes to
give anti-trialkylated truxene 12b as a white solid. 12b : m.p. 181 8C; 1H
NMR (300 MHz, CDCl3): d = 8.48±8.25 (m, 5H), 7.85±7.31 (m, 17H),
7.22 (d, J = 8.4 Hz, 1H), 7.21 (d, J = 8.5 Hz, 1H), 7.09 (d, J = 8.5 Hz,
1H), 7.07±6.95 (m, 3H), 6.67 (d, J = 6.9 Hz, 1H), 6.53 (d, J = 7.7 Hz,
1H), 5.26 (dd, J = 10.5, 4.8 Hz, 1H), 5.19±5.14 (m, 2H), 4.35±4.24 (m,
2H), 4.13 (dd, J = 13.7, 4.8 Hz, 1H), 3.13 (dd, J = 13.7, 9.7 Hz, 1H),
2.99 (dd, J = 13.7, 10.1 Hz, 1H), 3.13 ppm (dd, J = 14.1, 10.9 Hz, 1H);
13C NMR (360 MHz, CDCl3): d = 146.77, 146.61, 146.52, 141.59, 140.58,
140.47, 140.14, 139.83, 139.66, 137.32, 136.96, 136.87, 136.76, 133.39,
132.47, 132.41, 129.18, 129.04, 128.87, 128.03, 127.67, 127.34, 127.20,
127.11, 126.89, 126.11, 125.97, 125.86, 125.64, 125.55, 125.13, 125.08,
124.99, 122.93, 122.87, 122.54, 46.80, 46.52, 46.41, 40.32, 40.16 ppm (the
rest of the signals are not observed); EI-MS: m/z (%): 1000 ([M+], 1),
779 (56), 699 (10), 559 (63), 479 (19), 340 (100). The solid was suspended
in tBuOH (25 mL) and KOtBu (112 mg, 1 mmol) was added. The mixture
was heated under reflux conditions for 12 h. After being cooled to room
temperature, it was diluted with water and the solid was filtered off and
washed with water and acetone to give 12a as a white solid (622 mg,
62%). 12a : m.p. >300 8C; 1H NMR (300 MHz, [D]2-1,1,2,2-tetrachloro-
ethane, 130 8C): d = 8.30 (br s, 6H), 8.06 (br s, 3H), 7.65±7.44 (brm, 9H),
7.22 (br s, 3H), 6.97 (br s, 9H), 4.99 (br s, 3H), 3.96 (br s, 3H), 3.41 ppm
(br s, 3H); EI-MS: m/z (%): 1000 ([M+], 2), 779 (54), 698 (13), 560 (19),
480 (14), 339 (100); elemental analysis calcd (%) for C60H39Br3¥0.75H2O:
C 70.19, H 4.12; found: C 70.16, H 4.44.


syn-5,10,15-Tris(1-hydroxy-2-naphthylmethyl)-10,15-dihydro-5H-diinde-
no[3,2-a ;3’,2’-c]fluorene (14): BBr3 (6 mL, 1m solution in CH2Cl2,
6 mmol) was added to 13 (853 mg, 1 mmol) in CH2Cl2 (50 mL) at �78 8C.
The mixture was stirred for 1 h at �78 8C and then for 12 h at room tem-
perature. It was then treated with water and extracted with CH2Cl2. The
organic layer was separated and concentrated. The residue was triturated
with EtOAc to give 14 as a beige powder (670 mg, 83%). 1H NMR
(200 MHz, CDCl3): d = 7.95 (d, J = 8.1 Hz, 6H), 7.72±7.68 (m, 3H),
7.50±7.37 (m, 9H), 7.25±7.17 (m, 6H), 6.85±6.76 (m, 6H), 4.80 (s, 3H),
4.50 (dd, J = 9.4, 4.1 Hz, 3H), 3.49 (dd, J = 15.6, 4.3 Hz, 3H), 2.43 ppm
(dd, J = 14.5, 11.8 Hz, 3H); 13C NMR (360 MHz, CDCl3): d = 148.87,
147.31, 140.78, 140.08, 135.48, 133.36, 128.65, 127.51, 126.31, 125.58,
125.28, 125.19, 122.60, 120.98, 119.78, 118.36, 118.25, 46.60, 33.07 ppm
(one carbon signal was not observed); EI-MS: m/z (%): 811 ([M+], 6),


653 (41), 496 (20), 339 (67), 154 (100); elemental analysis calcd (%) for
C60H42O3¥0.75CH2Cl2: C 78.72, H 4.83; found: C 78.82, H 4.83.


syn-5,10,15-Tris(1-trifluoromethanesulfonyloxy-2-naphthylmethyl)-10,15-
dihydro-5H-diindeno[3,2-a ;3’,2’-c]fluorene (15): Tf2O (500 mL, 3 mmol)
was added to a mixture of 14 (420 mg, 0.5 mmol), 4-dimethylaminopyri-
dine (4 mg, 0.03 mmol), and 2,6-lutidine (350 mL, 3 mmol) in CH2Cl2
(20 mL) at �30 8C. The resulting mixture was allowed to warm to 0 8C
over 1 h. It was then treated with water and extracted with CH2Cl2. The
organic layer was separated and concentrated. The residue was triturated
with EtOAc to give 15 as a white powder (312 mg, 52%). 15 : m.p. 249 8C
(decomp); 1H NMR (300 MHz, [D]2-1,1,2,2-tetrachloroethane, 100 8C): d
= 7.91 (d, J = 8.4 Hz, 3H), 7.83 (d, J = 8.6 Hz, 3H), 7.72 (d, J =


7.9 Hz, 3H), 7.58 (d, J = 8.5 Hz, 3H), 7.54±7.40 (m, 6H), 7.35±7.31 (m,
3H), 7.13±7.06 (m, 6H), 6.88 (d, J = 7.9 Hz, 3H), 4.62 (dd, J = 8.2,
4.7 Hz, 3H), 3.81 (dd, J = 14.5, 4.7 Hz, 3H), 3.25 ppm (dd, J = 14.6,
8.5 Hz, 3H); EI-MS: m/z (%): 1207 ([M+], 1), 917 (16), 628 (15), 494
(16), 339 (100); elemental analysis calcd (%) for
C63H39S3O9F9¥0.5CH2Cl2: C 61.22, H 3.21; found: C 61.57, H 3.25.


Benzo[1,2-e :3,4-e’:5,6-e’’]tribenzo[l]acephenanthrylene (2): Method 1a :
A mixture of 12a (150 mg, 0.15 mmol), Pd(OAc)2 (34 mg, 0.15 mmol),
BnMe3NBr (69 mg, 0.3 mmol), and K2CO3 (207 mg, 1.5 mmol) in DMA
(8 mL) was stirred at 140 8C for 36 h. It was then cooled to 23 8C and the
precipitated solid was filtered off and washed with CH2Cl2 and acetone.
This solid was suspended in saturated aqueous NaCN solution and stirred
for 1 h. It was then filtered off and washed sequentially with water and
acetone to give 2 as a clear brown powder (47 mg, 42%).


Method 1b: As Method 1a but with Cs2CO3 (488 mg, 1.5 mmol) instead
of K2CO3. Yield: 60 mg, 53%.


Method 2: A mixture of 15 (120 mg, 0.1 mmol), [Pd(PPh3)2Cl2] (70 mg,
0.15 mmol), and NaOPiv (74 mg, 0.6 mmol) in DMA (5 mL) was stirred
at 120 8C for 36 h. It was then cooled to 23 8C and the precipitated solid
was separated by centrifugation and washed with CH2Cl2 and acetone.
This solid was suspended in saturated aqueous NaCN solution and stirred
for 1 h. It was then separated by centrifugation and washed sequentially
with water and acetone to give 2 as a clear brown powder (8 mg, 11%).
1H NMR (300 MHz, [D]2-1,1,2,2-tetrachloroethane, 130 8C): d = 9.26±
9.01 (m, 12H), 8.13±8.02 (m, 12H), 7.80±7.69 ppm (m, 6H); 13C NMR
(solid state, 100.6 MHz): d = 134.99, 131.48, 128.32, 124.56, 121.16 ppm;
EI-MS (probe temperature: 600 8C, ion source: 300 8C, 90 eV): m/z (%):
750 ([M+], 100), 375 ([M2+], 30), 248 ([M3+], 2).


syn-2,7,13-Tributyl-5,10,15-tris(1-bromo-2-naphthylmethyl)-10,15-dihy-
dro-5H-diindeno[1,2-a ;1’,2’-c]fluorene (17a): nBuLi (0.31 mL,
0.784 mmol, 2.5m in hexane) was added to a suspension of 16a (100 mg,
0.196 mmol) in THF (10 mL) at �78 8C. The red solution was allowed to
warm to 0 8C, whereupon a solution of 1-bromo-2-(bromomethyl)naph-
thalene (235 mg, 0.784 mmol) in THF (3 mL) was added. The resulting
mixture was warmed to 23 8C and the yellow solution obtained was stir-
red at this temperature for 17 h. After extractive workup (EtOAc), the
solvent was evaporated to give crude 17a and its anti isomer (137 mg,
62%). Recrystallization from EtOAc afforded pure 17a: m.p. 125±
127 8C; 1H NMR (CDCl3, 300 MHz): d = 8.32 (d, J = 8.5 Hz, 3H), 8.02
(d, J = 8.1 Hz, 3H), 7.77 (d, J = 7.3 Hz, 3H), 7.60±7.56 (m, 6H), 7.51±
7.46 (m, 3H), 7.14 (dd, J = 7.7 Hz, 1.6 Hz, 3H), 7.05 (d, J = 6.9 Hz,
3H), 6.28 (s, 3H), 4.60±4.55 (m, 3H), 4.05 (dd, J = 13.3, 5.3 Hz, 3H),
3.06 (dd, J = 13.7, 9.7 Hz, 3H), 2.43±2.29 (m, 6H), 1.33±1.11 (m, 12H),
0.79 ppm (t, J = 9.3 Hz, 9H); 13C NMR (CDCl3, 75 MHz): d = 146.92,
140.28, 140.00, 137.74, 137.66, 135.87, 133.25, 132.39, 129.07, 127.90,
127.65, 127.17, 127.09, 126.89, 125.95, 125.61, 125.08, 122.24, 46.10, 40.38,
35.69, 33.41, 22.34, 13.94 ppm; FAB-MS: m/z (%): 1167 ([M+], 15), 947
(85), 727 (38), 507 (100).


2,7,13-Triphenyl-5,10,15-tris(1-bromo-2-naphthylmethyl)-10,15-dihydro-
5H-diindeno[1,2-a ;1’,2’-c]fluorene (17b): nBuLi (0.84 mL, 2.10 mmol,
2.5m in hexane) was added to a suspension of 16b (300 mg, 0.52 mmol)
in THF (15 mL) at �78 8C. The red solution was allowed to warm to
10 8C, whereupon a solution of 1-bromo-2-(bromomethyl)naphthalene
(1300 mg, 4.20 mmol) in THF (4 mL) was added. The resulting mixture
was warmed to 23 8C and the yellow solution obtained was stirred at this
temperature for 3 h. After extractive work-up (EtOAc), the solvent was
evaporated to give crude 17b as an anti/syn mixture (ca. 5.5:1) (450 mg,
71%). The mixture could be separated by column chromatography. anti-
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17b : Yellow solid; m.p. 226±228 8C; Rf = 0.53 (hexane/CH2Cl2, 2:1);
1H


NMR (CDCl3, 300 MHz): d = 8.54±8.33 (m, 9H), 7.91±6.94 (m, 30H),
6.75 (s, 1H), 6.63 (s, 1H), 6.59 (s, 1H), 5.33±5.20 (m, 3H), 4.51±4.42 (m,
3H), 3.23±3.15 (m, 1H), 3.07±2.94 (m, 1H), 2.87±2.79 ppm (m, 1H); 13C
NMR (CDCl3, 75 MHz): d = 147.03, 146.95, 141.81, 140.84, 140.67,
139.17, 138.91, 138.72, 138.61, 138.55, 137.62, 137.60, 137.27, 136.60,
136.49, 133.50, 132.55, 129.40, 129.20, 129.07, 128.48, 128.07, 128.02,
127.76, 127.56, 126.95, 126.25, 125.81, 125.39, 124.52, 124.33, 123.10,
122.68, 46.93, 46.79, 46.70, 40.41, 40.32, 40.16 ppm (several carbon signals
were not observed); FAB-MS: m/z (%): 1227.5 ([M+], 2), 1147.4 ([M+


�Br], 1), 1023.2 ([M+�C10H6Br], 1), 1007.2 ([M+�C11H8Br], 9), 927.3
([M+�C11H8Br�Br], 3), 787.3 ([M+�2C11H8Br], 5), 707.3 ([M+


�2C11H8Br�Br], 4), 567.3 ([M+�3C11H8Br], 21).


syn-17b : Yellow solid; m.p. 144±146 8C; Rf = 0.40 (hexane/CH2Cl2, 2:1);
1H NMR (CDCl3, 300 MHz): d = 8.37 (d, J = 8.1 Hz, 3H), 8.17 (d, J =


8.1 Hz, 3H), 7.7±7.6 (m, 12H), 7.53 (td, J = 7.9, J = 1.2 Hz, 6H), 7.39
(d, J = 8.5 Hz, 3H), 7.05 (t, J = 7.1 Hz, 6H), 6.89 (t, J = 8.7 Hz, 9H),
6.79 (d, J = 7.7 Hz, 6H), 5.88 (s, 3H), 4.06 (dd, J = 10.7, J = 6.1 Hz,
3H), 3.96 (dd, J = 13.3, J = 5.5 Hz, 3H), 2.68 ppm (dd, J = 13.5, J =


10.7 Hz, 3H); 13C NMR (CDCl3, 75 MHz): d = 146.72, 140.75, 140.22,
138.86, 137.57, 137.43, 135.03, 133.22, 132.25, 129.18, 128.09, 127.84,
127.48, 127.20, 126.94, 126.22, 125.86, 125.27, 124.73, 124.41, 122.43, 45.96,
40.08 ppm (one carbon signal was not observed); FAB-MS: m/z (%):
2453 ([2M+], 1), 1227 ([M+], 4), 1147 ([M+�Br], 3), 1007 ([M+


�C11H8Br], 20), 927 ([M+�C11H8Br�Br], 4), 787 ([M+�2C11H8Br], 9),
707 ([M+�2C11H8Br�1Br], 8), 567 ([M+�3C11H8Br], 40); HR-FAB-
MS: m/z calcd for C78H50Br3 ([M


+�H]): 1227.1422; found 1227.1450.
1,11,21-Tributyl-benzo[1,2-e :3,4-e’:5,6-e’’]tribenzo[l]acephenanthrylene
(18a): A mixture of 17a and its anti isomer (100 mg, 0.085 mmol),
Pd(OAc)2 (39 mg, 0.17 mmol), BnMe3NBr (39.1 mg, 0.17 mmol), and
Cs2CO3 (277 mg, 0.85 mmol) was heated in DMA (6 mL) at 130 8C for
24 h. After being cooled, the mixture was partitioned between CH2Cl2
and 10% aqueous HCl. The organic extract was washed with saturated
aqueous NaCl, dried (MgSO4), and concentrated. The residue was chro-
matographed (hexane/CH2Cl2, 3:1) to give 18a as an orange solid (20 mg,
26%): Rf = 0.30 (hexane/CH2Cl2, 3:1); m.p. 131±132 8C;


1H NMR
(CDCl3, 300 MHz): d = 8.52±8.39 (m, 9H), 8.09±8.05 (m, 3H), 7.93±7.87
(m, 3H), 7.76±7.66 (m, 9H), 7.53±7.48 (m, 3H), 3.82±3.17 (m, 6H), 1.37±
1.22 (m, 2H), 1.15±0.83 (m, 2H), 0.69±0.61 ppm (m, 3H); 1H NMR ([D2]-
1,1,2,2-tetrachloroethane, 300 MHz, 120 8C): d = 9.10 (s, 3H), 8.98 (d, J
= 7.3 Hz, 3H), 8.42 (d, J = 7.3 Hz, 3H), 8.14 (d, J = 8.8 Hz, 3H), 8.03
(d, J = 8.9 Hz, 6H), 7.87 (d, J = 8.2 Hz, 3H), 7.63±7.59 (m, 6H), 3.25 (t,
J = 7.6 Hz, 6H), 0.96±0.87 (m, 12H), 0.57 ppm (t, J = 7.3 Hz, 9H); 13C
NMR (CDCl3, 75 MHz): d = 140.99, 140.71, 140.35, 136.37, 133.81,
133.58, 132.97, 132.89, 131.55, 131.82, 130.44, 130.34, 129.07, 127.51,
127.34, 126.67, 125.56, 124.69, 123.21, 122.99, 35.61, 35.57, 35.39, 34.08,
33.97, 33.77, 22.84, 22.61, 14.11, 13.77 ppm; MALDI-MS (dithranol or
without a matrix): m/z : 918 ([M+]); HR-FAB-MS: m/z calcd. for C72H54:
918.4225; found: 918.4083.


1,11,21-Triphenyl-benzo[1,2-e :3,4-e’:5,6-e’’]tribenzo[l]acephenanthrylene
(18b): A mixture of 17b (syn/anti mixture; 84 mg, 0.069 mmol),
Pd(OAc)2 (14 mg, 0.06 mmol), BnMe3NBr (16 mg, 0.07 mmol), and
K2CO3 (99 mg, 0.70 mmol) was heated in DMA (5 mL) at 160 8C for
24 h. After being cooled, the mixture was partitioned between CH2Cl2
and 10% aqueous HCl. The organic extract was washed with saturated
aqueous NaCl, dried (MgSO4), and concentrated. The residue was chro-
matographed (hexane/CH2Cl2, 3:1) to give 18b as a yellow solid (50 mg,
38%), m.p. 196±198 8C; Rf = 0.30 (hexane/CH2Cl2, 3:1); MALDI-MS
(dithranol): m/z : 979.0 ([M+]), 903 ([M+�C6H5+H


+]).


syn-5,10,15-Tris(1-bromo-2-naphthylmethyl)-4,9,13-trimethoxy-10,15-di-
hydro-5H-diindeno[1,2-a ;1’,2’-c]fluorene (4a) and anti-5,10,15-tris(1-
bromo-2-naphthylmethyl)-4,9,13-trimethoxy-10,15-dihydro-5H-diinde-
no[1,2-a ;1’,2’-c]fluorene (4b): nBuLi (1.94 mL, 2.5m solution in hexanes,
4.86 mmol) was added to 3 (600 mg, 1.39 mmol) in THF (55 mL) at
�78 8C, and the mixture was slowly allowed to warm to �10 8C over a
period of 4 h. Thereafter, a solution of 1-bromo-2-(bromomethyl)naph-
thalene (1.67 g, 5.56 mmol) in THF (20 mL) was added to the red solu-
tion. After 30 min, the mixture was diluted with EtOAc and washed with
saturated aqueous NaCl solution, dried (Na2SO4), and concentrated. The
residue was chromatographed (hexane/CH2Cl2, 2:1) to give a 3:1 mixture
of anti- and syn-trialkylated derivatives (1.36 g, 90%).


syn-4a : Yellow solid; m.p. 180±182 8C; Rf = 1.10 (hexane/CH2Cl2, 2:1);
1H NMR (300 MHz, CDCl3): d = 8.23 (d, J = 8.5 Hz, 3H), 7.66 (d, J =


7.9 Hz, 3H), 7.50±7.46 (m, 6H), 7.37 (td, J = 6.9, 1.0 Hz, 3H), 7.05 (dd,
J = 8.5, 6.9 Hz, 6H), 6.77 (dd, J = 9.7, 7.9 Hz, 6H), 5.46 (t, J = 6.1 Hz,
3H), 3.66 (dd, J = 13.8, 6.0 Hz, 3H), 3.37 ppm (dd, J = 13.8, 7.8 Hz,
3H); 13C NMR (CDCl3, 75 MHz): d = 154.23, 149.50, 142.29, 137.63,
135.57, 133.18, 132.29, 129.52, 128.19, 127.96, 127.68, 127.54, 126.88,
126.62, 125.60, 125.38, 117.90, 109.65, 55.64, 50.57, 41.20 ppm; MALDI-
MS (dithranol): m/z : 1089 ([M+]).


anti-4b: Yellow solid; m.p. 252±254 8C; Rf = 1.20 (hexane/CH2Cl2, 2:1);
1H NMR (300 MHz, CDCl3): d = 8.28±8.17 (m, 2H), 7.78±7.24 (m,
16H), 7.14±6.91 (m, 4H), 6.85±6.63 (m, 4H), 6.40 (d, J = 7.3 Hz, 1H),
5.76 (dd, J = 8.1, 5.7 Hz, 1H), 5.66 (t, J = 6.1 Hz, 1H), 5.49 (t, J =


5.7 Hz, 1H), 4.10 (s, 3H), 4.05 (s, 3H), 4.02 (s, 3H), 3.82 (dd, J = 14.2,
6.1 Hz, 1H), 3.70 (dd, J = 14.2, 5.7 Hz, 1H), 3.51 (dd, J = 14.2, 5.3 Hz,
1H), 3.41 (dd, J = 13.8, 7.7 Hz, 1H), 3.23 (dd, J = 14.2, 8.5 Hz, 1H),
2.86 ppm (dd, J = 14.2, 9.7 Hz, 1H); 13C NMR (CDCl3, 75 MHz): d =


154.38, 154.32, 154.27, 150.07, 150.04, 150.00, 149.97, 148.90, 148.87,
142.83, 142.21, 141.17, 141.02, 138.13, 138.09, 137.73, 137.70, 137.59,
136.20, 136.11, 135.85, 135.61, 133.14, 133.10, 132.22, 132.18, 129.63,
129.59, 129.45, 129.40, 128.46, 128.43, 128.37, 128.34, 128.04, 127.82,
127.70, 127.63, 127.42, 126.84, 126.73, 126.49, 126.45, 125.75, 125.65,
125.46, 125.22, 118.15, 117.66, 117.59, 110.01, 109.95, 109.83, 109.74, 55.94,
55.83, 55.48, 50.89, 49.96, 49.47, 42.69, 41.58, 41.48 ppm; FAB-MS: m/z
(%): 1089 ([M+], 16), 1009 ([M+�Br], 3), 869 ([M+�C11H8Br], 100), 789
([M+�C11H8Br�Br], 10), 649 ([M+�2C11H8Br], 47), 568 ([M+


�2C11H8Br�Br], 7), 430 ([M+�3C11H8Br], 56).


1,11,21-Trimethoxy-benzo[1,2-e :3,4-e’:5,6-e’’]tribenzo[l]acephenanthry-
lene (5): A mixture of 4a,b (586 mg, 0.54 mmol), Pd(OAc)2 (362 mg,
0.54 mmol), BnMe3NBr (248 mg, 1.08 mmol), and Cs2CO3 (1.75 g,
5.38 mmol) in DMA (35 mL) was heated at 140 8C for 36 h. After being
cooled to room temperature, the mixture was diluted with CH2Cl2 and
washed with saturated aqueous NaCl solution, dried (Na2SO4), and con-
centrated. The residue was chromatographed (hexane/CH2Cl2, 1:1) to
give 5 as a yellow solid (300 mg, 66%); m.p. >300 8C; Rf = 1.12
(hexane/CH2Cl2, 1:1);


1H NMR (300 MHz, CDCl3): d = 9.25 (d, J =


8.7 Hz, 3H), 9.13 (d, J = 9.1 Hz, 3H), 8.53 (s, 3H), 8.09 (d, J = 8.7 Hz,
3H), 8.07 (d, J = 8.7 Hz, 3H), 7.94 (d, J = 8.7 Hz, 3H), 7.81 (dd, J =


7.2, 7.1 Hz, 3H), 7.70 (dd, J = 7.9, 6.9 Hz, 3H), 7.62 (d, J = 9.1 Hz,
3H), 4.10 ppm (s, 9H); 13C NMR (CDCl3, 125 MHz): d = 130.13, 129.09,
128.71, 125.87, 114.48, 55.51 ppm (other signals were not observed);
FAB-MS: m/z (%): 841 ([M+], 10).
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