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… when considering if a group 14
atom (A= silicon or carbon) can
form stable, hypervalent [Cl�AH3�
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Solid-State Structures
In their Concepts article on page 794 ff., M. Hervieu et al.
describe a strategy in which they research “signatures” of
the different structural levels existing in the complex mate-
rials, at different length scales by means of transmission
electron microscopy. The challenge is to achieve an accurate
interpretation of these signals with a combination of any of
the required solid-state techniques.


Metathesis Catalysts
In their Full Paper on page 806 ff. , K. Grela et al. describe
a comparative study on selected modern ruthenium cata-
lysts and demonstrate the difficulty in anticipating the activ-
ity of pre-catalysts with respect to a specific substrate. They
point out that, unfortunately, different catalysts prove to be
optimal for different applications and no single catalyst out-
performs all others in all cases.


DNA Repair Enzymes
In his Concepts article on p. 786 ff. , J. T. Stivers describes
the structural and mechanistic approaches to provide insight
into the molecular recognition and enzymatic repair of
damaged bases concealed in the DNA double helix.
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In the Full Paper by Erker and Grimme et al., published in the first 2008 issue of
Chemistry – A European Journal, a small error has been noted. In Scheme 1, each
HB ACHTUNGTRENNUNG(C6F5) should be replaced with HB ACHTUNGTRENNUNG(C6F5)2. The authors apologize for this over-
sight.
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Introduction


For small molecules in solution, simple bond-breaking and
bond-making reactions occur when the reactants are posi-
tioned closely, and with the proper geometries, to allow the
chemical transformation. To achieve close proximity and op-
timal reaction geometry, many enzyme-catalyzed reactions
involving large substrates such as proteins or nucleic acids
require large conformational changes in the substrate to
allow the enzyme to access and optimally position the site
of reaction. One of the most dramatic substrate conforma-
tional transformations in site-specific nucleic acid recogni-
tion by enzymes is the complete rotation of a base and its
attached sugar from the base stack through either the major
or minor groove, a transition commonly called “base flip-
ping” (Figure 1).[1,2] The ubiquitous occurrence of this mech-


anism for a variety of enzymes that break or form new
bonds involving the base, sugar or phosphate moieties of
RNA or DNA suggests strong convergent evolution for this
mechanistic strategy (Table 1 and Scheme 1).


Why would so many diverse enzymes share a mechanism
that requires such an energetically unfavorable conforma-
tional transition in the substrate? Since biological processes
seldom if ever occur by the unnecessary expenditure of
energy, we must assume that there is a unifying reason that
a base flipping mechanism is followed. A passing consider-
ation of the base flipping process points to several obvious
energetic barriers: the breaking of Watson–Crick hydrogen
bonds, the disruption of base-stacking interactions, and the
introduction of unfavorable backbone conformations that
are required to allow a rotation of the base from the base
stack.[1] One rationale for the investment of binding energy
in this process stems from simple steric considerations in-
volving access of the enzyme to the reactive site in the sub-
strate. In addition, catalytic requirements of the given chem-
ical transformation must be considered (Table 1). For in-
stance, DNA damage specific glycosylases perform nucleo-
philic attack at the C1’ position of damaged or mismatched
bases in DNA resulting in cleavage of the C1’�N glycosidic
bond (Scheme 1). Such enzymes comprise the initial step in
a pathway for the ultimate excision and replacement of the
entire damaged nucleotide in DNA. For these enzymes, that
act on B-form DNA, the access of a water or enzyme nucle-
ophile to C1’ is enhanced by rotation of the base sugar from
the base stack. In addition, the difficult chemical problem of
glycosidic bond cleavage also requires access to the hydro-
gen bond acceptor atoms on the base leaving group so that


Abstract: The efficient enzymatic detection of damaged
bases concealed in the DNA double helix is an essential
step during DNA repair in all cells. Emergent structural
and mechanistic approaches have provided glimpses
into this enigmatic molecular recognition event in sever-
al systems. A ubiquitous feature of these essential reac-
tions is the binding of the damaged base in an extraheli-
cal binding mode. The reaction pathway by which this
remarkable extrahelical state is achieved is of great in-
terest and even more debate.
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Figure 1. DNA deformations occurring during the process of enzymatic
base flipping. The unfavorable energetic events during the reaction are
listed. The enzyme must pay for these costs through the use of favorable
binding energy, which would be expected increase over the reaction path-
way. The extrahelical conformation on the right was extracted from the
complex of uracil DNA glycosylase bound to uracilated DNA (pdb
1EMH).


Table 1. Enzymes that flip bases.


Enzyme[a] Reaction PDB[b]


Uracil DNA glycosyase (UNG,
1)


C1’�N bond cleavage of de-
oxyuridine in DNA


1EMH,
2OXM


human 8-oxoguanine DNA
glyocsylase (hOGG1, 2)


C1’�N bond cleavage of 8-
oxoguanine in DNA


1EBM,
1YQK


adenine, thymine, hypoxantihine,
and various photodamaged, oxi-
dized and alkylated base DNA
glycosylases


C1’�N bond cleavage of cog-
nate base in DNA


[3]


DNA methyltransferase (MTase,
3)


Methylation of the C5 and
N4 of C, N6 of A and O6 of
G


2HMY


RNA methyltransferase (2’-
OMTase, 4)


Methylation of nucleoside-
2’-O


1EIZ,
1 J0


pseudouridine synthase (5) Isomerization of uridine to
pseudouridine in RNA


2I82


T4 5-hydroxymethyl cytosine
glucosyltransferase (5-HMC
GTase, 6)


Transfer of glucose from
UDP-glucose to Cytosine 5-
CH2OH


1Y6F


[a] Representative enzymes that have been shown crystallographically to
flip bases. The list is not comprehensive and the reader should refer else-
where for additional examples.[4] The numbers in parentheses refer to the
reactions shown in Scheme 1. [b] The pdb structural files listed are of a
complex with a fully flipped cognate base or a trapped intermediate state
along the flipping coordinate.
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the enzyme can neutralize the negative charge that develops
in the transition state.[3] In the absence of base flipping,
these groups are buried in the DNA base stack and the
enzyme is unable to employ this essential catalytic strategy.
Steric access and catalytic considerations are also major
problems in the mechanisms of both 5-methyl cytosine
DNA methyltransferase (MTase) and pseudouridine syn-
thase (Table 1 and reactions 3 and 5 in Scheme 1).[4,5] These
enzymes both require attack of a cysteine nucleophile at C6
of a pyrimidine base (cytosine or uracil) to generate a carb-
anion at C5 to initiate the reaction (see Scheme 1 for ring
numbering). To further the need for base flipping in the
methyltransferase reaction, the second step involves transfer
of a methyl group from S-adenosylmethionine to the nucleo-
philic C5 carbanion of cytosine-cysteine adduct. Thus cyto-
sine methylation requires access to both C6 and C5, as well


as protonation at N3 to provide
an electron sink for stabiliza-
tion of the carbanion.[6] Similar
steric and/or chemical consider-
ations apply to each enzyme
system listed in Table 1 and
provide the evolutionary driv-
ing force for base flipping.


Although base flipping was
first observed almost fifteen
years ago,[7] a mechanistic dis-
section of the reaction pathway
has only recently become possi-
ble through the use of new
structural and biophysical tools.
It is the purpose of this review
to highlight the findings from
two DNA repair glycosylases
that have benefited most from
these approaches. Since several
reviews have previously dealt
with the subject of enzymatic
base flipping, the reader is re-
ferred to these for further infor-
mation.[1,2,4,8] To avoid redun-
dancy, this article emphasizes
recent findings that have pro-
vided important insights into
the nature of the reaction path-
way for enzymatic base flipping,
and importantly, elucidation of
the dynamic properties of DNA
that impact the recognition of
damaged DNA bases. These in-
formative new discoveries have
pushed the measurement enve-
lope so as to provoke new ques-
tions for mechanistic investiga-
tion.


The Energetics of Flipping Bases


Computational studies : What does the reaction coordinate
for spontaneous opening of DNA base pairs look like, and
what are the energetic barriers? For base flipping from
duplex DNA, the reaction coordinate may be described by
the angle of rotation of the flipped nucleotide from its most
energetically stable conformation within the DNA duplex,
with a 1808 rotation somewhat arbitrarily defined as com-
plete base flipping. Depending on the base (pyrimidine or
purine) and the sequence context, flipping may occur from
either the minor or major groove. The free energy profile
for such a reaction cannot be directly measured experimen-
tally, but can be calculated using computational meth-
ods.[8–14] A schematic profile mimicking that obtained from a
potential of mean force calculation is shown in Figure 2. At


Scheme 1. Reactants and products of several enzymes that use a base flipping mechanism. R2=


(CH2)2CHNH2CO2H, Ad=5’-adenosyl.
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small rotation angles the free energy shows a sharp increase
reflecting the breaking of hydrogen bonds and optimal
stacking interactions in B form DNA. At larger rotations
(�40 to 1808), the base and attached sugar become solvent
exposed, and the reaction coordinate becomes fairly flat.
Rotation along the coordinate requires changes in the vari-
ous dihedral angles for the two phosphodiester linkages that
flank the flipping base. A key implication of the flat region
in the trajectory is that opening of a base pair generates a
population of conformationally heterogeneous extrahelical
states.


NMR dynamic measurements : NMR spectroscopy is the
only experimental method capable of providing kinetic and
thermodynamic information on spontaneous base pair open-
ing.[15–17] This method indirectly measures the both the rates
(kop, kcl) and equilibrium (Kop=kop/kcl) for base-pair opening
and closing by monitoring exchange of the imino protons of
T or G with solvent protons that have been magnetically la-
beled by selective inversion (Figure 2). This approach rea-
sonably assumes that exchange occurs only from the open
state. Thus, when imino exchange is fast relative to opening,
the observed rate is equal to the rate limiting step, base pair
opening. Although it is tempting to infer that the base pair
opening rates measured by NMR reflect the flipping and ex-
posure of the T and G bases that contain the observable
imino proton, this may not be the case. It is possible that for
T imino exchange, the opposite adenine flips leading to ex-
posure of the T imino proton without requiring T to leave
the base stack. Similarly, imino proton exchange in G/C
pairs could occur by flipping the opposing cytosine base. In


fact, computational studies suggest that exchange always re-
flects flipping of the purine base of the pair.[18] For G/C
pairs, the bias is predicted to be greatest with G flipping
dominating 1000-fold over C, whereas flipping of A from an
A/T pair is calculated to be only six-fold more favorable
than T. These findings, if confirmed experimentally, have
major implications for the mechanism of enzyme mediated
flipping (see below).


Linear free energy relationships : A reasonable person might
ask if an energetic correlation exists between the rate and/or
equilibrium for base pair opening and the preference for an
enzyme to interact with the site. This question has great
import because the increased flexibility or dynamics of a
damaged base pair could guide an enzyme to the site. A sys-
tematic study of this question has been undertaken for
UNG (Scheme 1, reaction 1). In these studies, DNA duplex-
es containing a single U/X or T/X base pair were used,
where X was a adenine analogue capable of forming one,
two or three hydrogen bonds with the opposing U or T (Fig-
ure 3a).[19–21] [As further elaborated below, UNG can bind T
or U in an extrahelical mode, but the shared binding site for
T and U is not the active site pocket that only accomodates


Figure 2. Reaction coordinate (schematic) for spontaneous base pair
opening in B DNA through a 1808 rotation along a major groove path-
way as determined in potential of mean force calculations.[9–11] Character-
istic opening equilibria (kop/kcl), and opening and closing rates (kop and
kcl) for G/C and A/T base pairs are noted (T=15 8C).[15, 17] The bracket
denotes a population of isoenergetic out conformations that are in rapid
fluctation.


Figure 3. UNG binds more tightly to T/X (or U/X) base pairs that have
large opening equilibrium constants: X=D (diaminopurine), A. (ade-
nine), and N (nebularine). a) In this series of base pairs, the number of
hydrogen bonds in the T/X pair is incrementally decreased from three to
one while keeping the shape and electronic properties of the X partner
constant. b) The opening equilibrium constant was measured using NMR
imino proton exchange,[19] and then compared with the dissociation con-
stant for UNG binding to each construct (Krosky and Stivers, unpublish-
ed).
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U.] Thus, progressive destabilization of the base pair by re-
moval of hydrogen bonds would be expected to favor base-
pair opening and also enzyme binding, because less binding
energy would be required to open a destabilized base pair.
Two linear free energy correlations have been measured in
this regard. In the first, DG for DNA melting was correlated
with the free energy for UNG binding using the DNA series
with U:X pairs.[21] This correlation was linear with a slope of
0.3, indicating that base pairs with stronger hydrogen bonds
inhibit uracil flipping and enzyme binding. Second, the equi-
libria for T:X base pair opening and imino proton exchange
were correlated with log KD for enzyme binding to T/X
pairs (Figure 3b). Once again a linear correlation was ob-
served (slope=0.7), indicating that base pairs with larger
equilibrium constants for opening lead to enhanced binding.
These energetic correlations between the intrinsic stability
and dynamics of the base pair and enzyme binding to both
uracil and thymine suggest that initial damage recognition
may rely on the intrinsic dynamic and physical properties of
the base pair.


Piecing together the enzymatic pathway : Experimental and
computational descriptions of the energetics of spontaneous
base pair opening reveal the lowest energy pathway for flip-
ping bases in the absence of an enzyme. Although an
enzyme could follow an entirely different pathway, this
would seem highly unlikely given the constraints on base
flipping imposed by B DNA structure. Thus it seems likely
that enzymes would take advantage of the same lowest
energy trajectory, and then use binding energy to overcome
the thermodynamic and kinetic problems that prevent bases
from remaining extrahelical in B DNA. A related issue is
whether DNA glycosylases use the spontaneous breathing
dynamics of base pairs to “inspect” bases while they are in a
transient extrahelical state. The correlation between base
pair opening and the binding affinity for UNG suggests that
extrahelical inspection does occur, at least in this system
(Figure 3).


What are the kinetic and thermodynamic problems that
enzymes must overcome to rapidly and stably bind bases in
their active sites? As revealed by parameters listed in
Figure 2, base pair opening is fairly rapid even at 10 or
15 8C, where most of the NMR measurements are per-
formed. If an extrapolation to 25 8C is made using estimates
of the activation enthalpies for opening,[22] then an opening
rate of 1400 s�1 may be calculated for the T/A DNA used in
the UNG free-energy correlations.[23] This opening rate is
faster than the measured rates of uracil flipping by UNG at
25 8C (<700 s�1).[24,25] Thus UNG, as a catalyst, need not
find a way to enhance the initial motions that lead to open-
ing. In contrast, the open state(s) that are achieved from
base pair opening exist only for about 0.1 microseconds or
less at T=25 8C (Figure 2). Thus, if enzymes are to utilize
the spontaneous opening rate to initiate the flipping process,
they must possess a means of rapidly and efficiently grab-
bing onto an extrahelical state that has only a fleeting life-
time. Then, this intermediate must be rapidly funnelled for-


ward before it has an opportunity to fall back into the DNA
base stack. Finally, the flat profile for flipping in the absence
of an enzyme is not conducive to highly productive catalysis,
and enzymes must find ways to energetically stabilize con-
formations along this trajectory and guide the base into the
active site. Many insights into the above mechanistic ques-
tions have recently been elucidated using structural trapping
methods and NMR dynamic studies.


Lessons from Crystal Structures


Novel methods have been recently employed to trap and
characterize unstable and fleeting intermediates that occur
along enzymatic base flipping pathways. The two most infor-
mative studies that have been performed are on human 8-
oxoguanine (hOGG1) and uracil DNA glycosylases (UNG)
(Table 1), enzymes originally discovered by Boiteux and
Lindahl, respectively.[26,27] Both studies were designed to ask
the question of whether these enzymes extrahelically inspect
normal bases such as guanine and thymine during the hunt
for their structurally similar cognate damaged bases 8-oxoG
and U (Scheme 1).


Human 8-oxoguanine (hOGG1): The trapping strategy em-
ployed for hOGG1 was to crosslink the DNA to the enzyme
thereby locking the enzyme in a single binding register
along the DNA duplex (Figure 4a).[28, 29] This strategy took
advantage of structural information provided in a previously
solved specific complex where the cognate base 8-oxoG was
flipped into the active site.[30] A key interaction in the specif-
ic recognition complex was a close contact between the cy-
tosine base on the opposite strand to 8-oxoG and an aspara-
gine side chain of hOgg1 (Figure 4a). This observation
prompted the investigators to modify the exocyclic amino
group of the cytosine with an alkylthiol linker, and then
mutate the asparagine to cysteine to allow a disulfide link-
age to form between the DNA and enzyme. The strategy
worked, and the structure of a non-specific DNA complex
with G in place of 8-oxoG was determined (Figure 5a). The
most informative finding in this work was that the guanine
base was rotated about 1308 from the DNA base stack into
an exo-pocket distinct from the active site pocket occupied
by 8-oxoG in the specific complex. This important finding
suggested that hOGG1 flips both G and 8-oxoG into this
transient discrimination pocket, but that only 8-oxoG can
proceed further into the active site. Nearly all of the DNA
backbone interactions were shared between the non-specific
and specific complexes indicating that these interactions
form early on the pathway and perhaps drive the reaction
towards the final state. In addition, Asn149 which interca-
lates into the DNA in the final state is observed in the same
position in the non-specific complex, suggesting this interac-
tion forms before or during the transition state preceding
the exo-site intermediate. In the context of the entire flip-
ping coordinate of hOGG1, which involves a 1508 rotation
of the 8-oxoG nucleotide, the exo intermediate is quite
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“late” on the trajectory. Elegant kinetic studies on hOGG1
have also provided evidence for several intermediates on
the reaction coordinate to the active site.[31,32]


Human uracil DNA glycosylase (hUNG): An entirely differ-
ent approach was used to trap an extrahelical thymine inter-
mediate during the UNG reaction (Figure 4b).[23] The
method relied on two effects: energetic destabilization of
the thymine base pair in the reactant state (bound B DNA)


by using a purine analogue that
had no hydrogen bonding
groups (M, Figure 4b), and de-
stabilization of the final flipped
product state. The latter effect
arises because the methyl sub-
stituent of thymine sterically
precludes binding to the uracil
specific active site.[33] Accord-
ingly, if the reactant state and
product states are no longer the
most stable species on the reac-
tion coordinate, otherwise un-
stable intermediate flipped
states are now populated. For
this reason, the approach was
called “reaction coordinate
tuning (RCT)”.[23] Highly remi-
niscent of the hOGG1 example,
the RCT approach allowed
crystallization of a complex of
UNG with thymine rotated into
a T and U specific exo-pocket.
The DNA backbone interac-
tions were nearly identical to
that observed in the final extra-
helical product state, and a leu-
cine intercalative residue was
fully inserted in the DNA
minor groove, which are similar


interactions to those seen in the hOGG1 non-specific com-
plex. However, the thymine base was only rotated about 308
from the base stack, and was highly solvent exposed with its
Watson–Crick edge docked against an extended loop region
of UNG far from the active site pocket. The O4, H3 and O2
hydrogen bond donor and acceptor groups were engaged
with a histidine side chain (O4) or backbone amide and car-
bonyl groups (O2 and H3). As compared to the non-specific
intermediate observed in the hOGG1 system, this thymine
complex is much earlier on the reaction pathway.


A surprising structural observation with important mecha-
nistic implications was that thymine had an unusual syn con-
figuration around the glycosidic bond in the exo intermedi-
ate, as opposed to the standard anti configuration in the B
DNA reactant state. This result requires that a full 1808 ro-
tation around the glycosidic bond occurs upon moving from
the reactant to intermediate state. This dynamic motion has
the benefit of allowing the enzyme to read out the hydrogen
bond pattern of thymine and uracil (see above). Mechanisti-
cally, it is likely that free rotation around the glycosidic
bond occurs on the nanosecond time scale after the base has
left the restricted confines of the DNA base stack.[13] UNG
can then trap the anti configuration that presents the correct
hydrogen bond donor acceptor pattern.


Structural implications : To generalize, the above structural
studies suggest some common mechanistic principles that


Figure 5. Intermediates on the base flipping pathways of hOGG1 and
UNG.[28,23] a) The exo-site complex of hOGG1 with an extrahelical gua-
nine (blue) obtained by disulfide crosslinking technology (left). The fully
extrahelical complex with 8-oxoG is shown on the right for compari-
son.[30] b) The early exo-site complex of hUNG with an extrahelical thy-
mine (blue) obtained using the reaction coordinate tuning method. The
fully extrahelical complex with uracil is shown on the right.[33]


Figure 4. Strategies for trapping unstable intermediates during base flipping (see text). a) Disulfide crosslink-
ing. b) Reaction coordinate tuning.
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govern enzymatic base flipping. First, the reaction pathway
is broken down into bite size pieces by the enzyme. Inter-
mediate docking points are used not only to selectively
guide the cognate base into the active site, but to also serve
as sieving gates to distinguish between a damaged base and
its normal counterpart, which may differ by only a single
atom. In between these docking points, the base and its at-
tached sugar likely migrate without interacting directly with
the enzyme. This proposal is strongly supported by the anti–
syn rotation of the thymine base observed in the UNG
system. Second, phosphate-backbone interactions and
enzyme side chain intercalation occur very early in the pro-
cess. A reasonable scenario is that the phosphate interac-
tions are used to drive the reaction forward through a series
of one or more intermediate states, where each intermediate
forms stronger interactions with the backbone than the pre-
vious state. This type of downhill energy funnel is supported
by rapid kinetic studies with UNG and hOGG1. Two inter-
mediates have been detected before the active site in these
studies, and the second is more stable than the first, but is
not as stable as the final extrahelical state. Finally, measure-
ments indicate that each step is rapid (>300 s�1) and highly
reversible. Thus, the intermediates formed are highly transi-
ent, and the reaction is pulled forward solely by the first ir-
reversible step: glycosidic bond hydrolysis.


Insights from NMR Dynamic Studies of UNG


A key mechanistic question in damaged base recognition is
whether the initiating event is exposure of the base from dy-
namic breathing motions of the base pair, or whether the
enzyme actively accelerates ex-
pulsion of the base by directly
interacting with the site. Al-
though it is tempting to infer an
initiating recognition event
from inspection of these crystal
structures, it is fundamentally
impossible to deduce a pathway
from inspection of a structure
alone. For instance, the exo
complexes of both hOGG1 and
UNG unambiguously reveal an
undamaged base bound in a
transient binding site with well-
developed phosphate backbone
interactions and an enzyme res-
idue intercalated into the DNA
base stack. Nevertheless, these
structural observations do not
distinguish between a passive
mechanism in which the
enzyme responds to and traps
the base after it has been ex-
posed through base pair breath-
ing motions, or alternatively,


the active mechanism in which the enzyme propels the base
from the base stack through direct interactions.


A powerful approach to resolve these opposing mecha-
nisms is NMR spectroscopy, where one can ask whether the
imino proton exchange rates increase in the presence of the
enzyme. This approach has been taken with UNG, where it
was initially discovered that UNG did indeed selectively in-
crease the exchange rate of the thymine imino proton in the
context of a T/A base pair.[34] The revealing finding was that
the exchange rate increase was brought about by increasing
the lifetime of the open state by almost 100-fold, and not by
increasing the opening rate of the base pair as compared to
the free DNA. Thus by definition, UNG uses a passive trap-
ping mechanism to catch T and U bases that have emerged
from the duplex due to spontaneous breathing motions. This
result was later confirmed for another DNA sequence, and
also, for a series of base pair constructs where the partner
base had one, two or three hydrogen bond donor acceptor
groups (Figure 3a).[19] The exchangeable state observed in
the NMR studies is likely to be the same extrahelical state
trapped in the structural studies because removal of the ob-
served phosphate or base interactions by mutagenesis negat-
ed the UNG enhancement of the imino proton exchange
rate.[23]


New Frontiers


The kinetic, structural and NMR studies of UNG have pro-
vided the most complete description of the reaction coordi-
nate for base flipping on an enzyme (Figure 6). Despite this
detailed picture of the reaction coordinate, the initial mech-


Figure 6. Reaction coordinate for uracil flipping by UNG. The microscopic rate constants have been calculated
by combining NMR[19,34] and rapid kinetic measurements.[24,25] The profile pertains to 25 8C. The structures are:
free human UNG (pdb 1AKZ), intermediate 1 (encounter complex with B DNA, model),[23] intermediate 2
(partially flipped intermediate state, pdb 2OXM), intermediate 3 (detected kinetically, no structural
model),[20,25] final flipped state (pdb EMH).[33] Since the rates by necessity were obtained using different sub-
strates and by extrapolation of the base pair opening rates to 25 8C, the values should only be considered best
approximations.
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anism of recognition is still inscrutable. The enigma arises
for two reasons. First, bimolecular encounter with an out
state that is present at an equilibrium concentration of only
1/100000 of the in state, requires a diffusion constant that
exceeds physical limits by several orders of magnitude.[34]


Second, recognition of a spontaneously flipped base requires
a dynamic response from the enzyme that allows trapping of
the out state during its �1/10 microsecond lifetime. In other
words, effective trapping requires dynamic motions of the
enzyme exceeding 107 s�1 (1/tout). These considerations force
one to embrace a mechanism that solves both aspects of the
enigma (Figure 7). Thus UNG must possess rapid dynamic


motions that allow it to sample the duplex for extrahelical
bases. This essential dynamic flexibility must be combined
with an ability to rapidly scan short-lengths of the DNA
contour using stochastic one-dimensional sliding to bypass
the kinetic limitations of diffusional encounter from bulk so-
lution.[35,36] Short range sliding back and forth many times
over the same DNA segment provides multiple opportuni-
ties for capture of an extrahelical uracil base that may be
present, providing an effective scanning mechanism. We an-
ticipate that experimental approaches that can address both
the dynamic and diffusional aspects of the initial recognition
step will be most valuable in unraveling the remaining mys-
teries of DNA damaged base recognition.
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Figure 7. Possible mechanisms for enzymatic recognition of an extraheli-
cal base with a short extrahelical lifetime. A pathway involving bimolecu-
lar collision of the enzyme with the DNA base while it exists in an extra-
helical conformation is not kinetically competent.[34] Rapid intramolecu-
lar transfer of the enzyme along the DNA bypasses the kinetic problem
of diffusion and allows the enzyme to rapidly scan short lengths of the
DNA duplex before dissociation.
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Introduction


Solid-state chemistry, in addition to the basic factors of mo-
lecular chemistry, is strongly concerned with the properties
that their solidness induces. In a schooling model, the first
description is an average structure, necessarily three-dimen-
sional (3D). Afterwards, different types of departure from
perfect 3D periodicity associated to the “normal” crystalline
solids are accounted to understand the structural mecha-
nisms and properties. In fact, complex materials are charac-
terized by several successive structural levels, strongly inter-
dependent. Knowledge of the detailed structure of the real
solids requires accurate characterizations at different length
scales; this is one of the keys to achieve desired architec-
tures and/or to optimize the material properties.


Discovering new materials and tuning their properties is
clearly a multistep route. No one needs to be convinced of
the value of X-ray and neutron diffraction investigations.
The situation is different for transmission electron micro-
ACHTUNGTRENNUNGscopy (TEM), because only one high-resolution electron
micro ACHTUNGTRENNUNGscopy (HREM) image is selected among numerous
through focus series. In a simplifying goal, the image con-
trast is often chosen to present a direct correlation between
the dots and the atomic positions. The eyes of the reader
catch the image and quickly associate it with the projected
structure, giving one a sensation of easy interpretation. In


fact, TEM studies must not be restricted to this academic
use. The electron microscope is a multifunctional, multiscale
tool (for the basics of TEM, see specialized books such as
those given in references [1–4]). In the present paper, we
present two examples of the possibilities provided by the
synergy of TEM, beam diffraction techniques and magneto-
transport properties to characterize different structural
levels of complex oxides and investigate their associated
properties.


These step-by-step routes are illustrated by two types of
different studies that are of interest to the solid state chem-
ist. In the first example, the average structure was known
but the real structure unsolved. The electron diffraction
(ED) and HREM studies allowed the structural mechanisms
to be deciphered and the route to the characterization of a
large family of complex ferrites to be opened. The second
example concerns a more classical family of distorted perov-
skites, exhibiting complex magneto-transport properties as-
sociated to complex orderings, which involve charges, orbi-
tals and spins of manganese atoms.


Structural Mechanisms of the Complex
Sr4Fe6O13�d-Related Oxides


The ability of iron to adopt different valence states and co-
ordination numbers has been known for a long time to be
the source of a highly rich chemistry and to generate com-
plex structures. In the Sr-Fe-O system, iron atoms adopt the
IV, V and VI coordination in the perovskite-related struc-
tures SrFeO3�d


[5–7] and a similar behaviour is observed in the
layered Ruddlesden Popper (RP)-type phases Sr2FeO4�d


[8]


and Sr3Fe2O6�d,
[9] which are built up from the intergrowth of


one rock salt (RS)-type and one perovskite-type layers.
Note that these two last compounds are labelled 0201- and
0212-type, respectively, adopting the notation of the super-
conducting cuprates and related compounds.[10] Complex co-
ordination polyhedra have been also reported for one iron-
rich oxide of the Sr-Fe-O system, Sr4Fe6O13, the average
structure of which has been described by the alternation of
perovskite-type “Sr2Fe2O5” slabs with “Fe2O3” layers.[11]


However, its accurate structural refinement cannot be per-
formed due to the high complexity of the structure. Despite
extensively studied ten years ago for their mixed-conducting
behaviour[12–14] and thermoelectric power,[15] the origin of the
complexity of these oxides was not discovered before TEM
studies.[16–17]


The first level—the Sr4Fe6O13-related structures are modu-
lated : The first step was achieved thanks to electron diffrac-
tion (ED) studies,[16,17] which revealed the existence of
modulated structures, as illustrated in Figure 1. The intense
reflections of the [010] ED pattern are those of an Fmmm-
type sub-cell, with a�b�ap


ffiffiffi


2
p


(ap is the parameter of a per-
ovskite unit cell) and c�19 G, compatible with the average


Abstract: The knowledge of the structure of the real
solids is required for achieving the desired architectures
in the research of new materials and/or optimizing the
relationships between structure and properties. Under-
standing complex oxides needs accurate characteriza-
tion at different length scales and the combined applica-
tion of all solid-state techniques. Deciphering the rela-
tionships between all this information provides codes
that allow the identification of the different structural
levels, their roles and the way they interact. These step-
by-step routes are illustrated through two basic mecha-
nisms of solid-state chemistry: to determine the building
units of one complex oxide in order to predict the exis-
tence of other arrangements on the one hand and to
correlate complex ordering phenomena, such as those
involving charges, orbitals and spins of manganese
atoms in perovskite-type manganites on the other hand.


Keywords: metal oxides · nanostructures · transmission
electron microscopy · X-ray diffraction


[a] Prof. M. Hervieu, Dr. C. Martin, Dr. O. PIrez, Dr. R. Retoux,
Dr. S. Malo
CRISMAT laboratory, ENSICAEN
boulevard MarIchal Juin, 14050 CAEN cedex (France)
Fax: (+33)2-31-95-16-00
E-mail : maryvonne.hervieu@ensicaen.fr


Chem. Eur. J. 2008, 14, 794 – 805 � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 795


CONCEPTS



www.chemeurj.org





structural model.[11] However, a set of rather intense addi-
tional reflections is also visible (as indicated by the vertical
white arrows). Both sets are schematically drawn in Figure 1
(bottom); the positions of the extra reflections induce a
modulation vector q!=p a!*+ r c!*, with p=0.46 and r=1.
As the p component is irrational, the structure of
Sr4Fe6O13�d can be described as an incommensurate modu-
lated structure. The incommensurate (or “high-order” com-
mensurate) periods of these modulated structures imply nec-
essarily complex orders. Their origins may be a charge den-
sity wave and/or a periodic lattice distortion associated to a
variation of the oxygen content, for which HREM observa-
tions would provide precious information.


No signature of the complexity is detected in the [100]
HREM images (Figure 2, left); one of the characteristic con-


trasts consists in rows of brighter dots, correlated to the
[SrO] layers, alternately spaced at 5.6 and 3.8 G along c!.
They are separated by rows of less grey dots associated to
the different iron layers. Such images belong to the category
of those, which can be intuitively interpreted in terms of
projected structure, as classically observed in studies devot-
ed to the RPNs phases and derivatives.[10] They confirm that
the layers stacking mode along c! is -[FeO2] ACHTUNGTRENNUNG[SrO] ACHTUNGTRENNUNG[FeO]-
ACHTUNGTRENNUNG[FeO] ACHTUNGTRENNUNG[SrO]-.


By viewing the structure along [010], the image contrasts
are more complex (Figure 2, right). The intense brightness
variations are the signatures of the modulation and the
images show that they appear at the level of the [SrO]-
ACHTUNGTRENNUNG[FeO] ACHTUNGTRENNUNG[FeO] ACHTUNGTRENNUNG[SrO] layers. To make the decryption of the con-
trast easier, we used a schematic representation that repro-
duces its experimental variation. It consists of two perpen-
dicular white sticks that alternate with two horizontal
groups of two white dots, or two horizontal groups of three
white dots, in a random sequence in agreement with the ir-
rational component p. This scheme has been superposed
onto the experimental image in Figure 2. The following step
consists of correlating these “dots” and “sticks” observed in
the HREM images to the structural units, that is, iron poly-
hedra, forming the double [FeO]ACHTUNGTRENNUNG[FeO] layer.


The oxygen content (13�d) of the phases “Sr4Fe6O13�d”
can be varied through the synthesis processes. The first
piece of information deals with the different ED studies
which evidenced that the component (p) of the modulation
vector along a!* varies in the range 0.5–0.4 and follows the
oxygen stoichiometry according to p= (1�d)/2. More infor-
mation can be obtained from the corresponding [010]
HREM images, which show that whatever d, two white
“sticks” always separate groups of “two” or “three” white
dots; the only variation is that the number of “three” white
dots increases as p decreases, that is, as the oxygen content
decreases. At this stage of the work, it clearly appeared that
the origin of the structural complexity is directly associated
to the oxygen stoichiometry. The contrast variation con-
firmed that the event arises at the level of the double [FeO]-
ACHTUNGTRENNUNG[FeO] layers and therefore that it could be correlated with
the number of (1�d)/2 oxygen atoms located in between
them. The HREM images allowed the first structural
models for the incommensurate modulated phases to be
proposed.


Such images are indeed valuable for determining the
origin of the non-stoichiometry mechanism, but they cannot
provide an unambiguous answer to the exact nature of the
iron atom environments. For this it is essential to simulate
HREM images and to obtain the complete theoretical focus
series.[4] These calculations are essential to propose an accu-
rate interpretation of the possible variations of the contrast
and to go more deeply in the different structural levels.


The second level—determination of the building units in the
double iron layer: The nature of the iron polyhedra was re-
fined, from single-crystal data, by using a 4D formalism.[18]


The as-determined geometry of the iron polyhedra, their re-


Figure 1. Top: experimental [010] ED pattern of the modulated structure
of Sr4Fe6O13�d. Bottom: schematic representation of the two sets of re-
flections (Bragg reflections of the sub-cell are black spots and satellites
the smaller grey ones).


Figure 2. [100] (left) and [010] (right) HREM images (the contrast of the
experimental modulated image is schematically represented by sticks and
dots).
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spective positions and arrangement are fundamentally dif-
ferent from those previously proposed in the average struc-
ture.[11] The first important points are the existence of three
types of iron environment, namely trigonal bipyramids
(TBP), tetragonal pyramids (TP) and monocapped tetrahe-
dra (MT). Second, it was shown that their sequences along
a! vary and are directly associated with the oxygen content.
The Sr4Fe6O13�d structure is then built up from three struc-
tural units:


* The double block of trigonal bipyramids, ([TBP›]-
ACHTUNGTRENNUNG[TBPfl]); opposite arrows symbolizing their orientation.


* The double block of tetragonal pyramids, ([TP][TP]).
* The triple mixed block of monocaped tetrahedra, sand-


wiching one tetragonal pyramid, ([MT][TP][MT]).


To drawing [010] projected models of these different
structural units in an incommensurate modulated structure
and calculating simulated images it is necessary to use ap-
proximants. Figure 3 presents the approximant “10ap


ffiffiffi


2
p


”,
which corresponds to a sequence of 21 polyhedra in the
double iron layer. The double block of trigonal bipyramids,
[TBP›] ACHTUNGTRENNUNG[TBPfl], is generated by the presence of one extra
oxygen atom (as indicated by the vertical arrows) and asso-
ciated to the formation of concave zones in the rock salt
slab. It clearly plays a special role, since it is formed once
every two blocks, whatever the nature of the adjacent
blocks: either double ([TP][TP]) block or triple ([MT][TP]
[MT]) block. Thanks to this accurate structure, the theoreti-
cal HREM images were calculated, using the 3D positional
parameters of the approximant. We obtained the code: the
two perpendicular white sticks are associated to the [TBP›]-
ACHTUNGTRENNUNG[TBPfl] blocks, the two horizontal groups of two white dots
to the [TP][TP] blocks and the two horizontal groups of
three white dots to the [MT][TP][MT].


Thus being able to interpret the HREM images, we then
had the key to the third level, that is, the structural mecha-
nism of the modulated Sr4Fe6O13�d phases.


The third level—the structural mechanism of the modulated
Sr4Fe6O13�d phases : The peculiar composition Sr4Fe6O13


(never obtained in our conditions of synthesis) corresponds
to d=0 and is the higher limit p=0.5 value, which implies a
commensurate structure; the sequence of polyhedra would
be only built up from two types of blocks ([TP][TP])-
ACHTUNGTRENNUNG([TBP›]ACHTUNGTRENNUNG[TBPfl]). Decreasing the oxygen content (O13�d)
amounts to spreading out the extra oxygen atoms of the
double iron layers. Keeping in mind that one extra oxygen
atom, located in between two [FeO] layers, is only located
in one block ([TBP›] ACHTUNGTRENNUNG[TBPfl]), it amounts to the replace-
ment of the other block of two polyhedra ([TP][TP]) by, at
least, one block of three polyhedra. This structural mecha-
nism induces the lower limit structure, which would corre-
spond to the maximum of triple blocks according to the se-
quence ([TBP›]ACHTUNGTRENNUNG[TBPfl])([MT][TP][MT]). Such a sequence
involves another commensurate structure leading to d=0.2
(Sr4Fe6O12.8) and p=0.4. According to this model, an exten-
sion of the structural mechanism by increasing d would in-
volve the existence of new types of block, as will be shown
later.[19]


The structure of Sr4Fe6O13�d can be now described by the
stacking of two complex slices. The first one is a [SrFeO3]8
perovskite single slice built up from one [FeO2]8 layer sand-
wiched between two [SrO]8 layers (“A” slab in Figure 3).
The second is a triple rock-salt-type slice [SrFe2O3.5�d/2] slab
built up from a double iron [Fe2O2.5�d/2]8 layer sandwiched
between the two [SrO]8 layers, (“B” slab in Figure 3). Re-
taining this simple model of one perovskite- and three rock-
salt-type layers intergrown along c! shows that these com-
pounds belong to the “2201” family, according to the nota-
tion previously adopted for the Bi2ACHTUNGTRENNUNG(Sr2)MO6+x cuprates and
related compounds.[10] As a consequence, the developed for-
mulation Fe2ACHTUNGTRENNUNG(Sr2)FeO6.5–0.5d allows the 2201 character of the
Sr4Fe6O13�d structure to be outlined.


This analysis of Sr4Fe6O13�d in terms of 2201-type struc-
ture gave another key to head towards new ferrites, the
fourth level dealing with the stabilization of 2212-type mem-
bers.


The fourth level—the 2212-
type “iron-rich” phases : Be-
sides the layer stacking mode,
the Fe2ACHTUNGTRENNUNG(Sr2)FeO6.5�0.5d phases
deserve to be compared to the
other 2201 related oxides
Bi2ACHTUNGTRENNUNG(Sr2)MO6+x (especially M=


Fe[10]) with respect to their
modulated character and the
existence of convex/concave
zones (Figure 3). The main dif-
ference between the two fami-
lies is indeed the nature of the
cations located in their
medium rock-salt-type layers
(double iron compared to
double bismuth layers), but we


Figure 3. the two types of slabs (A=perovskite-type and B= triple rock-salt-type) as well as the three building
units of the double iron layer are indicated on the top of the projection. The concave and convex zones of the
rock salt slab are drawn.[18]
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applied the structural mechanisms learnt from the 2201 re-
lated phases, looking especially for the possible existence of
other members of a new family. A “2212” member would be
formed by adding one “A’MO3” perovskite layer for a theo-
retical composition Bi2 ACHTUNGTRENNUNG(Sr2)A’Fe2O9�x.


[20–21] In the present
family, one “SrFe4+O3


” perovskite layer requires extra
oxygen that can be supplied by introducing a small amount
of Bi. According to the formulation Fe2ACHTUNGTRENNUNG(BixSr3�x)Fe2O9.5�0.5d,
a new phase has been successfully synthesized;[22] the c
ACHTUNGTRENNUNGparameter of its cell is close to 26 G, consistent with the in-
sertion of one extra perovskite layer.


The “classic” [100] HREM images can be intuitively inter-
preted in terms of intergrowth of three rock-salt and two
perovskite layers (the Sr positions are indicated by black
arrows in Figure 4) and confirm the 2212-type structure. It is


built up from the intergrowth sequence of one block of
three rock salt layers [(Bi,Sr)Fe2O3.5�0.5d]1 with one double
perovskite layer. For Fe2(Bi0.7Sr2.3)Fe2O9.5�0.5d, the ED pat-
terns evidenced a commensurate modulation with a two-
component modulation vector q!=p a!*+ r c!*, p and r
values being equal to 1/3 and 1, respectively (Figure 5, top).
As p becomes <0.4, it means that at least one sequence of
four neighbouring iron polyhedra exists between two
[TBP›] ACHTUNGTRENNUNG[TBPfl] units. Consequently, the previous three
building units of the construction set become necessarily in-
sufficient for describing the new system. The contrast of the
[010] HREM images (Figure 5, bottom) reveals that one
block of two polyhedra (in the form of two sticks) alternates
with one block of four polyhedra (in the form of four dots).
The accurate structure of Fe2(Bi0.7Sr2.3)Fe2O9.5�0.5d (Figure 6)
has been determined by single-crystal X-ray diffraction. The
double block ([TBP›] ACHTUNGTRENNUNG[TBPfl]) observed in the 2201 struc-
ture is retained on both sides of the bridging oxygen atom.
The second building unit consists of one ribbon of mixed
polyhedra [MT][TP][TP][MT] (Figure 7). The calculated
images fit with the experimental ones, thanks to the deter-
mination of the nature of the iron atom environments.


The following steps are the characterization of the higher
m members of this new structural family obeying the gener-
al formulation Fe2ACHTUNGTRENNUNG(BixSr2�x)Srm�1FemO9.5�d/2. However, other
routes were opened for the tailoring of new architectures,


based on different structural mechanisms, such as the possi-
ble formation of shear planes.


Figure 4. Fe2(Bi0.7Sr2.3)Fe2O9.5�0.5d[100] : ED pattern and HREM image.
Figure 5. Fe2(Bi0.7Sr2.3)Fe2O9.5�0.5d, viewed along [010] : ED pattern (top)
and experimental HREM image (bottom), the calculated image is super-
posed and the projected structure enlarged.


Figure 6. Fe2(Bi0.7Sr2.3)Fe2O9.5�0.5d : projection along [010].


Figure 7. The four building units forming the double iron layers of the
2201- and 2212-type structures.
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The fifth level—formation of shear structures : The structur-
al phenomenon called crystallographic shear, reported in
the rutile-type oxides[23] MnO2n�1, can be described by a peri-
odic motif resulting from the translation of two parts of one
parent crystal structure with respect to each other, the plane
separating the two parts being called the crystallographic
shear plane (CSP). The formation of CSPs has been also re-
ported in the complex cuprates and ferrites systems,[24] form-
ing shear structures (also called terrace-like structures); for
example, Bi6Ba4Cu2O15, which is related to the 2201-type
structure and the Bi-Sr-Cu oxycarbonates Bi15Sr29Cu12-
ACHTUNGTRENNUNG(CO3)7O56.


[25] Similar mechanisms were also observed in the
Bi-rich ferrites with terrace structures related to the 2201-[26]


and 2212-type structure Bi12Sr18Fe10O52.
[27–29] Considering the


general rules of the formation of shear structures, the diva-
lent Pb2+ was a good candidate to generate shear structures
in the iron-rich 2201- and 2212-type structures described
above, due to its size, divalent character and possible role of
the 6s2 lone pair. The research was fruitful, several original
phases being observed, as exemplified for the composition
Pb4Sr13Fe24O53.


In a first approach, the [010] ED patterns (inserted in
Figure 8 top) exhibit similarities with those of the 2201- and
2212-type structures, with the presence of intense reflections
associated to the sub-cell and satellites. The modulation
vector q!*=p a!*+ r c!* lies along the [203]* direction of the
sub-cell, with an amplitude 1/17(2 a!*+3 c!*). The associated
super-cell is monoclinic and its parameters refined from the
powder X-ray diffraction data have been refined to aT=


35.039(2) G, bT=5.5897(2) G, cT=25.662(2) G and b=


988102(2), space group Cc or C2/c (the T index refers to a
“terrace” structure).


Based on the image contrasts of the 2201- and 2212-type
structures, the HREM images gave the solution for the
structural-type of this novel phase. In Figure 8, the rows of
bright dots are associated to the [(Sr,Pb)O] layers and the
grey ones to the iron layers: along the [100] direction, a con-
trast similar to the one observed for the 2201- and 2212-type
members is observed, but only over a few octahedra. In con-
trast to the parent structures, the double bright and grey
dots are not regularly stacked along c!, but suffer transla-
tions, according to the mechanisms observed in the terrace-
like structures. In that way, they form two types of ribbons
parallel to the [302]sub direction. A model has been deduced
from HREM images: one observes two types of ribbons par-
allel to the 302


�!
sub direction (the a! and c! axes of the sub-


cell are given Figure 8, bottom). One ribbon is made of
2212-type bricks (3/2 a!sub wide), and the second is made of
2201-type bricks (2 a!sub wide). The new structure[30] is there-
fore described as the intergrowth of 2201-type slices, m octa-
hedra large, and 2212-type slices, n octahedra large, that is,
belonging to a complex family of terrace structures
[Fe2(Sr2)FeO6+e]


2201
m [Fe2(Sr3�xPbx


2+)Fe2O9+ e]
2212
n ; in the pres-


ent case, m=4 and n=3.
The discovery of this phase opens the route for the re-


search of other [m,n] members of a large family, exhibiting
shear structures in the Sr-Pb-Fe-O system.


Codes of the Magnetoresistant Manganites
(A1�xA’x) (Mn1�yMy)O3


The overwhelming majority of the recently discovered colos-
sal magnetoresistant1 (CMR) manganites have a perovskite
structure given by the general formula (A1�xA’x)MnO3�d.
Numerous physical and chemical parameters could influence
their magneto-transport properties; as an example, they are
strongly dependent on the cationic composition through
(A,A’,x) and the exact oxygen content. These changing
properties are intimately associated to structural and micro-
structural changes, since the perovskite structure has many
degrees of freedom. Most of them adopt the cubic structure
with a Pm3m symmetry at high enough temperature. At
lower temperatures, structural modifications or distortions
from the ideal perovskite generate structures with a lower
symmetry,[31] derived from the cubic structure by tilting and/
or deformation of the MnO6 octahedra. As commonly ob-


Figure 8. Fe2(Pb0.7Sr2.3)Fe2O9.5�0.5d, viewed along [010]. ED pattern and
HREM image (top) and idealized drawing of the terrace structure
(bottom), member m=4/n=3 of the family [Fe2(Sr2)FeO6.5�0.5d]


220
m [Fe2-


(Sr3�xPbx
2+)Fe2O9.5�0.5d]


2212
n .


1 A. Fert and P GrOnberg were awarded the 2007 Nobel Prize in Physics
for the discovery of giant magneto resistance (GMR)
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served in numerous systems, the strain energy associated
with the spontaneous deformation at the unit cell level is
minimised by transforming one crystal into a patchwork of
oriented domains, nanometer or micrometer sized. The
number of different orientation variants depends on the
ratio of the order of the point groups of parent and prod-
ucts.[32] These domains are clearly a factor limiting the re-
finement accuracy of the single crystal diffraction data in
numerous cases. TEM studies are then a really efficient tool
in determining the microstructural state of these perovskites.


The limit manganites La3+Mn3+O3 and Pr3+Mn3+O3 are
A-type antiferromagnets (AFMs), due to AFM super-ex-
change interactions. The presence of Mn4+ ions can be in-
duced in the matrix by introducing alkaline earth (A2+) cat-
ions; it therefore involves ferromagnetic and metallic states
below the Curie temperature Tc through double-exchange
mechanisms. The existence of highly complex phenomena
was evidenced, which clearly show that double-exchange
cannot be the sole explanation for the observed transforma-
tions. This is especially the case for Ln1�xCaxMnO3 mangan-
ites, which exhibit “charge ordering” (CO between Mn3+/
Mn4+) and “orbital ordering” (OO) below the TCO/OO tem-
perature, both being competing interactions, and “spin or-
dering” below TN.


[33–35] The mixed valence of manganese, the
average size of the A cations, the mismatch between the Ln
and Ca cations and, in a more general way, any mechanism
generating disorder are considered the major parameters in-
fluencing the CMR properties. They are all directly linked
to the crystal structure and the chemical bonds, and are
strongly interdependent. All these effects control the hole-
carrier density and the density of defects.


For understanding the codes that we aim to describe, it is
important to recall that in these materials the generic terms
“defects” cover different crystallographic levels from strain
effects generated by the coexistence of the oriented variants
(nanometer to micrometer scale) to doping effects (atomic
scale).


Acquiring the codes of the parent structures Ln1�xCaxMnO3 :
In the first section devoted to the ferrites, our “code” chal-
lenge was to use the combination of TEM and diffraction
techniques in order to understand the mechanisms and to
associate the different structural units to their TEM signa-
tures. In the case of the Ln1�xCaxMnO3 oxides, the complexi-
ty results from charge-, orbital- and spin-ordering mecha-
nisms, which generate the varying physical properties, struc-
tures and micro- or nanostructures. The combination (X-ray
and neutron diffraction techniques/magnetotransport meas-
urements) is the only one liable to provide accurate codes
for TEM studies and, in return, the last ones are likely the
only ones for understanding the mechanisms at the nanome-
ter scale.


Charge and orbital ordering (0.3<x<0.8): In the composi-
tion range 0.3<x<0.8, all the manganites exhibit a Pnma-
type perovskite structure at RT (a�ap


p
2, b�2ap, c�ap


p
2).


At low temperature (T<TCO), the structure is ordered, char-


acterized by a doubling of the periodicity along a!
(�2ap


p
2) and a CE-type AFM (e.g.[33–34]). The information


recorded by a TEM study is illustrated in Figure 9. At


T>TCO, the [010] electron diffraction (ED) patterns are
characterized by the system of intense reflections character-
istic of the Pnma structure (Figure 9, left), whereas at T<
TCO a set of extra reflections is observed (as indicated by
small white arrows in Figure 9, middle). The satellites inten-
sities are rather strong, in contrast to those of the corre-
sponding peaks in the X-ray and neutron diffraction pat-
terns. This effect, partly owed to the larger scattering factors
of the atoms for electrons relative to those for X-rays,
allows a rather easy observation of the components of the
modulation vector. The contrast of the lattice images record-
ed at 92 K consists of fringes systems. One example charac-
terized by white fringes regularly spaced by 10.9 G=2


p
2ap


is given in Figure 9 (right: Sm0.5Ca0.5MnO3 sample). Contra-
ry to the contrast of the HREM images, these fringes cannot
be directly correlated to the atomic planes, but they give the
unique opportunity to locally determine the periodicities
along the modulation vector, to detect any deviation to
them and also the possible existence of non-modulated
zones in the crystallites. They provide, at the nanometric
scale, a simple but invaluable view of the material.


The study of the charge ordering, carried out in the sys-
tems Ln1�xCaxMnO3,


[36–47] showed that the behaviours of the
hole- (x<0.5, i.e., rich in Mn3+) and electron-doped man-
ganites (x>0.5, i.e., rich in Mn4+) are clearly different. Con-
sidering only the electron-doped domain, the ED studies
versus temperature showed that, over a large composition
range up to 0.78, a complex system of satellites also appear
along a!*. Compared with other diffraction technique data
and magnetic measurements, one of advantages of this tech-
nique is the ability to follow, step-by-step and visually, the
evolution of the modulation versus temperature. The com-
plex orderings take place in three steps as illustrated in
Figure 10.


Evolution versus temperature:


* At RT, in the paramagnetic state, the structure is Pnma-
type and the ED patterns remain unaltered down to
TCO/OO.


Figure 9. typical TEM information : Left: [010] ED pattern recorded at
T>TCO/OO, corresponding to a Pnma subcell. Middle: same crystal at
T<TCO/OO. Right: lattice image showing regularly spaced fringes at
T<TCO/OO.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 794 – 805800


M. Hervieu et al.



www.chemeurj.org





* At TCO/OO, the weak satellites appear. In this second step,
associated to the so-called pinning of the modulation, the
wave vector pa* is temperature dependent, p and the in-
tensity of the satellites increases as T decreases.


* At a lower temperature, the amplitude of the modulation
vector pa* and the intensity of the satellites remain con-
stant, leading to a plateau in the q vs. T curves
(Figure 10). In the modulated systems, the low tempera-
ture phase (the “lock-in phase”) is stabilized at this tem-
perature. In most of the Ca based compounds, this tem-
perature coincides with the NIel temperature (TN) deter-
mined from magnetic measurements and neutron diffrac-
tion.


Evolution versus x :For the Sm1�xCaxMnO3 system in the
range 0.5�x�0.75, the amplitude of the modulation vector
pa* varies with the composition, below TN. It follows the
[Mn4+/Mn3+ +Mn4+] ratio and remains close to 1�x, be-
coming commensurate or incommensurate (Figure 10). As
an example, the supercell of Pr0.33Ca0.67MnO3 (Figure 11,
left) is commensurate, with a tripling of the a parameter at
92 K and the lattice images show the high regularity of the
periodicity with a system of fringes spaced by 16.5 G (a=


3ap
p
2) in Figure 11 (right). These modulations are associat-


ed to complex orderings of the Mn3+ and Mn4+ ions, of the
dz2 orbitals of Mn3+ (orbital ordering OO associated to the
Jahn–Teller effect) and the appearance of the plateau to the
spins ordering, fitting with the NIel temperature. Different


models have been proposed for the commensurate
Ln0.33Ca0.67MnO3.


[36–37] Combining TEM and neutron diffrac-
tion refinement of the nuclear and magnetic structures
allows completely describing the ordering phenomena in
terms of “parquet-like” (also called “multi-axes” structure
by referring to the spin orientation).[37] For Pr0.25Ca0.75MnO3,
another commensurate superstructure is obtained, with a=


4ap


p
2. For intermediate values of x, the compounds exhibit


different incommensurate modulated structures, p varying as
1�x, that is, as the Mn3+ content from 0.5 to 0.75.


CMR in the Sm1�xCaxMnO3 system 0.8�x�0.85 : For this
composition range, a different behaviour is observed. There
is a strong coupling between charge carriers and spins, so
that the CMR properties are strongly influenced by the
strength of the CO/OO. One of the consequences is that
they are highly sensitive to any event able to destabilize it.
In the Sm1�xCaxMnO3 system, CMR properties are observed
at one of the boundaries between two structural and mag-
netic domains. The magnetization of the Sm based com-
pounds in the range 0.025�x�0.25 is given in Figure 12 to


illustrate the nature of the magnetotransport information in
the electron-doped manganites. The temperatures of the
maxima M(T) decrease with x, from 210 K for x=0.75 down
to 110 K for x=0.85,[33] whereas their M values increase
ACHTUNGTRENNUNGsimultaneously. The behaviour of Sm0.15Ca0.85MnO3 suggests
that the CMR effect results from the strong competition be-
tween FM and AFM interaction systems.


Despite the fact that these magnetization curves exhibit
an apparent continuous evolution in the range 0.75�x�
0.975, the ED investigation evidenced a different low-tem-
perature structure. As mentioned above, the x=0.75 man-
ganite is a charge ordered phase, with a 4ap


p
2 superstruc-


ture. On the opposite, no signature of CO can be detected
in the x=0.85 manganite, but a strong monoclinic distortion
(P2/m space group) of the Pnma subcell is observed
(Figure 13, left). In the [010] ED patterns, this distortion


Figure 10. Variation of the amplitude of the modulation vector in the
Sm1�xCaxMnO3 system (0.5�x�0.75).


Figure 11. [010] ED pattern (left) and lattice image (right) of
Pr0.33Ca0.67MnO3.


Figure 12. Ca-rich Sm1�xCaxMnO3 system : magnetization curves in the
range 0.025�x�0.25.
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generates a typical splitting of the reflections (see the two
white lines in Figure 13, right). Another signature is the for-
mation of twinning domains, which are easily identified by
TEM studies: in the bright field images, the twinning do-
mains can be imaged by alternating dark and less dark
stripes, a few ten nanometers wide (Figure 13, left). Such a
distortion, from the orthorhombic cell (PM state) to the
monoclinic cell (AFM state), induces strong strain effects,
which are released by the formation of twinning domains. In
this part of the system, before drawing a correlation be-
tween the magnetic and structural states, it was important to
systematically carry out a study in the paramagnetic state to
detect the existence of any ordering or any other effect at
the atomic level that could be associated to the lowering of
the lanthanide and oxygen content. All the HREM images
recorded for the different samples exhibit a regular contrast
typical of the Pnma-type perovskite (Figure 13, right), which
allows the hypothesis of short range ordering effects to be
discarded.


For a compound with x=0.85, the structural transition or-
thorhombic (Pnma)-monoclinic (P2/m) is abrupt and its
temperature coincides with the resistive and magnetic transi-
tions. Neutron diffraction evidenced a C-type AFM struc-
ture.[28] Another point is of interest for collecting the codes.
For x=0.8, at the boundary between two different phases,
namely the modulated charge-ordered (x=0.75) and the
AFM C-type structure (x=0.85), an abrupt transition is also
observed at 155 K. However, close to this transition temper-
ature, the reflections are cross-shaped, with arms along
[101]p*; in the bright field images, a so-called “tweed struc-
ture” is observed. This tweed structure is generally associat-
ed with a pre-configuration of the monoclinic structure in
different variants. It smoothly vanishes with increasing tem-
perature.


CMR in the Sm1�xCaxMnO3 system 0.9�x�1: In the domain
0.9�x<0.975, the Pnma-type structure is observed from
room temperature down to 92 K, without any deviation of
the orthorhombic structure; for
this composition domain, the
neutron diffraction study evi-
denced a cluster glass state as-
sociated to the formation of
weak FM zones diluted in a


AFM matrix. The limit CaMnO3 exhibits a G-type AFM
structure.


The correlation between the magnetotransport measure-
ments, the magnetic and nuclear structures refined from
neutron diffraction patterns and the TEM studies are sum-
marized in Figure 14.


The code efficiency—the Mn-doped compounds : Doping
the manganese sites of Pr0.5Ca0.5MnO3 with a magnetic
cation in the absence of magnetic field was shown to induce
CMR properties of Pr0.5Ca0.5Mn1�yCryO3, as a result of the
competition between the FM metallic and AFM insulating
domains.[48–52] Three important parameters govern these
mechanisms, identified through several structural and micro-
structural studies of the Ln0.5Ca0.5Mn1�yMyO3 compounds:


1) An impurity effect, which could induce a pinning of the
discommensurations.


2) A charge effect, which results from the possible modifi-
cations of the Mn3+/Mn4+ ratio depending on the oxida-
tion state of M.


3) A magnetic effect induced by the possible FM or AFM
alignment of the spins of the magnetic M cations with
regard to those of the Mn.


For example, doping Sm0.2Ca0.8MnO3 by Ru induces an
original metal-to-metal transition, a spectacular increase of
Tc up to 240 K and CMR effect.[53] From the charge-balance
mechanism, introducing Ru5+ would induce an increase of
the Mn3+ content: y=0.08 Ru5+ increases the Mn3+ content
from 0.2 to 0.28 (Table 1).


As previously mentioned, one of the research axes was to
weaken CO/OO in the hope to generate CMR, FM and
also, metallic properties by using different processes. The
studies carried out in the Ln0.5Ca0.5Mn1�yM’yO3 systems cur-
rently lead us to conclude that replacing manganese by a


Figure 13. Sm0.15Ca0.85MnO3: Left: [010] bright field image and ED pat-
tern which are the signature of a monoclinic distortion at T<TCO/OO.
Right: highly regular HREM image at RT (T>TCO/OO).


Figure 14. Sm1�xCaxMnO3 system: representation of the different nuclear
and magnetic structures, as well as the nanostructures on a pseudo-dia-
gram as a function of the Mn3+ content.


Table 1. Developed formulations of Ln1�xCaxMn1�yMyO3 manganites.


x=0.8 x=1


Sm0.2Ca0.8(Mn3+)0.2(Mn4+)0.8O3 Ca(Mn3+)0(Mn4+)1O3


Sm0.2Ca0.8(Mn3+)0.28(Mn4+)0.64(Ru5+)0.08O3 Ca(Mn3+)0.28(Mn4+)0.58(Mo6+)0.14O3
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foreign cation, whatever the
charge and the magnetic state,
induces disorder on the Mn
sites and consequently hinders
CO/OO to develop, up to its
destruction.


Keeping in mind this charge-
balance mechanism, the action
of high valence cations, such as
Mo6+ and W6+ , was expected
to be more efficient. Applied
to the limit compound CaMn4+


O3 (AFM G-type), it should
quickly increase the Mn3+ con-
tent (Table 1) and quickly
modify its properties.


Study of CaMn1�xMxO3 (M=


Mo, W):[54–57] The solid solu-
tion CaMn1�yM’yO3 (M=Mo6+ and W6+) is stabilized up to
y=0.15. All the ED patterns of the paramagnetic forms ex-
hibit the orthorhombic Pnma-type perovskite and the
HREM images confirm that Mo and W species are random-
ly distributed over the Mn sites of the matrix.


Typical ED patterns and images of the low-temperature
forms are given versus the doping content in Figure 15 ac-
cording to the sequence: y=0.02, 0.10, 0.12 and 0.14. Note
that the scales of the four selected images are very different:
they are of a few G for y=0.02 and 0.14, to a few tens G for
y=0.12 and lastly up to a few tens nanometers for y=0.10.
This emphasizes the necessity to have a multiscale view of
the materials.


* In the range y=0–0.05: the ED pattern is that of a Pnma
structure. The contrast at low temperature is more regu-
lar than that at RT, in agreement with the unchanged
Pnma-type distortion of the perovskite cell.


* In the range 0.06–0.12: the splitting of the reflections and
the formation of twinning domains are characteristic of a
distorted monoclinic cell (P21/m).


* For y�0.12: the ED patterns exhibit elongated spots.
The corresponding image shows a tweed structure, char-
acteristic of a phase transition, suggesting that this com-


position is at the borderline between two different low-
temperature structures and, consequently, two different
magnetic behaviours.


* For y>0.12: the intense reflections belong to the Pnma
sub-cell and a second
system of satellites is ob-
served (signatures of a
modulated structure) in in-
commensurate positions;
the average modulation
vector is q=0.24a*. The
TEM study of
CaMn0.86Mo0.14O3 provides


HREM images of the modulated structure with a local
periodicity of 21.6 G �4ap


p
2 (i.e. p=1/4). The presence


of these satellites for CaMn0.86Mo0.14O3 calls indeed a
comparison with the ones observed for the Sm and Nd-
based Ln1�xCaxMnO3 compounds for values of x close to
0.75. The developed formulation could be calculated
from the charge balance, Ca(Mn3+)0.28(Mn4+)0.58
(Mo6+)0.14O3 (Table 1).


In the above section, we showed that the meticulous cor-
relations, established between the TEM, diffraction and
magnetotransport properties, provide us with efficient codes.
Thanks to the fact that the different states have characteris-
tic signatures in TEM data, the codes were extended to dif-
ferent Ln1�xAxMnO3 systems, and can be used regardless of
what Ln, A and x are. It is more remarkable to note that
the code can be also applied even when the Mn sites are
doped, as illustrated in Figure 14 and Table 2. The structure/
nanostructure sequences at low temperature correspond ex-
tremely well. Table 2 compares the CaMn1�yMoyO3 system
to the Pr1�xCaxMnO3 one, in five columns: 1) the doping ele-
ment content (y); 2) the Mn3+ content induced by the
doping y ; 3) the structure-type of the low temperature form;
4) the magnetic behaviour (obtained from magnetic meas-
urements and neutron diffraction) and 5) the composition (x
value, that is, the Mn3+ content) of the manganite
Pr1�xCaxMnO3 in which are observed similar structural and
magnetic characteristics. This is also perfectly illustrated by
considering, in Figure 14, the sequence of structures and mi-


Figure 15. [010] ED patterns (top) and typical images (bottom) of the CaMn1�yM’yO3 compounds, in their low
temperature forms versus y.


Table 2. Comparison of the Mn3+-poor manganites in the CaMn1�yMoyO3 and Pr1�xCaxMnO3 systems.


y range Mn3+-induced Low T form Magnetic behaviour Equiv. x[a]


0–0.05 0–0.10 Pnma G-type AFM
small weak FM areas


0.025–0.10


0.06–0.10 0.12–0.20 P21/m C-type AFM 0.10–0.20
0.10–0.12 0.20–0.24 tweed and SRO 0.20–0.24
0.12–0.15 0.24–0.30 modulated structure CO/OO AFM 0.24–-


[a] For the Pr1�xCaxMnO3 system.
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crostructures versus 1�y : we find the same structural and
microstructural characteristics, which allow a first efficient
diagnosis on the sample state by a simple TEM experiment
to be made.


Having the code through the TEM data allow understand-
ing the complex mechanisms of these fascinating materials.
Phase segregation, phase transition under electron irradia-
tion, nanostructural differences between field-cooled and
zero-field-cooled samples, or the role of pinning centres of
the foreign cations are, for example, among the problems
that we have investigated and solved in the domains of the
manganites. It has also allowed us to understand charge-or-
bital ordering phenomena in Ruddlesden–Popper phases
and the role of strain effects in thin films.


Conclusion


The diversity of todayNs advanced materials is based on the
knowledge of how to attain novel structures or to improve
existing materials. There are a number of possible strategies
to realize material design, from an empirical to a logical ap-
proach. A basic set of models able to describe the essential
features of reactivity, structures and properties is in any case
the first needed key. Iono–covalent architectures have been
often compared to construction sets, based on given building
units, the nature of which defining the structural family and
their number, the member of the family. The huge number
of papers presently devoted to “classics” such as perovskites
and layered oxides shows that, even in these basic com-
pounds, the details of these structures and their relationships
with physical properties remain complex. One of the strat-
egies, presented herein is the research of “signatures”, using
transmission electron microscopy, of the different structural
levels existing in the complex materials, at different length
scales. The challenge is therefore to achieve an accurate in-
terpretation of these signals, thanks to the combination of
any of the required solid-state techniques. All the results
contribute to the elucidation of the complex character of the
materials. The interest of the two examples described in this
paper shows that mechanisms, as various as charge- and or-
bital-ordering or complex blocks of iron polyhedra, can be
interpreted. Following this route, we are able to decrypt
TEM images and having this code, the solid-state chemist
can obtain the basis for discovering novel materials and
tuning their specific properties.
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“it has the words Don!t Panic inscribed in large friendly
letters on its cover”


Douglas Adams


“The Hitch-Hiker!s Guide to the Galaxy”


Introduction


The success of olefin metathesis has spurred the intense in-
vestigation of new catalysts for this transformation.[1a,d] With
the development and commercialisation of many different
catalysts (Figure 1),[1e] however, it becomes increasingly dif-
ficult to predict their efficiencies in a given metathesis pro-
cess. The difference in reactivity patterns exhibited by first-
generation and second-generation Grubbs complexes Gru-I
and Gru-II is well established.[2] On the other hand, the
robust indenylidene catalysts Ind-I, Ind-II, and Ind-II’ have
not yet been compared in detail.[3] The different reactivity of
Grubbs (Gru)[2] and Hoveyda (Hov)[4] complexes within the
same generation has also been documented.[5] In a synthesis
of the antiviral agent BILN 2061, a clinically validated inhib-
itor of the hepatitis C virus (HCV), several Ru pre-catalysts
were screened, leading to distinctly different results.[6] Re-
cently, Barrett observed in his synthesis of viridofungin de-
rivatives that the application of different second-generation
complexes (Gru-II,[2] Hov-II,[4] Ble-II,[7] and Gre-II[8]) can
also lead to quite diverse results.[9] Some comparative stud-
ies have been reported, but the relative usefulness of various
catalysts for a broader set of applications has not yet been
comprehensively delineated.[10,11] Selecting the best catalyst
for a given olefin metathesis process is therefore often a


trial-and-error process. This represents a serious drawback,
especially when metathesis is applied at a late stage of a
total synthesis of a natural or biologically active com-
pound.[12]


Results and Discussion


In this article, we present screening results for a series of
catalysts applied to a set of carefully selected transforma-
tions conducted under optimised reaction conditions. The
aim of this study was to reveal the relative efficacies of dif-
ferent catalysts and to provide guidelines that might allow
the non-specialist a more rational choice of the reaction
conditions.


Selection of the test reactions : To cover a wide range of re-
activity and functionality within our assay, we selected three
distinctly different reaction types: ring-closing metathesis of
dienes (RCM), enyne cycloisomerisation (enyne), and
alkene cross-metathesis (CM, Scheme 1).[1] In particular, the
RCM and enyne reactions in which a tetrasubstituted C=C


Abstract: The data reported in this
paper demonstrate that great care must
be taken when choosing an appropriate
catalyst for a given metathesis reaction.
First-generation catalysts were found
to be useful in the metathesis of steri-
cally unhindered substrates. Second-
generation catalysts (under optimised
conditions) showed good to excellent
activities toward sterically hindered
and electron-withdrawing group
(EWG)-substituted alkenes that do not


react using the first-generation com-
plexes. A strong temperature effect
was noted on all of the reactions
tested. Interestingly, attempts to force
a reaction by increasing the catalyst
loading were much less effective.
Therefore, when possible, it is suggest-


ed that metathesis transformations
should be carried out with a second-
generation catalyst at 70 8C in toluene.
However, different second-generation
catalysts proved to be optimal for dif-
ferent applications and no single cata-
lyst outperformed all others in all
cases. Nevertheless, some empirical
rules can be deduced from the model
experiments, providing preliminary
hints for the selection of the optimal
catalysts.
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Figure 1. Selected ruthenium pre-catalysts for olefin metathesis.
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double bond is formed, and CM leading to products contain-
ing a trisubstituted C=C double bond, are among the most
difficult of metathesis reactions. The selected set of reac-
tions was not meant to be exhaustive and was not extended
to test catalysts for specific applications, such as polymeri-
sation reactions or metathesis in aqueous media.[13] The
course of each reaction was monitored by GC with dodec-
ane or tetradecane as an internal standard, measuring the
increase in the amount of product with time. The reactions
were performed in 4 mL sealed vials in parallel mode, using
an automated Vantage unit. This device enables the simulta-
neous performance of up to 96 reactions at a specified tem-
perature. All reaction mixtures were prepared in a drybox,
and then charged vials with screw-cap septum tops were
placed in the Vantage array. It is important to note that all
reactions were performed in closed systems; when such re-
actions are carried out in open vessels, the results can be dif-
ferent. However, the conditions employed in this screening
are valid for evaluating general differences between cata-
lysts.[10d] A full set of results in numerical form (presented
here as Figures 2–8, and abridged in Tables 1–3 and 8–10) is
provided in the Supporting Information.


Selection of the catalysts : Of the plethora of known modern
Ru catalysts, the complexes Gru-I, Gru-II, Ind-I, Ind-II, Ind-
II’, Hov-I, Hov-II, Gre-II, and Est-II were arbitrarily select-
ed. The complexes Gru, Ind, and Hov are among the most
commonly used Ru catalysts for olefin metathesis.[2] Nitro
catalyst Gre-II was chosen for this test to represent a class
of activated Hoveyda catalysts, which have already been
quite successfully deployed in syntheses of natural and bio-
active products.[14] Finally, the doubly oxygen-coordinated
Est-II represents a promising new structural motif within
Ru catalysts.[15]


Straightforward ring-closing metathesis (RCM): This reac-
tion class was chosen as the first assay in our set of reactions
due to its high importance in synthetic chemistry.[12] Two
RCM substrates, namely diethyldiallyl malonate (1a) and di-
ethylallylmethallyl malonate (1b), were investigated
(Scheme 2). The RCM formation of cyclopentenes incorpo-
rating di- and trisubstituted double bonds (2a,b) is a good


first screening of catalyst efficiency, as it is one of the easiest
catalysed RCM reactions.
The progress of the reaction of 1a in the presence of the


second-generation catalysts is shown in Figure 2, while
Figure 3 shows the progress of the RCM of 1b. Figures 2
and 3 illustrate that the Grubbs and Hoveyda-type catalysts
show similar activities under these conditions (1 mol%,
CH2Cl2, 30 8C), affording almost quantitative yields after
1 h, whereas the indenylidene complexes catalyse the reac-
tion much more slowly. This difference became even more
pronounced when the catalyst loading was reduced to
0.05 mol% (Figure 4). Under such exacting conditions, the
indenylidene catalysts became completely impotent, while
the best results were obtained with the activated Hoveyda
catalysts Gre-II and Est-II, most likely due to a combination


Scheme 1. Variations of the metathesis reaction tested in this study; Z=


electron-withdrawing group.


Scheme 2. Two models representing a straightforward RCM reaction.


Figure 2. RCM of 1a. Conditions: c1a=0.02m, 1 mol% of catalyst,
CH2Cl2, 30 8C, 40 h.


Figure 3. RCM of 1b. Conditions: c1b=0.02m, 1 mol% of catalyst,
CH2Cl2, 30 8C, 40 h.


www.chemeurj.org � 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 806 – 818808


K. Grela et al.



www.chemeurj.org





of their fast initiation and fast propagation.[8,15] However, it
should be noted that the activities of all of the second-gener-
ation catalysts were dramatically increased by raising the
temperature. In all cases, conducting the same reaction at
70 8C in toluene led to very good to excellent yields after
just 1 h. This temperature effect was most pronounced for
indenylidene catalysts Ind-II and Ind-II’, the yields with
which were increased from 0 to 97 and 84%, respectively
(Figure 5).


A further decrease in the amount of catalyst (to
0.02 mol%) resulted in only slight decreases in the yields at
70 8C (for example, from 97 to 81% for Gre-II and from 96
to 92% for Hov-II, Table 1). Using just 0.005 mol% of the
catalyst, however, the limit for the cyclisation of 1a was
reached (under such conditions, Gru-II gave 6% of 2a,
while Hov-II, Gre-II, and Est-II gave 8, 4, and 8%, respec-
tively). From the results presented above, one can conclude
that for all second-generation catalysts tested, the increase
of temperature has a much stronger effect on the reaction


course than simply increasing the catalyst loading. Addition-
ally, increasing the temperature allows a shortening of the
reaction time. This was especially apparent with the indeny-
lidene complexes Ind-II and Ind-II’. Since in many pub-
lished syntheses 10–30 mol% or more of Ru has been used
as a default minimal amount,[12] we think that this observa-
tion is of great practical value.[16]


The first-generation catalysts can still be used as a more
economical alternative for metathesis reactions in which di-
or trisubstituted C=C bonds are formed.[1,12] In some reac-
tions, it has been observed that first-generation catalysts are
more selective as compared with their second-generation
heirs.[17] Previously, we have investigated the selectivity of
the intramolecular enyne metathesis catalysed by represen-
tative first- and second-generation ruthenium alkylidenes.[17a]


To compare the activities of chosen first- and second-gener-
ation catalysts (Gru-I, Ind-I, Hov-I, Gru-II, Ind-II, Ind-II’,
and Hov-II ; 1 mol%), we utilised the relatively easy RCM
of 1b.[20] According to the established mechanism,[1,18] olefin
metathesis with five-coordinate Ru pre-catalysts [Ru
ACHTUNGTRENNUNG(=CHPh)ACHTUNGTRENNUNG(Cl2)(L) ACHTUNGTRENNUNG(PCy3)] proceeds by phosphane dissocia-
tion to generate the 14-electron (four-coordinate) active spe-
cies [Ru ACHTUNGTRENNUNG(=CHPh) ACHTUNGTRENNUNG(Cl2)(L)]. Interestingly, the phosphane dis-
sociation in Gru-I is faster than that in second-generation
Gru-II.[1,18] Accordingly, we observed that Ind-I catalyses
the reaction more rapidly than the corresponding second-
generation catalysts, giving a 98% yield after 3 h as opposed
to 34 and 6% with Ind-II and Ind-II’, respectively. The first-
and second-generation Grubbs catalysts gave almost quanti-
tative yields in the same model reaction (after 3 h, Gru-I :
94%; Gru-II : 98%). Interestingly, the Hoveyda catalyst
Hov-I was found to be initiated much more slowly than its
second-generation successor Hov-II (56 vs 96% after 3 h).


Challenging RCM : The formation of tetrasubstituted double
bonds is one of the most challenging of transformations for
Ru-based olefin metathesis catalysts. This transformation
typically requires the application of second-generation cata-
lysts at high loadings.[1,19] Therefore, the metathetic forma-
tion of tetrasubstituted double bonds remains the domain of
more active Schrock molybdenum catalysts[1] and can be
classified as an example of a currently unsolved problem in
Ru-catalysed olefin metathesis. As a test case for our selec-
tion of Ru catalysts, RCM reactions of dienes 1c and d were
initially chosen (Scheme 3).
Unlike in the case of straightforward RCM reactions of


1a and 1b performed in CH2Cl2, Grubbs and Hoveyda-type
catalysts behave differently towards dienes 1c and 1d, with


Figure 4. RCM of 1a. Conditions: c1a=0.02m, 0.05 mol% of catalyst,
CH2Cl2, 30 8C, 14 h.


Figure 5. RCM of 1a. Conditions: c1a=0.02m, 0.05 mol% of catalyst, 1 h,
[a] 30 8C, CH2Cl2; [b] 70 8C, toluene.


Table 1. Observed yields [%] of 2a in the RCM of 1a after 1 h.[a]


Catalyst loading
ACHTUNGTRENNUNG[mol%]


Gre-II Est-II Hov-II Gru-II Ind-II Ind-II’


0.05 97 95 96 83 97 84
0.02 81 85 92 80 79 49
0.005 4 8 8 6 0 0


[a] Conditions: c1a=0.02m, 0.05–0.005 mol% of catalyst, toluene, 70 8C,
1 h.
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Gru-II being noticeably more efficient at 30 8C. All the
other catalysts are practically ineffective at low temperature
in the RCM to form tetrasubstituted double bonds (Fig-
ures 6 and 7).[20] This fact is in good accordance with our


previous observations.[8b] In a desperate attempt to enhance
the yield, we examined the effect of doubling or even tri-
pling the catalyst loading (from 1 to 3 mol% for diene 1c
and from 5 to 10 mol% in the case of the more challenging
RCM of 1d). Although some improvements in yield were
observed (see Tables 2 and 3), we consider that this benefit


is outweighed by the cost of the precious metal added and
the efforts that might be necessary to remove larger catalyst
residues after the reaction.[21] Therefore, we attempted to
optimise this reaction by changing other parameters. Again,
we observed that increasing the reaction temperature en-
hanced the yield much more markedly than merely increas-
ing the amount of catalyst. Actually, in the case of 1c, it was
even possible to lower the catalyst loading, while still ob-
taining much higher yields. With 0.5 mol% of the catalysts
in toluene at 70 8C yields in excess of 60% were obtained in
all cases, whereas, except in the case of Gru-II, the same re-
action run at 30 8C with 1 mol% catalyst loading afforded
no yield at all (Table 2). It should be emphasised that em-
ploying just 0.5 mol% of the Hoveyda catalyst (Hov-II) at
70 8C was sufficient to produce 2c in 89% yield (Table 2).
Interestingly, unlike in the experiments conducted at lower
temperature, Hov-II was clearly more efficient than Gru-II
at 70 8C, especially when used in smaller loadings (Table 2).
In the case of 1d, which is one of the most demanding sub-
strates for RCM, the best results were obtained with Hov-II,
Ind-II, and Ind-II’.
To confirm the observed temperature-dependent efficien-


cy of Ru catalysts toward challenging RCM, we also tested
alcohol 1e, another diene that is known to be reluctant to
undergo RCM (Table 4).[8b] While the use of 5 mol% of the
nitro catalyst Gre-II led to only 29% of 2e in CH2Cl2
(40 8C, 24 h),[8b] application of the same catalyst in toluene
(70 8C) gave a practically quantitative yield in a much short-
er reaction time. The other catalysts, apart from Gru-II and
Ind-II’, were similarly efficient (Table 4). Finally, another
demanding diene, 1 f, was tested under these optimised con-
ditions, which gave the expected product 2 f in generally
good yields (Table 5). As in all of the previously attempted
RCM reactions leading to the formation of tetrasubstituted
double bonds, Gru-II again proved to be slightly less effec-
tive (Table 5).
From the results collated in Tables 2–5, one can conclude


that for all second-generation catalysts tested, increasing the


Scheme 3. Two models representing a challenging RCM reaction.


Figure 6. RCM of 1c. Conditions: c1c=0.02m, 1 mol% of catalyst, 3 h,
[a] CH2Cl2, 30 8C; [b] toluene, 70 8C.


Figure 7. RCM of 1d. Conditions: c1d=0.02m, 5 mol% of catalyst, 14 h,
[a] CH2Cl2, 30 8C; [b] toluene, 70 8C.


Table 2. Observed yields [%] of 2c in the RCM of 1c after 3 h.[a]


Catalyst loading
ACHTUNGTRENNUNG[mol%]


Gre-II Est-II Hov-II Gru-II Ind-II Ind-II’


1[b] 0 0 0 28 0 0
3[b] 6 6 0 43 6 0
1[c] 92 84 92 77 80 77
0.5[c] 75 74 89 60 72 63


[a] Conditions: c1c=0.02m, 3 h. [b] CH2Cl2, 30 8C. [c]Toluene, 70 8C.


Table 3. Observed yields [%] of 2d in the RCM of 1d after 14 h.[a]


Catalyst loading
ACHTUNGTRENNUNG[mol%]


Gre-II Est-II Hov-II Gru-II Ind-II Ind-II’


5[b] 0 4 0 12 0 0
10[b] 0 8 0 22 4 0
5[c] 46 38 58 43 53 59


[a] Conditions: c1d=0.02m, 14 h. [b] CH2Cl2, 30 8C. [c] Toluene, 70 8C.
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temperature has a much greater effect on the reaction
course than merely increasing the catalyst loading.


Straightforward enyne cycloisomerisation : The enyne meta-
thesis reaction is a completely atom-economical transforma-
tion with great potential in organic synthesis and polymer
chemistry (Scheme 1).[22] Therefore, in the present study,
enyne metathesis of 1g was chosen as a first test for evaluat-
ing the different reactivities of the second-generation cata-
lysts (see Table 6).


It has been reported that this
straightforward substrate is
easily cycloisomerised by
1 mol% of Gre-II at 0 8C in
CH2Cl2.


[8b] The data presented in
Table 6 show that in toluene at
70 8C all of the NHC-bearing
catalysts led to perfect results
even when used at a ten times
lower loading. Next, we tested


1h as a representative substrate for tandem enyne-RCM
(Table 7).[22] In this slightly more demanding case, some dif-
ferences in the efficacies of the catalysts were observed
(Table 7), with Est-II and Gru-II being distinctly more
active than the other catalysts tested.


Challenging enyne cycloisomerisation : The challenging
enyne 1 i[10b] was chosen as a suitable substrate for evaluating
the different reactivities of the second-generation catalysts
(Table 8). Unlike in the previous straightforward cases, in
the cycloisomerisation of 1 i, complex Gru-II outperformed
all of the other catalysts at both 30 8C and 70 8C (Figure 8).


Table 4. Observed yields [%] of 2e in the RCM of 1e after 3 h.[a]


Catalyst loading
ACHTUNGTRENNUNG[mol%]


Gre-II Est-II Hov-II Gru-II Ind-II Ind-II’


5 98 96 97 84 98 56


[a] Conditions: c1e=0.02m, toluene, 70 8C, 3 h.


Table 5. Observed yields [%] of 2 f in the RCM of 1 f after 1 h.[a]


Catalyst loading
ACHTUNGTRENNUNG[mol%]


Gre-II Est-II Hov-II Gru-II Ind-II Ind-II’


1 95 100 97 73 98 92


[a] Conditions: c1 f=0.02m, toluene, 70 8C, 1 h.


Table 6. Observed yields [%] of 2g in the enyne cycloisomerisation of
1g.[a]


Catalyst loading
ACHTUNGTRENNUNG[mol%]


Gre-II Est-II Hov-II Gru-II Ind-II Ind-II’


0.1 94 95 97 96 94 94


[a] Conditions: c1g=0.02m, toluene, 70 8C.


Table 7. Observed yields [%] of 2h in the enyne-RCM tandem reaction
of 1h after 1 h.[a]


Catalyst loading
ACHTUNGTRENNUNG[mol%]


Gre-II Est-II Hov-II Gru-II Ind-II Ind-II’


1 69 98 68 88 68 63


[a] Conditions: c1h=0.02m, toluene, 70 8C, 1 h.


Table 8. Observed yields [%] of 2 i in the enyne cycloisomerisation of 1 i after 14 h.[a]


Catalyst loading
ACHTUNGTRENNUNG[mol%]


Gre-II Est-II Hov-II Gru-II Ind-II Ind-II’


5[b] 1 1 0 13 2 0
5[c] 40 64 30 73 16 27
10[c] 51 74 35 75 26 34


[a] Conditions: c1 i=0.02m, 14 h. [b] CH2Cl2, 30 8C. [c] Toluene, 70 8C.


Figure 8. Enyne cycloisomerisation of 1 i. Conditions: c1 i=0.02m, 5 mol%
of catalyst, 14 h, [a] CH2Cl2, 30 8C; [b] toluene, 70 8C.
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Again, increasing the temperature had a very pronounced
effect on the reaction, leading to a fivefold increase in yield
in the case of the most active Gru-II catalyst and as much as
a 64-fold increase in the case of Est-II (Table 8). The results
compiled in Table 8 illustrate that a further doubling of the
catalyst loading is not rewarding, giving only a slight in-
crease in the yield.


Cross-metathesis (CM) between two olefinic partners : Func-
tionalised alkenes are important building blocks for organic
synthesis. Catalytic alkene CM (Scheme 1) is a convenient
route to functionalized alkenes from simple alkene precur-
sors.[1,23] In view of the increasing importance of CM in syn-
theses of natural and biologically active products, we includ-
ed this transformation in our study.
Cross-metathesis between (Z)-1,4-diacetoxy-2-butene (3a)


and terminal alkenes 1 j and 1k, as presented in Scheme 4,
can be classified as a rather straightforward example of this
transformation. The results of reactions conducted in tolu-
ene at 70 8C, as compiled in Table 9, indicate that all of the


complexes tested were almost indistinguishable in terms of
their activity toward terminal alkenes 1 j and k.
Next, we focused on more sterically demanding substrates,


since previous comparative studies have dealt mainly with
unhindered CM partners.[10] As can be seen from Table 9, all
of the NHC-containing complexes were effective in catalys-
ing the cross-metathesis of geminally disubstituted al-
kenes[24] 1 l–n with (Z)-1,4-diacetoxy-2-butene, although ap-
preciable differences may be noted. Thus, the parent Hovey-
da catalyst (Hov-II) generally afforded the lowest yields.
Good results were obtained in reactions catalysed by phos-
phane-containing Gru-II, Ind-II, and Ind-II’. These results,
although not fully understood, are consistent with our previ-
ously reported observation[8b] that Grubbs-type alkylidenes
are more potent than Hoveyda!s catalysts in the formation
of trisubstituted C=C double bonds by CM at lower temper-
atures. Interestingly, the present investigation has shown the
doubly-stabilised complex Est-II, representing a new struc-
tural motif within Hoveyda!s Ru�O chelates,[15] to be much
more potent than Gre-II and Hov-II, giving the highest
yields with 1 l and 1n of all of the catalysts tested. Est-II
proved to be the second most active catalyst in the case of
1m.


Cross-metathesis between an olefinic partner and an elec-
tron-deficient alkene : One of the most appealing facets of
the cross-metathesis transformation is that a carbon-carbon
double bond of one of the cross-metathesis partners can be
substituted with an electron-withdrawing group Z
(Scheme 1).[1] CM with electron-deficient alkenes leads to
functionalisation of a C=C double bond in an olefinic sub-
strate (a formal C�H activation)[25] and therefore comple-
ments other methods, such as the Wittig, Horner–Wads-
worth–Emmons, or Heck reactions.[23] Exploitation of the
CM of various electron-deficient alkenes is just beginning to
emerge as a valuable synthetic tool for fine chemical synthe-
sis.[25] Grubbs and co-workers were the first to report that
CM between a,b-unsaturated carbonyl compounds (esters,
aldehydes, and ketones) and simple alkenes in the presence
of Gru-II (5 mol%) in CH2Cl2 at 45 8C proceeded with good
to excellent yields.[26] Significantly, some electron-deficient
partners, most notably vinyl sulfones and acrylonitriles, were
initially found to be unreactive.[26] Blechert found that Hov-
II was also active in CM reactions of a,b-unsaturated car-
bonyl substrates.[4c] Later, the same group noted a markedly
improved efficiency of Hov-II compared to that of Gru-II in
CM of fluorinated electron-deficient alkenes CnF2n+1CH=


CH2
[27] and in CM of acrylonitrile derivatives.[28] Hoveyda-


type catalysts Hov-II and Gre-II have been used in CM of
some unstable vinyl azulenes.[29] Gouvernour and Grela
have simultaneously reported a successful CM of vinyl phos-
phine partners catalysed by Gru-II.[30] However, while the
latter initiator was found to be ineffective in the more chal-
lenging self-CM of vinyl phosphane oxides,[31] this transfor-
mation was accomplished with the phosphane-free complex
Gre-II.[31] Contrary to some previous reports,[32] we have dis-
covered that CM of vinyl sulfones can also be effectively


Scheme 4. Olefin cross-metathesis reactions studied. Detailed data con-
cerning the E/Z ratios for all products are available in the Supporting In-
formation.


Table 9. Observed yields [%] of products in the CM of 1j–n with 3a.[a]


Product t [h] Gre-II Est-II Hov-II Gru-II Ind-II Ind-II’


2j[b] 1 73 73 73 73 72 72
3 73 74 73 73 72 73
18 75 75 75 75 75 75


2k[b] 1 66 66 66 65 n.d. 66
3 66 67 66 66 n.d. 66
18 68 68 67 67 n.d. 68


2 l[c] 1 26 45 29 40 40 39
3 26 46 29 40 40 40
18 25 45 28 40 40 40


2m[c] 1 50 55 n.d. n.d. n.d. 59
3 50 55 n.d. n.d. n.d. 58
18 49 54 41 52 n.d. 58


2n[c] 1 n.d. 42 22 39 39 36
3 n.d. 42 20 37 38 39


[a] Conditions: c1j–n=0.02m, toluene, 70 8C. [b] 1 mol% of catalyst.
[c] 5 mol% of catalyst. n.d.=not determined.
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catalysed by Gru-II,[33] although in the case of sterically con-
gested substrates better results were achieved with the pre-
catalyst Gre-II.[34]


It is clear that more detailed study is needed to permit se-
lection of the optimal catalysts for CM of electron-deficient
partners. To this end, we selected three model CM reactions,
these being representative of a relatively easy (1o + 3b)
and two more challenging cases (1o + 3c and 1o + 3d,
Scheme 5). Of the three CM partners bearing electron-with-
drawing groups (3b–d), methyl acrylate (3b) is known to be
the least reluctant to undergo this transformation and there-
fore just 0.2 mol% of catalyst proved sufficient to produce
moderate yields (62–65%). No difference in activity among
all of the investigated catalysts was observed.


In the CM of terminal alkene 1o with phenyl vinyl sul-
fone,[33,34] which is a more reluctant substrate and was initial-
ly classified as an unreactive partner,[26] a higher catalyst
loading was employed (1 mol%). For this transformation,
all of the Hoveyda-type complexes, Gre-II, Est-II, and Hov-
II, were equally effective. Slightly lower yields were ob-
served with Gru-II. Surprisingly, indenylidene complex Ind-
II’, bearing an unsaturated NHC ligand, was much less ef-
fective than its saturated analogue Ind-II. However, care
must be taken in generalising reactivity trends within this
catalyst series. This became clear upon analysing the results
obtained with the third electron-deficient partner tested.
Methacrylonitrile is one of the most reluctant substrates


in CM,[28] and therefore 5 mol% of catalyst was employed in
this case. Table 10 shows that the corresponding product 2r
was formed only in moderate yields; in this demanding case,
Hoveyda!s family of complexes Hov-II, Gre-II, and Est-II
proved to be unequivocally superior to the other catalysts
tested. Interestingly, in this case, no significant differences
between Ind-II’ and Ind-II were noted.[35]


Structure–activity relationship : The first-generation catalysts
were found to still be useful in the metathesis of sterically
unhindered substrates. As reported in the literature,[1,12] the
second-generation catalysts show much better activity
toward sterically hindered and EWG-substituted alkenes
that do not react using the first-generation Ru complexes.


Different second-generation catalysts, however, have proved
to be optimal for different applications and no single cata-
lyst outperforms all others in all cases. The following pre-
liminary rules can, however, be deduced from the model re-
actions:


1) in the case of straightforward RCM reactions performed
at lower temperatures in CH2Cl2, electronically activated
Hoveyda-type catalysts Gre-II and Est-II are most suita-
ble. The fast initiation and propagation of these com-
plexes guarantee optimal results;


2) in the case of straightforward and moderately challeng-
ing RCM and CM reactions, all of the second-generation
catalysts worked equally well at 70 8C in toluene, which
can be recognised as the optimal conditions;[36]


3) in enyne cycloisomerisation of more challenging sub-
strates, the second-generation Grubbs catalyst, Gru-II,
proved to be most effective. Unexpectedly, the doubly
chelated complex Est-II was also found to be very effi-
cient;


4) for the most demanding cases, such as the RCM forma-
tion of tetrasubstituted double bonds, Hov-II was found
to be the most reliable catalyst, giving good to excellent
results in all cases;[37]


5) in the CM of demanding electron-deficient alkenes, such
as a,b-unsaturated sulfones, nitriles, and phosphine
oxides, the Hoveyda-type alkylidenes Hov-II, Gre-II,
and Est-II were undoubtedly superior;


6) in spite of the initially observed lower activities of inden-
ylidenes Ind-II and Ind-II’ (see, for example, Figures 2
and 3), under optimised conditions these catalysts were
found, in many cases, to be fully equivalent to Gru-II or
Hov-II.


In the case of advanced natural product precursors, there
are many other factors, such as template-directing[38] and
remote functional group control,[39] that can influence the
outcome of the metathesis step. These factors were not in-
cluded in the test reactions that we have examined; howev-
er, in spite of this simplification, we believe that the ob-
served substrate/catalyst structure–reactivity relationships
should be of interest to synthetic chemists, and may also be
helpful in the design of new, more efficient catalysts.


Scheme 5. Olefin cross-metathesis with electron-deficient alkenes: methyl
acrylate, phenyl vinyl sulfone, and methacrylonitrile. Detailed data con-
cerning the E/Z ratios for all products are available in the Supporting In-
formation.


Table 10. Observed yields [%] of products in the CM of 1o with 3b–d.[a]


Product t [h] Gre-II Est-II Hov-II Gru-II Ind-II Ind-II’


2o[b] 1 65 65 65 63 64 62
3 65 66 65 60 60 59
18 65 66 65 63 64 64


2p[c] 1 78 75 76 64 71 44
3 78 75 78 65 71 n.d.
18 79 75 79 64 70 47


2r[d] 1 58 56 52 13 11 15
3 60 56 58 13 12 16
18 60 57 59 13 12 17


[a] Conditions: c1o=0.02m, toluene, 70 8C. [b] 0.2 mol% of catalyst.
[c] 1 mol% of catalyst. [d] 5 mol% of catalyst. n.d.=not determined
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Preliminary mechanistic rationalisation : This study has re-
vealed a distinct difference between the benzylidene, alkox-
ybenzylidene, and indenylidene families of metathesis cata-
lysts in relation to the substrates used. According to the gen-
erally accepted mechanism, pre-catalysts of the type [Ru
ACHTUNGTRENNUNG(=CRR’)(L’)(L)(X2)] (Gru, Ind) are initiated by the dissocia-
ACHTUNGTRENNUNGtion of a PR3 group (ligand L) to form the 14-electron com-
plex A, while in the case of the Hoveyda-type complexes
(Hov), where L is a tethered ether ligand, initiation requires
breakage of the Ru�O chelation as a first step
(Scheme 6).[40] This simple mechanistic scheme can be used
to explain the observed differences between the second-gen-


eration Grubbs and indenylidene complexes. The release of
1-methylene-3-phenyl-1H-indene and the formation of the
common propagating species B and C proceeds much more
slowly in the case of Ind, whereas Gru easily loses styrene in
the analogous transformation. Therefore, pre-catalysts Ind-
II and Ind-II’ are initialised much more slowly than Gru-II
and need a higher temperature to reach reasonable activity
(Figures 2–8). However, the observed temperature effect re-
quires some comments. It was initially noted by FNrstner
and Nolan that some RCM reactions promoted by the
second-generation catalyst [Ru ACHTUNGTRENNUNG(=CHPh) ACHTUNGTRENNUNG(Cl2) ACHTUNGTRENNUNG(IMes) ACHTUNGTRENNUNG(PCy3)]
in toluene at 80 8C are not only faster than those conducted
in CH2Cl2 at 40 8C but also faster than reactions conducted
in ClCH2CH2Cl at 80 8C.


[10b] Therefore, we suggest that the
observed increase in activity is not simply the effect of
higher reaction temperature, but also a function of the sol-
vent.[41,42] A plausible explanation for the higher activity in
the aromatic solvent (toluene) is based on the assumption
that interactions between the aromatic N-mesityl groups of
the NHC ligand[43] and the aromatic solvent molecules may
reduce the stabilising effect of the intramolecular p–p stack-
ing[44] with the benzylidene or indenylidene fragments,
which, in turn, may influence the rate of initiation of a meta-
thesis reaction.[10b] This intriguing solvent effect is currently


being studied in detail in our laboratory and the results will
be published in due course. We have yet to find a clear and
convincing explanation for the observed differences in the
activities of Ind-II and Ind-II’ towards different substrates.
It has been shown for benzylidene complexes that saturated
NHC ligands lead to more active catalysts as compared with
unsaturated ligands.[35] However, superior activity of an
IMes-bearing catalyst, as we have observed in a few cases
(see Figures 7 and 8), suggests that this picture is likely to
be more complicated.
It is believed that both the Grubbs and Hoveyda-type


pre-catalysts generate identical propagating species B ([Ru
ACHTUNGTRENNUNG(=CH2)(L’)(X2)]) and C ([Ru
ACHTUNGTRENNUNG(=CRR’)(L’)(X2)]) after a
single turnover (Scheme 6).[40]


However, the well-documented
differences in scope between
these two catalysts (especially
towards electron-deficient sub-
strates) suggest that the mode
of propagation might also be
different, leading to the ob-
served non-identical reactivities.
In a recent publication, Farina
and Wei reported on NMR
analyses of some metathesis re-
actions promoted by 30 mol%
of Hoveyda catalyst Hov-I ;
they observed no discrete inter-
mediates of type B, which are
typically present in the case of
Grubbs pre-catalysts.[6a] There-
fore, it is reasonable to assume


that reactions with Hoveyda catalysts proceed through the
intermediacy of steady-state species (not observable by
NMR), while the bulk of the Ru is sequestered in a resting
state.[6a, 40c] To prove that this “sleeping” catalyst is not a by-
stander but actually takes part in the reaction,[40,45] we car-
ried out a simple crossover experiment. According to estab-
lished procedures,[46] the labelled complexes [D7]Hov-II and
[D7]Gre-II (99% D atom) were prepared.[47] First, we esti-
mated the rate of “background” exchange by mixing equi-
molar amounts of the deuterated catalysts with non-deuter-
ated styrene 4 in CD2Cl2 (Scheme 7a). As expected, pre-cat-
alyst [D7]Gre-II equilibrated more rapidly (in 2 h), while
the reaction with inactivated [D7]Hov-II required 48 h to
reach equilibrium under identical conditions.[48] The key
crossover experiments, based on a simple RCM reaction,
were carried out as detailed below (Scheme 7b). Two meta-
thesis reactions of N,N-diallylacetamide were conduced in-
dependently with 5 mol% of [D7]Hov-II and [D7]Gre-II in
the presence of the same amount (5 mol%) of the corre-
sponding non-labelled styrene 4. In each case, the reaction
proceeded to >99% conversion, and the respective pre-cat-
alysts were isolated by column chromatography. The re-
maining deuterium contents of the recovered catalysts were
estimated by NMR to be 59% D atom for the Hoveyda cat-


Scheme 6. Plausible mechanism for the alkene CM reaction, catalysed by Grubbs, indenylidene, and Hoveyda-
type initiators.
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alyst and 63% D atom for the nitro catalyst. Since the back-
ground exchange reactions between these catalysts and styr-
enes 4 were in both cases too slow to be responsible for
such significant losses in the deuterium atom content, we be-
lieve that during the RCM process the whole amount of the
pre-catalyst applied was involved in the reaction and was
then regenerated by the release-return mechanism proposed
by Hoveyda.[4b,40] Based on this preliminary experiment and
the results obtained by Farina and Wei, it is reasonable to
assume that in reactions promoted by Hoveyda pre-catalysts
the propagation proceeds through a dynamic equilibrium in-
volving the intermediacy of the self-regenerating 14-electron
species Hov’, and that this is responsible for the observed
differences in reactivity of these catalysts towards some sub-
strates. However, the studies required to either corroborate
or disprove this proposal are beyond the scope of the cur-
rent investigation.


Conclusion


In summary, we have carried out a comparative study on
some selected modern Ru metathesis catalysts. The data re-
ported in this paper demonstrate the difficulty in anticipat-
ing the activity of pre-catalysts with respect to a specific sub-
strate and highlight that, unfortunately, different catalysts
prove to be optimal for different applications and no single


catalyst outperforms all others
in all cases. Therefore, during
optimisation of especially im-
portant (or industrial) metathe-
sis processes, it is suggested that
all major types of catalysts de-
scribed in this study should be
tested. However, based on the
results of reactions described
herein, in conjunction with data
gleaned from the literature,
some generalisations on struc-
ture–activity relationships can
be made. Notably, a strong tem-
perature effect was noted on all
of the reactions tested. There-
fore, when possible, we suggest
that difficult metathesis trans-
formations should be conducted
at 70 8C in toluene, rather than
simply by increasing the cata-
lyst loading.[36] Further studies
aimed at rationalising the ob-
served catalyst activities in
terms of the metathesis trans-
formation and substrate struc-
ture are currently ongoing in
our laboratory and the results
will be reported in due course.


Experimental Section


General : All stock solutions and reaction mixtures were prepared using
drybox techniques. Reactions were carried out at 30 8C or 70 8C using a
Vantage unit (a device that enables the simultaneous performance of up
to 96 reactions at a fixed temperature). All aliquots for GC analysis were
taken automatically at the specified time intervals using the same device.
Gas chromatography (GC) was conducted using an HP 6890 equipped
with an HP-5 capillary column. Anhydrous, oxygen-free toluene and di-
chloromethane were purchased from Aldrich and were used as received.
Catalysts Gru-I, Gru-II, Ind-I, Ind-II, Hov-I, and Hov-II were purchased
and used as received. Catalyst Ind-II’ was provided by Degussa GmbH.
Complexes Gre-II[8] and Est-II[15] were prepared according to literature
methods. All other commercially available chemicals were used as re-
ceived. Flash column chromatography was performed on silica gel 60 (E.
Merck; 230–400 mesh). The compounds 2a,[49] 1b,[50] 2b,[50] 1c,[11] 2c,[51]


1d,[50] 2d,[50] 2e,[51] 1 f,[11] 2 f,[52] 1g,[11] 2g,[10a] 1h,[17a] 2h,[10] 1 i,[53] 2 i,[10a]


1 l,[54] 2 l,[8b] 1m,[55] 2m,[8b] 1o,[56] 2o,[8b] 2p,[57] 2r,[8b] 2s,[58] 4a,[4b] and 4b[8a]


have been described previously and were identified by comparison of
their physical and spectroscopic data (1H and 13C NMR; MS) with those
in the cited references.


General procedure for kinetic studies : In a glovebox, 4 mL vials with
screw-cap septum tops were charged with the required substrates and cat-
alysts. The vials were then placed in the Vantage array and heated at
30 8C or 70 8C for at least 18 h. Aliquots were taken at the specified time
intervals.


Stock solution preparation


Catalysts Gru-II, Ind-II, Ind-II’, Hov-II, Gre-II, and Est-II : A single
stock solution containing enough catalyst for at least a few series of
metathesis reactions was prepared. In a glovebox, a volumetric flask was


Scheme 7. Crossover experiment.
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charged with the catalyst (0.03 mmol), and the requisite solvent was
added to prepare a stock solution (10 mL, [c]=0.003m). In this way, solu-
tions of all of the complexes (Gru-II, Ind-II, Ind-II’, Hov-II, Gre-II, and
Est-II) in both of the required solvents (dichloromethane and toluene)
were prepared. Such stock solutions should be used within a few hours
because prolonged storage, even in a glovebox, can lead to partial de-
composition of the catalysts.


Alkenes for RCM (1a–f), enyne metathesis (1g–i), and CM (1j–o): A
single stock solution containing enough substrate for metathesis reactions
with all six catalysts was prepared. In a glovebox, a volumetric flask was
charged with the appropriate diene (1a–f), enyne substrate (1g–i), or
alkene (1j–o) (0.6 mmol), along with dodecane (for alkenes 1a–i) or tet-
radecane (for alkenes 1j–o) (0.3 mmol) as an internal standard. The
requisite solvent was then added to prepare a stock solution (10 mL,
[c]=0.06m). In this way, solutions of all of the alkenes (1a–o) in both of
the required solvents (dichloromethane and toluene) were prepared. All
of these solutions could be stored in sealed vials under Ar for extended
periods of time.


Cross-metathesis (CM) partners (3a–d): In a glovebox, a volumetric flask
was charged with the appropriate alkene (3a–c) (1.2 mmol) or (3d)
(2.4 mmol), and then toluene was added to prepare a stock solution
(10 mL, [c]=0.12m) and (10 mL, [c]=0.24m), respectively. All of these
solutions could be stored in sealed vials under Ar for extended periods
of time.


RCM of 1a–c, and f : In a glovebox, 4 mL vials were charged with alkene
(1a, b, c, or f) stock solution ([c]=0.06m, 1 mL, 0.06 mmol) and the re-
quired solvent (1.8 mL). The appropriate catalyst stock solution ([c]=
0.003m, 0.2 mL, 0.6 mmol) was then added to each vial by means of an ad-
justable-volume pipette. As a result, six solutions in dichloromethane and
six solutions in toluene were obtained with the following parameters:
concentration of 1a, b, c, or f : [c]=0.02m ; catalyst loading (Gru-II, Ind-
II, Ind-II’, Hov-II, Gre-II, and Est-II, respectively): 1 mol%; solution
volume: 3 mL. To obtain solutions with catalyst loadings of 0.05, 0.02,
and 0.005 mol%, the appropriate catalyst stock solutions were diluted ac-
cording to the following procedure. Aliquots of 0.5, 0.2, and 0.05 mL of
the appropriate catalyst stock solution ([c]=0.003m) were added by
means of an adjustable-volume pipette to volumetric flasks and the ap-
propriate solvent was added to prepare new stock solutions (10 mL) with
catalyst concentrations [c]=0.15, 0.06, and 0.015 mm, respectively. The
thus prepared diluted catalyst stock solutions were used to prepare reac-
tion mixtures with the required catalyst loadings of 0.05, 0.02, and
0.005 mol%, respectively.


RCM of 1d and e : In a glovebox, 4 mL vials were charged with alkene
(1d or e) stock solution ([c]=0.06m, 1 mL, 0.06 mmol) and the required
solvent (1 mL). The appropriate catalyst stock solution ([c]=0.003m,
1 mL, 3 mmol) was then added to each vial by means of an adjustable-
volume pipette. As a result, six solutions in dichloromethane and six solu-
tions in toluene were obtained with the following parameters: concentra-
tion of 1d or 1e : [c]=0.02m ; catalyst loading (Gru-II, Ind-II, Ind-II’,
Hov-II, Gre-II, and Est-II, respectively): 5 mol%; solution volume:
3 mL.


Enyne metathesis of 1h : In a glovebox, 4 mL vials were charged with
alkene (1h) stock solution ([c]=0.06m, 1 mL, 0.06 mmol) and the re-
quired solvent (1.8 mL). The appropriate catalyst stock solution ([c]=
0.003m, 0.2 mL, 0.6 mmol) was then added to each vial by means of an ad-
justable-volume pipette. As a result, six solutions in toluene were ob-
tained with the following parameters: concentration of 1h : [c]=0.02m ;
catalyst loading (Gru-II, Ind-II, Ind-II’, Hov-II, Gre-II, and Est-II, re-
spectively): 1 mol%; solution volume: 3 mL.


Enyne metathesis of 1 i : In a glovebox, 4 mL vials were charged with
enyne substrate (1 i) stock solution ([c]=0.06m, 1 mL, 0.06 mmol) and
solvent (1 mL). The appropriate catalyst stock solution ([c]=0.003m,
1 mL, 3 mmol) was then added to each vial by means of an adjustable-
volume pipette. As a result, six solutions in dichloromethane and six solu-
tions in toluene were obtained with the following parameters: concentra-
tion of 1 i : [c]=0.02m ; catalyst loading (Gru-II, Ind-II, Ind-II’, Hov-II,
Gre-II, and Est-II, respectively): 5 mol%; solution volume: 3 mL.


CM of 1j or 1k with cis-1,4-diacetoxy-2-butene (3a): In a glovebox,
4 mL vials were charged with alkene (1j or k) stock solution ([c]=0.06m,
1 mL, 0.06 mmol), cross-metathesis partner (3a) stock solution ([c]=
0.12m, 1 mL, 0.12 mmol), and toluene (0.8 mL). The appropriate catalyst
stock solution ([c]=0.003m, 0.2 mL, 0.6 mmol) was then added to each
vial by means of an adjustable-volume pipette. As a result, six solutions
in toluene were obtained with the following parameters: concentration of
1j or k : [c]=0.02m ; catalyst loading (Gru-II, Ind-II, Ind-II’, Hov-II, Gre-
II, and Est-II, respectively): 1 mol%; solution volume: 3 mL.


CM of 1 l, m, or n with cis-1,4-diacetoxy-2-butene (3a): In a glovebox,
4 mL vials were charged with alkene (1 l, m, or n) stock solution ([c]=
0.06m, 1 mL, 0.06 mmol) and cross-metathesis partner (3a) stock solution
([c]=0.12m, 1 mL, 0.12 mmol). The appropriate catalyst stock solution
([c]=0.003m, 1 mL, 3 mmol) was then added to each vial by means of an
adjustable-volume pipette. As a result, six solutions in toluene were ob-
tained with the following parameters: concentration of 1 l, m, or n : [c]=
0.02m ; catalyst loading (Gru-II, Ind-II, Ind-II’, Hov-II, Gre-II, and Est-II,
respectively): 5 mol%; solution volume: 3 mL.


CM of 1o with methyl acrylate (3b): In a glovebox, 4 mL vials were
charged with alkene (1o) stock solution ([c]=0.06m, 1 mL, 0.06 mmol),
cross-metathesis partner (3b) stock solution ([c]=0.12m, 1 mL,
0.12 mmol), and toluene (0.96 mL). The appropriate catalyst stock solu-
tion ([c]=0.003m, 0.04 mL, 0.012 mmol) was then added to each vial by
means of an adjustable-volume pipette. As a result, six solutions in tolu-
ene were obtained with the following parameters: concentration of 1o :
[c]=0.02m ; catalyst loading (Gru-II, Ind-II, Ind-II’, Hov-II, Gre-II, and
Est-II, respectively): 0.2 mol%; solution volume: 3 mL.


CM of 1o with phenyl vinyl sulfone (3c): In a glovebox, 4 mL vials were
charged with alkene (1o) stock solution ([c]=0.06m, 1 mL, 0.06 mmol),
cross-metathesis partner (3c) stock solution ([c]=0.12m, 1 mL,
0.12 mmol), and toluene (0.8 mL). The appropriate catalyst stock solution
([c]=0.003m, 0.2 mL, 0.6 mmol) was then added to each vial by means of
an adjustable-volume pipette. As a result, six solutions in toluene were
obtained with the following parameters: concentration of 1o : [c]=0.02m ;
catalyst loading (Gru-II, Ind-II, Ind-II’, Hov-II, Gre-II, and Est-II, re-
spectively): 1 mol%; solution volume: 3 mL.


CM of 1o with 2-methylacrylonitrile (3d): In a glovebox, 4 mL vials were
charged with alkene (1o) stock solution ([c]=0.06m, 1 mL, 0.06 mmol)
and cross-metathesis partner (3d) stock solution ([c]=0.24m, 1 mL,
0.24 mmol). The appropriate catalyst stock solution ([c]=0.003m, 1 mL,
3 mmol) was then added to each vial by means of an adjustable-volume
pipette. As a result, six solutions in toluene were obtained with the fol-
lowing parameters: concentration of 1o : [c]=0.02m ; catalyst loading
(Gru-II, Ind-II, Ind-II’, Hov-II, Gre-II, and Est-II, respectively): 5 mol%;
solution volume: 3 mL.


GC data analysis : Samples for GC analysis were obtained by adding ali-
quots of about 200 mL of the reaction mixtures to 500 mL of a 2m solution
of ethyl vinyl ether in dichloromethane.[59] All aliquots were taken auto-
matically at the specified times by the Vantage device. The samples were
shaken and then analysed by GC. To obtain accurate yield data, the FID
detector response factors were obtained for all the key products (ethyl-
ene excluded). Tetradecane was used as the internal standard for CM re-
actions, whereas for RCM and enyne metathesis dodecane was employed.
The responses of the FID detector were calibrated using 2a/dodecane,
2b/dodecane, 2c/dodecane, 2d/dodecane, 2e/dodecane, 2 f/dodecane, 2g/
dodecane, 2h/dodecane, 2 i/dodecane, 2n/tetradecane, 2o/tetradecane,
and 2r/tetradecane standard solutions, respectively. All products required
for this calibration were synthesised and isolated according to literature
procedures.
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Hypervalent Silicon versus Carbon: Ball-in-a-Box Model
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Introduction


The concept of hypervalence has been challenging chemists
for about a century.[1] Through the decades, the hyper-
ACHTUNGTRENNUNGvalence or nonhypervalence of various atoms in both molec-
ular as well as extended structures has been investigated.[2,3]


However, also the definition and meaningfulness of the very
concept itself has been the subject of, at times, vigorous dis-
cussions.[4,5] Here, we will not enter into such a discussion.
The issue which we wish to address is the different bonding
capabilities of two Group 14 atoms, carbon and silicon: why
does carbon (as illustrated below) not bind more than four
ligands[6] (except in some exotic or controversial exam-
ples[2,7,8]) while silicon (see below), despite being isoelec-
tronic, can bind five[2,8, 9] (or sometimes six, or even
more[2,10]) substituents?
The above question also provides us with a robust and in-


tuitive definition of hypervalence, rooted in experimental
(and computational) observation, as being the capability of
silicon (as opposed to the incapability of carbon) to exceed


its “normal” tetravalence and form pentavalent, trigonal-bi-
pyramidal species.
The nonhypervalence of carbon and the hypervalence of


silicon are exemplified by the pentavalent D3h-symmetric
species ClCH3Cl


� (1a) and ClSiH3Cl
� (2a). While the


former has a first-order saddle point that is labile towards
localization of one C�Cl bond and (largely) towards break-
ing the other one, the latter is a stable pentavalent species.
This is well known, since these species feature as the transi-
tion state and the stable transition complex in the intensely
studied nucleophilic substitution reactions of Cl�+CH3Cl
(SN2@C)


[11–13] and Cl�+SiH3Cl (SN2@Si),
[9,13–16] respectively


(see Figure 1). Recently, we analyzed these reactions in
terms of the rigidity and mutual interaction of the reactants
(i.e., the nucleophile and the substrate) using the Activation
Strain model.[16] It was shown that the crucial factor for
having a central barrier for the SN2@C and, thus, a labile
pentavalent carbon atom, is mainly due to the increased
steric repulsion between the nucleophile and the substitu-
ents. The central barrier disappears in the SN2@Si reaction,
because the larger distance between the nucleophile and the
substituents reduces this steric repulsion. Moreover, in line


Abstract: Why is silicon hyper ACHTUNGTRENNUNGvalent
and carbon not? Or why is
[Cl�CH3�Cl]� labile with a tendency to
localize one of its axial C�Cl bonds
and to largely break the other one,
while the isostructural and isoelectron-
ic [Cl�SiH3�Cl]� forms a stable penta-
valent species with a delocalized struc-
ture featuring two equivalent Si�Cl
bonds? Various hypotheses have been
developed over the years focusing on
electronic and steric factors. Here, we


present the so-called ball-in-a-box
model, which tackles hypervalence
from a new perspective. This model re-
veals the key role of steric factors and
provides a simple way of understanding
the above phenomena in terms of dif-


ferent atom sizes. Our bonding analy-
ses are supported by computation ex-
periments in which we probe, among
other things, the shape of the SN2 po-
tential-energy surface of Cl� attacking
a carbon atom in the series of sub-
strates CH3Cl, CCH2Cl, CCCHCl, and
CCCCCl. Our findings for ClCH3Cl


� and
ClSiH3Cl


� are generalized to other
Group 14 central atoms (Ge, Sn, and
Pb) and axial substituents (F).
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with this steric picture, the central barrier can again be rein-
troduced in SN2@Si reactions if the equatorial substituents
are made more sterically demanding.[16]


In the present study, we wish to approach the phenomen-
on of hypervalency from a different perspective. Instead of
a description of I in terms of the two SN2 reactants II, we
aim to understand the lability of five-coordinate carbon and
the stability of pentavalent silicon in terms of the central
carbon versus silicon atom interacting with the five sur-
rounding (also mutually interacting) substituents III.


Of course, the description of I in terms of II is, ultimately,
equivalent to the description of I in terms of III. It appears,
however, that the alternative description III offers a simple
and transparent way of understanding hypervalence (which
we designate the “ball-in-a-box” model) that complements
and integrates previous models of hypervalency.
Thus, we have analyzed the bonding in ClCH3Cl


� (1) and
ClSiH3Cl


� (2) as well as in fragments thereof, such as, the
“box” of five substituents that “contain” the central C or Si
atom, using the Amsterdam Density Functional (ADF) pro-


gram at the BP86/TZ2P level of density functional theory
(DFT).[17,18] The analyses were carried out not only in the
geometries of the various species that correspond to the
D3h-symmetric 1a and 2a (see Figure 2), but also along vari-
ous deformation modes. First, we analyzed how the bonding
changes if one proceeds from the symmetric species along
the localization coordinate z, which for 1 and 2 are associat-
ed with a convex and concave potential-energy surface
(PES), respectively (see Figure 1). Another deformation
mode corresponds to the symmetric Cl�A�Cl stretch. Our
bonding analyses are augmented (and supported) by compu-
tational experiments in which we probe, among other things,
the shape of the SN2 potential-energy surface of Cl


� attack-
ing a carbon atom in the series of substrates CH3Cl, CCH2Cl,
CCCHCl and CCCCCl. The findings for 1 and 2 were generalized
by examining other Group 14 central atoms (germanium,
tin, and lead, in which case relativistic effects were treated
using the zeroth-order regular approximation (ZORA)[17r])
and axial substituents (fluorine).
The bonding analyses consisted of a decomposition of the


total energy into interaction energies between (and within)
fragments of the overall model systems 1 and 2. The trends


Abstract in German: Wieso ist Silizium hypervalent und
Kohlenstoff nicht? Oder, warum ist [Cl�CH3�Cl]� labil mit
der Neigung eine seiner axialen C�Cl-Bindungen zu lokali-
sieren und die andere großenteils zu brechen, w.hrend das
gleichfçrmige und isoelektronische [Cl�SiH3�Cl]� eine sta-
bile pentavalente Spezies bildet, mit einer delokalisierten
Struktur, die durch zwei equivalente Si�Cl-Bindungen char-
akterisiert wird? Bisher wurden verschiedene Hypothesen en-
twickelt, die sich auf sterische oder aber auch auf elektroni-
sche Faktoren konzentrieren. Wir pr.sentieren hier das Ball-
in-a-Box-Modell, in dem Hypervalenz aus einer neuen Per-
spektive angegangen wird. Das Ball-in-a-Box-Modell deckt
die Schl4sselrolle der sterischen Faktoren auf und bietet einen
zug.nglichen Weg die obigen Ph.nomene anhand von unter-
schiedlichen Grçßen der Atome zu verstehen. Unsere Bind-
ungsanalysen werden von numerischen Experimenten unter-
st4tzt, in denen wir unter anderen die Gestallt der Potentialo-
berfl.chen erkunden f4r die SN2-Reactionen von Cl� mit den
Substraten CH3Cl, CCH2Cl, CCCHCl und CCCCCl. Wir zeigen,
dass unser Modell f4r ClCH3Cl� und ClSiH3Cl� auch auf
Systeme mit anderen Zentralatomen der Gruppe-14 (Ge, Sn
and Pb) und anderen axialen Substituenten (F) 4bertragen
werden kann.


Figure 1. Double-well SN2@C (upper) and single-well SN2@Si (lower) po-
tential-energy surfaces along the reaction coordinate z (R= reactants,
RC= reactant complex, TS= transition state, TC= stable transition com-
plex, PC=product complex, P=products).
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in the various energy terms were interpreted in the concep-
tual framework provided by the quantitative molecular orbi-
tal (MO) model contained in Kohn–Sham DFT.[18]


Qualitative MO analyses of pentacoordination were car-
ried out in the early seventies by Hoffmann and co-work-
ers,[19] who arrived at a bonding mechanism that naturally
incorporates the 3-center–4-electron (3c-4e) bond proposed
by Pimentel and Rundle[20] to account for the hypervalency
of the central atom in species such as F3


� and XeF2. Origi-
nally, the 3c-4e bond was formulated in terms of the valence
ps atomic orbitals (AOs) of a linear arrangement of three
atoms that yields a well-known pattern of three MOs: y1,
y2, and y3, shown in Scheme 1. These MOs are bonding,


nonbonding, and antibonding, respectively, with four elec-
trons occupying y1 and y2.


[21,22] This bonding pattern was
confirmed by ab initio calculations, which showed that the
central atom in the hypervalent species predominantly in-
vokes its s and p AOs for bonding and that the d AOs
merely act as corrective polarization functions, but not as
valence orbitals.[23] These and other results have falsified
PaulingMs (plausible but, in the end, incorrect) hypothesis
that the hypervalence of main group atoms such as silicon is
derived from the availability of low-energy d AOs. These
findings were confirmed by the present study and will not
be discussed further.


Note that, while the 3c-4e MO model is a good descrip-
tion of the bonding in hypervalent species, it does not ex-
plain why such a bonding mechanism leads to stable hyper-
valent species in the case of silicon as the central atom but
not in the case of carbon. On the other hand, in a valence
bond (VB) study of the model systems CH5


� and SiH5
�,


Hiberty, Shaik, and co-workers[24] were able to provide a
qualitative explanation based on curve-crossing diagrams of
VB configurations. They showed that the comparatively
low-energy s* orbitals of the equatorial Si�H bonds can ac-
commodate the fifth valence-electron pair which, in the 3c-
4e MO model of Scheme 1, corresponds to a stabilization of
y2. The s* orbitals of the equatorial C�H bonds do not pos-
sess this capability (they are too high in energy). This results
in a long axial H�C�H linkage and a high energy for CH5�
relative to CH4+H


�.
The ball-in-a-box model presented herein allows MO


theory to, in a sense, catch up with VB theory regarding the
treatment and understanding of why certain atoms (such as
silicon) can form stable hypervalent configurations and
others (such as carbon) cannot. The qualitative picture that
emerges is of the five substituents forming a cage or a “box”
(in which they are in mutual steric contact) and the central
atom is a “ball” in that box. Silicon fits nearly exactly into
this box and can bind simultaneously to the top and the
bottom. At variance, the carbon atom is too small to touch
both the top and the bottom of the box, and it can, thus,
only bind to one of them. In this way, our ball-in-a-box
model nicely integrates the bonding (“electronic factors”)
and repulsive features (“steric factors”) in the bonding
mechanism and highlights the importance of the relative
size of the central atom.[4,13,15]


Computational Methods


All calculations were performed by using the Amsterdam Density Func-
tional (ADF) program developed by Baerends et al.[17] The numerical in-
tegration was performed with the procedure developed by te Velde
et al.[17g,h] The MOs were expanded in a large uncontracted set of Slater-
type orbitals (STOs) containing diffuse functions: TZ2P (no Gaussian
functions were involved).[17i] The basis set was of triple-z quality for all
atoms and was augmented with two sets of polarization functions (i.e., 2p
and 3d on H; 3d and 4f on C and F; 4d and 5f on Si and Cl; 4d and 4f
on Ge; 5d and 4f on Sn; 6d and 5f on Pb). Core shells were treated using
the frozen-core approximation (1s for C and F; 1s2s2p for Si and Cl;
1s2s2p2s3p for Ge; 1s2s2p2s3p3d4s4p for Sn; 1s2s2p2s3p4s4p4d for
Pb).[17c] An auxiliary set of s, p, d, f and g STOs was used to fit the molec-
ular density and to represent the Coulomb and exchange potentials accu-
rately in each self-consistent field cycle.[17j]


Equilibrium structures were optimized by using analytical gradient tech-
niques.[17k] Geometries, energies, and vibrational frequencies were com-
puted at the BP86 level of the generalized gradient approximation
(GGA). The exchange was described by SlaterMs Xa potential[17l] with
corrections due to Becke[17m,n] added self-consistently and the correlation
was treated by using the Vosko–Wilk–Nusair (VWN) parameterizatio-
n[17o] with nonlocal corrections due to Perdew[17p] added self-consisten-
tly.[17q] For species containing Ge, Sn, or Pb, relativistic effects were treat-
ed by using the zeroth-order regular approximation (ZORA).[17r]


Figure 2. Geometries (in P, 8), relative energies (in kcalmol�1) and
number of imaginary frequencies (in parentheses) of selected carbon
(1a–c) and silicon (2a–c) structures, computed at BP86/TZ2P.
[a] i316 cm�1. [b] 2b is not a stationary point (see text).


Scheme 1. MOs involved in 3c-4e bonding
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The bonding in ClCH3Cl
�, ClSiH3Cl


�, and other species was analyzed by
using the quantitative molecular orbital (MO) model contained in the
Kohn–Sham DFT.[18,25,26]


Results and Discussion


Structures and potential-energy surfaces : Consistent with
previous work (see Figure 1 and the introduction), we found
that D3h-symmetric pentacoordinate ClCH3Cl


� (1a) is labile
towards localization of one and elongation of the other
C�Cl bond (i.e. a first-order saddle-point on the PES),
whereas D3h-symmetric ClSiH3Cl


� (2a) constitutes a stable
pentavalent species (see Figure 2). An important observa-
tion, as will become clear later on, is that the C�Cl bonds
(2.3516 P) in the carbon species 1a have nearly the same
length as the Si�Cl bonds (2.3592 P) in the silicon species
2a (see Figure 2).
The localized C3v-symmetric equilibrium structure


Cl�···CH3Cl (1b) is 5.7 kcalmol
�1 more stable than trigonal


bipyramid 1a (see Figure 2). For the silicon system, there is
no such stationary point corresponding to a localized struc-
ture Cl�···SiH3Cl with a short and a long Si�Cl bond. How-
ever, for the purpose of comparison, we have computed the
geometry and energy of a localized Cl�···SiH3Cl species (2b)
that, although it is not a stationary point, closely resembles
Cl�···CH3Cl (1b) in that one Si�Cl bond has been elongated,
relative to the pentavalent 2a, by the same amount (i.e. by
0.7202 P) as the long C�Cl bond in 1b relative to the penta-
valent 1a (see Figure 1). Thus, 2b is obtained through opti-
mizing Cl�···SiH3Cl in C3v symmetry with a long Si�Cl bond
kept frozen at 3.0794 P. This localized structure is
8.6 kcalmol�1 higher in energy than 2a (see Figure 2). The
other Si�Cl bond contracts, but only slightly from 2.3592 P
in 2a to 2.1967 P in 2b (see Figure 2). Note that the short
C�Cl bond in the corresponding carbon system undergoes a
more pronounced contraction from 2.3516 P in 1a to
1.8720 P in 1b.


Bonding in Cl�AH3�Cl� : To understand this difference in
bonding capabilities of carbon and silicon, we have analyzed
the energy and bonding in ClCH3Cl


� (1) and ClSiH3Cl
� (2)


along a localization mode proceeding from the D3h-symmet-
ric pentavalent species 1a and 2a towards the corresponding
localized structures. This was done by expanding one of the
Cl�A bonds in steps of 0.05 P from about 2.36 P (1a :
2.3516 P; 2a : 2.3592 P) to 2.5 P, while allowing the remain-
ing geometry parameters to relax, in particular, the other
A�Cl bond which then contracts (i.e., localizes). The bond-
ing in 1 and 2 was then examined along this localization
mode by constructing the species stepwise from smaller mo-
lecular or atomic fragments and analyzing the bonding
mechanism associated with bringing these fragments togeth-
er. This can be done in various ways. Here, we present three
variants that shed light onto the bonding in 1 and 2 from
different, complementary perspectives. The results of the
various analyses are collected in Figure 3.


First, we built Cl�AH3�Cl� stepwise from the central
atom ACCCC in its sp3 valence state interacting with the Cl2


�C


fragment of the two axial substituents [see Eq. (1a)], fol-
lowed by putting the resulting Cl�A�Cl�CCC together with the
H3CCC fragment of the three equatorial substituents [see
Eq. (1b) and Figure S1 in the Supporting Information].


AC C C C þ Cl2� C ! Cl�A�Cl� C C C ð1aÞ


Cl�A�Cl� C C C þH3 C C C ! Cl�AH3�Cl� ð1bÞ


Alternatively, we built Cl�AH3�Cl� by first combining
the central atom ACCCC with the H3CCC fragment of the three
equatorial fragments [Eq. (2a)] and then put the resulting
AH3C together with the Cl2


�C fragment of the two axial sub-
stituents [see Eq. (2b) and Figure S2 in the Supporting Infor-
mation).


AC C C C þH3 C C C ! AH3 C ð2aÞ


AH3
C þ Cl2� C ! Cl�AH3�Cl� ð2bÞ


The third variant was the construction of Cl�AH3�Cl�
from the H3CCC fragment of the three equatorial substituents
interacting with the Cl2


�C fragment of the two axial substitu-
ents [see Eq. (3a)] and to put, thereafter, the central atom
ACCCC into the resulting “cage” or “box” of substituents
Cl�H3�Cl�CCCC [see Eq. (3b) and Figure S3 in the Supporting
Information].


H3
C C C þ Cl2� C ! Cl�H3�Cl� C C C C ð3aÞ


AC C C C þ Cl�H3�Cl� C C C C ! Cl�AH3�Cl� ð3bÞ


Note that all fragments in Equations (1)–(3) are in the va-
lence configuration they adopt in the overall molecule and
that unpaired electrons within one fragment are of the same
spin, whereas unpaired electrons on two different fragments
are of opposite spin in order to enable the formation of the
electron-pair bonds. Also note that in all three fragmenta-
tion modes, the fragments Cl2


�C and H3CCC occur, which have
been constructed from Cl� interacting with ClC and from
three HC atoms, respectively (see also Figure S4 in the
Supporting Information).
The left panel of Figure 3 shows the analysis results for


the three fragmentation modes of ClCH3Cl
� (1); the right


panel shows the results for ClSiH3Cl
� (2). To highlight the


equivalence of the two A�Cl bonds, we show the evolution
of all energy components from one localized starting point
(with, say, the left A�Cl=2.5 P) to the D3h-symmetric,
hyper ACHTUNGTRENNUNGvalent species (both A�Cl �2.36 P) to the other local-
ized structure (with, say, the right A�Cl=2.5 P). Based on
the symmetry of the process, the right half of the graphs was
obtained as the mirror image of the left half. Energies are
shown relative to the localized structures (A�Cl=2.5 P). In
other words, the graphs show how the total energies of
ClCH3Cl


� and ClSiH3Cl
� (black lines, designated “total”) as


well as all of the components associated with the steps
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ACHTUNGTRENNUNGdefined in Equations (1)–(3) (colored and dashed lines)
change relative to the localized starting point with A�Cl=
2.5 P.
Firstly, we note that the analyses reproduce a convex total


energy profile for carbon (see Figure 3a–c) and a concave
total-energy surface for silicon as the central atom (see
ACHTUNGTRENNUNGFigure 3d–f).[27] Note that these total energy profiles are
identical within the set of three graphs for 1 and within the
set of three graphs for 2. So are, of course, the energy
curves associated with the formation of Cl2


�C from Cl�+ClC


and those for the formation of H3CCC from three HC (see Fig-
ure S4 in the Supporting Information).
The latter are comparatively shallow, especially for


ClSiH3Cl
�, and are not decisive for the key difference be-


tween 1 and 2, in other words the convex and concave
shape, respectively, of the total energy curve. The Cl2


�C


curve (short dashes) is, in fact, nearly constant because the
overall Cl�Cl distance is large and changes little as the con-
traction of one A�Cl bond always occurs with the expansion
of the other A�Cl bond. The H3CCC curve (long dashes) is


Figure 3. Three different decompositions (as indicated by partial reactions in a–c for carbon, and in d–f for silicon) of the relative energy (bold black
line, designated “total”) of [ClCH3Cl]


� and [ClSiH3Cl]
� along an SN2-type deformation coordinate that brings the species from a localized C3v structure


via a D3h-symmetric and pentavalent species to the other localized structure. The deformation coordinate is defined by stepwise varying one C�Cl (or
Si�Cl) bond from 2.5 to 2.3516 P (or 2.3592 P) and optimizing all other geometric parameters in every step.
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always stabilized at the symmetric, hypervalent structure.
This is due to the fact that the AH3 moiety goes from a pyr-
amidal to a planar configuration in which the hydrogen
atoms are slightly further away from each other and, there-
fore, experience less mutual steric (Pauli) repulsion.[28] This
effect is much more pronounced for ClCH3Cl


� than for
ClSiH3Cl


� because the hydrogen atoms in the former are in
closer proximity due to the shorter C�H as compared to
Si�H bonds.[28]
Thus, the origin of 1a being a transition state and 2a a


stable, hypervalent species is located somewhere in the
other interaction steps, in the two steps (a) and (b) defined
in each of the Equations 1–3 (see blue and red curves, re-
spectively, in Figure 3). A closer inspection shows that in
each of the three fragmentation modes, the convex (1) or
concave (2) nature of the total energy curve is determined
by the interaction of the central moiety (either A or AH3)
with the axial substituents (or all substituents simultaneous-
ly).
The effect as such and the difference between 1 and 2 are


most pronounced for fragmentation mode number one. As
defined in Equation (1) and as can be seen in Figure 3a,d,
the interaction between carbon and the axial-substituent
fragment in the Cl�C�Cl�CCC moiety of 1 is destabilized by
nearly 5 kcalmol�1 as we go from the localized (C�Cl=
2.5 P) to the symmetric, pentacoordinate structure 1a
(C�Cl �2.36 P), whereas the corresponding change in the
interaction between silicon and the axial-substituent frag-
ment in the Cl�Si�Cl�CCC moiety of 2 shows a stabilization of
�1.88 kcalmol�1. Note that this behavior is counteracted,
but not overruled, by the destabilization in the interaction
with the equatorial H3CCC substituents (consistent with the
findings in reference [28]).


Bonding in Cl�A�Cl�CCC : The fact that Cl�C�Cl�CCC is labile
with respect to bond localization is interesting. This species
consists of three main group atoms with a 3c-4e bonding
mechanism based on ps AOs (see Scheme 1). It is not only
isostructural, but also isoelectronic with the linear trihalides
X�Y�X� which are known to adopt a delocalized, hyperva-
lent structure of D1h symmetry.


[21] In particular, Cl�F�Cl�
which, just as Cl�C�Cl�CCC, consists of an arrangement of two
terminal chlorine atoms and a central second period atom,
is a stable D1h-symmetric species with two equivalent Cl�F
bonds (2.0782 P) at the BP86/TZ2P level used in this inves-
tigation.
To further investigate this issue, we have computed the


equilibrium geometries of Cl�C�Cl�CCC (3a) and Cl�Si�Cl�CCC
(4a). Both species were found to posses linear, D1h-symmet-
ric equilibrium geometries with C�Cl and Si�Cl bond
lengths of 1.9784 P (3a) and 2.2804 P (4a), respectively
(see Figure 4). Comparison with the corresponding C�Cl
and Si�Cl distances in the pentacoordinate ClCH3Cl� (1a)
and ClSiH3Cl


� (2a) leads to a striking observation: the
Si�Cl bond is not much different for the dicoordinate silicon
in 4a (2.2804 P) than for the pentacoordinate silicon in 2a
(2.3592 P); from the former to the latter, it expands by only


0.0788 P or 3% (compare Figure 2 and Figure 4). At var-
iance, the C�Cl bond expands by a sizeable 0.3732 P or
19% (!) if we go from dicoordinate carbon in 3a (1.9784 P)
to pentacoordinate carbon in 1a (2.3516 P). Consequently,
the C�Cl and Si�Cl bonds in 1a and 2a are in good approxi-
mation of equal length, as has already been mentioned.
Thus, in 1a, the axial chlorine substituents cannot ap-


proach the central carbon atom closely enough to form the
intrinsically optimal C�Cl bonds for the Cl�C�Cl�CCC moiety.
In contrast, in 2a the axial chlorine substituents can ap-
proach the central silicon atom closely enough to form the
intrinsically optimal Si�Cl bonds for the Cl�Si�Cl�CCC moiety.
Consequently, the carbon atom in the Cl�C�Cl�CCC fragment
of 1a moves closer to one of the two chlorine atoms to form
one strong C�Cl bond at the expense of sacrificing one
weak C�Cl bond. This is not necessary for the Cl�Si�Cl�CCC
fragment of 2a in which the Si�Cl bonds already nearly
have their optimal value.
This is nicely illustrated by Figure 5, which shows how the


interaction between ACCCC and Cl2
�C (the black line, designated


Figure 4. Geometries (in P, 8), relative energies (in kcalmol�1) and
number of imaginary frequencies (in parentheses) of selected
ClCHnCl


�(3�n)C structures with n=0, 1, 2, and 3 (i.e. 3a, 5, 6, and 1, re-
spectively), ClSiCl�3C (4a) and ClH3Cl


�CCCC “boxes” of substituents (i.e. 7
and 8), computed at BP86/TZ2P. [a] i198 cm�1, [b] i271 cm�1,
[c] i111 cm�1, [d] i316 cm�1, and [e] optimized with frozen H3 moiety (see
text).
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“total”) varies if the central atom A of a linear Cl�A�Cl�CCC
arrangement with a frozen Cl�Cl distance is displaced by


0.5 P (in steps of 0.1 P) from the cen-
tral position towards one of the frozen
terminal chlorine atoms (see IV).
This numerical experiment was car-


ried out for: 1) Cl�C�Cl�CCC with
Cl�Cl=2U2.3516 P as in 1a ; 2) for
Cl�Si�Cl�CCC with Cl�Cl=2U2.3592 P
as in 2a ; and 3) for Cl�C�Cl�CCC with
Cl�Cl=2U1.9784 P as in 3a. For


Cl�C�Cl�CCC with the long Cl�Cl distance as in 1a, the dis-
placement of carbon away from the center and towards one
of the chlorine atoms leads to a slight stabilization of
�5.82 kcalmol�1 at a displacement of 0.5 P (see Figure 5).
Optimization for this frozen Cl�Cl distance yields a species
with one C�Cl distance of 1.8285 P and one of 2.8747 P
(not shown in the figures). In contrast, for Cl�Si�Cl�CCC with
the long Cl�Cl distance as in 2a, the displacement of silicon
away from the center and towards one of the chlorine atoms
leads to a quite pronounced destabilization of
+32 kcalmol�1 at a displacement of 0.5 P. Once the Cl�Cl
distance in Cl�C�Cl�CCC adopts its intrinsically, that is, for the
species 3a, optimal and somewhat shorter value, the interac-
tion energy varies in the same manner as for Cl�Si�Cl�CCC. It
is destabilized by +29 kcalmol�1 at a displacement of 0.5 P
of the central carbon atom towards one of the terminal
chlorine atoms.
The short C�Cl bond length of 1.9784 P in the


Cl�C�Cl�CCC species 3a and the longer one of 2.3592 P in the
Cl�Si�Cl�CCC species 4a concur nicely with the fact that the
overlap between the more compact carbon 2pz AO and the
chloride 3pz AO reaches its optimum of 0.270 at C�Cl=
1.88 P, whereas the overlap between the more diffuse sili-
con 3pz AO and chloride 3pz AO reaches its optimum of
0.299 at a longer Si�Cl separation of 2.26 P (see also orbital
contour plots in Figure S5 in the Supporting Information).
Note that the optimum h2pz j3pzi and h3pz j3pzi distances
are shorter than the actual optimum C�Cl and Si�Cl distan-
ces in 3a and 4a. This is, of course, due to the fact that the


3c-4e bonding in these species is somewhat more involved
than in a diatomic species and because Pauli repulsion with
closed valence and core shells of the other atoms produces a
longer equilibrium distance compared to the fictitious situa-
tion with only bonding orbital interactions.[29]


The central atom as a ball-in-a-“box” of substituents : As a
result of the “too long” and weak C�Cl bonds in D3h-sym-
metric ClCH3Cl


� (1a), the system has the propensity to lo-
calize and strengthen one of the bonds at the expense of
breaking the other one. But why are the C�Cl bonds in 1a
too long in the first place; 2.3516 P instead of the 1.9784 P
which would be optimal for the isolated Cl�C�Cl�CCC unit?
To answer this question, we added the three hydrogen


atoms to the substituents fragment, as the long C�Cl distan-
ces occur in the presence of these equatorial substituents.
This yields the complete “box” of substituents Cl�H3�Cl�CCCC.
This corresponds to step 1 of the fragmentation scheme de-
fined in Equation (3). This box is as such not a stable spe-
cies, but it does adopt an optimum geometry under con-
strained optimization with C3v symmetry and a frozen H3
unit. Interestingly, this yields a Cl�H3�Cl�CCCC structure that is
very similar to the corresponding fragments in 1a and 2a :
The distance between the Cl atoms and the empty central
site (where otherwise C or Si are located) amounts to 2.4070
and 2.3166 P in 7 and 8 in which the H3 unit is taken from
1a and 2a, respectively (see Figure 4). This can be com-
pared to the nearly identical C�Cl and Si�Cl bond lengths
of 2.3516 and 2.3592 P in 1a and 2a (see Figure 2).
The above finding is important because the box of sub-


stituents has an intrinsic optimum at the A�Cl distances of
about 2.36 P, which is also found in 1a and 2a. Further
compressing the box increases its energy, although the asso-
ciated potential-energy surface (PES) is relatively shallow.
This can be nicely recognized in a computational experiment
in which the axial chlorine substituents of the Cl�H3�Cl�CCCC
box are symmetrically compressed (preserving the D3h sym-
metry) in steps of 0.1 P from a distance of 2.5 to 1.9 P with
a frozen H3 unit as shown in V.


The results are depicted in Figure 6 with the carbon and
silicon systems to the left and to the right, respectively.
Along the compression, the substituent–substituent interac-
tion in the box goes through a minimum at 2.3–2.4 P and is
then destabilized as the Cl�H distance is further reduced
(see Figure 6, red lines, carbon and silicon examples are left
and right, respectively). This resistance towards compression


Figure 5. Interaction energy between central atom ACCCC and terminal sub-
stituents Cl2


�C for three Cl�A�Cl�CCC fragments as a function of the dis-
placement of A towards one of the Cl atoms with the Cl�Cl distance
kept frozen as shown in IV: a) Cl�C�Cl�CCC fragment taken from transi-
tion state 1a ; b) Cl�Si�Cl�CCC fragment taken from transition complex 2a ;
c) optimized Cl�C�Cl�CCC species 3a.
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is, of course, greatly increased if the central atom is intro-
duced into the overall ClAH3Cl


� systems (bold black lines
in Figure 6). This is due to Cl�C or Cl�Si repulsion (in addi-
tion to the Cl�H repulsion), which destabilizes the interac-
tion between the central atom and the axial substituents at
shorter distances (blue lines in Figure 6). Thus, steric factors
prevent the box of substituents from getting more compact
than in either 1a or 2a, even in the absence of the central
atom, yielding substituent boxes of very similar geometrical
dimensions for both carbon and silicon (see Figures 2
and 4).
The optimum “box size” of the silicon species (Figure 6,


right) is more or less the same for the isolated box
Cl�H3�Cl�CCCC (red vertical line), for the interaction of ACCCC+


Cl�H3�Cl�CCCC, and for the overall system Cl�SiH3�Cl� (black
vertical line). Interestingly, it is also more or less the same
for the Cl�Si�Cl�CCC species (dashed black vertical line).
Thus, both steric factors and Si�Cl bonding interactions
(“electronic factors”) favor a substituent box of approxi-
mately the same size leading to a stable symmetric structure
2a for ClSiH3Cl


�.
The situation is qualitatively different for the carbon spe-


cies (Figure 6, left). The optimum “box size” is still more or
less the same for the isolated box Cl�H3�Cl�CCCC (red vertical
line), for the interaction of ACCCC + Cl�H3�Cl�CCCC, and for the
overall system Cl�CH3�Cl� (black vertical line). Strikingly,
although in agreement with the above analyses of the
Cl�A�Cl�CCC species, the optimum “box size” here is at much
shorter Cl�Cl distances for the Cl�C�Cl�CCC species (dashed
black vertical line). We recall that the energy curves in
Figure 6 refer to symmetric Cl�Cl variation and not to local-
ization modes as shown in Figures 3 and 5. The consequence
of the counteracting tendencies in Cl�CH3�Cl� of having a
large Cl�H3�Cl�CCCC but striving for short C�Cl bonds in
Cl�C�Cl�CCC is that, if one lifts this symmetry constraint, the
C�Cl bonds localize while, simultaneously, the size of the
Cl�H3�Cl�CCCC box is more or less preserved. In keeping with
this, optimization of the ClCH3Cl


� structure 1a with a
frozen [Cl�H3�Cl] moiety but an unconstrained carbon


atom yields a localized struc-
ture at �1.2 kcalmol�1 with C�
Cl bond lengths of 2.09 and
2.61 P. Thus, whereas steric
factors still lead to a large sub-
stituent box, C�Cl bonding in-
teractions (“electronic fac-
tors”) favor shorter C�Cl bond
lengths leading to the localized
structure 1b for ClCH3Cl


�.
The qualitative picture that


emerges from our MO analyses
is that the five substituents
form a cage or “box” ClH3Cl


�


in which they are in mutual
steric contact (Scheme 2). The
central atom A can be viewed
as a “ball” in that box. Silicon


fits nearly exactly into the box and can bind simultaneously
to the top and the bottom (Scheme 2). This yields the hyper-


valent ClSiH3Cl
� with a trigonal bipyramidal structure. At


variance, the carbon atom is too small to touch both the top
and the bottom and it can thus only bind to one of them
(Scheme 2). This leads to a species Cl�···H3CCl with one lo-
calized C�Cl bond, one long C�Cl contact, and a pyramidal-
ized CH3 unit.
We have generalized our findings for ClCH3Cl


� and
ClSiH3Cl


� to other Group 14 central atoms (Ge, Sn, and
Pb) and axial substituents (F); the data are collected in
Table S1 of the Supporting Information. The D3h-symmetric
moieties FCH3F


� and FSiH3F
� are a labile transition state


and a stable trigonal bipyramidal complex, respectively. In
good agreement with the above analyses, we again found
that the C�F bond length in D3h-symmetric FCH3F


�


(1.8538 P) is much longer than its intrinsic optimum as
given by the D1h-symmetric equilibrium structure of
F�C�F�CCC (1.5937 P). Furthermore, all of the heavier
ClAH3Cl


� analogues (A=Ge, Sn, Pb) have stable D3h-sym-
metric equilibrium structures, just like ClSiH3Cl


�. The A�Cl
bond lengths in D3h-symmetric ClAH3Cl


� (2.4928, 2.6208,
and 2.7346 P for A=Ge, Sn, Pb, respectively) are quite
close to its intrinsic optimum as given by the D1h-symmetric


Figure 6. Energy of D3h-symmetric ClCH3Cl
� (left) and ClSiH3Cl


� (right) relative to the transition state 1a
and transition complex 2a, respectively, as a function of the Cl�Cl distance (see also V), computed at BP86/
TZ2P. Relative energies of the overall species ClAH3Cl


� (bold lines, designated “total”) are decomposed into
the relative energy of the “box” of substituent Cl�H3�Cl�CCCC (red dashed lines) plus the interaction between
this “box” and the central atom A (blue dashed lines). Furthermore, the relative energies of Cl�C�Cl�CCC (left)
and Cl�Si�Cl�CCC (right) are indicated (black dashed lines). Vertical lines indicate the energy minimum for the
corresponding energy curve.


Scheme 2. “Ball-in-a-box” model for five-coordinate carbon and silicon
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equilibrium structure of Cl�A�Cl�CCC (2.4048, 2.5758, and
2.7184 P for A=Ge, Sn, Pb, respectively), which agrees
well with our analyses described above.
Finally, the ball-in-a-box model also stresses an important


difference between the issue of (non)hypervalence, in C
versus Si, and the issue of (anti)aromaticity, in benzene
versus 1,3-cylobutadiene. Both concepts deal with the pro-
pensity of a system to localize or delocalize bonds; however,
the question of whether a species is aromatic or antiaromat-
ic is a purely electronic problem (i.e. determined by bonding
orbital interactions)[30] whereas steric factors (i.e. Pauli re-
pulsive orbital interactions) play a key role in the question
if an atom has the capability to form stable hypervalent
structures with its substituents or not.


Nucleophilic substitution at carbon without a barrier : The
ball-in-a-box model further consolidates earlier reports that
highlight the steric nature of the central barrier in SN2 reac-
tions.[16a,b] This has prompted us to carry out one additional
computational experiment. If steric congestion around the
central atom plays a prominent role, the central SN2 barrier
should be lowered if we reduce the number of substituents.
Indeed, this is exactly what happens in the series of nucleo-
philic substitutions at carbon (SN2@C) in the series of model
reactions shown in Equations (4a)–(4d).


Cl� þ CH3Cl! ClCH3 þ Cl� ð4aÞ


Cl� þ CH2ClC ! ClCH2 C þ Cl� ð4bÞ


Cl� þ CHClC C ! ClCHC C þ Cl� ð4cÞ


Cl� þ CClC C C ! ClCC C C þ Cl� ð4dÞ


In reactions shown in Equations (4a)–(4d), the number of
equatorial hydrogen substituents in the transition structure
decreases from n=3 to 2 to 1 to 0 (for a, b, c, and d, respec-
tively). And, as expected, the barrier decreases systematical-
ly from 5.7 to 5.2 to 0.5 to 0 kcalmol�1 (see Figure 4). Fur-
thermore, consistent with the systematic reduction in barrier
height, the C�Cl bonds in the symmetric transition structure
contract from 2.3516 (1a) to 2.1550 (6a) to 2.0523 (5a) to
1.9784 P (3a), as can be seen in Figure 4.


Conclusion


Based on quantitative MO theory, we have developed the
qualitative “ball-in-a-box” model for understanding why cer-
tain atoms A (such as silicon) can form stable hypervalent
configurations ClAH3Cl


�, while others (such as carbon)
cannot. The qualitative picture that emerges from our MO
analyses is that the five substituents form a cage or “box”
ClH3Cl


� in which they are in mutual steric contact (if the
substituents are forced at a closer mutual distance, they
begin to strongly repel each other). The central atom A can
be viewed as a “ball” in that box.


Silicon fits nearly exactly into the box and can bind simul-
taneously to the top and the bottom. This yields the hyper-
valent ClSiH3Cl


� with a trigonal bipyramidal structure. At
variance, the carbon atom is too small to touch both the top
and the bottom, and it can thus only bind to one of them.
To somewhat stretch the qualitative picture, one could say
that the carbon atom ball “drops” to the bottom of the box
(Scheme 2), leading to a Cl�···H3CCl species with one local-
ized C�Cl bond, one long C�Cl contact, and a pyramidal-
ized CH3 unit. Our findings for ClCH3Cl


� and ClSiH3Cl
�


have been generalized to other group 14 central atoms (Ge,
Sn, and Pb) and another axial substituent (F). The ball-in-a-
box model is supported further by the fact that the SN2 cen-
tral barrier for nucleophilic attack by Cl� decreases monot-
onically along the substrates CH3Cl, CCH2Cl, CCCHCl, and
CCCCCl.
In a sense, the ball-in-a-box model allows MO theory to


catch up with VB theory regarding the treatment and under-
standing of the phenomenon of hypervalence. It also nicely
integrates bonding orbital interactions (“electronic factors”)
and repulsive orbital interactions (“steric factors”) into one
qualitative model. This highlights the importance of the rel-
ative size of the central atom for the capability to form hy-
pervalent compounds.[4,13,15]
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Introduction


In recent years, a number of clerodane diterpenoids and re-
lated compounds have been isolated from marine organisms,
particularly from algae and sponges.[1] Several of these
marine natural products have been reported to exhibit at-
tractive biological activities such as cytotoxic, antimicrobial,
antiviral, and immunomodulatory activities.[1] In most cases,
however, further biological studies of these marine natural
products are severely restricted, presumably because of the
scarcity of samples from the marine organisms.[1] Conse-
quently, the development of an efficient and reliable
method for the synthesis of these marine natural products is


highly desirable and worthwhile from the viewpoint of me-
dicinal chemistry and pharmaceuticals.
(+)-Avarone (1) and (+)-avarol (2) (Figure 1), the first


examples of naturally occurring sesquiterpenoidal quinones
and hydroquinones, were isolated from the Mediterranean
sponge Dysidea avara by Minale et al. in 1974.[2] These com-
pounds show a wide variety of pharmacological properties
including cytotoxic,[3] antimicrobial,[3a,4] antiinflammatory,[5]


antioxidant,[6] antiplatelet,[7] antipsoriatic[8] and anti-HIV[9]


activities. (�)-Neoavarone (3) and (�)-neoavarol (4) were
isolated from an Okinawan sponge Dysidea sp. by Iguchi
et al.[10] in 1990. The structures of 3 and 4 were assigned as
the C4 exo-olefinic isomers of 1 and 2 ;[10] however, their bio-
logical activity has not been reported to date. (+)-Aureol
(5) was originally isolated in 1980 by Faulkner et al.[11] from
a Caribbean sponge Smenospogia aurea, and subsequently
in 2000 by Fattorusso et al.[12] from a different species of the
Caribbean sponge, Verongula gigantea. Compound 5 consists
of a novel tetracyclic benzo[d]xanthene skeleton (ABCD
ring system) in which cis-fused AB and BC rings, and an
ether bond at the bridgehead of the AB ring junction are
the characteristic features. (+)-Aureol exhibits selective cy-
totoxicity against human tumor cells, including non-small
cell lung cancer A549 and colon adenocarcinoma HT-29
cells,[13] and has anti-influenza A virus activity.[14]


The remarkable biological properties and unique structur-
al features of these marine natural products and their limit-
ed availability from natural resources have made them intri-


Abstract: Biologically important and
structurally unique marine natural
products avarone (1), avarol (2), neoa-
varone (3), neoavarol (4) and aureol
(5), were efficiently synthesized in a
unified manner starting from (+)-5-
methyl-Wieland–Miescher ketone 10.
The synthesis involved the following
crucial steps: i) Sequential BF3·Et2O-in-
duced rearrangement/cyclization reac-


tion of 2 and 4 to produce 5 with com-
plete stereoselectivity in high yield (2
! 5 and 4 ! 5); ii) strategic salcomine
oxidation of the phenolic compounds 6
and 8 to derive the corresponding qui-


nones 1 and 3 (6 ! 1 and 8 ! 3); and
iii) Birch reductive alkylation of 10
with bromide 11 to construct the requi-
site carbon framework 12 (10 + 11 !
12). An in vitro cytotoxicity assay of
compounds 1–5 against human histio-
cytic lymphoma cells U937 determined
the order of cytotoxic potency (3 > 1
> 5 > 2 > 4) and some novel aspects
of structure-activity relationships.
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guing targets for total synthesis. One racemic[15] and three
enantioselective[16] total syntheses of avarone (1) and avarol
(2) have been reported. We have already reported our own
preliminary results concerning the first total synthesis of
(�)-neoavarone (3), (�)-neoavarol (4) and (+)-aureol (5) in
enantiomerically pure form.[17] In this paper, we describe the
full details of our unified total synthesis of (+)-avarone (1),
(+)-avarol (2), (�)-neoavarone (3), (�)-neoavarol (4) and
(+)-aureol (5) in an enantioselective manner. In addition,
the in vitro cytotoxic activity of these marine natural prod-
ucts 1–5 against a human cancer cell line U937 was evaluat-
ed to disclose novel aspects of the structure–activity rela-
tionships (SAR).


Results and Discussion


Synthetic plan for (+)-avarone (1), (+)-avarol (2), (�)-neo-
ACHTUNGTRENNUNGavarone (3), (�)-neoavarol (4) and (+)-aureol (5): Our syn-
thetic plan for (+)-avarone (1), (+)-avarol (2), (�)-neoavar-
one (3), (�)-neoavarol (4) and (+)-aureol (5) is outlined in
Scheme 1. The key feature of this plan is a novel biogenetic-
type acid-induced rearrangement/cyclization reaction of 2
and 4 to produce the tetracyclic 5 in one step; we envisioned
that this rearrangement/cyclization event would proceed ste-
reoselectively to install the requisite cis-fused decalin ring
junction (cf. 4 ! Ia ! IIa ! IIIa ! 5 and 2 ! Ib ! IIb
! IIIb ! 5, see Scheme 6). Compounds 2 and 4 would be
readily derived from 1 and 3, respectively, upon reduction of
the quinone moiety. Compounds 1 and 3 would be accessed
in a straightforward manner by employing strategic phenol
oxidation[18] of intermediates 6 and 8. To the best of our
knowledge, the utilization of the phenol oxidation method
for synthesizing sesquiterpenoidal quinones such as 1 and 3
is hitherto unknown, and hence this type of reaction poses a
considerable challenge at the synthetic chemistry level.
Methyl ethers 7 and 9 would in turn be prepared by stereo-


controlled reductive alkylation of the known enone 10[19]


with the known bromide 11[20] applying previously described
protocols from the literature.[21] The endo-olefin 7 should be
accessible from the exo-olefin 9 by isomerization at the C4
olefinic double bond.


Figure 1. Structures of 1–5.


Scheme 1. Synthetic plan for 1–5.
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Synthesis of the key intermediate 9 : We initially pursued the
synthesis of the decalin derivative 9, a common key inter-
mediate for synthesis of 1–5, as shown in Scheme 2. The syn-
thesis commenced with the reductive alkylation of the
known enantiomerically pure enone 10[19] (>99% ee) with
2-methoxybenzyl bromide (11),[20] readily prepared from
commercially available 2-methoxybenzyl alcohol. Thus,
treatment of enone 10 with lithium metal (4 equiv) in liquid
ammonia followed by reaction of the intermediary lithium
enolate with bromide 11 (6 equiv) provided the expected
coupling product 12 as the single diastereomer in 74%
yield. Subsequent methylenation of the sterically hindered
carbonyl group in 12 was achieved by employing a combina-
tion of Ph3P


+CH3Br
�and tBuOK in refluxing benzene, fur-


nishing exo-olefin 13 in 86% yield. This reagent system was
reported to be highly effective for methylenation sterically
hindered carbonyl groups.[22] To establish the C8 stereogenic
center, the ethylene acetal moiety in 13 was first removed


by acid treatment (4m HCl, THF, RT, 3 h, 97%), and the re-
sulting ketone 14 was subjected to hydrogenation [H2


(1 atm), 10% Pd/C, Et3N/MeOH 50:1, RT], which afforded
the desired product 15 (80%) and its C8 epimer 16 (13%)
(15/16 ca. 6:1) after separation by column chromatography
on silica gel. When ethylene acetal 13 was used as a sub-
strate for this hydrogenation under the same reaction condi-
tions, the stereoselectivity at C8 decreased considerably (15/
16 ca. 2:1); this is probably due to an unfavorable conforma-
tion change of the decalin ring system.[23] Finally, compound
15 was efficiently converted to the desired key intermediate
9 in quantitative yield by Wittig methylenation
(Ph3P


+CH3Br
�, tBuOK, benzene, reflux, 12 h).


Synthesis of (�)-neoavarone (3) and (�)-neoavarol (4):
With the key intermediate 9 synthesized, we next conducted
the synthesis of 3 and 4, as shown in Scheme 3. Thus, treat-


ment of 9 with nBuSLi[24] in hexamethylphosphoramide
(HMPA) at 110 8C for 3 h deprotected the phenolic O-
methyl group, leading to the liberated phenol 8 in 92%
yield. To construct the quinone system directly, phenol 8
was allowed to react with molecular oxygen (O2 balloon) in
the presence of salcomine [N,N’-bis(salicylidene)ethylene-
diaminocobalt(II)][18] in DMF at ambient temperature for
24 h, producing the target compound 3, m.p. 94–95 8C (lit.[10]


m.p. 78–79 8C), [a]20D =�62.7 (c=1.02, CHCl3) {lit.
[10] [a]20D =


�55.2 (c=0.07, CHCl3)}, in 91% yield. Subsequent conver-
sion of 3 to 4 was first examined using the conventional pro-
cedure (Na2S2O4, THF/H2O, RT);


[25] however, the yield of
the desired product 4 was moderate (�50%). After several
experiments, we found that the requisite conversion pro-
ceeded smoothly and cleanly by treating 3 with NaBH4 in
THF/H2O 10:1 at 0 8C for 3 min, producing the desired 4,
m.p. 175–177 8C (lit.[10] m.p. 151–153 8C), [a]20D =�41.6 (c=


Scheme 2. Synthesis of the key intermediate 9. a) Li, liq. NH3/THF, �78
! �30 8C; at �30 8C, add 11, �30 8C to RT, 74%; b) Ph3P


+CH3Br
�,


tBuOK, benzene, reflux, 86%; c) 4m HCl, THF, RT, 97%; d) H2 (1 atm),
10% Pd/C, Et3N/MeOH 50:1, 80% for 15, 13% for 16 ; e) Ph3P


+CH3Br
�,


tBuOK, benzene, reflux, quant.


Scheme 3. Synthesis of (�)-neoavarone (3) and (�)-neoavarol (4). a)
nBuSLi, HMPA, 110 8C, 92%; b) O2 (1 atm), salcomine, DMF, RT, 91%
c) NaBH4, THF/H2O 10:1, 0 8C, 86%. HMPA=hexamethylphosphora-
mide, salcomine=N,N’-bis(salicylidene)ethylenediaminocobalt(II).
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0.10, CHCl3) {lit.
[10] [a]20D =�38.6 (c=0.14, CHCl3)}, in 86%


yield. The spectroscopic properties (1H and 13C NMR, MS)
of the synthetic samples 3 and 4 were identical with those
reported[10] for natural (�)-neoavarone and (�)-neoavarol,
respectively.


Synthesis of (+)-avarone (1) and (+)-avarol (2): Having es-
tablished the concise synthetic route to 3 and 4, we next per-
formed the synthesis of 1 and 2, both of which possess an
endo-olefinic double bond at C4, as shown in Scheme 4. Iso-
merization of the exo-olefin moiety in the key intermediate
9 to the desired endo-olefinic double bond was efficiently
achieved by treatment with RhCl3·3H2O


[16b,c,18c] (20 mol%)
in refluxing EtOH for 24 h, produced endo-olefin 7 in quan-
titative yield. Compound 7 was then converted to 1 and 2
via phenol 6 by employing the same reaction sequence as
that described for the synthesis of 3 and 4 from the key in-
termediate 9 (cf. 9 ! 8 ! 3 ! 4, Scheme 3). Thus, depro-
tection of the phenolic O-methyl group in 7 by exposure to
nBuSLi in HMPA followed by salcomine oxidation of the li-
berated phenol 6 produced the desired 1, m.p. 61–63 8C,
[a]25D =++12.5 (c=0.94, CH2Cl2) {lit.


[16d] [a]25D =++13.1 (c=0.5,
CH2Cl2)}, in 80% yield for the two steps. Reduction of 1
with NaBH4 provided the requisite 2, m.p. 147–149 8C (lit.[2a]


m.p. 148–150 8C), [a]20D =++10.8 (c=0.74, CH2Cl2) {lit.[2a]


[a]D=++6.1, lit.[16d] [a]25D =++10.2 (c=0.8, CH2Cl2)}, in 85%
yield. The spectroscopic properties (1H and 13C NMR, MS)
of the synthetic samples 1 and 2 were identical with those
reported[2a,b] for natural (+)-avarone and (+)-avarol, respec-
tively.


Synthesis of (+)-aureol (5): Having obtained 4 and 2 in an
efficient and expeditious way, the stage was set for the most
crucial acid-induced rearrangement/cyclization event for the
synthesis of the final target compound 5. As shown in
Scheme 5, the desired acid-induced rearrangement/cycliza-
tion reaction was successfully achieved by treating 4 with


BF3·Et2O (5.0 equiv) in CH2Cl2 at �50 to �5 8C for 5 h,
which resulted in the formation of 5, m.p. 143–144 8C (lit.[11]


m.p. 144–145 8C), [a]20D =++64.5 (c=1.04, CCl4) {lit.
[11] [a]20D =


+65 (c=2.0, CCl4)} in excellent yield (93%). In addition,
the same treatment of 2 also provided 5, m.p. 143–144 8C
and [a]20D =++64.5 (c=1.04, CCl4), in 91% yield. It is note-
worthy that both of these reactions proceeded smoothly and
cleanly in a completely stereocontrolled manner. The spec-
troscopic properties (IR, 1H and 13C NMR, MS) of the syn-
thetic sample 5 were identical with those reported[11] for nat-
ural (+)-aureol.
The remarkable stereocontrolled BF3·Et2O-induced rear-


rangement/cyclization reaction of 4 and 2 can be rational-
ized by the mechanistic route shown in Scheme 6. Both of
the reaction processes would involve tertiary carbocation in-
termediates, such as Ia,b, IIa,b, and IIIa,b. Thus, the first
coordination-activation between the Lewis acid and the C4
olefinic double bond in 4 and 2 would lead to the formation
of intermediates Ia,b, which would further produce inter-
mediates IIa,b via migration of the C5 methyl group to the
C4 carbocation center. Intermediates IIa,b would undergo a
1,2-hydride shift from the C10 position to the C5 carbocat-
ion center on the a-face of the molecules to provide inter-


Scheme 4. Synthesis of (+)-avarone (1) and (+)-avarol (2). a)
RhCl3·3H2O, EtOH, reflux, quant.; b) nBuSLi, HMPA, 110 8C, 90%; c)
O2 (1 atm), salcomine, DMF, RT, 89%; d) NaBH4, THF/H2O 10:1, 0 8C,
85%.


Scheme 5. Synthesis of (+)-aureol (5). a) BF3·Et2O, CH2Cl2, �50 !
�5 8C, 93% for 4 ! 5, 91% for 2 ! 5.
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mediates IIIa,b, wherein the C10 carbocation center would
be trapped by the inner phenolic hydroxy group to yield,
after protonolysis of the C�BF3 bond, the desired cyclized
product 5. We believe that this cascade-type rearrangement/
cyclization sequence would proceed under kinetically con-
trolled conditions.


Biological evaluation : Biological evaluation of compounds
1–5 is of great interest from the viewpoint of SAR. To this
end, the synthesized compounds 1–5 were evaluated for
their in vitro cytotoxicities against a human histiocytic lym-
phoma cell line, U937, which has been used extensively in
routine screening programs for the development of new an-
ticancer agents. The IC50 values of the tested compounds 1–
5 along with mitomycin C, a reference compound, at three
different culture times (24, 48, and 72 h) are shown in
Table 1. It was evident that 1, 3 and 5 exhibited cytotoxic ac-


tivity in a dose- and culture time-dependent manner; howev-
er, 2 and 4 displayed no time-dependent cytotoxicity.
Among the tested compounds, 3 was the most cytotoxic
(IC50=6.5 mm at 72 h), while the potency was about 1=40 of
that of mitomycin C. The order of the potency at 72 h was
estimated to be 3 > 1 > 5 > 2 > 4. Quinone compounds 1
and 3 are more cytotoxic than the corresponding hydroqui-
none compounds 2 and 4. This observation is in good agree-
ment with a previous SAR study on naturally occurring 1
and 2 reported by MNller et al.[3a] The effect of endo- versus
exo-olefin function was also investigated. A comparison of
the cytotoxicity of the endo-olefinic quinone compound 1
(IC50=33.5 mm) and the exo-olefinic quinone compound 3
(IC50=6.5 mm) showed that the position of the olefinic
double bond has a large effect on activity. These results sug-
gest that both the quinone substructure and the C4 exo-ole-
finic double bond in the decalin ring are indispensable for
the cytotoxic activity of this class of marine natural prod-
ucts.


Scheme 6. Mechanisitic consideration for BF3·Et2O-induced rearrange-
ment/cyclization reaction of (�)-neoavarol (4) and (+)-avarol (2) leading
to (+)-aureol (5).


Table 1. Inhibitory activity of compounds 1–5 against cell growth of
U937 human histiocytic lymphoma cells.[a]


IC50
[b] [mm]


24 h 48 h 72 h


(+)-avarone (1) 95.8
(59.2–154.9)


52.9
(24.0–116.4)


33.5
(16.6–67.2)


(+)-avarol (2) 115.3
(65.1–203.8)


124.9
(61.0–255.6)


56.4
(27.8–114.7)


(�)-neoavarone (3) 34.2
(22.2–52.6)


17.7
ACHTUNGTRENNUNG(9.6–32.3)


6.5
ACHTUNGTRENNUNG(3.1–13.9)


(�)-neoavarol (4) 392.6
(195.1–790.2)


938.0
(327.0–2691.0)


537.6
(282.6–22.0)


(+)-aureol (5) 62.0
(27.7–138.4)


50.9
(22.9–113.2)


42.8
(21.3–86.1)


mitomycin C[c] 9.21
(5.76–14.75)


0.50
(0.27–0.92)


0.17
(0.14–0.20)


[a] Numbers in parentheses show the 95% confidence limits. [b]Concen-
tration required for 50% inhibition of cell growth after incubation at
37 8C, 5% in humidified air. [c]Positive control as a representative anti-
cancer agent.
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Conclusion


In conclusion, we have succeeded in developing a highly ef-
ficient synthetic route to the marine natural products 1–5
(31–41% overall yields in 7–10 steps). The method explored
features i) coupling reaction of the known enone 10 and 2-
methylbenzyl bromide (11) to construct the requisite carbon
framework 12 (10 + 11! 12), ii) strategic salcomine oxida-
tion of the phenolic compounds 6 and 8 to form 1 and 3, re-
spectively (6! 1 and 8! 3) and iii) BF3·Et2O-induced rear-
rangement/cyclization reaction of 4 and 2 to produce 5 with
complete stereoselectivity in high yield (2! 5 and 4! 5).
Preliminary biological evaluation of the synthesized com-
pounds 1–5 disclosed some novel aspects of the SAR of
these marine natural products, which would be useful in de-
signing and preparing new anticancer agents.


Experimental Section


General techniques : All reactions involving air- and moisture-sensitive
reagents were carried out using oven dried glassware and standard sy-
ringe-septum cap techniques. Routine monitoring of reaction were car-
ried out using glass-supported Merck silica gel 60 F254 TLC plates. Flash
column chromatography was performed on Kanto Chemical Silica Gel
60N (spherical, neutral 40–50 mm) with the solvents indicated.


All solvents and reagents were used as supplied with following excep-
tions. Tetrahydrofuran (THF) was freshly distilled from Na/benzophe-
none under argon. MeOH and EtOH were distilled from Na metal under
argon. Benzene, hexamethylphosphoramide (HMPA), N,N-dimethyl-
formamide (DMF), and CH2Cl2, were distilled from CaH2 under argon.


Measurements of optical rotations were performed with a JASCO P-1020
automatic digital polarimeter. Melting points were taken on a Yanaco
MP-3 micro melting point apparatus and are uncorrected. 1H and
13C NMR spectra were measured with a JEOL JNM-LA500 (500 MHz)
spectrometer. Chemical shifts were expressed in ppm using Me4Si (d =0)
as an internal standard. The following abbreviations are used: singlet (s),
doublet (d), triplet (t), multiplet (m), and broad (br). Infrared (IR) spec-
tral measurements were carried out with a JASCO FT/IR-5300 spectrom-
eter. Low-resolution mass (MS) spectra was measured on a Shimadzu
GCMS-QP2010. High-resolution mass (HRMS) spectra was measured on
a JEOL MStation JMS-700 mass spectrometer. Elemental analyses were
performed with a Perkin Elmer 2400II apparatus.


(4aR,5S,8aS)-5-(2-Methoxybenzyl)-5,8a-(dimethyl)hexahydronaphthalen-
1,6 ACHTUNGTRENNUNG(2H,7H)-dione-1-ethyleneacetal (12): (S)-5,8a-Dimethyl-3,4,8,8a-tetra-
hydronaphthalen-1,6ACHTUNGTRENNUNG(2H,7H)-dione-1-ethyleneacetal (10) (300 mg,
1.3 mmol) in dry THF (3.0 mL) was added dropwise to a stirred solution
of lithium (36 mg, 5.2 mmol) in liquid ammonia (35 mL) at �78 8C under
argon. The resulting solution was allowed to warm at reflux of liquid am-
monia for 1 h. A solution of 2-methoxybenzyl bromide (11) (1.30 g,
6.5 mmol) in dry THF (12 mL) was added slowly to the above mixture.
The reaction mixture was allowed to stand for 2 h at room temperature
in order to evaporate off ammonia. After addition of saturated aqueous
NH4Cl (5.0 mL), the resulting mixture was extracted with Et2O (3P
30 mL). The combined extracts were washed with brine, then dried over
Na2SO4. Concentration of the solvent in vacuo afforded a residue, which
was purified by column chromatography (hexane/EtOAc 20:1) to give 12
(337 mg, 74%) as a colourless viscous liquid. [a]25D =++47.9 (c=1.48,
CHCl3);


1H NMR (500 MHz, CDCl3): d=1.03 (s, 3H), 1.04 (s, 3H), 1.36–
1.53 (m, 3H), 1.57–1.61 (m, 3H), 1.66–1.68 (m, 1H), 1.90 (dt, J=8.3,
13.7 Hz, 1H), 2.26 (dd, J=3.2, 11.9 Hz, 1H), 2.27–2.33 (m, 1H), 2.51
(ddd, J=6.3, 8.7, 15.6 Hz, 1H), 2.82 (d, J=13.2 Hz, 1H), 2.92 (d, J=


13.2 Hz, 1H), 3.75 (s, 3H), 3.82–3.94 (m, 4H), 6.8–6.85 (m, 2H), 6.98–
7.01 (m, 1H), 7.16–7.20 ppm (m, 1H); 13C NMR (125 MHz, CDCl3): d=


17.3, 20.7, 22.7, 22.8, 28.4, 29.9, 35.2, 39.7, 42.0, 45.1, 51.7, 54.8, 64.7, 65.0,
110.0, 112.8, 120.0, 126.3, 127.7, 132.0, 158.0, 217.2 ppm; IR (neat): ñ =


2945, 2883, 2835, 1699, 1601, 1585, 1493, 1462, 1440, 1381, 1336, 1288,
1244, 1182, 1128, 1099, 1074, 1047, 949, 910, 866, 754, 648, 588, 509,
474 cm�1; HRMS(EI): m/z : calcd for C22H30O4: 358.2144; found: 358.2155
[M]+ .


(4aS,5S,8aS)-5-(2-Methoxybenzyl)-5,8a-dimethyl-6-(methylene)octahy-
dronaphthalen-1(2H)-one-1-ethyleneacetal (13): A stirred suspension of
tBuOK (0.77 g, 6.9 mmol) and methyltriphenylphosphonium bromide
(2.45 g, 6.9 mmol) in dry benzene (30 mL) was heated at reflux for 3 h
under argon, and then roughly half volume of the solvent was evaporated
off. A solution of 12 (245 mg, 0.69 mmol) in dry benzene (7.5 mL) was
added to the above mixture. The resulting solution was refluxed for 24 h
under argon. After cooling, the reaction was quenched with H2O
(5.0 mL) at 0 8C, and the mixture was extracted with Et2O (2P30 mL).
The combined extracts were washed with brine, then dried over Na2SO4.
Concentration of the solvent in vacuo afforded a residue, which was puri-
fied by column chromatography (hexane/EtOAc 100:1) to give 13
(209 mg, 86%) as a colourless viscous liquid. [a]25D =++60 (c=1.35,
CHCl3);


1H NMR (500 MHz, CDCl3): d=0.90 (s, 3H), 1.05 (s, 3H), 1.17
(ddd, J=7.4, 11.7, 12.8 Hz, 1H), 1.38–1.71 (m, 6H), 1.97 (dd, J=3.4,
12.2 Hz, 1H), 2.03–2.15 (m, 2H), 2.29–2.38 (m, 1H), 2.63 (d, J=13.2 Hz,
1H), 2.77 (d, J=13.2 Hz, 1H), 3.74 (s, 3H), 3.87–4.04 (m, 4H), 4.18 (d,
J=1.5 Hz, 1H), 4.69 (d, J=1.5 Hz, 1H), 6.77–6.83 (m, 2H), 6.95–6.99 (m,
1H), 7.12–7.17 ppm (m, 1H); 13C NMR (125 MHz, CDCl3): d =19.9, 21.0,
22.9, 23.1, 29.5, 29.7, 32.1, 39.9, 42.9, 43.5, 46.6, 54.9, 64.5, 64.9, 107.2,
109.8, 113.7, 119.2, 126.9, 127.3, 132.6, 153.8, 158.5 ppm; IR (neat): ñ =


2934, 2878, 1722, 1639, 1601, 1493, 1462, 1383, 1340, 1246, 1180, 1124,
1099, 1080, 1049, 1028, 947, 906, 883, 752, 605, 532 cm�1; HRMS(EI): m/
z : calcd for C23H32O3: 356.2351; found: 356.2356 [M]+ .


(4aS,5S,8aS)-5-(2-Methoxybenzyl)-5,8a-dimethyl-6-(methylene)octahy-
dronaphthalen-1(2H)-one (14): 4.0m HCl (8.80 mL, 36 mmol) was added
to a stirred solution of 13 (133 mg, 0.38 mmol) in THF (7.0 mL) at room
temperature. After 3 h, the reaction was quenched with saturated aque-
ous NaHCO3 (4.0 mL) at 0 8C, and the resulting mixture was extracted
with EtOAc (3P30 mL). The combined extracts were washed with brine,
then dried over Na2SO4. Concentration of the solvent in vacuo afforded a
residue, which was purified by column chromatography (hexane/EtOAc
10:1) to give 14 (113 mg, 97%) as a white solid. Recrystallization from
hexane afforded colourless prisms. M.p. 94–95 8C; [a]25D =++175.3 (c=1.04,
CHCl3);


1H NMR (500 MHz, CDCl3): d=1.07 (s, 3H), 1.13 (s, 3H), 1.31–
1.50 (m, 2H), 1.71–1.87 (m, 3H), 2.03–2.08 (m, 1H), 2.18–2.27 (m, 3H),
2.32–2.39 (m, 1H), 2.47–2.56 (m, 1H), 2.72 (s, 2H), 3.74 (s, 3H), 4.43 (s,
1H), 4.80 (s, 1H), 6.79–6.83 (m, 2H), 7.02–7.04 (m, 1H), 7.14–7.18 ppm
(m, 1H); 13C NMR (125 MHz, CDCl3): d =21.4, 22.6, 23.3, 25.5, 28.8,
31.5, 38.1, 40.3, 44.1, 49.0, 49.2, 54.9, 108.3, 109.9, 119.5, 126.7, 127.3,
132.4, 152.7, 158.2, 215.4 ppm; IR (KBr): ñ = 2951, 2870, 1693, 1495,
1458, 1248, 1132, 1053, 1034, 885, 754 cm�1; elemental analysis calcd (%)
for C21H28O2: C 80.73, H 9.03; found: C 80.74, H 9.15.


(4aS,5R,6S,8aS)-5-(2-Methoxybenzyl)-5,6,8a-(trimethyl)octahydronaph-
thalen-1(2H)-one (15) and its (4aS,5R,6R,8aS)-isomer (16): 10% Pd/C
(89.0 mg) was added to a solution of 14 (53.0 mg, 0.17 mmol) in Et3N
(1.5 mL) containing MeOH (0.03 mL), and the mixture was stirred for
17 h under H2 (1 atm) at room temperature. The reaction mixture was di-
luted with EtOAc (30 mL), and the catalyst was filtered off through a
small pad of Celite. Concentration of the filtrate in vacuo afforded a resi-
due, which was purified by column chromatography (Et2O/EtOAc 100:1)
to give 15 (42.6 mg, 80%) (more polar) and its C8 epimer 16 (6.9 mg,
13%) (less polar).


Compound 15 : Colourless needles (recrystallization from hexane); M.p.
127–128 8C; [a]25D =�43.6 (c=0.97, CHCl3);


1H NMR (500 MHz, CDCl3):
d=0.92 (s, 3H), 1.01 (d, J=5.9 Hz, 3H), 1.11 (dd, J=12.0, 2.0 Hz, 1H),
1.15 (s, 3H), 1.19–1.43 (m, 4H), 1.43–1.47 (m, 1H), 1.50 (dt, J=4.7,
17.9 Hz, 1H), 1.75 (dq, J=3.4, 13.2 Hz, 1H), 2.07–2.08 (m, 1H), 2.13–
2.19 (m, 1H), 2.23–2.26 (m, 1H), 2.58 (td, J=7.3, 14.1 Hz, 1H), 2.72 (s,
2H), 3.75 (s, 3H), 6.806.85 (m, 2H), 7.00–7.03 (m, 1H), 7.15–7.19 ppm
(m, 1H); 13C NMR (125 MHz, CDCl3): d =17.4, 18.0, 18.9, 22.0, 25.6,
26.8, 32.3, 35.6, 37.0, 37.5, 42.3, 47.6, 49.3, 54.8, 110.3, 119.8, 126.7, 127.4,
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132.3, 158.2, 216.3 ppm; IR (KBr): ñ = 2953, 2932, 2864, 1705, 1494,
1456, 1317, 1288, 1244, 1176, 1130, 1099, 1030, 954, 752, 709, 598,
538 cm�1; elemental analysis calcd (%) for C21H30O2: C 80.21, H 9.62;
found: C 80.11, H 9.64.


Compound 16 : Colourless prisms (recrystallization from hexane); M.p.
122–124 8C; [a]25D =�25.5 (c=0.68, CHCl3);


1H NMR (500 MHz, CDCl3):
d=0.94 (s, 3H), 1.12 (d, J=7.0 Hz, 3H), 1.21 (s, 3H), 1.26 (dt, J=3.9,
14.0 Hz, 1H), 1.37 (dq, J=4.0, 13.8 Hz, 1H), 1.50–1.71 (m, 4H), 1.80–
1.87 (m, 2H), 1.99–2.05 (m, 2H), 2.20–2.24 (m, 1H), 2.29 (d, J=13.7 Hz,
1H), 2.58 (dt, J=7.1, 13.9 Hz, 1H), 3.06 (d, J=13.7 Hz, 1H), 3.79 (s,
3H), 6.83–6.88 (m, 2H), 7.17 (dt, J=1.7, 8.1 Hz, 1H), 7.24 ppm (dd, J=


1.7, 7.6 Hz, 1H); 13C NMR (125 MHz, CDCl3): d=16.0, 20.5, 20.7, 21.1,
24.8, 26.0, 26.4, 35.2, 36.0, 37.4, 41.1, 46.7, 49.7, 55.2, 110.4, 120.0, 127.0,
128.4, 131.0, 158.3, 215.9 ppm; IR (KBr): ñ = 2940, 2870, 1701, 1493,
1460, 1385, 1242, 1127, 1028, 756 cm�1; elemental analysis calcd (%) for
C21H30O2: C 80.21, H 9.62; found: C 80.53, H 9.78.


(1R,2S,4aS,8aS)-1-(2-Methoxybenzyl)-1,2,4a-trimethyl-5-(methylene)de-
cahydronaphthalene (9): A stirred suspension of tBuOK (106 mg,
0.92 mmol) and methyltriphenylphosphonium bromide (340 mg,
0.92 mmol) in dry benzene (7.0 mL) was heated at reflux for 3 h under
argon, and then the roughly half volume of the solvent was evaporated
off. A solution of 15 (44.0 mg, 0.14 mmol) in dry benzene (7.0 mL) was
added to the above mixture, and the resulting solution was then refluxed
for 12 h under argon. After the reaction was quenched with H2O
(4.0 mL) at 0 8C, and the mixture was extracted with Et2O (2P40 mL).
The combined extracts were washed with brine, then dried over Na2SO4.
Concentration of the solvent in vacuo afforded a residue, which was puri-
fied by column chromatography (hexane/EtOAc 100:1) to give 9
(43.2 mg, 100%) as a colourless viscous liquid. [a]25D =�48.1 (c=1.05,
CHCl3);


1H NMR (500 MHz, CDCl3): d =0.85 (s, 3H), 0.93 (dd, J=12.0,
Hz, 1H), 1.00 (d, J=5.9 Hz, 3H), 1.05 (s, 3H), 1.17–1.41 (m, 5H), 1.41–
1.47 (m, 1H), 1.47–1.54 (m, 1H), 1.86–1.93 (m, 1H), 2.04–2.14 (m, 2H),
2.29–2.38 (m, 1H), 2.60 (d, J=13.7 Hz, 1H), 2.69 (d, J=13.7 Hz, 1H),
3.74 (s, 3H), 4.34–4.36 (m, 1H), 4.39–4.40 (m, 1H), 6.79–6.86 (m, 2H),
7.02–7.05 (m, 1H), 7.13–7.17 ppm (m, 1H); 13C NMR (125 MHz, CDCl3):
d=17.6, 17.7, 20.6, 23.1, 27.8, 28.3, 33.1, 36.2, 36.6, 36.9, 40.2, 42.0, 48.0,
54.8, 102.5, 110.1, 119.6, 127.0, 127.5, 132.5, 158.4, 160.3 ppm; IR (neat):
ñ = 3078, 3030, 2916, 2856, 1633, 1599, 1583, 1494, 1454, 1381, 1323,
1290, 1244, 1178, 1136, 1095, 1030, 991, 962, 927, 893, 752, 706, 540 cm�1;
HRMS (EI): m/z : calcd for C22H32O: 312.2453; found: 312.2443 [M]+ .


2-[[(1R,2S,4aS,8aS)-1,2,4a-Trimethyl-5-(methylene)decahydronaphthalen-
1-yl]methyl]phenol (8): nBuSLi in HMPA (1.68m solution, 5.0 mL,
8.4 mmol) was added to a stirred solution of 9 (86.0 mg, 0.28 mmol) in
HMPA (6.0 mL) at room temperature, and the mixture was heated at
110 8C for 3 h. After cooling, the reaction was quenched with saturated
aqueous NH4Cl (1.0 mL) at 0 8C, and the resulting mixture was extracted
with EtOAc (3P30 mL). The combined extracts were washed with brine,
then dried over Na2SO4. Concentration of the solvent in vacuo afforded a
residue, which was purified by column chromatography (hexane/EtOAc
100:1) to give 8 (75.5 mg, 92%) as a white solid. Recrystallization from
hexane/Et2O afforded colorless needles. M.p. 106–108 8C; [a]25D =�5.8
(c=1.09, CHCl3);


1H NMR (500 MHz, CDCl3): d=0.87 (s, 3H), 0.98–
1.03 (m, 1H), 1.02 (d, J=5.8 Hz, 3H), 1.06 (s, 3H), 1.18–1.44 (m, 5H),
1.45–1.49 (m, 1H), 1.50–1.62 (m, 1H), 1.87–1.95 (m, 1H), 2.05–2.11 (m,
2H), 2.03–2.39 (m, 1H), 2.56 (d, J=14.6 Hz, 1H), 2.68 (d, J=14.6 Hz,
1H), 4.35–4.38 (s, 1H), 4.41–4.45 (m, 1H), 4.61–4.66 (br s, 1H), 6.69–6.71
(m, 1H), 6.80–6.86 (m, 1H), 6.99–7.06 ppm (m, 2H); 13C NMR
(125 MHz, CDCl3): d=17.6, 17.7, 20.6, 23.2, 27.7, 28.2, 33.0, 36.2, 36.5,
37.4, 40.2, 42.0, 48.0, 102.7, 115.5, 120.2, 125.1, 127.2, 133.0, 154.5,
160.1 ppm; IR (KBr): ñ = 3547, 3439, 2957, 2858, 1720, 1631, 1587, 1452,
1383, 1332, 1255, 1170, 1122, 1086, 1049, 1022, 991, 927, 891, 864,
754 cm�1; HRMS(EI):m/z : calcd for C21H30O: 298.2297; found: 298.2294
[M]+ .


2-[[(1R,2S,4aS,8aS)-1,2,4a-Trimethyl-5-(methylene)decahydronaphthalen-
1-yl]methyl]cyclohexa-2,5-diene-1,4-dione [(�)-neoavarone (3)]: Salco-
mine [N,N’-bis(salicylidene)ethylenediaminocobalt(II)] (96.4 mg,
0.30 mmol) was added to a stirred solution of 8 (44.4 mg, 0.15 mmol) in
dry DMF (6.0 mL) at room temperature. The suspension was stirred


under oxygen atmosphere (O2 balloon) for 24 h at room temperature.
The reaction mixture was concentrated in vacuo to afford a residue,
which was purified by column chromatography (hexane/EtOAc 30:1) to
give 3 (42.2 mg, 91%) as a yellow solid. Recrystallization from hexane/
Et2O afforded pale yellow prisms. M.p. 94–95 8C; [a]25D =�62.7 (c=1.02,
CHCl3);


1H NMR (500 MHz, CDCl3): d=0.76 (d, J=10.2 Hz, 1H), 0.86
(s, 3H), 0.94 (d, J=6.3 Hz, 3H), 1.05 (s, 3H), 1.11–1.21 (m, 2H), 1.32–
1.38 (m, 1H), 1.42–1.57 (m, 4H), 1.86–1.89 (m, 2H), 2.08–2.11 (m, 1H),
2.28–2.34 (m, 1H), 2.40 (d, J=13.7 Hz, 1H), 2.57 (d, J=13.7 Hz, 1H),
4.45 (d, J=8.3 Hz, 1H), 6.46 (s, 1H), 6.68–6.76 ppm (m, 2H); 13C NMR
(125 MHz, CDCl3): d=16.8, 17.6, 20.6, 22.6, 27.4, 28.1, 32.8, 35.3, 36.7,
37.2, 40.3, 43.0, 49.3, 103.2, 135.9, 136.0, 137.1, 147.3, 159.6 187.3,
187.4 ppm; IR (KBr): ñ = 3418, 3084, 2928, 2858, 1658, 1596, 1449, 1385,
1354, 1289, 1069, 891 cm�1; HRMS(EI): m/z : calcd for C21H28O2:
312.2090; found: 312.2090 [M]+ .


2-[[(1R,2S,4aS,8aS)-1,2,4a-Trimethyl-5-(methylene)decahydronaphthalen-
1-yl]methyl]benzene-1,4-diol [(�)-neoavarol (4)]: NaBH4 (9.70 mg,
0.26 mmol) was added in small portion to a stirred solution of 3 (40.0 mg,
0.13 mmol) in THF/H2O 10:1 (4 mL) at 0 8C. After 3 min, the reaction
was quenched with saturated NH4Cl (1.0 mL) at 0 8C. The resulting mix-
ture was extracted with Et2O (3P20 mL). The combined extracts were
washed with brine, then dried over Na2SO4. Concentration of the solvent
in vacuo afforded a residue, which was purified by column chromatogra-
phy (hexane/EtOAc 10:1) to give 4 (34.6 mg, 86%) as a white solid. Re-
crystallization from Et2O afforded colorless needles. M.p. 175–177 8C;
[a]25D =�41.6 (c=0.10, CHCl3);


1H NMR (500 MHz, CDCl3): d =0.86 (s,
3H), 0.93–0.98 (m, 1H), 1.00 (d, J=5.9 Hz, 3H), 0.98–1.02 (m, 1H), 1.06
(s, 3H), 1.21–1.33 (m, 2H), 1.41–1.47 (m, 3H), 1.46–1.61 (m, 2H), 1.87–
1.92 (m, 1H), 1.99–2.06 (m, 1H), 2.07–2.12 (m, 1H), 2.33–2.36 (m, 1H),
2.51 (d, J=14.1 Hz, 1H), 2.62 (d, J=14.1 Hz, 1H), 4.35 (s, 2H), 4.40 (s,
1H), 4.43 (s, 1H), 6.52–6.60 ppm (m, 3H); 13C NMR (125 MHz, CDCl3):
d=17.6, 17.6, 20.6, 23.2, 27.7, 28.3, 33.0, 36.3, 36.5, 37.5, 40.3, 42.1, 48.2,
102.9, 113.9, 116.2, 119.4, 126.5, 148.6, 148.7 160.0 ppm; IR (KBr): ñ =


3381, 2971, 2917, 2857, 1634, 1501, 1453, 1397, 1186, 1154, 889, 808,
750 cm�1; HRMS(EI): m/z : calcd for C21H30O2: 314.2246; found: 314.2254
[M]+ .


(1R,2S,4aS,8aS)-1-(2-Methoxybenzyl)-1,2,4a,5-tetramethyl-1,2,3,4,4a,7,8,8a-
octahydronaphthalene (7): A mixture of 9 (34.0 mg, 0.11 mmol) and
RhCl3·3H2O (4.80 mg, 20 mmol) in EtOH (5 mL) was heated at reflux
for 24 h. After cooling, the reaction mixture was concentrated in vacuo.
The resulting residue was purified by column chromatography (hexane/
EtOAc 10:1) to give 7 (33.9 mg, 100%) as a colorless viscous liquid.
[a]25D =++1.1 (c=1.00, CHCl3);


1H NMR (500 MHz, CDCl3): d =0.85 (s,
3H), 0.87–0.95 (m, 1H), 1.00 (d, J=5.8 Hz, 3H), 1.01 (s, 3H), 1.15–1.17
(m, 1H), 1.32–1.40 (m, 3H),1.49 (d, J=1.5 Hz, 3H), 1.50–1.58 (m, 2H),
2.00–2.08 (m, 3H), 2.70 (s, 2H), 3.76 (s, 3H), 5.10–5.14 (s, 1H), 6.80–6.86
(m, 2H), 7.08–7.11 (m, 1H), 7.13–7.18 ppm (m, 1H); 13C NMR
(125 MHz, CDCl3): d=17.4, 17.8, 18.1, 19.7, 20.1, 26.5, 27.8, 35.8, 36.0,
37.0, 38.3, 41.7, 45.7,54.8, 110.2, 119.7, 120.4, 127.0, 127.6, 132.7, 144.4,
158.4 ppm; IR (neat): ñ = 2928, 2833, 1599,1493, 1460, 1437, 1381, 1290,
1244, 1176, 1134, 1099, 1032, 929, 896, 796, 750, 638, 528 cm�1;
HRMS(EI): m/z : calcd for C22H32O: 312.2453; found: 312.2432 [M]+.


2-[[(1R,2S,4aS,8aS)-1,2,4a,5-Tetramethyl-1,2,3,4,4a,7,8,8a-octahydronaph-
thalen-1-yl]methyl]phenol (6): nBuSLi in HMPA (2.0m solution, 6.3 mL,
12.4 mmol) was added to a stirred solution of 7 (77.3 mg, 0.25 mmol) in
HMPA (6.0 mL) at room temperature, and the mixture was heated at
110 8C for 2 h. After cooling, the reaction was quenched with saturated
aqueous NH4Cl (1.0 mL) at 0 8C, and the resulting mixture was extracted
with EtOAc (3P30 mL). The combined extracts were washed with brine,
then dried over Na2SO4. Concentration of the solvent in vacuo afforded a
residue, which was purified by column chromatography (hexane/EtOAc
100:1) to give 6 (66.4 mg, 90%) as a colorless viscous liquid. [a]25D =++4.6
(c=1.07, CHCl3);


1H NMR (500 MHz, CDCl3): d=0.87 (s, 3H), 0.91–
0.97 (m, 1H), 1.02 (d, J=4.9 Hz, 3H), 1.02 (s, 3H), 1.20–1.23 (m, 1H),
1.33–1.39 (m, 2H), 1.40–1.48 (m, 1H), 1.48–1.53 (m, 3H), 1.55–1.64 (m,
2H), 1.99–2.09 (m, 3H), 2.62 (d, J=14.1 Hz, 1H), 2.73 (d, J=14.1 Hz,
1H), 4.79 (s, 1H), 5.13 (s, 1H), 6.71 (d, J=8.3 Hz, 1H), 6.81–6.84 (m,
1H), 7.04–7.09 ppm (m, 2H); 13C NMR (125 MHz, CDCl3): d =17.5, 17.7,
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18.1, 19.8, 20.1, 26.6, 27.7, 35.8, 36.0, 37.4, 38.3, 41.7, 45.7, 115.5, 120.1,
120.4, 125.1, 127.2, 133.1, 144.3, 154.6 ppm; IR (neat): ñ = 3398, 2932,
1705, 1589, 1452, 1381, 1327, 1261, 1236, 1170, 1126, 1086, 1046, 854, 798,
754 cm�1; HRMS(EI): m/z : calcd for C21H30O: 298.2297, found: 298.2299
[M]+ .


2-[[(1R,2S,4aS,8aS)-1,2,4a,5-Tetramethyl-1,2,3,4,4a,7,8,8a-octahydronaph-
thalen-1-yl]methyl]cyclohexa-2,5-diene-1,4-dione [(+)-avarone (1)]: Sal-
comine (38.5 mg, 0.14 mmol) was added to a stirred solution of 6
(42.0 mg, 0.14 mmol) in dry DMF (4.0 mL) at room temperature. The
suspension was stirred under oxygen atmosphere (O2 balloon) for 24 h at
room temperature. The reaction mixture was concentrated in vacuo to
afford a residue, which was purified by column chromatography (hexane/
EtOAc 30:1) to give 1 (39.1 mg, 89%) as a yellow solid. Recrystallization
from hexane/Et2O afforded pale yellow prisms. M.p. 61–63 8C; [a]25D =


+12.5 (c=0.94, CH2Cl2);
1H NMR (500 MHz, CDCl3): d=0.86 (s, 3H),


0.94 (d, J=6.6 Hz, 3H), 1.00 (s, 3H), 1.01–1.08 (m, 2H), 1.15–1.26 (m,
1H), 1.34-.43 (m, 2H), 1.49–1.58 (m, 4H), 1.65 (td, J=3.3, 12.8 Hz, 1H),
1.80–1.90 (m, 2H), 2.00–2.07 (m, 1H), 2.44 (d, J=13.4 Hz, 1H), 2.65 (d,
J=13.4 Hz, 1H), 5.12–5.17 (m, 1H), 6.50–6.52 (m, 1H), 6.71 (dd, J=2.3,
10.1 Hz, 1H), 6.76 ppm (d, J=10.1 Hz, 1H); 13C NMR (125 MHz,
CDCl3): d =16.7, 17.7, 18.0, 19.3, 20.0, 26.4, 27.4 35.4, 36.1 36.9, 38.5, 42.7,
47.0, 120.6, 136.0, 136.1, 137.1, 144.0, 147.4, 187.3, 187.4; IR (KBr): ñ =


3449, 2930, 1657, 1597, 1454, 1383, 1290, 1070, 912 cm�1; HRMS(EI):
m/z : calcd for C21H28O2: 312.2090; found: 312.2072 [M]+.


2-[[(1R,2S,4aS,8aS)-1,2,4a,5-Tetramethyl-1,2,3,4,4a,7,8,8a-octahydronaph-
thalen-1-yl]methyl]benzene-1,4-diol [(+)-avarol (2)]: NaBH4 (9.70 mg,
0.24 mmol) was added in small portion to a stirred solution of 1 (40.0 mg,
0.12 mmol) in THF/H2O 10:1 (4 mL) at 0 8C. After 5 min, the reaction
was quenched with saturated NH4Cl (2.0 mL) at 0 8C. The resulting mix-
ture was extracted with Et2O (3P20 mL). The combined extracts were
washed with brine, then dried over Na2SO4. Concentration of the solvent
in vacuo afforded a residue, which was purified by column chromatogra-
phy (hexane/EtOAc 10:1) to give 2 (34.2 mg, 85%) as a white solid. Re-
crystallization from Et2O afforded colorless needles. M.p. 147–149 8C;
[a]25D =++10.8 (c=0.74, CH2Cl2);


1H NMR (500 MHz, CDCl3): d=0.86 (s,
3H), 0.93–0.98 (m, 1H), 1.00 (d, J=6.3 Hz, 3H), 1.02 (s, 3H), 1.23 (dd,
J=1.4, 12.1 Hz, 1H), 1.34–1.39 (m, 2H), 1.41–1.49 (m, 1H), 1.51–1.53 (m,
3H), 1.55–1.61 (m, 2H), 1.96–2.01 (m, 1H), 2.04–2.06 (m, 2H), 2.57 (d,
J=14.1 Hz, 1H), 2.68 (d, J=14.1 Hz, 1H), 4.41 (br s, 1H), 5.14 (s, 1H),
6.52–6.61 ppm (m, 3H); 13C NMR (125 MHz, CDCl3): d=17.5, 17.7, 18.1,
19.8, 20.1, 26.6, 27.7 35.8, 36.0 37.6, 38.3, 41.8, 45.8, 113.8, 116.2, 119.6,
120.4, 126.5, 144.3, 148.6, 148.7 ppm; IR (KBr): ñ = 3371, 2926, 2859,
1705, 1651, 1601, 1502, 1450, 1381, 1309, 1195, 1124, 877, 806, 754 cm�1;
HRMS(EI): m/z : calcd for C21H30O2: 314.2246; found: 314.2252 [M]+ .


(4aS,7S,7aR,13aS)-4,4,7,7a-Tetramethyl-1,2,3,4,4a,5,6,7,7a,8-decahydro-
benzo[d]xanthen-10-ol [(+)-aureol (5)]


a) (�)-Neoavarol (4): BF3·Et2O (0.1 mL, 0.75 mmol) was added to a
stirred solution of 4 (47.0 mg, 0.15 mmol) in CH2Cl2 (15 mL) at �50 8C,
and the resulting mixture was gradually warmed to �5 8C over 5 h. The
reaction was quenched with saturated aqueous NH4Cl (1.0 mL) at �5 8C,
and the mixture was extracted with dichloromethane (3P10 mL). The
combined extracts were washed with brine, then dried over Na2SO4. Con-
centration of the solvent in vacuo afforded a residue, which was purified
by column chromatography (hexane/EtOAc 10:1) to give 5 (43.7 mg,
93%) as a white solid. Recrystallization from Et2O afforded colorless
needles. M.p. 143–144 8C; [a]25D =++64.5 (c=1.04, CCl4);


1H NMR
(500 MHz, CDCl3): d =0.78 (s, 3H), 0.92 (s, 3H), 1.07 (s, 3H), 1.10 (d,
J=7.8 Hz, 3H), 1.18–1.20 (m, 1H), 1.33–1.39 (m, 1H), 1.41–1.47 (m,
3H), 1.52–1.61 (m, 1H), 1.64–1.71 (m, 2H), 1.78–1.85 (m, 2H), 1.97 (d,
J=17.1 Hz, 1H), 2.01–2.08 (m, 2H), 3.37 (d, J=17.1 Hz, 1H), 4.27 (br s,
1H), 6.49 (d, J=2.4 Hz, 1H), 6.54–6.62 ppm (m, 3H); 13C NMR
(125 MHz, CDCl3): d=17.3, 18.3, 20.2, 22.2, 27.9, 29.3, 29.8, 31.9, 33.8,
33.9, 37.4, 38.1, 39.3, 44.0, 82.4, 114.0, 115.0, 117.2, 122.2, 145.8,
148.3 ppm; IR (KBr): ñ = 3394, 2924, 2853, 1717, 1625, 1496, 1458, 1384,
1261, 1231, 1186, 1106, 955, 899, 862, 805, 754 cm�1; HRMS(EI): m/z :
calcd for C21H31O2: 314.2246; found: 314.2234 [M]+ .


b) (+)-Avarol (2): The same treatment of 2 (43.0 mg, 0.14 mmol) as de-
scribed above under a) gave 5 (39.2 mg, 91%) as colorless needles. M.p.


143–144 8C; [a]25D =++64.9 (c=1.08, CCl4). The 500 MHz 1H NMR spec-
trum of this sample was identical with that recorded in a).


Cell-growth inhibition assay :[26] Human histiocytic lymphoma cell line
U937 (obtained from the Cell Resource Center for Biomedical Research,
Tohoku University, Sendai) was maintained in suspension in RPMI cul-
ture medium (RPMI-1640 medium supplemented with 10% FCS, 2 mm


l-glutamine and penicillin/streptomycin solution, all from Sigma, St.
Louis, MO) at 37 8C, 5% in humidified air. Test compounds were dis-
solved in DMSO. The in vitro cytotoxicity was assessed by triplicate
assays for the reduction of [3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tet-
razolium bromide] (MTT) following 24, 48 and 72 h incubation of cells
with compounds. The IC50 (concentration of the test compounds showing
50% cell growth inhibition) value was determined by using PRISM soft-
ware (GrapPad Software, Inc., CA, USA).
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Introduction


Immense progress in anion coordination chemistry has been
achieved during the last twenty years.[1] The importance of
anions in biological systems, the environment and medicine
is the main driving force for research in this area of supra-
molecular chemistry.[2] Artificial neutral receptors became
attractive targets of studies because of their analogy to natu-
ral systems[3] and because their selectivities were higher than
in the case of charged ligands. In neutral hosts, anion bind-
ing is usually accomplished through hydrogen bonds.[4,5] As
a single hydrogen bond is typically weak, strong binding can
only be achieved by multiple interactions of this type. In
order to achieve perfect complementarity with a target
guest, it is necessary to arrange the hydrogen bond donors


in a very precise manner within the host structure.[6] Howev-
er, our knowledge of structure/affinity relationships is still
limited[7] and there are many examples of how small changes
in ligand constitution can drastically alter the binding prop-
erties.[8,9] For this reason, it is important to have a large pool
of structural subunits—building blocks—that can help in
fine-tuning the host–guest interactions.


Amide groups are one of the most popular hydrogen
bond donors used in anion recognition[5] and are often incor-
porated into ligand structures in the form of aromatic bisa-
mides: namely isophthalamides (type 1),[10] dipicolinic bisa-
mides (type 2)[11] and pyrrole derivatives (type 3)[12]


(Scheme 1). Not only do these building blocks introduce the
binding sites into a ligand, but they can also be used as or-
ganizing elements that determine the shape of a host.[8,13]


We decided to extend the family of known aromatic
building blocks to derivatives of azulene, with its seven-
membered ring geometry. We thus prepared and studied the
bisamide and bisthioamide of azulene-5,7-dicarboxylic acid
(5, 6) as reported in our previous paper.[14] Azulene is an in-
teresting subunit for the construction of anion receptors,[15]


not only because of the uncommon geometry of its seven-
membered ring. Azulene is a strong chromophore and can
be regarded as a combination of a cyclopentadienyl anion
and a tropylium cation, which results in its large dipole
moment of 0.8 D.[16] Azulene-based bisamides therefore rep-
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resent the attractive fusion of binding site with signalling
subunit. Moreover, we expected an enhancement of anion
binding, owing to interaction of the anionic guest with the
azulene dipole or through the formation of an additional hy-
drogen bond with 6-CH. However, our preliminary results
showed limitations of these advantageous interactions be-
tween anions and azulene skeleton.[14] To check how the dif-
ferent geometries and electronic structures of the five- and
seven-membered rings would influence the anion binding,
we performed a comparison of azulene derivatives based on
functionalization in the seven-membered and in the five-
membered rings. Here we present our studies on azulene-
1,3- and -5,7-dicarboxylic acid bisamides (types 5 and 7) as
building blocks for anion receptors. In order to help readers
to distinguish between the two isomers, we will use the
terms “five-membered” and “seven-membered” derivative/
compound etc. as abbreviations for statements such as “de-
rivative of azulene-1,3-dicarboxylic acid”, as we do not
report any macrocyclic structures in this work; we hope that
such descriptions will not be misleading.


Results and Discussion


The azulene substituted with
carboxyl groups in the seven-
membered ring was obtained by
skeleton synthesis according to
literature procedures
(Scheme 2).[17] The availability
of the diester 11 was very
promising, as one of the most
convenient methods for macro-
cyclization involved aminolysis
of diesters with a,w-diamines.
Unfortunately though, the ester
11 was unreactive under stan-
dard conditions, and we suc-


ceeded in preparation of the desired amide 5 a only by per-
forming the reaction in neat butylamine. Because of the
lower nucleophilicity of aniline, we were unable to prepare
the aromatic amide (5 b, R=Ph) in the same manner. To
solve this problem, we hydrolysed the ester 11 into the
diacid and tried methods known from peptide bond chemis-
try. Neither the mixed-anhydride method nor the carbodii-
mide method led to the phenyl amide 5 b, however (in both
cases we observed only formation of the activated inter-
mediate).


It seems that the chemistry of 5,7-dicarboxylic acid deriva-
tives of azulene might hamper the introduction of this build-
ing block into more sophisticated systems. Only aliphatic
amides can be easily prepared, which constrains the poten-
tial ligand structures; moreover, the popular method of mac-
rocyclization—aminolysis of esters—cannot be used for the
preparation of seven-membered ring derivatives.


The five-membered ring dicarboxylic acid derivatives
were prepared by direct acylation of azulene (12) with tri-
fluoroacetic acid anhydride, followed by hydrolysis to afford
the acid 14 (Scheme 2).[18] The acid 14 was converted into
the acid dichloride 15 and subjected to treatment with
amines, yielding the amides 7. The availability of the acid di-
chloride 15 is a great asset for the five-membered deriva-
tives, since it offers a convenient synthetic route to more
elaborate ligands.


From our previous experience with thioamide-based li-
gands,[19] we knew that thioamide groups “sensitize” recep-
tors to the presence of anions. In order to obtain optical sen-
sors, we decided to convert the butylamides 5 a and 7 a into
their thioamide analogues 6 a and 8 a, respectively, using
LawessonPs reagent.[20] This transformation was performed
in boiling THF and gave the thioamides in good yields.


Having prepared the model ligands, we set out to deter-
mine their anion-binding properties. All azulene derivatives
are colourful, so it was interesting to see whether the azu-
lene-based bisamides would change their optical properties
upon anion complexation. Unfortunately though, interaction
of receptors 5 a and 7 a with anions does not lead to signifi-


Scheme 1. Aromatic building blocks for anion receptors.


Scheme 2. Conditions: a) quinoline, 100 8C; b) BuNH2, neat, 60 8C; c) LawessonPs reagent, THF, reflux;
d) (CF3CO)2O, neat, 0 8C!RT; e) 1) KOH, EtOH, H2O, 60 8C; 2) HCl; f) SOCl2, CH2Cl2, reflux; g) RNH2,
CH2Cl2, RT; h) LawessonPs reagent, THF, reflux.
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cant colour changes, even in noncompetitive solvent such as
CH2Cl2. Introduction of an additional chromophore—the
nitro group in 7 d—also failed to trigger spectacular colour
changes. However, the hues of CH2Cl2 solutions of the thio-
amide-based ligands 6 a and 8 a are slightly modified by the
presence of anions (Figure 1).


In view of the facts that no
such colour changes were ob-
servable in more demanding
media such as DMSO and that
the optical response was the
most pronounced for the highly
basic fluoride anion, it was
likely that we were observing
an effect of deprotonation of
thioamide groups rather than
complexation. To check this as-
sumption we performed experi-
ments similar to those reported by Fabbrizzi[21] for urea-/thi-
ourea-based systems, comparing UV/Vis spectra of ligands
upon addition of TBA salts and TBA hydroxide (see Fig-
ure S1, Supporting Information). However, these UV/Vis
measurements did not give the final answer for our ligands.
Unlike in the case of urea-based receptors,[21] the presence
of the TBA hydroxide did not drastically change the ligandsP
spectra, and no new band was developed. Since the spectra
of the free ligands and those after addition of TBA salts and
TBA hydroxide are quite similar, it is impossible to identify
the deprotonated forms of ligands and to distinguish un-
equivocally between complexation and deprotonation. How-
ever, keeping in mind the facts that i) more acidic thioa-
mides respond better than amides, ii) the effect takes place
for basic anions in noncompetitive, nonpolar CH2Cl2, and
iii) the spectral changes are moderate, it may be assumed
that anion complexation is accompanied by a small degree
of deprotonation, which is responsible for the observed


colour changes. Nevertheless, these results show that simple
acyclic bisamides based on azulene cannot act as optical sen-
sors for anions.


We then embarked on quantitative determination of the
receptorsP affinities towards anions. As our studies of bind-
ing properties were intended as a reference for further gen-
erations of azulene-based receptors, we decided to deter-
mine the binding constants by 1H NMR titration in
DMSO+0.5% H2O. We were aware that our simple ligands
would interact weakly with anions in this very competitive
solvent. However, the recently published anion receptors
bind anionic guests efficiently in such demanding media as
DMSO, methanol or even water,[22] so we chose DMSO to
allow further comparison with more elaborate systems.


Upon titration with anions, the signals assigned to amide
or thioamide NH protons underwent downfield shifts indi-
cating complex formation that was reversible on the NMR
timescale. The lack of disappearance or broadening of NH
signals excluded deprotonation, so the main process that
takes place in solution is complexation. The changes in
chemical shift allowed us to calculate the values of the bind-
ing constants (Table 1), and the data gave consistent fit with
a 1:1 model, as was confirmed by Job plots (see Figure S2,
Supporting Information).


During titration, we also observed the downfield shift of
the signal of the “middle” CH proton (6-CH for the seven-
membered derivatives 5 and 6 or 2-CH for the five-mem-
bered derivatives 7 and 8). This might in some cases indicate
the presence of an advantageous CH···anion interaction
helping to bind the anionic guest,[23,24] although in the case
of the seven-membered derivatives (5 a and 6 a) this hypoth-
esis should be dismissed. The obtained values of Ddmax for 6-
CH are small (about 0.2 ppm) and comparable to those for
the 4,8-CH protons, which are unlikely to participate in the
anion binding. In contrast, the formation of a hydrogen
bond between 2-CH and anion in the five-membered deriva-
tives (7 and 8) is highly likely. The values of Ddmax for 2-CH
signal are about 1 ppm and much higher than those ob-
served for the other protons (see Table S2, Supporting Infor-
mation).


The determined binding constants are listed in Table 1;
for comparison we also present values obtained for the pyr-


Figure 1. Colour changes of ligands in CH2Cl2 in the presence of anions
(3 equiv of TBA salts).


Table 1. Binding constants [m�1] for the formation of 1:1 complexes of model ligands with various anions in
[D6]DMSO+0.5% H2O or acetone at 298 K.[a]


Anion Solv. 4a[b] 4b[b] 5a 6 a 7 a 7 b 7d 8 a


Cl� D 1.7 3.8 6.1 13 1.2 9.3 17 2.0
Br� D –[c] –[c] –[c] –[c] –[c] –[c] –[c] –[c]


PhCO2
� D 49 80 13 46 27 105 550 17


H2PO4
� D 150 203 27 104 73 496 1400 82


Cl� A 500 46500 240 1080 –[d] 1620
Br� A 230 1480 185 900 –[d] 520


[a] Determined by 1H NMR titration. Errors estimated to be <10%. TBA salts were used as the source of
anions. Solvent: D= [D6]DMSO+0.5% H2O, A=acetone. [b] Ref. [19] [c] Interaction too weak to be mea-
sured. [d] Insoluble in acetone.
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role-based bisamides 4 a (R1=nBu, R2=H) and 4 b (R1=


Ph, R2=H),[19] which possess an additional hydrogen bond
donor—pyrrole NH—but are poorly preorganized in the un-
favourable anti–anti conformation. The 3,4-diphenylpyrrole
derivatives 3 reported by Gale[12] interact with anions more
strongly than the unsubstituted ligands 4 ; as this fact cannot
be clearly explained at this moment, we chose ligands 4 for
comparison, as they are structurally more similar to com-
pounds 5–8. The azulene-based ligands show a typical pref-
erence for oxo anions over halides, and the interaction with
bromide anion was too weak to be measured in all the cases
studied. The amide 5 a substituted in the seven-membered
ring binds the benzoate only twice as strongly as the chlo-
ride anion, so a change in relative selectivity is observed.
This may indicate that the geometry of its binding site is
better suited for the chloride anion than those based on a
five-membered ring as in 4 or 7.


The neighbourhood of the formal cyclopentadienyl anion
in the five-membered derivatives 7 does not obstruct inter-
action with anions. In contrast, the amide 7 a binds oxo
anions more strongly than its seven-membered analogue 5 a.
The five-membered phenyl amide 7 b is an even better re-
ceptor than the pyrrole-based ligand 4 b (R1=Ph, R2=H),
even though the latter compound possesses an additional
hydrogen bond donor in the form of the pyrrole NH, though
it has to be mentioned that, in the case of butylamides 7 a
and 4 a (R1=nBu, R2=H), the pyrrole-based ligand 4 a
binds the anion more strongly than the azulene-based 7 a.
These results support the thesis of the presence of the ad-
vantageous 2-CH···anion interaction in the five-membered
derivatives. As expected, the amide 7 d derived from p-nitro-
aniline is the best receptor studied, due to the higher acidity
of its NH protons.


Conversion of amides into thioamides is expected to
boost anion binding[25] as a result of the more acidic charac-
ter of the latter compound class.[26] However, this beneficial
effect can be counterbalanced by undesirable structural
preferences of the thioamide groups.[19] In the case of the
azulene-based ligands studied here, transformation of the
amide groups into the thioamide groups has an ambiguous
character (Table 1). Replacement of the carbonyl group
with a thiocarbonyl moiety increased the values of the bind-
ing constants for the seven-membered ligand 6 a, whereas it
did not significantly influence the interactions with oxo
anions in the case of 8 a.


Although the values of Ka obtained for interaction with
chloride anion in DSMO are small, they are reliable and re-
producible, and since they were measured in the same con-
ditions, they can be used for comparison. However, the low
values of Ka mean that under typical conditions (concentra-
tions about 10�2m) dissociation predominates over complex-
ation. We thus decided to measure the affinity towards hal-
ides in a less demanding solvent, acetone, that is structurally
similar to DMSO and still a more competitive medium than
acetonitrile or CH2Cl2. Using acetone as the solvent, we
were able to determine binding constants for both bromide
and chloride (Table 1). We observed similar trends in the


values of Ka in acetone and DMSO. Because of the lower
charge density of bromide anion, the complexes with this
anion are less stable than those with chloride. The seven-
membered ligands 5 a and 6 a bind chloride more strongly
than their five-membered ring analogues (7 a, 8 a), which is
in agreement with the results obtained in DMSO. The con-
version of amide groups into thioamides increases affinity
towards both halides, but the selectivity for chloride over
bromide is improved. The binding constant for complexation
of chloride with 6 a in acetone is remarkably high, but we
cannot explain why the interaction of the ligand 6 a with
chloride is so efficiently enhanced in this medium. The be-
haviour of the aromatic protons in positions 2 and 6 was
similar in both solvents, while the values of Ka and Ddmax for
2-CH in 7 and 8 are comparable with those for NH signals,
so the possibility of CH···anion interaction is also quite high
in acetone.


In advanced receptors, guest binding is achieved through
multiple interactions that originate from various binding
sites incorporated into the host structure. The observed se-
lectivity and binding strength cannot be ascribed as addition
or multiplication of binding constants determined for the
building blocks used for the ligand construction. However,
the geometrical parameters and conformational preferences
of the structural subunits determine the host structure and
arrangement of its binding sites. As a result, the structural
properties of building blocks are crucial for rational receptor
design and more important than their binding properties.
For this reason, we performed a comprehensive structural
analysis of azulene-based building blocks using different
methods of structural analysis.


We succeeded in preparing diffraction-grade crystals of
the three amide-based ligands 5 a, 7 a and 7 b ; the structure
of the seven-membered ligand 5 a had been described previ-
ously[14] and is very similar to that of its five-membered ana-
logue 7 a (Figure 2a, b; for colour versions of all enclosed
figures see the Supporting Information file). In both cases,
the ligand molecules adopt a syn–syn conformation, and the
carbonyl groups deviate from the plane of the azulene and
point in opposite directions (the torsion angles are between
21 and 368). To describe amide groupsP orientations we use
syn and anti descriptors: the syn orientation denotes a con-
formation in which the carbonyl oxygen is close to the aro-
matic backbone and the amide NH is directed “outside”,
while in the anti conformation the positions of nitrogen and
oxygen are reversed (in other words, in a syn-syn conforma-
tion, the amide hydrogens point in the same direction as the
“middle” CH (6-CH in 5 or 2-CH in 7)). The structures of
5 a and 7 a showed the amide groups engaged in hydrogen
bonds with neighbouring molecules in such a manner that
two lines of hydrogen bonds are formed (the N–O distances
are about 2.9 S; Figure 2).


The crystal structure of the phenyl amide 7 b also resem-
bles those described above (Figure 2c). The amide groups
are in the syn–syn orientation, thus they are tilted and point
in opposite directions so that the carbonyl groups are locat-
ed on the different sides of the azulene ring. Two lines of
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hydrogen bonds are formed, linking adjoining molecules
(the N–O distance is 2.9 S). The main difference in this
structure is the presence of water in the independent part.
The water molecule is positioned in such a manner that the
oxygen is in the azulene plane and the hydrogens are almost
perpendicular to the ring (Figure 3). These hydrogen atoms
form hydrogen bonds with the carbonyl groups, bridging
every third molecule of the ligand (the O–O distances are
about 2.9 S). Although the three aromatic CHs (o-CH in
phenyl arms and 2-CH of azulene) point towards the water
oxygen atoms, the C–O distances are longer than 3.9 S,
which dismisses any possibility of CH–anion interactions.


It is worth emphasizing that all three structures are very
similar. Firstly, the azulene subunits of neighbouring mole-
cules are alternately placed, probably to compensate their
dipole moments. Secondly, two lines of hydrogen bonds are
formed between the amide groups. Finally, the amide groups
are in the syn-syn orientation. The last feature is important
from the point of view of anion binding.


To bind anions with convergent hydrogen bonds, the aro-
matic bisamides must adopt the syn-syn conformation. A


preference for such a conforma-
tion is a great asset in a build-
ing block, as its binding site is
already preorganized for inter-
action with an anionic guest. To
determine the ligand structure
in solution, we measured the
2D NOSY spectra of com-
pounds 5 a and 7 a in DMSO
(see Figure S3, Supporting In-
formation). In both cases, the
NOE effect indicates that the
carbonyl groups adopt both syn
and anti orientations (NOE ef-
fects between the amide NH
and 4-CH and 6-CH protons
for ligand 5 a, and between NH
and 2-CH and 4-CH for 7 a).
This means that the amide
groups are either in the syn-anti
conformation or, more likely,
they can switch in solution be-
tween syn and anti orientations.


A further insight into the conformation preferences of li-
gands came from molecular modelling. We performed DFT
B3LYP calculations for the bismethyl amides (5 c and 7 c,
R=Me) and thioamides (6 c and 8 c, R=Me) in the gas
phase to optimize the conformer structures and the energy
distributions (the methyl bisamides were chosen in order to
simplify calculations). Since the carbonyl groups deviate
from the azulene plane, it is necessary to consider whether
they occupy the same or opposite sides of the ring. We de-
noted the former orientation “++” and the latter “+�”.
Both orientations have distinct energies. In all cases, the
“+�” conformers possess lower energy, probably due to the
opposite dipole orientations of the carbonyl groups
(Table 2).


For the seven-membered amide 5 c, the syn–anti confor-
mations have the lowest energy, followed by the syn–
syn(+�) and then the syn–syn(++), which has an energy
value close to those of the anti–anti conformations. In the
case of its thioamide analogue 6 c, the preferred conforma-
tion is also syn–anti(+�), but the syn–syn(++) conforma-
tion (the one with convergent binding sites) has an energy
higher than that of the anti–anti(+�) form. The five-mem-


Figure 2. Different views (top, bottom) of crystal structures of model ligands showing the arrangements of mol-
ecules engaged in hydrogen bond networks (the butyl and phenyl groups are omitted for clarity). a) 5 a, b) 7 a,
c) 7b.


Figure 3. Crystal structure of 7 b showing water molecule engaged in hy-
drogen bonds.


Table 2. Relative energies [kJmol�1] for the conformers of the amides 5 c
and 7 c and the thioamides 6 c and 8c.[a]


5c 6 c 7c 8 c


Eanti–anti+� 8.3 8.1 22.2 9.2
Eanti–anti++ 10.4 13.6 24.8 12.7
Esyn–anti+� 0 0 6.1 1.5
Esyn–anti++ 1.5 4.3 6.2 3.9
Esyn–syn+� 3.7 3.0 0 0
Esyn–syn++ 7.7 10.0 0.8 3.3


[a] Calculations in the gas phase with use of DFT B3LYP/6-311+G ACHTUNGTRENNUNG(3df,
2pd)//B3LYP/6-31+G ACHTUNGTRENNUNG(d,p) method and basis sets.
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bered derivatives—amide 7 c and the thioamide 8 c—prefer
the advantageous syn-syn conformations and in the case of
the amide 7 c, the difference between syn–syn and anti–anti
orientations is greater than 20 kJmol�1. On the basis of
these results, it can be assumed that the stronger anion bind-
ing by the five-membered derivatives (type 7) originates
from their better preorganization in the syn–syn conforma-
tion. However, it has to be remembered that, in solution, we
observed both syn and anti orientations of the amide groups
for both isomers.


Analysis of the distributions of formal charges explains
why the seven-membered derivatives do not take advantage
of the azulene dipole moment. Analysis of Mulliken charges
reveals that the introduction of two carbonyl groups into the
5- and 7-positions in compound 5 c induces the formation of
a negative charge on 6-C (Table 3). As a result, the charges


present on 6-CH and 2-CH hydrogen atoms are negative for
both five- and seven-membered derivatives (5 c and 7 c, re-
spectively). Moreover, the electron distributions around the
binding clefts are almost identical for both isomers (Fig-
ure S4). Similar observations can be made by two other ap-
proaches: Natural Population Analysis (NPA) and Electro-
static Potential Fit (ESP) Table 3. These results may suggest
that the ligands of both types are able to form hydrogen
bonds of comparable strength, and that the observed differ-
ences in anion affinity are caused by different geometries of
binding sites and conformational preferences of the ligands.


To throw some light on the binding pattern, we also per-
formed molecular modelling of the ligandsP complexes with
chloride anion. For all model ligands 5 c–8 c, we obtained
the structures in which the chloride is bound by two hydro-
gen bonds formed by amide/thioamide NHs and the anion is
positioned above the azulene plane (Figure 4, Figure S5).
Deviations from coplanarity and distances between the
anion and the central carbonyl atom (6-C for 5 c, 6 c or 2-C
for 7 c, 8 c) are smaller in the case of the five-membered de-
rivatives (7 c, 8 c) (Table 4). The values of these parameters
for ligand 7 c—3.4 S, 1648—are in the CH hydrogen bond
range; moreover, the C–Cl distance corresponds to the


bonds formed by arenes with electron-withdrawing substitu-
ents,[23] which may suggest the presence of the CH···anion in-
teraction for the ligands of type 7. These results correlate
with those of the 1H NMR titration experiments: the 2-CH
proton signals of 7 a and 8 a were shifted more strongly
downfield than the 6-CH of the seven-membered analogues
5 a and 6 a. At the same time, the calculated lengths of the
NH hydrogen bonds to chloride are smaller for the seven-
membered 5 c and 6 c than for 7 c and 8 c (Table 4). There is
also a parallel to the titration experiments, as this anion was
bound more strongly by the seven-membered derivatives
than by the five-membered ones (cf. Tables 1 and 4).


We obtained crystal structure of the complex of ligand 7 b
with tetrapropylammonium chloride (TPA-Cl). Unfortunate-
ly, the crystals are twined by pseudomerohedry. A possible
twinning element is the composition plane (010), and twin


obliquity (the angle between
the [010]* and [010] directions)
is equal to 2.968. Because of the
low symmetry of the crystals
(triclinic system) and the differ-
ently overlapping reflections it
was not possible to apply proce-
dures for the twin crystals
during the structure refinement.
Therefore the final discrepancy
factors are quite large.


The independent part con-
sists of two ligand complexes,
the structures of which are simi-
lar, though one ligand has disor-
der in one of its phenyl side
chains (Figure 5a). The ligand
molecules are in the syn-syn


conformations, and bind chlorides through the amide groups
(N–Cl distances are about 3.5 S). In both complexes the car-
bonyl groups deviate from the azulene planes (the torsion
angles are 7.5 and 178 in one ligand, and 11 and 148 in the
other), so the chloride anion is located above the ligand
plane (Figure 5b). Although the amide groups are twisted
with different angles, the chloride is positioned symmetrical-
ly with respect to the azulene. The crystal structure of
7 b·TPA-Cl is in very good agreement with the results of mo-
lecular modelling for the complex of 7 c and Cl� (cf. Fig-
ure 4b and 5b). The arrangements of ligands and chloride
anion in the two complexes are very similar, while the dis-


Table 3. The formal charges on selected atoms for bisamides 5 c, 7c and azulene 12 estimated by the different
methods.[a]


Atom M[b] NPA ESP M NPA ESP


5c ss+� 6-C �0.42 �0.17 0.20 5c ss++ �0.48 �0.17 0.07
6-CH 0.12 0.24 �0.07 0.12 0.24 0.02
N �0.31 �0.68 �0.39 �0.32 �0.68 �0.45
NH 0.30 0.43 0.30 0.29 0.42 0.28


7c ss+� 2-C �0.24 �0.18 0.03 7c ss++ �0.37 �0.18 �0.05
2-CH 0.12 0.29 0.06 0.12 0.23 0.11
N �0.31 �0.67 �0.51 �0.30 �0.67 �0.50
NH 0.29 0.43 0.34 0.28 0.42 0.31


12 6-C �0.01 �0.20 �0.06
6-CH 0.13 0.25 0.11
2-C �0.14 �0.21 0.12
2-CH 0.13 0.25 0.10


[a] DFT B3LYP/6-31+G ACHTUNGTRENNUNG(d,p) calculations in gas phase; ss+� and ss++ denote the conformations syn-syn+� and
syn–syn++, respectively. [b] M: Mulliken charges.


Table 4. The calculated distances between hydrogen bond donors and
chloride anion, and the angle between anion and azulene plane for
model ligandsP complexes.[a]


dN–Cl [S] dC–Cl [S][b] aC-H-Cl
[b] [8]


amide 5 c 3.19 3.66 136
amide 7 c 3.49 3.38 164
thioamide 6c 3.16 3.59 114
thioamide 8c 3.29 3.34 118


[a] Calculations in gas phase by the DFT B3LYP/6-31+G ACHTUNGTRENNUNG(d,p) method.
[b] The carbon (C) refers to 6-C for 5 c and 6c or 2-C for 7 c and 8 c
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tances between 2-CH, amide groups and chloride anion in
the solid state also match the calculated values (distances
both in the modelled structure and in the solid state are
about 3.4 and 3.5 S, respectively). The main difference in
the crystal structure is that the carbonyl groups are twisted
with a larger angle, and as result the anion is located
“higher” above the ligand plane (the C-H-Cl angles for the
two ligands in the independent part are 156 and 1508).


The crystal structure of 7 b·TPA-Cl also supports the
thesis that 2-CH is involved in hydrogen bond with anions;
moreover, there is also a close contact between m-CH of


the phenyl side chains and the anion, which may indicate
the presence of additional aromatic CH···anion interactions
and explain the efficiency of the receptor 7 b.


To describe the sizes and geometries of the binding clefts
of the azulene-based building blocks, we defined two param-
eters: the angle “a” assigned to the angle between the
amide/thioamide groups and the middle atom of a ligand,
and the distance “b” between the hydrogen bond donors
(Scheme 1). Since the amide groups are not coplanar in the
syn–syn conformations, here we report the values obtained
from different measurements: that based on X-ray analysis,
and three others based on molecular modelling, for the syn–
syn(++) and syn–syn(+�) conformations and for the com-
plexes with chloride anions (Table 5).


The parameters obtained for the complexes with chloride
anions seem to be the most relevant because they describe
the geometry of a binding site that is involved in the host–
guest interaction. At the same time, the calculated values of
b and a for the 7 c·Cl complex are similar to those found in
the crystal structure of 7 b·TPA-Cl (b=5.3 S, a=1348). On
the basis of the collected parameters, it is apparent that the
five-membered ring derivatives have binding clefts much
wider than those of their seven-membered analogues. Such
differences in geometry can lead to dramatic changes in se-
lectivity and binding affinity, as has been shown for hybrid
systems containing different building blocks.[8,9]


Conclusion


Bisamides based on azulene are attractive building blocks
for anion receptors and they extend the pool of available
structural subunits for ligand design. The five-membered
ring azulene-1,3-dicarboxylic derivatives offer binding clefts
with geometries similar to those of the pyrrole-based bisa-
mides. This building block prefers the syn–syn conformation
of its amide groups; this feature should lead to well preor-
ganized hosts containing azulene subunits. The aromatic
amides of azulene-1,3-dicarboxylic acid are especially prom-
ising, as the model ligand 7 b binds anions even more strong-
ly than the corresponding pyrrole-based ligand 4 b. There is
also some evidence that the efficiency of these ligands is im-
proved by the CH···anion interactions. Moreover, because of
the ready accessibility of azulene-1,3-dicarboxylic acid di-


Figure 5. Crystal structure of 7b·TPA-Cl. a) Independent part (the disor-
der in the TPA cation removed for clarity); b) different views of one of
the complexes, with the phenyl groups omitted.


Table 5. Geometric parameters of the binding clefts of the azulene-based
building blocks.[a]


Data 5 6 7 8


X-ray structure[b] b (a) 4.0 (1178) 5.6 (1458)
conf. syn–syn+�


[c] b (a) 4.9 (1168) 5.00 (1228) 5.6 (1428) 5.5 (1458)
conf. syn–syn++


[c] b (a) 4.7 (1108) 4.73 (1118) 5.5 (1388) 5.4 (1358)
Cl� complex b (a)[c] 4.8 (1118) 4.6 (1098) 5.3 (1358) 5.1 (1278)


[a] Parameter b [S]: the distance between (thio)amide Ns, a [8]: angle N-
C-N; see Scheme 1. [b] X-ray meaACHTUNGTRENNUNGsurements at 100 K, for butyl bis ACHTUNGTRENNUNGamides
5a and 7a. [c] DFT B3LYP/6-311+G ACHTUNGTRENNUNG(d,p) calculations for methyl bisa-
mides 5 c–8c.


Figure 4. Calculated structures of chloride anion complexes with ligands
by the DFT B3LYP/6-31+G ACHTUNGTRENNUNG(d,p) method. a) 5 c b) 7c.
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chloride (15), the synthesis of the five-membered ring azu-
lene derivatives should be simple and convenient.


The azulene-5,7-dicarboxylic acid derivatives possess
narrow binding sites, the geometries of which originate from
the uncommon seven-membered ring. Such an arrangement
of the amide groups seems to be quite complementary to
the chloride anion. However, the preparation of receptors
containing 5,7-substituted azulene units is more challenging,
which might obstruct possible application of this building
block in the more elaborate systems.


Interaction of the ligands with anions does not significant-
ly affect the azulene chromophore. At this moment, it is un-
certain whether this lack of optical response is caused by
weak anion binding by these simple model ligands or wheth-
er the charge perturbation in the amide groups upon hydro-
gen bond formation is unable to trigger the colour changes
in the chromophore.


Our comprehensive studies of azulene-based bisamides,
particularly their structural properties, should help in prepa-
ration of advanced and efficient receptors for anions.


Experimental Section


Details concerning the determination of binding constants are provided
in the Supporting Information, together with structural data. The synthe-
ses of the amide 5a and the thioamide 6a have already been published.[14]


Azulene-1,3-dicarboxylic acid (14) was prepared by the literature proce-
dure.[18]


CCDC-267792, -267793, -633021, 633022 and -642743 contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data Centre
via www.ccdc.cam.ac.uk/data_request/cif.


Azulene-1,3-dicarboxylic acid bis-butylamide (7 a): Azulene-1,3-dicarbox-
ylic acid (14, 2 g, 9.2 mmol) was suspended in dry CH2Cl2 (80 mL), and
thionyl chloride (5.5 mL, 74 mmol) was then added, followed by two
drops of DMF, and the reaction mixture was heated under reflux under
argon for 12 h. Additional thionyl chloride (2 mL) was added, and heat-
ing was continued for the next 4 h. The solvent and unreacted SOCl2
were removed in vacuo. The crude dichloride 15 was recrystallized from
hot CH2Cl2, yielding red crystals (1.8 g, 78%) that were used without fur-
ther purification.


A suspension of the dichloride 15 (0.33 g, 1.3 mmol) in dry CH2Cl2 was
cooled to 0 8C under argon, a butylamine solution (0.8 mL, 8 mmol) in
CH2Cl2 (1 mL) was added dropwise, and the reaction mixture was stirred
overnight. The solvent was removed in vacuo, and the solid residue was
purified by column chromatography on silica gel (30 g) with use of a gra-
dient of CH2Cl2 and MeOH [100:1 (100 mL), 100:2 (100 mL), 100:3
(50 mL), 100:4 (100 mL)]. The amide 7a was recrystallized from hot di-
chloroethane, yielding 0.3 g (71%) of amide 7a in the form of violet crys-
tals. M.p. 150–151 8C; 1H NMR (200 MHz, CDCl3): d=9.32 (d, J1=


9.8 Hz, 2H; 4,8-CH), 8.00 (s, 1H; 2-CH), 7.72 (t, J1=9.7 Hz, 1H; 6-CH),
7.37 (dd, J1=J1=9.8 Hz, 2H; 5,7-CH), 6.70 (t, J1=5.5 Hz, 2H; NH), 3.40
(dt, J1=6.0 Hz, J2=6.4 Hz, 4H; CH2NH), 1.57 (m, 4H; CH2), 1.40 (m,
4H; CH2), 0.94 ppm (t, J1=7.1 Hz, 6H; CH3);


13C NMR (50 MHz,
CDCl3): d=166.0, 140.9, 140.2, 138.8, 134.0, 128.1, 120.0, 39.5, 31.9, 20.25,
13.81 ppm; HR ESI: m/z : calcd for C20H27N2O2: 327.2067; found:
327.2088 [M+H]+ ; elemental analysis (%) calcd for C20H26N2O2: C 73.59,
H 8.03, N 8.58; found: C 73.67, H 8.04, N 8.66.


Azulene-1,3-dicarboxylic acid bis-phenylamide (7 b): Dichloride 15, pre-
pared as described above, was suspended in dry CH2Cl2 (0.8 g, 3.1 mmol
in 60 mL), aniline was added dropwise (1.7 mL, 18.6 mmol), and the mix-
ture was stirred overnight. The precipitate was filtered off and thoroughly


washed with HCl (2m). The remaining solid was added to the CH2Cl2
phase and dissolved in ethyl acetate (200 mL), washed with HCl (2m, 2W
30 mL) and water (30 mL) and dried over MgSO4. The solvent was re-
moved in vacuo, and the crude product was recrystallized from hot di-
chloroethane with a small amount of pentane, yielding the amide 7b
(0.7 g, 78%) as violet crystals. M.p. 215–216 8C; 1H NMR (200 MHz,
DMSO): d=10.29 (s, 2H; NH), 9.71 (d, J1=9.8 Hz, 2H; 4,8-CH), 9.10 (s,
1H; 2-CH), 8.12 (t, J1=9.6 Hz, 1H; 6-CH), 7.89–7.77 (m, 6H; o-CH+5,7-
CH), 7.38 (dd, J1=J1=7.8 Hz, 4H; m-CH), 7.13 ppm (t, J1=7.5 Hz, 2H;
p-CH); 13C NMR (50 MHz, DMSO): d =164.3, 142.1, 142.0, 140.1, 139.5,
138.4, 129.8, 129.1, 123.7, 120.4, 120.2 ppm; HR ESI: m/z : calcd for
C24H19N2O2: 367.1441; found: 367.1442 [M+H]+ ; elemental analysis (%)
calcd for 2C24H18N2O2·H2O: C 76.78, H 5.10, N 7.46; found: C 76.62, H
5.48, N 7.53.


Azulene-1,3-dicarboxylic acid bis(4-nitrophenyl)amide (7 d): A suspen-
sion of the acid dichloride 15 (1 g, 4 mmol) and p-nitroaniline (3.2 g,
23 mmol) in dry CH2Cl2 (60 mL) was heated at reflux under argon for
24 h. The solid was filtered off and thoroughly washed with HCl (2m),
CH2Cl2 and MeOH. The remaining solid was flash chromatographed
over silica gel with THF as the eluent. Removal of the solvent gave
amide 7d (1.3 g, 72%) as dark red crystals. M.p. t.t. >340 8C; 1H NMR
(200 MHz, DMSO): d =10.88 (s, 2H; NH), 9.73 (d, J1=10 Hz, 2H; 4,8-
CH), 9.19 (s, 1H; 2-CH), 8.30 (d, J1=9.2 Hz, 4H; o-CH), 8.21 (t, J1=


9.7 Hz, 1H; 6-CH), 8.13 (d, J1=9.2 Hz, 4H; m-CH), 7.93 ppm (dd, J1=


J2=9.9 Hz, 2H; 5,7-CH); 13C NMR (50 MHz, DMSO): d=164.6, 146.4,
142.9, 142.6, 139.8, 139.1, 131.2, 125.5, 119.8, 119.3 ppm; elemental analy-
sis (%) calcd for C24H18N2O2: C 63.16, H 3.53, N 12.28; found: C 63.04, H
3.47, N 12.10.


Azulene-1,3-dicarbothioic acid bis-butylamide (8 a): Amide 7a (0.4 g,
1.2 mmol) and LawessonPs reagent (1.3 g, 3.2 mmol) were suspended in
dry THF (60 mL) and the mixture was heated at reflux under argon over-
night. The solvent was evaporated in vacuo, and the solid residue was pu-
rified by column chromatography on silica gel (60 g) with CH2Cl2 (1.7 L)
and CH2Cl2/MeOH 100:1 (0.5 L) as eluents. The product was recrystal-
lized from a hexane/ethyl acetate mixture 7:3 (20 mL), yielding the thioa-
mide 8 a (0.26 g, 60%) as brown-green crystals: m.p. 146–147 8C;
1H NMR (200 MHz, CDCl3): d =9.24 (d, J1=9.8 Hz, 2H; 4,8-CH), 8.01
(t, J1=5.1 Hz, 2H; NH), 7.81 (s, 1H; 2-CH), 7.74 (t, J1=9.7 Hz, 1H; 6-
CH), 7.36 (dd, J1=J1=9.8 Hz, 2H; 5,7-CH), 3.76 (dt, J1=7.2 Hz, J2=


5.6 Hz, 4H; CH2NH), 1.77 (m, 4H; CH2), 1.47 (m, 4H; CH2), 1.02 ppm
(t, J1=7.3 Hz, 6H; CH3);


13C NMR (50 MHz, CDCl3): d =192.3, 140.8,
139.7, 138.5, 133.0, 128.0, 127.6, 45.9, 30.3, 20.4, 13.8 ppm; HR EI: m/z :
calcd for. C20H26N2S2: 358.15374; found: 358.15324 [M]+ ; elemental anal-
ysis (%) calcd for C20H26N2S2: C 66.99, H 7.31, N 7.81, S 17.89; found: C
66.97, H 7.25, N 7.72, S 17.69.
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Site Selectivity in the Reactions of the Hexanuclear Platinum Cluster
ACHTUNGTRENNUNG[Pt6ACHTUNGTRENNUNG(m-PtBu2)4(CO)6] ACHTUNGTRENNUNG[CF3SO3]2
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Introduction


The assembly of large molecular frameworks with pre-de-
fined shape is one of the most exciting challenges for chemi-
cal research,[1] and the interest is enhanced further by possi-
ble applications in the bottom-up construction of nano-scale


machines or devices.[2] The synthetic procedures employ dif-
ferent types of inorganic or organometallic “bricks”, from
simple mononuclear LnM fragments[1–3] to dinuclear,[4]


metal-chain,[5] porphyrin,[1a,6] polyoxometalate,[7] carbor-
ane,[8] C60[9] or dendrimeric[10] units, generally connected by
organic bridging ligands or spacers. Owing to the peculiar
redox properties of transition-metal clusters,[11] there is also
a growing interest in the construction of rigid-rod or dendri-
meric structures in which two[12] or more[13,14] cluster units
are connected by conjugated or insulating spacers.[15] Suita-
ble cluster building blocks should; a) be synthesizable in
good yields and purity; b) be resistant to fragmentation,
condensation and, possibly, also to rearrangement processes;
c) contain a limited number of reactive, well positioned,
sites suitable to the insertion of the spacer groups.


Abstract: The previously reported hex-
anuclear cluster [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)6]


2+


[Y]2 (1-Y2: Y=CF3SO3
�) contains a


central Pt4 tetrahedron bridged at each
of the opposite edges by another plati-
num atom; in turn, four phosphido li-
gands bridge the four Pt�Pt bonds not
involved in the tetrahedron, and, final-
ly, one carbonyl ligand is terminally
bonded to each metal centre. Interest-
ingly, the two outer carbonyls are more
easily substituted or attacked by nucle-
ophiles than the inner four, which are
bonded to the tetrahedron vertices. In
fact, the reaction of 1-Y2 with 1 equiv
of [nBu4N]Cl or with an excess of
halide salts gives the monochloride
[Pt6ACHTUNGTRENNUNG(m-PtBu2)4(CO)5Cl]


+[Y], 2-Y, or
the neutral dihalide derivatives [Pt6ACHTUNGTRENNUNG(m-
PtBu2)4(CO)4X2] (3 : X=Cl; 4 : X=Br;
5 : X= I). Moreover, the useful unsym-
metrically substituted [Pt6 ACHTUNGTRENNUNG(m-
PtBu2)4(CO)4ICl] (6) was obtained by


reacting equimolar amounts of 2 and
[nBu4N]I, and the dicationic derivatives
[Pt6ACHTUNGTRENNUNG(m-PtBu2)4(CO)4L2]


2+[Y]2 (7-Y2:
L= 13CO; 8-Y2: L=CNtBu; 9-Y2: L=


PMe3) were obtained by reaction of an
excess of the ligand L with 1-Y2.
Weaker nitrogen ligands were intro-
duced by dissolving the dichloride 3 in
acetonitrile or pyridyne in the presence
of TlPF6 to afford [Pt6ACHTUNGTRENNUNG(m-PtBu2)4
(CO)4L2]


2+[Z]2 (Z=PF6
�, 10-Z2: L=


MeCN; 11-Z2: L=Py). The “apical”
carbonyls in 1-Y2 are also prone to nu-
cleophilic addition (Nu� : H�, MeO�)
affording the acyl derivatives [Pt6ACHTUNGTRENNUNG(m-
PtBu2)4(CO)4 ACHTUNGTRENNUNG(CONu)2] (12 : Nu=H;
13 : Nu=OMe). Complex 12 is slowly


converted into the dihydride [Pt6ACHTUNGTRENNUNG(m-
PtBu2)4(CO)4H2] (14), which was more
cleanly prepared by reacting 3 with
NaBH4. In a unique case we observed
a reaction involving also the inner car-
bonyls of complex 1, that is, in the re-
action with a large excess of the isocya-
nides R�NC, which form the corre-
sponding persubstituted derivatives
[Pt6ACHTUNGTRENNUNG(m-tPBu2)4 ACHTUNGTRENNUNG(CN�R)6]


2+[Y]2, (15-Y2:
R= tBu; 16-Y2


2� : R=�C6H4-4-C�CH).
All complexes were characterized by
microanalysis, IR and multinuclear
NMR spectroscopy. The crystal and
molecular structures of complexes 3, 5,
6 and 9-Y2 are also reported. From the
redox viewpoint, all complexes display
two reversible one-electron reduction
steps, the location of which depends
both upon the electronic effects of the
substituents, and the overall charge of
the original complex.
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cyclic voltammetry · organometallic
synthons · phosphido ligands ·
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We have shown that the hexanuclear platinum cluster
[Pt6ACHTUNGTRENNUNG(m-PtBu2)4(CO)6]


2+[Y]2 (1-Y2: Y=CF3SO3
�) which can


be prepared in 3 steps and reasonable yields from commer-
cially available reagents, has a [Pt6ACHTUNGTRENNUNG(m-PtBu2)4(CO)4] core
that exhibits a remarkably high thermal and chemical stabil-
ity and two reactive positions, mutually directed at 1808,
readily accessible for chemical transformations.[16] In this
work we report the synthesis of symmetrical and unsymmet-
rical dihalides and other derivatives, well suited for the
above cited utilization, and a thorough study on the general
reactivity of complex 1-Y2. Part of this work has been com-
municated previously.[14,16] We point out that di- or polyhalo
carbonyl clusters are not very common; indeed, if one ex-
cludes the slightly more numerous derivatives of the iron
group, limited examples[17] (only one with a Pt containing
Au9Pt core)


[17d] of such structurally characterized complexes
can be found in the CCDC files.[18] To the best of our knowl-
edge, [Os5PdC(CO)14ICl ACHTUNGTRENNUNG(PPh2Py)]


[17m] is the sole structurally
characterized carbonyl cluster with two different halide li-
gands that has previously been reported.


Results and Discussion


Preparation of [Pt6ACHTUNGTRENNUNG(m-PtBu2)4(CO)5Cl][Y] and [Pt6 ACHTUNGTRENNUNG(m-
PtBu2)4(CO)4 XX’] (X=X’=Cl, Br, I or X= I, X’=Cl): A
red CH2Cl2 solution of complex 1-Y2 was treated with an
equimolar amount of [nBu4N]Cl to give, in a few minutes,
the monohalide [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)5Cl]


+[Y], 2-Y, which was
isolated in good yield (92%) as an orange microcrystalline
solid (Scheme 1). The dihalides [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)4X2] (3 :
X=Cl; 4 : X=Br; 5 : X= I) were obtained by similar proce-
dures employing acetone as the solvent and an excess (3- to
6-fold) of the proper halide
salt (3, orange, 97%; 4,
orange, 91%, 5, red, 94%).
Further carbonyl substitution
was not observed when reac-
tion times and/or temperatures
were increased. Finally, the un-
symmetrical dihalide [Pt6ACHTUNGTRENNUNG(m-
PtBu2)4(CO)4ICl] (6) was ob-
tained by reacting equimolar
amounts of complex 2-Y and
[nBu4N]I in acetone (92%,
orange). Single crystals for dif-
fractometric studies (see
below), were respectively ob-
tained by slow evaporation of
a CH2Cl2 solution (complex 5),
and by recrystallization from a
Et2O/acetone mixture (3 and
6). Significant IR and NMR
parameters for complexes 12+–
162+ are shown in Table 1.
Compared to its precursor 12+


(ñCO at 2089 and


2056 cm�1,respectively assigned to the two apical and the
four inner carbonyl ligands) the less symmetrical 2 shows, as


Scheme 1. General reactivity of complex 1 and of its derivatives.


Table 1. Significant IR ñ ACHTUNGTRENNUNG[cm�1] and NMR d ACHTUNGTRENNUNG[ppm] parameters for complexes 12+–162+ .[a]


X Y n ñ[b] dP(1,2) dP(1,2) dPt(1) dPt(6) dPt(2,3) dPt(4,4)


12+ CO CO 2 2089, 2056 383.7 �4960 �3203
2+ CO Cl 1 2080, 2059;


2047, 2036;
2025


360.5 348.4 �5012 �3928 �3112 �3516


3 Cl Cl 0 2017 328.9 �4153 �3463
4 Br Br 0 2018 330.5 �4410 �3417
5 I I 0 2017 333.2 �4933 �3352
6 I Cl 0 2017 333.4 328.8 �4938 �4149 �3354 �3452
72+ 13CO 13CO 2 2040, 2056 383.7 �4960 �3203
82+ CNtBu CNtBu 2 2046 361.6 �4954 �3182
92+ PMe3 PMe3 2 2030 337.4 �5218 �2914
102+ NCMe NCMe 2 2023 347.9 �4417 �3525
112+ Py Py 2 2031 327.8 �4343 �3406
12 CHO CHO 0 2006, 1608 316.3 �4642 �2570
13 COOMe COOMe 0 2015, 1704 330.4 �4844 �2804
14 H H 0 2001 342.0 �5146 �2822
152+ CNtBu CNtBu 2 2169, 2131 300.5 �5131 �3083
162+ [c] [c] 2 2150, 2122 323.4 �4981 �2996


[a] Each of the central Pt2–5 nuclei bears one terminal carbonyl (12+–14) or isonitrile (152+–162+) ligand;
[b] ñ(CO): complexes 12+–14 ; ñ(CN): complexes 152+ and 162+ . [c] CN�C6H4�C�CH.
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expected, a more complex pattern of absorptions between
ñ=2080 and 2025 cm�1, while the dihalides 3–6 exhibit a
unique absorption at �2017 cm�1 for the equivalent inner
carbonyls.


The shift to lower wavenumbers from 1-Y2 to 2-Y, and to
3–6, is also expected for the substitution of p-acceptor car-
bonyls with donor halide ligands and for charge effects. As
in complex 1-Y2, the four P nuclei in the symmetrical diha-
lides 3–5 are isochronous and give, in the 31P{1H} NMR spec-
trum, a central singlet flanked by a complex set of 195Pt sat-
ellites (owing to the superposition of the subspectra given
by 64 isotopomers; 195Pt, I=1/2, natural abundance=


33.8%). These are very similar to the corresponding data
observed for 1-Y2, and strong similarities were also observed
in the main features of the 195Pt{1H} NMR spectrum.[19] The
latter exhibits only two characteristic resonances for the
apical (Pt1,6) and inner (Pt2–5) platinum nuclei, which rule
out all other possible isomeric structures. The values of dP


(383.7 ppm in 1-Y2) move considerably to high-field, and the
shift increases slightly with increasing halide electronegativi-
ty (333.2, 330.5, and 328.9 ppm, respectively observed for 5,
4, and 3), opposite to the trend generally observed in mono-
nuclear (R3P)xMXy derivatives.[20] The same trend was ob-
served for the values of dPt(2–5) (�3203, �3352, �3417, and
�3463 ppm for 1-Y2, 5, 4, and 3), whereas the inverse drift is
exhibited by the values of dPt(1,6) (�4153, �4410, �4933, and
�4960 ppm for 3, 4, 5, and 1, respectively). These intriguing
trends, reasonably a result of the charge redistribution oc-
curring upon substitution at the apical sites, cannot be
straightforwardly explained, nevertheless, they are very
useful for the assignment of the resonances observed for the
less symmetrical 2-Y and 6 (see Table 1). The 1H and
13C{1H} NMR spectra of the dihalides 3–5 show the expected
signals for equivalent t-butyl (dH, dC, and dCH3 respectively
at �1.5,[19] 45 and 32 ppm) and carbonyl groups (dC at
�205 ppm); the corresponding resonances are doubled in
the spectra of the asymmetrical derivatives 2-Y and 6 (see
the Experimental Section). The spectral (and microanalyti-
cal) parameters of complex 6 could also be interpreted as
arising from a 1:1 mixture of 3 and 5, however its reactivi-
ty[14c] unambiguously agrees with the given formulation.


Preparation of [Pt6ACHTUNGTRENNUNG(m-PtBu2)4(CO)4L2][Y]2 (L=13CO,
CNtBu, PMe3) and [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)4L2][Z]2 (L=MeCN,
Py; Z=PF6): The apical carbonyls of complex 1-Y2 are also
selectively substituted by neutral 2e� donors, to give salts of
the dication [Pt6ACHTUNGTRENNUNG(m-PtBu2)4(CO)4L2]


2+ . Details of the reac-
tions with 13CO or PMe3, yielding complexes 7-Y2 (L=
13CO) or 9-Y2 (L=PMe3) under mild conditions, have been
given elsewhere[16] and will not be duplicated here. Single
crystals of 9-Y2 were obtained by slow evaporation of
CHCl3 solutions. Complex 1-Y2 reacts at room temperature
with 2 equiv of t-butylisocyanide to give 8-Y2 (L=CNtBu)
as a red solid (86%). Complexes of weaker ligands were ob-
tained under stronger conditions starting from the dichloride
3, which must be warmed at 60 8C for 12 H, in acetonitrile
or pyridine solution and in the presence of TlPF6, to give


the corresponding disubstituted derivatives 10-Z2 (L=


MeCN, Z=PF6, 78%) and 11-Z2 (L=Py, 71%) as analyti-
cally pure orange solids. The presence of the Pt-bonded ni-
trogen ligands was certified by the resonances at dH=


2.93 ppm (s, with satellites, 4JHPt=10.6 Hz, 3H; CH3CN),
dC=4.30 ppm (CH3CN) and by the IR absorption ñCN=


2309 cm�1 for 10-Z2 and by the resonances at dH=9.5 (d,
3JHH=5.0 Hz, with satellites, 3JHPt=45 Hz, 4H), 8.3 (t, 3JHH=


7.5 Hz, 2H), 8.0 ppm (dt, 3JHH=7.5, 5.0 Hz, 4H) and dC=


156.2, 141.8 and 129.3 ppm for 11-Z2. The remaining signals
in the 1H and 13C{1H} NMR and the 31P{1H} and
195Pt{1H} NMR spectra (Table 1) fulfilled expected shape
and position expectations.


Preparation of [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)4ACHTUNGTRENNUNG(CONu)2] (Nu=H,
OMe) and [Pt6ACHTUNGTRENNUNG(m-PtBu2)4(CO)4H2]: Nucleophilic attacks to
the carbonyl ligands are again selectively directed towards
the apical positions. As detailed previously,[16] the reaction
of complex 1-Y2 with NaBH4 yields the first platinum
formyl [Pt6ACHTUNGTRENNUNG(m-PtBu2)4(CO)4ACHTUNGTRENNUNG(CHO)2], (12), which decarbony-
lates slowly to give [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)4H2], (14), as the
main product. The dihydride 14 can also be prepared in
better yields (84%) and purity by reacting the dichloride 3
with NaBH4 (see Experimental Section). The reaction of 1-
Y2 with LiOCH3 gives [Pt6ACHTUNGTRENNUNG(m-PtBu2)4(CO)4ACHTUNGTRENNUNG(COOCH3)2]
(13), as a thermally stable orange solid (84%). Significant
spectroscopic parameters for 13, not reported in Table 1, are
at dH=3.62 ppm (s, 3H; OCH3) and at ñCO=2015 (s) and
1704 cm�1 (m).


Preparation of [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4 ACHTUNGTRENNUNG(CN�R)6][Y]2 : The four car-
bonyls bonded to the inner tetrahedron, which are left un-
changed in the reactions shown above, were indeed easily
substituted when complex 1-Y2 was reacted with a large
excess (�1:20) of isocyanide donors. The reactions occur
under mild conditions, affording the per-substituted deriva-
tives [Pt6ACHTUNGTRENNUNG(m-PtBu2)4ACHTUNGTRENNUNG(CN�R)6][Y]2, (15-Y2: R= tBu; 16-Y2:
R=�C6H4-4-C�CH), which were isolated as red powders in
good yields (�75%). The new complexes retain the main
structural features of complex 1-Y2, as inferred by the shape
and the position of the 31P{1H} and 195Pt{1H} NMR resonan-
ces (Table 1). The 1H, 13C{1H} NMR and IR spectra confirm
the absence of the carbonyl ligands, the presence of two dif-
ferent types of isocyanide ligands, and the expected integral
ratio between Rapical, Rinternal, and the t-butyl groups (see Ex-
perimental Section).


Crystal and Molecular Structures : Single crystals of 3, 5, 6,
and 9-Y2 were grown as detailed above. Selected bond dis-
tances and angles are reported in Table 2 (3, 5, 6) and in
Table 3 (9-Y2); ORTEP projections of the molecular struc-
tures are shown in Figures 1, 2, and 3.


The structures retain the main features that we have al-
ready observed in the structurally related 1-Y2,


[16] [{Pt6}
ACHTUNGTRENNUNG(C�C�Ph)2],[14b] [{Pt6} ACHTUNGTRENNUNG(C�C�Fc)2] (Fc= {(h5-C5H5)Fe ACHTUNGTRENNUNG(h


5-
C5H4)})


[14d] and [(Pt6)(C�C�C6H3�ACHTUNGTRENNUNG[C�C�ACHTUNGTRENNUNG{Pt3}]2)2] ({Pt3}=
{Pt3ACHTUNGTRENNUNG(PtBu2)3(CO)2}),


[14a] that are otherwise exceedingly rare
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for hexanuclear complexes of the whole transition series.
All these complexes contain a tetrahedral core of platinum
atoms with two opposite edges bridged by a further two
(“apical”) platinum centers. Each of the four external Pt�Pt
bonds of the dibridged tetrahedron (dbt) is bridged by one
bulky PtBu2 phosphido ligand, while the four inner edges of
the tetrahedron are unbridged. One terminally bonded car-
bonyl ligand on each of the central Pt4 centers completes
the structure of the {Pt6} core.


The overall structures show a D2d local symmetry, with
the variable XY ligands bonded to the apical platinum cen-
ters nearly aligned with the major S4 axis. The monoclinic 9-
Y2 deviates only slightly from this symmetry. The central
{Pt6} skeleton, common to all of these complexes, is only
slightly stretched upon substitution of the XY ligands;
indeed, the stretching is significant for only the external tri-
angles and less so for the inner Pt�Pt bonds. Bond a
(Scheme 2) are constantly lengthened from 2.696(1) to
2.801(1) Q in the series XY=halides, alkynyls, CO, PMe3,


Table 2. Selected bond lengths [Q] and angles [8] in the isotypic struc-
tures of compounds 3, 5 and 6. The apexes in the atom labels have the
meaning shown in Figure 1.


3 5 6


Pt(1)�Pt(2) 2.6921(3) 2.709(1) 2.696(1)
Pt(1)�Pt(1’) 2.6916(3) 2.685(1) 2.695(1)
Pt(1)�PtACHTUNGTRENNUNG(1’’) 2.8674(3) 2.872(1) 2.869(1)
Pt(2)�I – 2.643(2) 2.721(4)
Pt(2)�Cl 2.344(2) – 2.28(1)
Pt(2)�P 2.2797(12) 2.277(4) 2.281(4)
Pt(1)�P 2.2496(11) 2.245(4) 2.246(4)
Pt(1)�C(1) 1.857(5) 1.87(2) 1.83(2)
Pt(1)-Pt(2)-Pt(1’) 59.988(9) 59.42(3) 59.97(3)
Pt(2)-Pt(1)-Pt(1’) 60.006(4) 60.29(2) 60.01(2)
Pt(1’)-Pt(1)-Pt ACHTUNGTRENNUNG(1’’) 62.009(3) 62.13(1) 61.99(1)
Pt ACHTUNGTRENNUNG(1’’)-Pt(1)-Pt ACHTUNGTRENNUNG(1’’’) 55.983(7) 55.75(3) 56.02(2)


Table 3. Selected bond lengths [Q] and angles [8] in the structure of 9-
Y2·CHCl3.


Pt(1)�Pt(2) 2.799(1) Pt(1)�Pt(3) 2.612(1)
Pt(1)�Pt(4) 2.834(1) Pt(1)�Pt(6) 2.856(1)
Pt(2)�Pt(3) 2.808(1) Pt(3)�Pt(4) 2.849(1)
Pt(3)�Pt(6) 2.858(1) Pt(4)�Pt(5) 2.788(1)
Pt(4)�Pt(6) 2.615(1) Pt(5)�Pt(6) 2.801(1)
Pt(1)�P(1) 2.251(4) Pt(2)�P(1) 2.288(4)
Pt(2)�P(2) 2.306(4) Pt(2)�P(3) 2.315(4)
Pt(3)�P(3) 2.269(4) Pt(4)�P(4) 2.242(4)
Pt(5)�P(4) 2.301(4) Pt(5)�P(5) 2.287(4)
Pt(5)�P(6) 2.303(4) Pt(6)�P(6) 2.264(4)
Pt(1)�C(1) 1.92(2) Pt(3)�(2) 1.86(2)
Pt(4)�C(3) 1.82(2) Pt(6)�C(4) 1.92(2)
Pt(1)-Pt(2)-Pt(3) 55.53(2) Pt(2)-Pt(1)-Pt(3) 62.40(2)
Pt(1)-Pt(3)-Pt(2) 62.07(2) Pt(3)-Pt(1)-Pt(4) 62.93(2)
Pt(3)-Pt(1)-Pt(6) 62.85(2) Pt(4)-Pt(1)-Pt(6) 54.74(2)
Pt(1)-Pt(3)-Pt(4) 62.34(2) Pt(1)-Pt(3)-Pt(6) 62.75(2)
Pt(4)-Pt(3)-Pt(6) 54.55(2) Pt(1)-Pt(6)-Pt(3) 54.41(2)
Pt(1)-Pt(6)-Pt(4) 62.21(2) Pt(3)-Pt(6)-Pt(4) 62.54(2)
Pt(1)-Pt(4)-Pt(3) 54.73(2) Pt(1)-Pt(4)-Pt(6) 63.06(2)
Pt(3)-Pt(4)-Pt(6) 62.91(2) Pt(5)-Pt(4)-Pt(6) 62.36(2)
Pt(4)-Pt(6)-Pt(5) 61.84(2) Pt(4)-Pt(5)-Pt(6) 55.80(2)


Figure 1. View of the molecular structure of [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)4I2], 5. El-
lipsoids are at 30% probability. Hydrogen atoms have been removed and
only the most populated positions of the disordered methyl groups have
been represented for sake of clarity. ’=1�x, 1=2�y, z ; ’’=1/4+y, 3/4�x, 1/
4�z ; ’’’=3/4�y, �1/4+x, 1/4�z.


Figure 2. View of the molecular structure of [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)4ICl], 6.
Ellipsoids are at 30% probability. Hydrogen atoms have been removed
for clarity. The apexes in the labels have the same meaning as in
Figure 1. The dashed ellipsoids remark the orientational disorder of the
molecules in the crystal.


Figure 3. View of the molecular structure of the cation [Pt6 ACHTUNGTRENNUNG(m-
PtBu2)4(CO)4ACHTUNGTRENNUNG(PMe3)2]


2+ as it appears in the structure of 9-Y2·CHCl3. El-
lipsoids are at 30% probability. Hydrogen atoms have been removed for
clarity.
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while Pt�Pt bonds b (Scheme 2) are shortened from
2.695(1) to 2.612(1) Q; outer bonds c (Scheme 2) remain in
the shorter range from 2.834(1) to 2.872(1) Q. Bond angles
are modified accordingly, with the most relevant variations
observed for angles a, which decrease from 59.97(3) to
55.53(2)8, in the same series.


The Pt�Pt, Pt�P and Pt�CO bond distances in 3, 5, 6 and
9-Y2 fall in the range normally found in this type of clusters,
while the Pt�halogen distances deserve some comment. In
fact, clusters of Groups 9 and 10 with halide ligands are rel-
atively rare, moreover, in the few known examples, bridging
m2- or m3-X coordination is preferred,[21] unless other strongly
bridging groups such as m-E (E=S, Se, P, As) or m-ER (E=


N, P) are present.[22] As a consequence, clusters of these
groups with terminally bonded halides are exceedingly rare.
For example, as far as we know there is only a previous ex-
ample of Pt cluster with a terminal chloride, [Pt3ACHTUNGTRENNUNG(m3-CO) ACHTUNGTRENNUNG(m2-
dppm)3Cl][Cl] ,


[23a] in which the chloride ligand is very
weakly bonded perpendicularly to the Pt3 triangle and ex-
hibits a long Pt�Cl distance (2.784 Q). Those found in 3 and
6, where the Pt�Cl bond is parallel to the adjacent Pt3 trian-
gle, are much shorter (2.344(2) and 2.28(1) Q, respectively)
but are, on the other hand, in the range observed for Pt�Cl
bond lengths in linear polynuclear derivatives (2.280–
2.498 Q).[23b–e]


The Pt�I bond distances exhibited by 5 (2.643(3) Q) and 6
(2.721(4) Q) are comparable to those observed in the only
four platinum clusters with terminal iodide ligands reported
so far: [Pt3ACHTUNGTRENNUNG(m2-CO)3I ACHTUNGTRENNUNG(CH2CN) ACHTUNGTRENNUNG(PCy3)3] (2.729(1) Q), [Pt3ACHTUNGTRENNUNG(m2-
CO)2ACHTUNGTRENNUNG(m2-I)I ACHTUNGTRENNUNG(PCy3)3] (2.7524(11) Q),[24a] [Pt3ACHTUNGTRENNUNG(m2-CO)2ACHTUNGTRENNUNG(m2-
PPh2)I ACHTUNGTRENNUNG(PPh3)3] (2.8165(17) Q),[24b] and [Pt4(m2-
PPh2CH2PPh2)2ACHTUNGTRENNUNG(m2-PPh2)2I2] (2.664(1) Q).[24c] It is also worth
noting that, as compared to the corresponding distances in 3
and 5, complex 6 exhibits a shorter Pt�Cl (2.28(1) vs.
2.344(2) Q) and a longer Pt�I bond (2.721(4) vs.
2.643(3) Q).


All molecules crystallize in the tetragonal system, with
their 4-(S4) axis, passing through the halogen atoms, parallel
to c, along which they are perfectly aligned and eclipsed
(Figure 4A).


Interestingly, the strictly linear columns formed, are ar-
ranged in an ordered 3-D array with tiny channels running
along c, probably a result of the roughly tetrahedral (Figur-
e 4B,C) van der Waals molecular shape of 3–5 and 6, given
by the t-butylphosphido groups, which bridge the mutually
perpendicular triangles. Despite the great similarity in com-
position and shape, 3, 5, and 6 adopt different space groups,
namely I4̄2d (3) and I41/amd (5, 6). The mirror planes paral-
lel to ab and to ac, exhibited by the structures of 5 and 6,
are lacking in 3, in which the adjacent columns are rotated
by about 58 clockwise and anticlockwise, as shown in Fig-
ure 4D. As a consequence, the section of the hydrophobic


channels, formed by the t-butyl groups, is elliptical in the
structure of 3 and roughly circular in that of 5 and 6.


Although aesthetically appealing the channels are too
narrow to host incoming small molecules, however, there is
more room along the chains. Indeed, in the c direction, the
molecules of each row are not in close contact, but are
spaced by holes; for example the Cl···Cl distance between
chlorine atoms of adjacent molecules in 3 is 6.173 Q
(Figure 5), and the corresponding Pt···Pt distance is nearly
constant across the series (10.861, 10.837, 11.073 Q in 3, 5
and 6, respectively). This suggests that a careful selection of
spacers with the proper length (and small steric encum-
brance) may allow the synthesis of linear polymers that ex-
hibit a similar solid state packing.


Scheme 2. Stretching of the {Pt6} core upon substitution of X, Y ligands.


Figure 4. View of the molecular shape and packing of 3, 5 and 6. Hydro-
gen atoms have been omitted for clarity. A) A row of molecules of 5 pro-
jected along the S4 axis. B) and C) A molecule of 5 in a space-filling rep-
resentation viewed in the a and b axis directions. D) Crystal packing of 3
in the c direction. E) Crystal packing of 5 and 6 in the c direction (grey:
carbon; orange: phosphorus; red: oxygen; violet: platinum; green:
iodine).


Figure 5. Section of a molecular row in the crystal structures of 3. One of
the spacing holes with four-lobes shape is also shown.
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Electrochemical Study : As previously reported,[25] a CH2Cl2
solution of 1 exhibits two separate one-electron reductions
(�0.27 and �0.54 V, vs. SCE) that possess features of chemi-
cal reversibility in the cyclic voltammetric time scale, fol-
lowed by a further, partially chemically reversible, two-elec-
tron reduction at more negative potential values
(�1.72 V).[26] All the halide derivatives arising from cation
12+ exhibit an expectedly large cathodic shift of all the
redox processes, so that only the two first reductions
become detectable (at �0.84 and �1.14 V for cation 2+ , and
��1.4 and ��1.6 V for 3–6) and an irreversible oxidation
process (a two-electron step based on the relative peak
heights) appears at +1.2 and 1.6 V. Representatively,
Figure 6 compares the CV profile of 12+ with those of 2+


and 3 (profiles given by 4–6 are very similar to the one
shown for 3); the formal electrode potentials are compiled
in Table 4.


The first couple of reductions of 2+ and 3, with scan rates
progressively increasing from 0.02 to 1.00 Vs�1, confirms
their chemically and electrochemically reversible one-elec-
tron nature:1) The current ratio (ipa/ipc) is constantly equal
to 1.0, 2) the current function, ipc n�1/2, remains substantially
constant, and 3) the peak-to-peak separation, DEp, ap-
proaches the theoretical value of 59 mV.[27]


As shown in Figure 7, the substitution of the two apical
carbonyls of 12+ with CNtBu, yielding the dication 82+ ,
causes a considerable shift toward negative potential values
(�0.71 and �0.99 V) of the two reversible steps.


Figure 7 shows also that for cation 152+ in which all the
carbonyl ligands have been substituted by CNtBu, the corre-
sponding potentials are further cathodically shifted to values
(�1.45 and �1.75 V) lower than those of the neutral diha-
lides 3–6. As a consequence of such shift, a chemically rever-
sible oxidation, which has been confidently assumed as a
two-electron process, also appears at +0.88 V.


For sake of simplicity, the discussion about the electronic
effects on the redox potentials of the different complexes
will be limited to the two sequential one-electron reductions,
which substantially typify the redox fingerprint of our clus-
ters.


The simple comparison of the redox potentials of 2+ and
3 indicates that the progressive substitution of the apical car-
bonyl groups by chloride ion progressively shifts towards
more negative potential values the reduction processes (by
0.6 V and 1.1 V, respectively).


The effect must certainly be ascribed either to the pres-
ence of the s-donor chloride ligand in place of a p-acid car-
bonyl, or to the coulombic effects exerted by the decrease
of the overall positive charge. In fact, such a trend is in
agreement with the red shift of the stretching frequencies of
the equivalent inner carbonyls on passing from 12+ to 2+


and to 3–6, a behavior which is usually attributed to charge
effects (a linear correlation holds between the total charge
of the clusters and the ñCO frequencies of the four inner car-
bonyls, except for the mismatch of complex 82+). On the
other hand, the notably different redox potentials of the iso-
charged cations 12+ , 82+ , 152+ undoubtedly prove that ligand
inductive effects also play a determinant role.


The averaged position of the potential values of the asym-
metric species 2+ as compared to those of 12+ and 3, togeth-
er with the evidence that, independently from the apical or
core position of the isonitrile ligands, their electron-donating
effects are merely additive (�0.22 V/CNtBu), suggests a sub-
stantial delocalization along the whole of their hexanuclear


Figure 6. Cyclic voltammograms recorded at a platinum electrode in
CH2Cl2 solution of 1 (0.6T10�3 moldm�3), 2 (0.7T10�3 moldm�3) and 3
(0.6T10�3 moldm�3), respectively. [NBu4] ACHTUNGTRENNUNG[PF6] (0.2 moldm�3) as the sup-
porting electrolyte. Scan rate 0.2 Vs�1.


Table 4. Formal electrode potentials (V, vs. SCE) and peak-to-peak sepa-
rations (mV) for the redox changes exhibited by cation 12+ and its deriv-
atives in CH2Cl2 solution.


Reduction processes Oxidation process
E0’ DEp


[a] E0’ DEp
[a] E0’ DEp


[a]


12+ �0.27 58 �0.54 60 – –
2+ �0.84 78 �1.14 82 +1.65[b,a] –
3 �1.38 60 �1.60 94 +1.30[b,a] –
4 �1.38 70 �1.60 70 +1.30[b,a] –
5 �1.40 76 �1.60 78 +1.20 100
6 �1.44 72 �1.64 72 +1.20[b,a] –
82+ �0.71 80 �0.99 96 – –
152+ �1.45 78 �1.74 82 +0.88 75


[a] Measured at 0.1 Vs�1; [b] peak potential value for irreversible pro-
cesses.


Figure 7. Cyclic voltammograms recorded at a platinum electrode in
CH2Cl2 solution of 8 (0.6T10�3 moldm�3) and 15 (0.6T10�3 moldm�3), re-
spectively. [NBu4] ACHTUNGTRENNUNG[PF6] (0.2 moldm�3) as the supporting electrolyte. Scan
rate 0.2 Vs�1.
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structures. The alternative view of the structures, based on
the central Pt4 tetrahedron bridged through the phosphides
by two apical, not mutually communicating, Pt atoms, does
not fit the above set of experimental data.


In further accord with a significant delocalization within
the Pt6 framework, a linear relationship between the ñCO fre-
quencies of the four inner carbonyls and the redox poten-
tials of the different complexes is expected and found,
Figure 8.


Noteworthy, in this case cation 82+ also fits the linear
trend, further validating the influence of both the charge
and the nature of the apical ligands on the electron transfer
activity of the present complexes. The chance to functional-
ize, in different conditions, the apical or core position of the
clusters and their delocalized character, is very appealing
for the use of these systems as cluster building blocks for ex-
tended structures. In this respect, learning to modulate the
electronic communications between the apical positions,
that is, to find the conditions in which the central tetrahe-
dral core toggles between a connecting and an insulating be-
havior, would be a further important challenge.


Experimental Section


General Data : The reactions were carried out under a nitrogen atmos-
phere, by using standard Schlenk techniques. Complexes 1-Y2,


[16, 25] 2-Y,[25]


3,[14a] 6,[14c] and 9-Y2
[16] were prepared as previously described. Solvents


were dried by conventional methods and distilled under a nitrogen at-
mosphere prior to use. IR spectra (nujol mulls, KBr) were recorded on a
Perkin–Elmer FT-IR 1725X spectrophotometer. NMR spectra were re-
corded on a Varian Gemini 200 BB instrument; frequencies are refer-
enced to the residual resonances of the deuterated solvent (H, 13C), 85%
H3PO4 (31P) and H2PtCl6 (195Pt). Electrochemical measurements were
performed in a dichloromethane solution that contained [NtBu4] ACHTUNGTRENNUNG[PF6]
(0.2 moldm�3) as the supporting electrolyte. Anhydrous 99.9% dichloro-
methane was obtained from Aldrich. Electrochemical grade [NtBu4] ACHTUNGTRENNUNG[PF6]
was purchased from Fluka and used as obtained. Cyclic voltammetry was
performed in a three-electrode cell containing a platinum working elec-
trode surrounded by a platinum-spiral counter electrode, and an aqueous


saturated calomel reference electrode (SCE) mounted with a Luggin ca-
pillary. A BAS 100W electrochemical analyzer was used as polarizing
unit. All the potential values are referred to the SCE. Under the present
experimental conditions, the one-electron oxidation of ferrocene occurs
at E0=++0.39 V. Controlled potential coulometry was performed in an H-
shaped cell with anodic and cathodic compartments separated by a sin-
tered-glass disk. The working macroelectrode was a platinum gauze; a
mercury pool was used as the counter electrode.


Preparation of [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)4Br2] (4): A solution of NH4Br (75 mL,
0.075 mmol, 1m) in acetone was added to a red colored solution of ace-
tone (3 mL) and complex 1 (30 mg, 0.013 mmol). An orange solid pre-
cipitated out within a few minutes and was then filtered and consequent-
ly dried in vacuo (25 mg, 91%). 1H NMR (CDCl3, 25 8C) d = 1.50 ppm
(vt, 3JHP+ 5JHP=7.5 Hz); 13C{1H} NMR (CDCl3, 25 8C): d=205.2 (s, CO),
45.2 (PC), 32.1 ppm (CH3);


31P{1H} NMR ([D8]thf, 25 8C): d=330.5 ppm
(s); 195Pt{1H} NMR (CDCl3, 25 8C): d=�4410 (2Pt), �3417 ppm (4Pt);
IR (CH2Cl2): ñCO=2018 cm�1; elemental analysis calcd (%) for
C36H72Br2O4P4Pt6: C 21.4, H 3.59; found: C 21.6, H 3.47.


Preparation of [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)4I2] (5): KI (18 mg, 0.11 mmol) was
added to a red colored solution of acetone (3 mL) and complex 1 (40 mg,
0.018 mmol). An red solid precipitated out within a few minutes and was
then filtered and consequently dried in vacuo (36 mg, 94%). 1H NMR
(CD2Cl2, 25 8C) d=1.50 ppm (vt, 3JHP+ 5JHP=7.4 Hz); 13C{1H} NMR
(CD2Cl2, 25 8C): d=206.1 (s, CO), 45.4 (PC), 32.5 ppm (CH3);
31P{1H} NMR ([D8]thf, 25 8C): d=333.2 ppm (s); 195Pt{1H} NMR (CD2Cl2,
25 8C): d =�4933 (2Pt), �3352 ppm (4Pt); IR (CH2Cl2): ñ=2017 cm�1


(CO); elemental analysis calcd (%) for C36H72I2O4P4Pt6: C 20.4, H 3.43;
found: C 20.1, H 3.19.


Preparation of [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)4 ACHTUNGTRENNUNG(CNtBu)2] ACHTUNGTRENNUNG[CF3SO3]2 ACHTUNGTRENNUNG(8-Y2): t-Butyli-
socyanide (6 mL, d=0.735 gmL�1; 0.053 mmol) was added to a red col-
ored solution of acetone (5 mL) and complex 1-Y2 (51 mg, 0.023 mmol).
The solution quickly turned deep red and, after a few minutes, the sol-
vent was evaporated and the residue suspended in Et2O (10 mL). A red
powder was isolated by filtration and vacuum dried (46 mg, 86%).
1H NMR ([D6]acetone, 25 8C) d=1.68 (s, 18H; NCCH3), 1.47 ppm (vt, 3J-
ACHTUNGTRENNUNG(H,P)+ 5J ACHTUNGTRENNUNG(H,P)=8 Hz, 72H; PCCH3);


13C{1H} NMR (CDCl3, 25 8C): d=


208.0 (s, CO), 61.6 (s, CNC), 45.9 (s, PC), 31.6 (s, CH3), 29.8 ppm (s,
CNCCH3);


31P NMR ([D6]acetone, 25 8C) d =361.6 ppm (s);
195Pt{1H} NMR (CDCl3, 25 8C): d =�4954 (m, 2Pt), �3182 ppm (m, 4Pt);
IR (CH2Cl2): ñ =2170 (CO), 2046 cm�1 (CO); elemental analysis calcd
(%) for C48H90F6N2O10P4Pt6S2: C 24.8, H 3.90, N 1.20; found: C 25.0, H
3.78, N 1.22.


Preparation of [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)4 ACHTUNGTRENNUNG(NC�CH3)2] ACHTUNGTRENNUNG[PF6]2 ACHTUNGTRENNUNG(10-Z2): TlPF6


(40 mg, 0.11 mmol) and complex 3 (99 mg, 0.051 mmol) were suspended
in CH3CN (5 mL) and stirred for 12 h at 60 8C. TlCl was filtered off and
the remaining orange solution was concentrated. The addition of THF
caused the precipitation of an orange powder, which was isolated by fil-
tration and vacuum dried (89 mg, 78%). 1H NMR ([D6]acetone, 25 8C)
d= 2.93 (s, 4JHPt=10.6 Hz, 6H; NCCH3), 1.55 ppm (vt, 3J ACHTUNGTRENNUNG(H,P)+ 5J-
ACHTUNGTRENNUNG(H,P)=7.9 Hz, 72H; PCCH3);


13C{1H} NMR ([D6]acetone, 25 8C): d=


46.2 (PC), 31.6 (PCCH3), 4.3 ppm (CH3CN); 31P NMR ([D6]acetone,
25 8C) d=347.9 (s), �137.2 ppm (sept, 1JPF=708 Hz, PF6);


195Pt{1H} NMR
([D6]acetone, 25 8C): d =�4417 (2Pt), �3525 ppm (4Pt). IR (KBr, nujol):
ñ=2309 (CN), 2023 cm�1 (CO); elemental analysis calcd (%) for
C40H78F12N2O4P6Pt6: C 21.5, H 3.52; found: C 21.2, H 3.34.


Preparation of [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)4(Py)2] ACHTUNGTRENNUNG[PF6]2 ACHTUNGTRENNUNG(11-Z2): TlPF6 (12 mg,
0.03 mmol) was added to a solution of pyridine (3 mL) and complex 3
(20 mg, 0.01 mmol). The resultant solution was stirred for 12 h at 60 8C.
TlCl precipitated out slowly and was filtered off. After the addition of
Et2O to the orange solution, complex 11-Z2 precipitated out as an orange
powder and isolated by filtration and vacuum dried (17 mg, 71%).
1H NMR ([D6]acetone, 25 8C) d =9.5 (d, 3JHH=5.0, 3JHPt=45 Hz, 4H;
Py), 8.3 (d, 3JHH=7.5 Hz, 2H; Py), 8.0 (dt, 3JHH=7.5, 5.0 Hz, 4H;
Py),1.47 ppm (vt, 3J ACHTUNGTRENNUNG(H,P)+ 5J ACHTUNGTRENNUNG(H,P)=7.6 Hz, 72H; PCCH3);
13C{1H} NMR ([D6]acetone, 25 8C): d=156.2, 141.8, 129.3 (Py), 46.3 (PC),
31.8 ppm (PCCH3);


31P NMR ([D6]acetone, 25 8C) d=327.8 (s),
�140.8 ppm (sp, 1JPF=708 Hz, PF6);


195Pt{1H} NMR ([D6]acetone, 25 8C):
d=�4343 (2Pt), �3406 ppm (4Pt); IR (CH2Cl2): ñ =2031 cm�1 (CO); el-


Figure 8. Relationships between the experimental CO stretching frequen-
cies and redox potential values for the derivatives under study. The
charge of the different compounds is indicated by n in the graph. Dashed
lines show the best fits.
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emental analysis calcd (%) for C46H82F12N2O4P6Pt6: C 23.9, H 3.58;
found: C 23.7, H 3.39.


Preparation of [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)4 ACHTUNGTRENNUNG(COOCH3)2] (13): A solution of
CH3OLi (100 mL, 0.15 mmol, 1.5m) in methanol was added to a solution
of complex 1-Y2 (45 mg, 0.0203 mmol) in acetone (4 mL). Complex 13
precipitated out quickly as an orange powder, which was isolated by fil-
tration and then vacuum dried (34 mg, 85%). 1H NMR (C6D6, 25 8C) d=


3.64# (s, 4JHPt=7.5 Hz, 6H; OCH3), 1.38 ppm (vt, 3J ACHTUNGTRENNUNG(H,P)+ 5J ACHTUNGTRENNUNG(H,P)=


7.5 Hz, 72H; PCCH3);
13C{1H} NMR (CDCl3, 25 8C): d=218.8# (s, 1JCPt=


1529 Hz, CO), 201.5# (s, 1JCPt=1486 Hz, COOR), 48.9# (s, 3JCPt=32 Hz,
COOCH3), 43.6 (s, PC), 31.4 ppm (s, PCCH3);


31P NMR (C6D6, 25 8C)
d=330.4# ppm (s); 195Pt{1H} NMR (C6D6, 25 8C): d=�4844 (2Pt),
�2804 ppm (4Pt); IR (CaF2, C6D6): ñ=2015 (C�O), 1704 cm�1 (C=O);
elemental analysis calcd (%) for C40H78O8P4Pt6: C 24.2, H 3.97; found: C
24.6, H 4.03.


Preparation of [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)4H2] (14): NaBH4 (10 mg, 0.264 mmol)
was added to an orange solution of 3 (200 mg, 0.103 mmol) in THF
(15 mL). After 12 h NaCl was filtered off and the solvent was evaporat-
ed. The red powder residue was suspended in acetone (5 mL), filtered
and then vacuum dried (162 mg, 81%). 1H NMR (C6D6, 25 8C): d=1.41
(vt, 3JHP+ 5JHP=7 Hz, CCH3), 0.09# ppm(m, 1JHPt=1385 Hz, PtH);
31P{1H} NMR (C6D6, 25 8C): d =342.0# ppm (s); 195Pt{1H} NMR (C6D6,
25 8C): d=�5146 (m, 2Pt), �2822 ppm (m, 4Pt); IR (KBr, nujol): ñ=


2001 (CO) cm�1; elemental analysis calcd (%) for C36H74O4P4Pt6: C 23.2,
H 4.00; found: C 23.3, H 3.98.


Preparation of [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4 ACHTUNGTRENNUNG(CNtBu)6] ACHTUNGTRENNUNG[CF3SO3]2 ACHTUNGTRENNUNG(15-Y2): tert-Butyl iso-
cyanide (68 mL, d=0.735 gmL� ; 0.60 mmol) was added to an acetone so-
lution (5 mL) of complex 1-Y2 (67 mg, 0.030 mmol). The solution quickly
turned deep red and, after 12 H; the solvent was evaporated and the resi-
due suspended in Et2O (10 mL). A red powder was isolated by filtration
and vacuum dried (57 mg, 75%). 1H NMR (CDCl3, 25 8C) d=1.63 (s,
18H; 2CNCCH3), 1.44 (vt, 3JHP+ 5JHP=7 Hz, 72H; PCCH3); 1.37 ppm (s,
36H; 4CNCCH3);


13C{1H} NMR (CDCl3, 25 8C) d=166.9# (s, 1JCPt=
1570 Hz, 4CN), 135.2# (s, 2CN), 59.7 (s, 2CN�C), 59.2 (s, 4CN�C), 41.7
(s, PC), 32.8 (s, PCCH3), 30.2 (s, 2CN�CCH3), 30.1 ppm (s, 4CN�CCH3);
31P{1H} NMR (CDCl3, 25 8C) d=300.5# ppm (s); 195Pt{1H} NMR (CDCl3,
25 8C) d =�5130.7 (m, 2Pt), �3083.4 ppm (m, 4Pt); IR (CH2Cl2): ñ=


2169 (CN), 2131 cm�1 (CN); elemental analysis calcd (%) for
C64H126F6N6O6P4Pt6S2: C 30.2, H 4.98, N 3.30; found: C 30.0, H 4.78, N
3.22.


Preparation of [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CN-C6H4–4-C�CH)6] ACHTUNGTRENNUNG[CF3SO3]2 ACHTUNGTRENNUNG(16-Y2):
CN-C6H4-4-C�CH (152 mg, 1.20 mmol) was added to a chloroform solu-
tion (10 mL) of complex 1-Y2 (140 mg, 0.063 mmol). The solution quickly
turned deep red and, after 12 H; the solvent was evaporated and the resi-
due suspended in Et2O (10 mL). A red powder was isolated by filtration
and vacuum dried (142 mg, 80%). 1H NMR (CDCl3, 25 8C) d=7.60 (d,
3JHH=8 Hz, 4H; ArH), 7.56 (d, 3JHH=8 Hz, 8H; ArH), 7.37 (d, 3JHH=


8 Hz, 4H; ArH), 7.29 (d, 3JHH=8 Hz, 8H; ArH), 3.32 (s, 2H; CCH), 3.25
(s, 4H; CCH), 1.47 ppm (vt, 3JHP+ 5JHP=7 Hz, 72H; PCCH3);
13C{1H} NMR (CDCl3, 25 8C) d =178.4# (s, 4CN), 147.8# (s, 2CN), 134.0
(s, 4C), 133.9 (s, 8C), 128.4 (s, 4 C), 127.6# (s, 3JCPt=25 Hz, 2 C), 126.2 (s,
8 C), 125.2 (s, 4 C), 124.7# (s, 3JCPt=28 Hz, 4 C), 123.6 (s, 2 C), 82.2 (s,
2 CCH), 82.0 (s, 4 CC), 82.4 (s, 2 CCH), 81.9 (s, 4 CCH), 43.1 (s, PC),
31.7 ppm (s, PCCH3);


31P{1H} NMR ([D6]acetone, 25 8C) d=323.4# ppm
(s); 195Pt{1H} NMR (CDCl3, 25 8C) d=�4980.7 (2 Pt), �2995.7 ppm
(4 Pt); IR (CH2Cl2)ñ = 3311 (CCH), 3294 (CCH), 2150 (CN), 2122 cm�1


(CN); elemental analysis calcd (%) for C88H102F6N6O6P4Pt6S2: C 37.6, H
3.66, N 2.99; found: C 38.0, H 3.78, N 3.02.


X-ray diffraction : The X-ray diffraction experiments were carried out at
room temperature (T=293 K) by means of a Bruker P4 diffractometer
and a Bruker Apex II diffractometer, by operating with a graphite-mono-
chromated MoKa radiation. The samples were sealed in glass capillaries
under a dinitrogen atmosphere. The intensity data collection was carried
out with the w/2q scan mode, collecting a redundant set of data. Three
standard reflections were measured every 97 measurements to check
sample decay. The intensities were corrected for Lorentz and polarization
effects and for absorption. In the case of 5 and 9-Y2·CHCl3 the absorp-
tion correction was made by means of an integration method based on
the crystal habit.[28] For 6, the crystal fragment used in data collection
was rather irregular, therefore a precise numerical correction was impos-
sible and a semiempirical method was used.[28] An empirical method
(SADABS)[29] was used for compound 3. The structure solutions were ob-
tained by means of the automatic direct methods contained in
SHELXS97 program.[30] The refinement, based on full-matrix least-
squares on F2, were done by means of the SHELXL97[30] program. Some
other utilities contained in the WINGX suite[31] were also used. The
more relevant crystal parameters are listed in Table 5. The structure solu-
tion of compound 3 was found by automatic direct methods in the space
group Ī2d. A molecule [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)4Cl2] is placed in the Wickoff
site b, site symmetry 4̄. Hydrogen atoms were placed in calculated posi-
tions and let to ride on the connected carbon atoms. The reliability fac-
tors obtained after the last refinement cycle with anisotropic thermal pa-


Table 5. Crystal data and structure refinements


Compound 3 5 6 9-Y2·CHCl3


empirical formula C36H72Cl2O4P4Pt6 C36H72I2O4P4Pt6 C36H72ClIO4P4Pt6 C45H91Cl3F6O10P6Pt6S2


formula weight 1934.26 2117.16 2025.71 2432.97
crystal system tetragonal tetragonal tetragonal triclinic
space group I4̄2d (No. 122) I41/amd (No. 141) I41/amd (No. 141) P1̄ ACHTUNGTRENNUNG(No. 2)
a [Q] 17.3763(5) 17.396(2) 17.487(1) 12.126(2)
b [Q] 17.3763(5) 17.396(2) 17.487(1) 14.667(3)
c [Q] 17.668(1) 17.698(4) 17.889(4) 21.099(4)
a [8] – – – 93.06(2)
b [8] – – – 92.76(1)
g [8] – – – 105.83(1)
U [Q3] 5334.7(4) 5355.8(15) 5470.4(13) 3597.2(10)
Z 4 4 4 2
1calc [gcm


�3] 2.408 2.626 2.460 2.246
m [mm�1] 15.925 16.915 16.045 11.985
reflns measured 29939 2997 3206 10364
reflns unique [Rint] 3316 [0.0341] 1267 [0.0561] 1372 [0.0463] 8845 [0.0357]
no. parameters 125 54 71 638
R1, wR2 [I>2s(I)][a] 0.0172, 0.0472 0.0478, 0.0867 0.0398, 0.0942 0.0353, 0.1024
R1, wR2 [all data]


[a] 0.0182, 0.0474 0.0670, 0.0917 0. 0.0639, 0.1009 0.0531, 0.1069
goodness of fit[a] on F2 1.209 1.188 1.166 0.952


[a] R(Fo)=� jFo j� jFc j� jFo j ; Rw ACHTUNGTRENNUNG(Fo
2)= [�[w ACHTUNGTRENNUNG(Fo


2�Fc
2)2]/�[w ACHTUNGTRENNUNG(Fo


2)2]]
1=2 ; w=1/[s2


ACHTUNGTRENNUNG(Fo
2)+ (AQ)2+BQ], where Q= [MAX ACHTUNGTRENNUNG(Fo


2,0)+2Fc
2]/3; GOF=


[�[w ACHTUNGTRENNUNG(Fo
2�Fc


2)2]/ ACHTUNGTRENNUNG(N�P)]1=2 , where N, P are the numbers of observations and parameters, respectively.
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rameters for all the non-hydrogen atoms are listed in Table 5. The struc-
ture solution of compound 5 indicated a molecule [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)4I2]
placed in the Wickoff site a, site symmetry 4̄m2. The Pt and P atoms and
the CO groups lie on the mirrors and the I atoms are placed along the 4̄
axis. The t-butyl groups of the phosphido moieties are disordered and
were refined as distributed on two limit positions distinguished by differ-
ent rotations around the P�C bond and by different occupancy factors.
The total occupancy for the corresponding atoms of the disordered group
was fixed to 1.0. The reliability factors obtained after the last refinement
cycle with anisotropic thermal parameters for ordered atoms and isotrop-
ic for the other ones are listed in Table 5. Both the lattice parameters
and the intensity data layout suggested the structure of [Pt6 ACHTUNGTRENNUNG(m-
PtBu2)4(CO)4ICl] was isotypical with that of [Pt6ACHTUNGTRENNUNG(m-PtBu2)4(CO)4I2]. Since
the former cannot posses the symmetry 4̄m2 for the evident absence of
the twofold axes, it can adopt this structure only in the presence of disor-
der in the molecule orientation. So we started the structure analysis by
refining the two independent platinum atoms, the phosphido and the car-
bonyl positions kept from the structure of [Pt6 ACHTUNGTRENNUNG(m-PtBu2)4(CO)4I2]. The
following difference Fourier map showed two maxima partially superim-
posed, owing to one half of iodine and one half of chlorine atoms statisti-
cally connected to the same Pt(2) atom. The iodine and chlorine atoms
were introduced in calculations with an occupancy factor equal to 1/8
with the only constraint of remaining on the 4̄ axis. The model containing
71 parameters refined till a final R factor of 0.0398. In order to exclude
the possibility that the correspondence of the space groups of the struc-
tures of compounds 5 and 6 was an artifact as a result of the predomi-
nance of the platinum contribution to the structure factors, we tried to
refine the structure of [Pt6ACHTUNGTRENNUNG(m-PtBu2)4(CO)4ICl] in the space group I4md
(No. 109), which in the Wyckoff position a shows a symmetry 2mm, thus
allowing the use of an ordered model with iodine at one side of the
metal cluster and the chlorine to the other. This model, however, not-
withstanding the use of an almost double number of parameters, refined
to a significantly higher R factor (0.070). So the disordered model in the
higher symmetry space group was assumed as correct. The crystal of [Pt6-
ACHTUNGTRENNUNG(m-PtBu2)4(CO)4 ACHTUNGTRENNUNG(PMe3)2] ACHTUNGTRENNUNG[CF3SO3]2 showed triclinic symmetry with the
lattice parameters listed in Table 5. The structure solution was obtained
in the P1̄ space group with automatic statistical methods. Together with
the ionic moieties of the substance, one molecule of chloroform, used as
crystallization solvent, was also found in the asymmetric unit. The final
refinement cycle with hydrogen atoms in calculated positions and all the
non hydrogen atoms with anisotropic thermal parameters gave the relia-
bility factors listed in Table 5. CCDC 647407–647410 contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Acknowledgements


This work was supported by the Ministero dell’Istruzione, dell’Universita’
e della Ricerca (MIUR), Programmi di Rilevante Interesse Nazionale,
PRIN 2006–2007. Dr. Stefano Zacchini, Bologna University, is gratefully
acknowledged for the collection of diffraction data of compound 3.


[1] a) M.-S. Choi, T. Yamazaki, I. Yamazaki, T. Aida, Angew. Chem.
2003, 116, 152; Angew. Chem. Int. Ed. 2003, 43, 150; b) F. Hof, S. L.
Craig, C. Nuckolls, J. Rebeck Jr. , Angew. Chem. 2002, 114, 1556;
Angew. Chem. Int. Ed. 2002, 41, 1488; c) S. R. Seidel, P. J. Stang,
Acc. Chem. Res. 2002, 35, 972; d) G. F. Swiegers, T. J. Malefetse,
Chem. Rev. 2000, 100, 3483; e) A. MXller, P. Kçgerler, Coord. Chem.
Rev. 1999, 182, 3; f) P. F. H. Schwab, M. D. Levin, J. Michl, Chem.
Rev. 1999, 99, 1863; g) G. R. Newkome, E. He, C. N. Moorefield,
Chem. Rev. 1999, 99, 1689.


[2] a) N. Robertson, C. A. McGowan, Chem. Soc. Rev. 2003, 32, 96;
b) C. Janiak, Dalton Trans. 2003, 2781; c) M. C. Jimenez-Molero, C.
Dietrich-Buchecker, J.-P. Sauvage, Chem. Commun. 2003, 1613;
d) molecular machines special issue Acc. Chem. Res. 2001, 34, 409;


e) B. J. Holliday, C. A. Mirkin, Angew. Chem. 2001, 113, 2076;
Angew. Chem. Int. Ed. 2001, 40, 2022; f) D. Gust, T. A. Moore, A. L.
Moore, Acc. Chem. Res. 2001, 34, 40; g) V. Balzani, A. Credi, F. M.
Raymo, J. F. Stoddart, Angew. Chem. 2000, 112, 3484; Angew.
Chem. Int. Ed. 2000, 39, 3349.


[3] a) S. Szafert, J. A. Gladysz, Chem. Rev. 2003, 103, 4175; b) T. L.
Stott, M. O. Wolf, Coord. Chem. Rev. 2003, 246, 89; c) F. Paul, C.
Lapinte, Coord. Chem. Rev. 1998, 178–180, 431.


[4] a) G.-L. Xu, G. Zou, Y.-H. Ni, M. C. DeRosa, R. J. Crutchley, T.
Ren, J. Am. Chem. Soc. 2003, 125, 10057; b) F. A. Cotton, C. Lin,
C. A. Murillo, Acc. Chem. Res. 2001, 34, 759; c) M. H. Chisholm,
Acc. Chem. Res. 2000, 33, 53; d) K.-T. Wong, J.-M. Lehn, S.-M.
Peng, G.-H. Lee, Chem. Commun. 2000, 2259; e) M. J. Irwin, G. Jia,
J. J. Vittal, R. J. Puddephatt, Organometallics 1996, 15, 5321.


[5] a) T.-B. Tsao, G.-H. Lee, C.-Y. Yeh, S.-M. Peng, Dalton Trans. 2003,
1465; b) J. F. Berry, F. A. Cotton, C. A. Murillo, Dalton Trans. 2003,
3015; c) J. K. Bera, K. R. Dunbar, Angew. Chem. 2002, 114, 4633;
Angew. Chem. Int. Ed. 2002, 41, 4453.


[6] a) D. Kim, A. Osuka, J. Phys. Chem. A 2003, 107, 8791; b) D.
Holten, D. F. Bocian, J. S. Lindsey, Acc. Chem. Res. 2002, 35, 57;
c) H. E. Toma, K. Araki, Coord. Chem. Rev. 2000, 196, 307.


[7] a) Z. Peng, Angew. Chem. 2004, 116, 948; Angew. Chem. Int. Ed.
2004, 43, 930; b) H. Zeng, G. R. Newkome, C. L. Hill, Angew.
Chem. 2000, 112, 1841; Angew. Chem. Int. Ed. 2000, 39, 1772;
c) P. G. Hagrman, D. Hagrman, J. Zubieta, Angew. Chem. 1999, 111,
2798; Angew. Chem. Int. Ed. 1999, 38, 2638.


[8] a) T. J. Wedge, A. Herzog, R. Huertas, M. W. Lee, C. B. Knobler,
M. F. Hawthorne, Organometallics 2004, 23, 482; b) J. Vicente, M.-T.
Chicote, M. M. Alvarez-FalcZn, M. A. Fox, D. Bautista, Organome-
tallics 2003, 22, 4792; c) H. Yao, M. Sabat, R. N. Grimes, F. Fabrizi
de Biani, P. Zanello, Angew. Chem. 2003, 115, 1032; Angew. Chem.
Int. Ed. 2003, 42, 1002; d) M. A. Fox, M. A. J. Paterson, C. Nervi, F.
Galeotti, H. Puschmann, J. A. K. Howard, P. J. Low, Chem.
Commun. 2001, 1610; e) A. S. Batsanov, M. A. Fox, J. A. K.
Howard, J. A. H. Mac Bride, K. Wade, J. Organomet. Chem. 2000,
610, 20; f) C. Mazal, A. J. Paraskos, J. Michl, J. Org. Chem. 1998, 63,
2116; g) W. Jiang, D. E. Harwell, M. D. Mortimer, C. B. Knobler,
M. F. Hawthorne, Inorg. Chem. 1996, 35, 4355.


[9] K. Lee, H. Song, J. T. Park, Acc. Chem. Res. 2003, 36, 78.
[10] H.-F. Chow, C.-F. Leung, W. Li, K.-W. Wong, L. Xi, Angew. Chem.


2003, 115, 5069; Angew. Chem. Int. Ed. 2003, 42, 4919.
[11] P. Zanello, F. Fabrizi de Biani in Metal Clusters in Chemistry (Eds.:


P. Braunstein, L. A. Oro, P. R. Raithby), Wiley-VCH, Weinheim,
1999 ; Vol. 2, p. 1104.


[12] a) A. Choualeb, P. Braunstein, J. Ros[, R. Welter, Inorg. Chem.
2004, 43, 57; b) B. K. Roland, H. D. Selby, J. R. Cole, Z. Zheng,
Dalton Trans. 2003, 4307; c) M. Akita, A. Sakurai, M.-C. Chung, Y.
Moro-oka, J. Organomet. Chem. 2003, 670, 2; d) B.-H. Zhu, B. Hu,
W.-Q. Zhang, Y.-H. Zhang, Y.-Q. Yin, J. Sun, J. Organomet. Chem.
2003, 681, 275; e) M. I. Bruce, M. E. Smith, N. N. Zaitseva, B. W.
Skelton, A. H. White, J. Organomet. Chem. 2003, 670, 170; f) M. D.
Westmeyer, M. A. Massa, T. B. Rauchfuss, S. R. Wilson, J. Am.
Chem. Soc. 1998, 120, 114; g) J. W.-S. Hui, W.-T. Wong, J. Chem.
Soc. Dalton Trans. 1997, 2445; h) D. Imhof, U. Burkhardt, K.-H.
Dahmen, F. Joho, R. Nesper, Inorg. Chem. 1997, 36, 1813; i) V. W.-
W. Yam, W. K.-M. Fung, K.-K. Cheung, Chem. Commun. 1997, 963;
j) D. Osella, L. Milone, C. Nervi, M. Ravera, J. Organomet. Chem.
1995, 488, 1; k) M. P. Jensen, D. A. Phillips, M. Sabat, D. F. Shriver,
Organometallics 1992, 11, 1859; l) G. H. Worth, B. H. Robinson, Or-
ganometallics 1992, 11, 501; m) F. R. Furuya, L. L. Miller, J. F. Hain-
feld, W. C. Christopfel, P. W. Kenny, J. Am. Chem. Soc. 1988, 110,
641.


[13] a) E. G. A. Notaras, N. T. Lucas, M. G. Humphrey, A. C. Willis,
A. D. Rae, Organometallics 2003, 22, 3659; b) B. K. Roland, C.
Carter, Z. Zheng, J. Am. Chem. Soc. 2002, 124, 6234; c) N. Feeder, J.
Geng, P. G. Goh, B. F. G. Johnson, C. M. Martin, D. S. Shepard, W.
Zhou, Angew. Chem. 2000, 112, 1727; Ang. Chem. Int. Ed. 2000, 39,
1661; d) E. Alonso, D. Astruc, J. Am. Chem. Soc. 2000, 122, 3222;
e) M. Benito, O. Rossell, M. Seco, G. Segal[s, Organometallics 1999,


Chem. Eur. J. 2008, 14, 847 – 856 H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 855


FULL PAPEROrdered Platinum Structures



http://dx.doi.org/10.1002/1521-3757(20020503)114:9%3C1556::AID-ANGE1556%3E3.0.CO;2-C

http://dx.doi.org/10.1002/1521-3773(20020503)41:9%3C1488::AID-ANIE1488%3E3.0.CO;2-G

http://dx.doi.org/10.1021/ar010142d

http://dx.doi.org/10.1021/cr990110s

http://dx.doi.org/10.1016/S0010-8545(98)00226-4

http://dx.doi.org/10.1016/S0010-8545(98)00226-4

http://dx.doi.org/10.1021/cr970070x

http://dx.doi.org/10.1021/cr970070x

http://dx.doi.org/10.1021/cr9800659

http://dx.doi.org/10.1039/b206919a

http://dx.doi.org/10.1039/b305705b

http://dx.doi.org/10.1039/b302326p

http://dx.doi.org/10.1002/1521-3757(20010601)113:11%3C2076::AID-ANGE2076%3E3.0.CO;2-S

http://dx.doi.org/10.1002/1521-3773(20010601)40:11%3C2022::AID-ANIE2022%3E3.0.CO;2-D

http://dx.doi.org/10.1021/ar9801301

http://dx.doi.org/10.1002/1521-3757(20001002)112:19%3C3484::AID-ANGE3484%3E3.0.CO;2-O

http://dx.doi.org/10.1021/cr030041o

http://dx.doi.org/10.1016/S0010-8545(03)00114-0

http://dx.doi.org/10.1016/S0010-8545(98)00150-7

http://dx.doi.org/10.1021/ja035434j

http://dx.doi.org/10.1021/ar010062&TR_opa;+&TR_ope;

http://dx.doi.org/10.1021/ar9800901

http://dx.doi.org/10.1039/b005679k

http://dx.doi.org/10.1021/om960420q

http://dx.doi.org/10.1039/b212236g

http://dx.doi.org/10.1039/b212236g

http://dx.doi.org/10.1039/b305258c

http://dx.doi.org/10.1039/b305258c

http://dx.doi.org/10.1002/1521-3757(20021202)114:23%3C4633::AID-ANGE4633%3E3.0.CO;2-B

http://dx.doi.org/10.1002/1521-3773(20021202)41:23%3C4453::AID-ANIE4453%3E3.0.CO;2-1

http://dx.doi.org/10.1021/jp030490s

http://dx.doi.org/10.1021/ar970264z

http://dx.doi.org/10.1016/S0010-8545(99)00041-7

http://dx.doi.org/10.1002/ange.200301682

http://dx.doi.org/10.1002/anie.200301682

http://dx.doi.org/10.1002/anie.200301682

http://dx.doi.org/10.1002/(SICI)1521-3757(20000515)112:10%3C1841::AID-ANGE1841%3E3.0.CO;2-F

http://dx.doi.org/10.1002/(SICI)1521-3757(20000515)112:10%3C1841::AID-ANGE1841%3E3.0.CO;2-F

http://dx.doi.org/10.1002/(SICI)1521-3757(19990917)111:18%3C2798::AID-ANGE2798%3E3.0.CO;2-U

http://dx.doi.org/10.1002/(SICI)1521-3757(19990917)111:18%3C2798::AID-ANGE2798%3E3.0.CO;2-U

http://dx.doi.org/10.1002/(SICI)1521-3773(19990917)38:18%3C2638::AID-ANIE2638%3E3.0.CO;2-4

http://dx.doi.org/10.1021/om030514h

http://dx.doi.org/10.1021/om0304311

http://dx.doi.org/10.1021/om0304311

http://dx.doi.org/10.1002/ange.200390230

http://dx.doi.org/10.1002/anie.200390255

http://dx.doi.org/10.1002/anie.200390255

http://dx.doi.org/10.1039/b104307m

http://dx.doi.org/10.1039/b104307m

http://dx.doi.org/10.1016/S0022-328X(00)00351-X

http://dx.doi.org/10.1016/S0022-328X(00)00351-X

http://dx.doi.org/10.1021/jo971419j

http://dx.doi.org/10.1021/jo971419j

http://dx.doi.org/10.1021/ic951574l

http://dx.doi.org/10.1021/ar020149a

http://dx.doi.org/10.1002/ange.200351613

http://dx.doi.org/10.1002/ange.200351613

http://dx.doi.org/10.1002/anie.200351613

http://dx.doi.org/10.1021/ic034832k

http://dx.doi.org/10.1021/ic034832k

http://dx.doi.org/10.1039/b309004c

http://dx.doi.org/10.1016/S0022-328X(02)02067-3

http://dx.doi.org/10.1016/S0022-328X(03)00630-2

http://dx.doi.org/10.1016/S0022-328X(03)00630-2

http://dx.doi.org/10.1016/S0022-328X(02)02186-1

http://dx.doi.org/10.1021/ja972557t

http://dx.doi.org/10.1021/ja972557t

http://dx.doi.org/10.1021/ic960846x

http://dx.doi.org/10.1039/a701133d

http://dx.doi.org/10.1016/0022-328X(94)00019-9

http://dx.doi.org/10.1016/0022-328X(94)00019-9

http://dx.doi.org/10.1021/om00041a020

http://dx.doi.org/10.1021/om00038a003

http://dx.doi.org/10.1021/om00038a003

http://dx.doi.org/10.1021/ja00210a078

http://dx.doi.org/10.1021/ja00210a078

http://dx.doi.org/10.1021/om030253b

http://dx.doi.org/10.1021/ja026377h

http://dx.doi.org/10.1021/ja994332j

http://dx.doi.org/10.1021/om990343&TR_opa;+&TR_ope;

www.chemeurj.org





18, 5191; f) X. Lei, E. E. Wolf, T. P. Fehlner, Eur. J. Inorg. Chem.
1998, 1835; g) U. Ritter, N. Winkhofer, R. Murugavel, A. Voigt, D.
Stalke, H. W. Roesky, J. Am. Chem. Soc. 1996, 118, 8580.


[14] a) A. Albinati, P. Leoni, L. Marchetti, S. Rizzato, Angew. Chem.
2003, 115, 6172; Angew. Chem. Int. Ed. 2003, 42, 5990; b) P. Leoni,
F. Marchetti, L. Marchetti, M. Pasquali, Chem. Commun. 2003,
2372; c) P. Leoni, L. Marchetti, S. K. Mohapatra, G. Ruggeri, L.
Ricci, Organometallics 2006, 25, 4226; d) A. Albinati, F. Fabrizi de
Biani, P. Leoni, L. Marchetti, M. Pasquali, S. Rizzato, P. Zanello,
Angew. Chem. 2005, 117, 5847; Angew. Chem. Int. Ed. 2005, 44,
5701.


[15] The structures cited in ref. [12–14] generally contain low valent car-
bonyl clusters. Related works describe the preparation of polymers
or extended 3-D coordination or hydrogen-bonded networks, mainly
constructed with medium-valent halide or calchogenide clusters:
a) B. K. Roland, H. D. Selby, J. R. Cole, Z. Zheng, Dalton Trans.
2003, 4307; b) B. Yan, H. Zhou, A. Lachgar, Inorg. Chem. 2003, 42,
8818; c) C. W. Liu, C.-M. Hung, H.-C. Haia, B.-J. Liaw, L.-S. Liou,
Y.-F. Tsai, J.-C. Wang, Chem. Commun. 2003, 976; d) S. Cordier, F.
Gulo, T. Roisnel, R. Gautier, B. le Guennic, J. F. Halet, C. Perrin,
Inorg. Chem. 2003, 42, 8320; e) S. Jin, F. J. DiSalvo, Chem. Mater.
2002, 14, 3448; f) M. V. Bennett, L. G. Beauvais, M. P. Shores, J. R.
Long, J. Am. Chem. Soc. 2001, 123, 8022; g) Y. Kim, S.-M. Park, W.
Nam, S.-J. Kim, Chem. Commun. 2001, 1470; h) T. Nakajima, A. Ish-
iguro, Y. Wakatsuki, Angew. Chem. 2001, 113, 1096; Angew. Chem.
Int. Ed. 2001, 40, 1066; i) N. Prokopuk, C. S. Weinert, D. P. Siska,
C. L. Stern, D. F. Shriver, Angew. Chem. 2000, 112, 3450; Angew.
Chem. Int. Ed. 2000, 39, 3312; j) N. G. Naumov, A. V. Virovets,
M. N. Sokolov, S. B. Artemkina, V. E. Fedorov, Angew. Chem. 1998,
110, 2043; Angew. Chem. Int. Ed. 1998, 37, 1943; k) A. M. Bradford,
E. Kristof, M. Rashidi, D.-S. Yang, N. C. Payne, R. J. Puddephatt,
Inorg. Chem. 1994, 33, 2355.


[16] P. Leoni, F. Marchetti, L. Marchetti, M. Pasquali, S. Quaglierini,
Angew. Chem. 2001, 113, 3729; Angew. Chem. Int. Ed. 2001, 40,
3617.


[17] a) D. Braga, F. Grepioni, M. D. Vargas, C. M. Ziglio, J. Braz. Chem.
Soc. 2002, 13 682; b) A. Fumagalli, S. Martinengo, G. Bernasconi, L.
Noziglia, V. G. Albano, M. Monari, C. Castellari, Organometallics
2000, 19, 5149; c) R. Vilar, S. E. Lawrence, S. Menzer, D. M. P.
Mingos, D. J. Williams, J. Chem. Soc. Dalton Trans. 1997, 3305;
d) M. Breuer, J. Str]hle, Z. Anorg. Allg. Chem. 1993, 619, 1564;
e) U. Florke, H.-J. Haupt, Z. Kristallogr. 1990, 193, 309; f) E. G.
Mednikov, N. K. Eremenko, Yu. L. Slovokhotov, Yu. T. Struchkov,
Metalloorg. Khim. 1989, 2, 1289; g) G. Ciani, G. D’Alfonso, P.
Romiti, A. Sironi, M. Freni, Inorg. Chem. 1983, 22, 3115; h) R. J.
Haines, N. D. C. T. Steen, R. B. English, J. Chem. Soc. Dalton Trans.
1983, 2229; i) Z. Beni, R. Ros, A. Tassan, R. Scopelliti, R. Roulet,
Dalton Trans. 2005, 315; j) R. S. Dickson, G. D. Fallon, M. J. Liddel,
B. W. Skelton, A. H. White, J. Organomet. Chem. 1987, 327, C51;
k) C. G. Arena, F. Faraone, M. Lanfranchi, E. Rotondo, A. Tiripic-
chio, Inorg. Chem. 1992, 31, 4797; l) J. W.-S. Hui, W.-T. Wong, J.
Cluster Sci. 1999, 10, 91.


[18] F. H. Allen, Acta Crystallogr. Sect. B 2002, 58, 380–388.
[19] The 1H NMR spectra of 3–5 contain only the resonances due to the


t-butyl protons, they appear, as for 1-Y2, as virtual triplets at
�1.5 ppm (3JHP+ 5JHP= �7 Hz), again confirming that the structure
of the Pt6 ACHTUNGTRENNUNG(m-P)4(CO)4 core remains nearly unchanged.


[20] a) B. E. Mann, C. Masters, B. L. Shaw, J. Chem. Soc. Dalton Trans.
1972, 704; b) P. E. Garrou, G. E. Hartwell, Inorg. Chem. 1976, 15,
646; c) E. M. Hyde, J. D. Kennedy, B. L. Shaw, W. McFarlane, J.


Chem. Soc. Dalton Trans. 1977, 1571; d) J. J. Mac Dougall, J. H.
Nelson, F. Mathey, Inorg. Chem. 1982, 21, 2145; e) J. A. Rahn, D. J.
O^Donnell, A. R. Palmer, J. H. Nelson, Inorg. Chem. 1989, 28, 2631;
f) S. O. Grim, P. J. Lui, R. L. Keiter, Inorg. Chem. 1974, 13, 342;
g) E. C. Alyea, S. A. Dias, R. G. Goel, W. O. Ogini, P. Pilon, D. W.
Meek, Inorg. Chem. 1978, 17, 1697.


[21] Selected examples in: a) M. Ebihara, M. Iiba, H. Matsuoka, T. Ka-
wamura, Inorg. Chim. Acta 2004, 357, 1236; b) S. Y.-W. Hung, W.-T.
Wong, Chem. Commun. 1997, 2099; c) E. Simon-Manso, C. P.
Kubiak, Angew. Chem. 2005, 117, 1149; Angew. Chem. Int. Ed. 2005,
44, 1125; d) R. Vilar, S. E. Lawrence, S. Menzer, D. M. P. Mingos,
D. J. Williams, J. Chem. Soc. Dalton Trans. 1997, 3305; e) M. J. A.
Johnson, P. K. Gantzel, C. P. Kubiak, Organometallics 2002, 21,
3831; f) T. Zhang, M. Drouin, P. D. Harvey, Chem. Commun. 1996,
877; g) D. M. P. Mingos, R. W. M. Wardle, J. Chem. Soc. Dalton
Trans. 1986, 73; h) D. M. P. Mingos, P. Oster, D. J. Sherman, J. Orga-
nomet. Chem. 1987, 320, 257; i) W. Schuh, H. Wachtler, G. Laschob-
er, H. Kopacka, K. Wurst, P. Peringer, Chem. Commun. 2000, 1181;
j) J. Xiao, L. Hao, R. J. Puddephatt, L. Manojlovic-Muir, K. W.
Muir, A. A. Torabi, Organometallics 1995, 14, 2194.


[22] Selected examples in: a) X. Fan, R. Cao, M. Hong, W. Su, D. Sun, J.
Chem. Soc. Dalton Trans. 2001, 2961; b) D. Fenske, H. Fleischer, H.
Krautscheid, J. Magull, C. Oliver, S. Weisgerber, Z. Naturforsch. B:
Chem. Sci. 1991, 46, 1384; c) S. Koenig, D. Fenske, Z. Anorg. Allg.
Chem. 2004, 630, 2720.


[23] a) D. G. Holah, A. N. Hughes, E. Krysa, G. J. Spivak, M. D. Havigh-
urst, V. R. Magnuson, Polyhedron 1997, 16, 2353; b) K. Matsumoto,
S. Arai, M. Ochiai, W. Chen, A. Nakata, H. Nakai, S. Kinoshita,
Inorg. Chem. 2005, 44, 8552; c) K. Sakai, Y. Tanaka, Y. Tsuchiya, K.
Hirata, T. Tsubomura, S. Iijima, A. Bhattacharjee, J. Am. Chem.
Soc. 1998, 120, 8366; d) A. Poater, S. Moradell, E. Pinilla, J. Poater,
M. Sola, M. A. Martinez, A. Llobet, Dalton Trans. 2006, 1188; e) F.
Liu, W. Chen, D. Wang, Dalton Trans. 2006, 3445.


[24] a) Z. Beni, R. Ros, A. Tassan, R. Scopelliti, R. Roulet, Dalton
Trans. 2005, 315; b) C. Archambault, R. Bender, P. Braunstein, S.-E.
Bouaoud, D. Rouag, S. Golhen, L. Ouahab, Chem. Commun. 2001,
849; c) W. Schuh, H. Wachtler, G. Laschober, H. Kopacka, K.
Wurst, P. Peringer, Chem. Commun. 2000, 1181.


[25] F. Fabrizi de Biani, A. Ienco, F. Laschi, P. Leoni, F. Marchetti, L.
Marchetti, C. Mealli, P. Zanello, J. Am. Chem. Soc. 2005, 127, 3076.


[26] a) Actually, in spite of the apparent chemical reversibility of the two
first one-electron additions, exhaustive electrolysis causes the forma-
tion of minor by-products, identified as the mono- or dichloride de-
rivatives 2-Y and 3 (ref. [25]). b) Exhaustive electrolysis of 3–6 leads
to minor unidentified by-products if performed in correspondence
of the first reduction, whereas 2-Y tends to slowly generate complex
3 in correspondence of the first reduction.


[27] P.Zanello, Inorganic electrochemistry. Theory, practice and applica-
tion, RSC, Oxford, 2003.


[28] G. M. Sheldrick, SHELXTL-Plus, Rel. 5.1, Bruker AXS Inc., Madi-
son, Wisconsin, USA, 1997.


[29] G. M. Sheldrick SADABS, Program for empirical absorption correc-
tion, University of Gçttingen, Germany, 1996.


[30] G. M. Sheldrick, SHELX97, Programs for Crystal Structure Analysis,
(Release 97–2), University of Gçttingen, Gçttingen, Germany,
1998.


[31] L. J. Farrugia, J. Appl. Crystallogr. 1999, 32, 837.


Received: May 21, 2007
Published online: September 28, 2007


www.chemeurj.org H 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 847 – 856856


P. Leoni et al.



http://dx.doi.org/10.1021/om990343&TR_opa;+&TR_ope;

http://dx.doi.org/10.1002/(SICI)1099-0682(199812)1998:12%3C1835::AID-EJIC1835%3E3.0.CO;2-Y

http://dx.doi.org/10.1002/(SICI)1099-0682(199812)1998:12%3C1835::AID-EJIC1835%3E3.0.CO;2-Y

http://dx.doi.org/10.1021/ja952986w

http://dx.doi.org/10.1002/ange.200352954

http://dx.doi.org/10.1002/ange.200352954

http://dx.doi.org/10.1002/anie.200352954

http://dx.doi.org/10.1039/b307003d

http://dx.doi.org/10.1039/b307003d

http://dx.doi.org/10.1021/om0604021

http://dx.doi.org/10.1002/ange.200501714

http://dx.doi.org/10.1002/anie.200501714

http://dx.doi.org/10.1002/anie.200501714

http://dx.doi.org/10.1039/b309004c

http://dx.doi.org/10.1039/b309004c

http://dx.doi.org/10.1021/ic034514l

http://dx.doi.org/10.1021/ic034514l

http://dx.doi.org/10.1039/b300887h

http://dx.doi.org/10.1021/ic0350990

http://dx.doi.org/10.1021/cm020103b

http://dx.doi.org/10.1021/cm020103b

http://dx.doi.org/10.1021/ja0110473

http://dx.doi.org/10.1039/b104276a

http://dx.doi.org/10.1002/1521-3757(20010316)113:6%3C1096::AID-ANGE10960%3E3.0.CO;2-Y

http://dx.doi.org/10.1002/1521-3773(20010316)40:6%3C1066::AID-ANIE10660%3E3.0.CO;2-1

http://dx.doi.org/10.1002/1521-3773(20010316)40:6%3C1066::AID-ANIE10660%3E3.0.CO;2-1

http://dx.doi.org/10.1002/1521-3757(20000915)112:18%3C3450::AID-ANGE3450%3E3.3.CO;2-A

http://dx.doi.org/10.1002/1521-3773(20000915)39:18%3C3312::AID-ANIE3312%3E3.0.CO;2-R

http://dx.doi.org/10.1002/1521-3773(20000915)39:18%3C3312::AID-ANIE3312%3E3.0.CO;2-R

http://dx.doi.org/10.1002/(SICI)1521-3757(19980703)110:13/14%3C2043::AID-ANGE2043%3E3.0.CO;2-G

http://dx.doi.org/10.1002/(SICI)1521-3757(19980703)110:13/14%3C2043::AID-ANGE2043%3E3.0.CO;2-G

http://dx.doi.org/10.1002/(SICI)1521-3773(19980803)37:13/14%3C1943::AID-ANIE1943%3E3.0.CO;2-Q

http://dx.doi.org/10.1021/ic00089a009

http://dx.doi.org/10.1002/1521-3757(20011001)113:19%3C3729::AID-ANGE3729%3E3.0.CO;2-M

http://dx.doi.org/10.1002/1521-3773(20011001)40:19%3C3617::AID-ANIE3617%3E3.0.CO;2-G

http://dx.doi.org/10.1002/1521-3773(20011001)40:19%3C3617::AID-ANIE3617%3E3.0.CO;2-G

http://dx.doi.org/10.1021/om000577p

http://dx.doi.org/10.1021/om000577p

http://dx.doi.org/10.1039/a703427j

http://dx.doi.org/10.1002/zaac.19936190911

http://dx.doi.org/10.1021/ic00163a027

http://dx.doi.org/10.1039/dt9830002229

http://dx.doi.org/10.1039/dt9830002229

http://dx.doi.org/10.1016/0022-328X(87)80219-X

http://dx.doi.org/10.1023/A:1022604701726

http://dx.doi.org/10.1023/A:1022604701726

http://dx.doi.org/10.1107/S0108768102003890

http://dx.doi.org/10.1107/S0108768102003890

http://dx.doi.org/10.1107/S0108768102003890

http://dx.doi.org/10.1039/dt9720000704

http://dx.doi.org/10.1039/dt9720000704

http://dx.doi.org/10.1021/ic50157a030

http://dx.doi.org/10.1021/ic50157a030

http://dx.doi.org/10.1039/dt9770001571

http://dx.doi.org/10.1039/dt9770001571

http://dx.doi.org/10.1021/ic00312a025

http://dx.doi.org/10.1021/ic50132a020

http://dx.doi.org/10.1021/ic50185a001

http://dx.doi.org/10.1016/j.ica.2003.10.016

http://dx.doi.org/10.1039/a706080g

http://dx.doi.org/10.1039/a703427j

http://dx.doi.org/10.1021/om020054c

http://dx.doi.org/10.1021/om020054c

http://dx.doi.org/10.1039/cc9960000877

http://dx.doi.org/10.1039/cc9960000877

http://dx.doi.org/10.1039/dt9860000073

http://dx.doi.org/10.1039/dt9860000073

http://dx.doi.org/10.1016/S0022-328X(00)98982-4

http://dx.doi.org/10.1016/S0022-328X(00)98982-4

http://dx.doi.org/10.1039/b003101l

http://dx.doi.org/10.1021/om00005a020

http://dx.doi.org/10.1039/b107017g

http://dx.doi.org/10.1039/b107017g

http://dx.doi.org/10.1002/zaac.200400386

http://dx.doi.org/10.1002/zaac.200400386

http://dx.doi.org/10.1016/S0277-5387(96)00589-X

http://dx.doi.org/10.1021/ic050942a

http://dx.doi.org/10.1021/ja980019q

http://dx.doi.org/10.1021/ja980019q

http://dx.doi.org/10.1039/b511625m

http://dx.doi.org/10.1039/b516410a

http://dx.doi.org/10.1039/b101410m

http://dx.doi.org/10.1039/b101410m

http://dx.doi.org/10.1039/b003101l

http://dx.doi.org/10.1107/S0021889899006020

www.chemeurj.org






DOI: 10.1002/chem.200700843


Development of a Series of Cross-Linking Agents that Effectively ACHTUNGTRENNUNGStabilize
a-Helical Structures in Various Short Peptides


Kazuhisa Fujimoto,* Masaoki Kajino, and Masahiko Inouye*[a]


Introduction


Because particular amino acid sequences that exist as heli-
ces in proteins usually adopt random-coiled structures in
their isolated short-peptide forms, effective stabilization of
the helices requires artificial efforts[1] such as the utilization
of hydrogen bond surrogates,[2] the introduction of non-natu-
ral amino acids,[3] the use of specific sequences,[4] or the
cross-linking of two side chains in the residues.[5] In our pre-
vious paper, we were able to
stabilize a-helices of short pep-
tides with acetylenic cross-link-
ing agents (Figure 1).[6] In these
peptides, Lys residues were lo-
cated at the i/i+4 and i/i+7 po-
sitions for the cross-linking re-
actions, and the cross-linked
peptides showed moderate a-
helical content of up to 35%
ACHTUNGTRENNUNG(i/i+4) or 65% (i/i+7) at 5 8C.
However, the cross-linked pep-


tides probably need to display much higher helical content
and greater thermal stabilities at room temperature for prac-
tical uses. Moreover, there was no reason to believe that the
combination of Lys residues and the acetylenes represented
the optimal linkage. It was thus decided that a variety of
cross-linked patterns should be developed for investigation
of the application of these peptides to life sciences, especial-
ly to peptide inhibitors and peptide drugs.[7] Here we report
the results obtained for a series of new cross-linking agents


that effectively stabilize a-helical structures in various short
peptides, as well as further information on the acetylenic
ones.


Results and Discussion


Short peptides used in this study : One turn in an a-helix
consists of 3.6 amino acid residues, so the two side chains of
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Figure 1. A schematic representation of the stabilization of helical structures in short peptides by use of cross-
linking agents.
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the residues at positions i and i+4 (one turn: 0.5 nm from i),
i and i+7 (two turns: 1.1 nm from i), or i and i+11 (three
turns: 1.6 nm from i) in the helices are oriented in almost
the same direction. These distances in the helices help us to
identify favorable cross-linking agents for stabilizing helical
structures in short peptides. As shown in Figure 2a, two “X”


residues are placed at the i/i+4, i/i+7, and i/i+11 positions
as cross-linking sites for peptide classes A (13 residues), B
(16 residues), and C (20 residues), respectively. Peptide class
D (20 residues) also has the i/i+11 relationship; its sequence
is extracted from the arginine-rich region seen in natural
Rev, a HIV-1 regulatory protein.[8,9]


Locations of cross-linking sites in the short peptides : The
peptide class A was designed to have its cross-linking site X
at the N terminus, in view of our previous results. In that
study, a photochromic cross-linking agent bearing a spiro-
pyran skeleton was introduced between two Lys residues in
the N-terminal region in the i/i+7 positions.[10] The local
helix thus formed by the cross-linkage at the terminal was
able to provide total structural regulation of the target pep-


tides, which we called a “trigger effect”. If such regulation
could also be achieved by linking shorter distances (i/i+4) in
peptides, this strategy should be fruitful for regulating vari-
ous interactions, such as in peptide–protein and peptide–
DNA complexes. Therefore, if the peptide possesses a se-
quence relating to biological recognition events at its C ter-
minus, a cross-linked region at the N terminus can be uti-
lized as a control unit for the interactions.


In the cases of the peptides B–D, the cross-linking regions
are positioned around the centers of the sequences. This sit-
uation causes one side of such a cross-linked peptide to be
broadly masked with the cross-linking agents, leaving the
opposite side untouched. When the sequence of the amino
acid residues protruding at the opposite side is designed to
interact side by side with other biomolecules, this opposite
region could be used as a novel recognition motif with sev-
eral functional groups lined up linearly. Indeed, in the pep-
tides D, the positions of X were decided upon so as not to
hamper the arginine-rich side of the peptide from binding
with RRE RNA, on the basis of X-ray crystallographic re-
sults for the Rev–RRE complex.[11,12]


Type of X residue for the cross-linking sites : In the previous
paper, we chose Lys as a cross-linking residue because of its
natural presence in the peptides of interest. In the cases of
short peptides, however, solid-phase synthesis allows incor-
poration of any type of natural or non-natural amino acid
into the sequences, which can be applied to biological recog-
nition events at will. Moreover, cross-linked Lys residues no
longer maintain their inherent cationic properties for contri-
buting to interactions with other species. These features sug-
gest that the cross-linking site X should be variable with
each individual experiment for stabilizing a-helices. There-
fore, we additionally introduced diaminopropionic acid
(Dap), diaminobutyric acid (Dab), and ornithine (Orn) into
the peptide sequences as cross-linking sites X for extending
our strategy (Figure 2b). These four amino acids have vari-
ous lengths of methylene spacers between the terminal
amino group of the side chain and the a-carbon: Dap, Dab,
Orn, and Lys contain one, two, three, and four carbons, re-
spectively, for the spacers.


Cross-linking agents : Ten cross-linking agents have been
newly tested, in addition to the acetylenic 1 and 2, as shown
in Figure 3.[6] In the new cross-linking agents, the spacers are
made up of short alkane, benzene, naphthalene, biphenyl,
phenanthrene, and fluorene cores without flexible alkoxy
chains, unlike in 1 and 2. The alkyl side chains of the cross-
linked amino acids X thus have a role for varying the overall
length of the resulting cross-linker, meaning that cross-link-
ing agents of slightly shorter length than a targeted pitch
might be advantageous for formation of stable helices. With
this in mind, short alkylene-based 3 and 4 would be expect-
ed to be suitable for stabilizing a-helices in the peptide class
A. Benzene-based 5 and 6, of moderate spacer length,
should be potent candidates for the peptides B, while the
longer ones of the biphenylene-based 7–9 and the highly


Figure 2. a) Helical structures and sequences of short peptides used in
this study: peptide classes A (i/i+4), B (i/i+7), C (i/i+11), and D (i/i+11).
b) Amino acids “X” (Dap, Dab, Orn, and Lys) as cross-linking agents in
short peptides.
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rigid 10–12 should serve for the peptides C. Furthermore, bi-
phenyl, naphthalene, phenanthrene, and fluorene cores are
fluorescent, so that peptides cross-linked with 7–12 could be
useful for analyzing biological recognition events such as
peptide–DNA interactions through their fluorescence.[13]


Preparation and CD spectra of cross-linked peptides : All of
the cross-linking agents were synthesized from the corre-
sponding dicarboxylic acids and N,N’-disuccinimidyl carbon-
ate. The dicarboxylic acids are commercially available or
easily synthesized. Short peptides A–D were prepared with
a peptide synthesizer. The cross-linking reactions and purifi-
cation were performed by the previously reported proce-
dures,[6] and the isolation yields were about 90–30% except
in a few cases. To elucidate the helical content of the cross-
linked peptides accurately, CD measurements must be car-
ried out below this concentration, thus at a concentration
sufficiently low that intermolecular association of the cross-
linked peptides is negligible. Therefore, the intermolecular
association tendencies of the cross-linked peptides were
studied in advance with C·12 with X=Lys, as the fluorene
core of 12 is one of the most hydrophobic of the cross-link-
ing agents tested and can self-associate in water. The UV
and CD spectra of C·12 with X=Lys were measured in
phosphate buffer (100 mm, pH 6.6) at 5 8C. The shapes of
the spectra are not sensitive to their concentrations, and at
�5.0M10�4m the absorbances and ellipticities fit in propor-
tion to the concentration, obeying BeerNs law (Figure S1).
Contribution of intermolecular association of the cross-
linked peptides can thus be ruled out below that concentra-
tion. Taking this into account, all of the following measure-
ments were conducted at ca. 1.0M10�4m concentrations of
the cross-linked peptides in phosphate buffer (100 mm,
pH 6.6) at 5 and 25 8C.


To identify effective cross-linking agents in each of the
peptide classes A–C, we measured the CD spectra of the
cross-linked peptides formed by various combinations be-
tween A–C and 1–12. Figure 4, for instance, shows the CD


spectra of native B (X=Orn)
and its cross-linked B·5. All of
the native peptides A–C adopt
almost random-coiled structures
(�20% helicities) as judged
from their CD spectra at 5 8C.
On the other hand, the cross-
linked peptides turned into
stable helices when the combi-
nation was preferable, as in the
case of B·5 (see Figures S2–S22
in the Supporting Information
for the spectra of other cross-
linked peptides). Most of the
cross-linked peptides include
chromophores absorbing at
�190 nm, the absorption bands
of which overlap with the CD


active region arising from peptide backbones. Nevertheless,
isodichroic points were observed at 202 nm in the spectra of
the cross-linked peptides on varying the temperature from 5
to 60 8C, indicating that the chromophores do not interfere
with the CD region (see Figure S23 in the Supporting Infor-
mation).


Evaluation of helical content of the cross-linked peptides :
We evaluated the helical content of the cross-linked pep-
tides by means of their CD spectra. Helical content in repre-
sentative cross-linked peptides were calculated from the
mean residue ellipticity at 222 nm,[5d] the concentrations of
the solutions being determined by directly weighing the
samples on a microbalance. Table 1 shows the helical con-
tent (%) of the cross-linked peptides that showed outstand-
ing a-helicities (�60% except for A·4 with X=Orn). Other
combinations were roughly estimated for their a-helicities
by comparison of their CD spectra with those of the strictly
calculated ones and are marked as H (high), M (middle),
and L (low), corresponding to 60–40%, 40–20%, and
<20% helical content, respectively.


Figure 3. Cross-linking agents: acetylenic 1 and 2, short alkylene-based 3 and 4, benzene-based 5 and 6, biphe-
nylene-based 7–9, and highly rigid 10–12.


Figure 4. CD spectra of native and the cross-linked B (X=Orn) with 5
dissolved in phosphate buffer (100 mm, pH 6.6) at 5 and 25 8C: native B
(c) at 5 8C, B·5 at 5 8C (c), and B·5 at 25 8C (a).
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i) Peptide class A (i/i+4—distance of 0.5 nm): The most ef-
fective cross-linking agent for the peptide class A was ethyl-
ene-based 3, with an appropriate spacer length (ca. 0.3–
0.4 nm) between the two �COON� groups. In particular,
the cross-linked A·3 with X=Orn displayed a higher helical
content—of 60%—than any other combination at 5 8C and
kept ca. 40% of its helical structure even at 25 8C. This ob-
servation confirms that the whole helical structure in the
peptide of 13 residues would be influenced by the local
structural change at the N terminus through the trigger
effect described above. While other short cross-linking
agents—methylene-based 4 and m-phenylene-based 6—were
able to stabilize the helices somewhat, the cross-linking
agents with longer spacers never contributed to the stabiliza-
tion of the helices.


ii) Peptide class B (i/i+7—distance of 1.1 nm): We have re-
ported the use of the acetylenic cross-linking agents 1 and 2
for stabilizing a-helical structures of the peptide B (X=


Lys).[6] To explore the influence of the spacer lengths on the
helical content in detail, we examined all of the cross-linking
agents for peptide class B. Among them, p-phenylene-based
5 (spacer length: ca. 0.6 nm) and m-phenylene-based 6
(spacer length: ca. 0.5 nm) formed extremely stable helices
both at 5 8C (80–90%) and at 25 8C (60%). These values for
the helical content are rather higher than those reported
previously with use of the acetylenic 1 and 2. Although bi-
phenylene-based 9 (spacer length: ca. 1.0 nm) and fluorene-
based 12 (spacer length: ca. 0.9 nm) are approximately
fitted for bridging the i/i+7 pitch, the lengths of the alkyl
side chains in the cross-linked amino acids X should be con-
sidered as described above. For 9 and 12, the extra lengths
of the alkyl side chains might cause the cross-linked pep-
tides to be flexible, which should result in the formation of
relatively unstable helices. On the other hand, the phenyl-
ene-based 5 and 6 are likely more suitable in terms of their
slightly shorter and rigid spacers. Even in the case of B·5,
the alkyl side chain of Dap is too short to form a stable


cross-linked peptide: the peptide skeleton is too close to the
rigid benzene core of Dap.


iii) Peptide class C (i/i+11—distance of 1.6 nm): Diacetylen-
ic 2 (spacer length: ca. 0.8–1.3 nm), naphthalene-based 10
(spacer length: ca. 0.8 nm), and fluorene-based 12 (spacer
length: ca. 0.9 nm) provided much higher helical content
ACHTUNGTRENNUNG(>80%) in the cross-linked peptides C at 5 8C. In particular,
C·2 (X=Dab) and C·10 (X=Lys) were confirmed to exist in
almost fully helical states (>95%), as if the sequences of
the peptides had been incorporated into naturally occurring
proteins. We succeeded in constructing almost complete
helices from the short peptides, which comprise only �20%
helix in their native forms, with our cross-linking agents.
Even when the temperature was raised to 25 8C, the cross-
linked C·10 with X=Lys still sustained a high helical con-
tent (75%), offering promise that our method can be used
for biological application in vivo.


As speculated in the section on cross-linking agents, cross-
linkers that were rather short, in relation to the target dis-
tances between the two X residues, were found to be favora-
ble for effective stabilization of a-helices in the three short
peptides. On the basis of the data discussed above, the heli-
cal structures of the cross-linked peptides could roughly be
optimized in the cases in which the lengths of the cross-link-
ers were about 50–60% of the target pitches.


Application to biologically important sequences : Finally, we
applied our strategy to biologically related sequences direct-
ed toward natural recognition events. As a target we select-
ed an arginine-rich sequence existing in the Rev protein that
binds to Rev responsive element (RRE) RNA in HIV repli-
cation. In view of the above observations with the peptides
C, the two arginine-rich sequences of D (X=Orn and Lys)
were cross-linked with 2 and 10. Figure 5 displays the greatly
increased helical content after the cross-linking reaction in
the case of D (X=Orn) with the cross-linking agent 2. Thus,
only �20% of native D fold up at 5 8C, whereas the cross-


Table 1. Helical content of peptides cross-linked with various cross-linking agents at 5 and 25 8C (in brackets).[a]


Cross-
linking
agents


Helical content


Peptides A (i/i+4: 0.5 nm) Peptides B (i/i+7: 1.1 nm) Peptides C (i/i+11: 1.6 nm)
X= X= X=


Dap Dab Orn Lys Dap Dab Orn Lys Dap Dab Orn Lys


1 – – – – – – – [b] – – – –
2 – – – – – – – [b] – >95 (70) 90 (60) 90 (55)
3 M (L) L (L) 60 (40) M (L) – L (L) H (M) M (L) – – –
4 M (M) L (L) 50 (35) M (L) – L (L) L (L) M (M) – – – –
5 L (L) L (L) L (L) L (L) L (L) M (L) 80 (60) H (M) – – – –
6 L (L) L (L) H (L) L (L) – 90 (60) 85 (60) H (M) – – – –
7 – – – – – H (M) H (M) H (M) – – – –
8 – – – – – M (L) M (M) H (M) – – – –
9 – – – – – L (L) L (L) L (L) – M (M) H (H) H (H)
10 – – – – – L (L) M (L) M (L) – H (M) 90 (70) >95 (75)
11 – – – – – M (L) M (M) H (M) – M (L) M (M) H (M)
12 – – – – – L (L) L (L) L (L) – M (M) 85 (70) 95 (70)


[a] Standard deviation is <6% for the number noted. “–”: No change or not measured. [b] See ref. [6].
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linked D·2 was found to exist 95% in the helical state at the
same temperature. The cross-linked D·2 still kept 60% a-
helical structure at 25 8C, close to the temperature range
covering artificial experiments. This finding implies that the
cross-linked D·2 might be applicable in artificial segments
with affinity for naturally occurring RRE RNA.


Conclusion


We have developed a series of cross-linking agents and have
found combinations of cross-linking agents and short pep-
tides suitable for effective stabilization of helical structures
in the cross-linked states. The best combinations were ethyl-
ene-based 3 for peptide class A (i/i+4; X=Orn), m-phenyl-
ene-based 6 for B (i/i+7; X=Dab), and naphthalene-based
10 for C (i/i+11; X=Lys) at both 5 and 25 8C. In particular,
the cross-linked C·10 showed >95% helical content at 5 8C
and 75% even at 25 8C. Furthermore, we were able to
obtain stable helical structures in peptide D (i/i+11; X=


Orn and Lys), an arginine-rich motif from natural Rev. In
future investigations, the cross-linking agents identified in
this study will be widely applied to regulation and inhibition
of biological recognition events in which a-helices partici-
pate.


Experimental Section


Materials and general procedures : The cross-linking agents 3 and 5 were
commercially available, while 4,[14] 6,[15] and 9[16] had been reported previ-
ously. Other cross-linking agents were prepared from their corresponding
dicarboxylic acids by the same procedure as described for 1 and 2.[6] The
dicarboxylic acid precursors for 7, 8, and 10 were commercially available,
and those for 11 and 12 were synthesized by published procedures.[17,18]


NMR spectra were recorded on a JEOL FX-270 or a Varian Gemini 300
spectrometer. IR spectra were measured on a JASCO-FT/IR-460 plus
spectrometer. MALDI TOF-MS spectra were obtained by use of a
BrQker Autoflex mass spectrometer. ESI-HRMS analyses were carried
out on a JEOL JMS-T100 LC mass spectrometer. Melting points were
determined with a Yanako MP-500D instrument and were not corrected.


Physical and spectroscopic data for cross-linking agents


Biphenyl-3,3’-dicarboxylic acid bis(2,5-dioxopyrrolidin-1-yl) ester (7):
Yield 71% (15 mg); m.p. >165 8C (decomp); 1H NMR (270 MHz,


CDCl3): d=2.93 (s, 8H), 7.64 (t, J=7.3 Hz, 2H), 7.93 (m, 2H), 8.18 (m,
2H), 8.38 ppm (t, J=1.6 Hz, 2H); 13C NMR (67.5 MHz, CDCl3): d=


169.1, 161.6, 140.4, 133.6, 130.1, 129.7, 129.2, 126.1, 25.7 ppm; IR (KBr):
ñ=1774, 1736 cm�1; HRMS (ESI): m/z : calcd for C22H16N2NaO8:
459.0804; found: 459.0803 [M+Na]+ .


Biphenyl-2,2’-dicarboxylic acid bis(2,5-dioxopyrrolidin-1-yl) ester (8):
Yield 96% (420 mg); m.p. 225–228 8C; 1H NMR (270 MHz, CDCl3): d=


2.77 (s, 8H), 7.33 (dd, J=1.4, 7.6 Hz, 2H), 7.52 (dt, J=1.1, 8.0 Hz, 2H),
7.66 (dt, J=1.4, 7.6 Hz, 2H), 8.21 ppm (dd, J=1.4, 7.8 Hz, 2H);
13C NMR (67.5 MHz, CDCl3): d =168.5, 161.1, 142.7, 133.3, 130.7, 130. 5,
127.8, 123.0, 25.5 ppm; IR (KBr): ñ=1774, 1732 cm�1; HRMS (ESI): m/z :
calcd for C22H16N2NaO8: 459.0804; found: 459.0801 [M+Na]+ .


Naphthalene-2,6-dicarboxylic acid bis(2,5-dioxopyrrolidin-1-yl) ester (10):
Yield 19% (38 mg); m.p. >295 8C (decomp); 1H NMR (300 MHz,
DMSO-d6): d=2.95 (s, 8H), 8.20 (d, J=8.4 Hz, 2H), 8.51 (d, J=8.4 Hz,
2H), 9.03 ppm (s, 2H); 13C NMR (75 MHz, DMSO-d6): d=169.8, 161.2,
134.5, 131.8, 131.0, 125.5, 124.5, 25.5 ppm; IR (KBr): ñ =1771, 1738 cm�1;
HRMS (ESI): m/z : calcd for C20H14N2NaO8: 433.0648; found: 433.0646
[M+Na]+ .


Phenanthrene-3,6-dicarboxylic acid bis(2,5-dioxopyrrolidin-1-yl) ester
(11): Yield 26% (12 mg); m.p. 121–124 8C; 1H NMR (300 MHz, CDCl3):
d=2.98 (s, 8H), 7.96 (s, 2H), 8.04 (d, J=8.4 Hz, 2H), 8.31 (dd, J=1.5,
8.4 Hz, 2H), 9.49 ppm (d, J=1.5 Hz, 2H); 13C NMR (75 MHz, CDCl3):
d=25.7, 123.5, 126.7, 127.5, 129.3 129.5, 129.6, 135.8, 161.6, 168.3,
168.9 ppm; IR (KBr): ñ=1770, 1736 cm�1; HRMS (ESI): m/z : calcd for
C24H16N2NaO8: 483.0804; found: 483.0803 [M+Na]+ .


Fluorene-2,7-dicarboxylic acid bis(2,5-dioxopyrrolidin-1-yl) ester (12):
Yield 98% (47 mg); m.p. >274 8C (dec); 1H NMR (270 MHz, CDCl3):
d=2.94 (s, 8H), 4.08 (s, 2H), 7.99 (d, J=4.2 Hz, 2H), 8.24 (d, J=4.2 Hz,
2H), 8.38 ppm (s, 2H); 13C NMR (67.5 MHz, CDCl3): d=169.2, 161.9,
148.0, 144.7, 130.1, 127.5, 124.7, 121.4, 36.9, 25.7 ppm; IR (KBr): ñ =1774,
1736 cm�1; HRMS (ESI): m/z : calcd for C23H16N2NaO8: 471.0804; found:
471.0805 [M+Na]+ .


Solid-phase peptide synthesis (SPPS): All of the peptides were synthe-
sized with an automated peptide synthesizer by standard Fmoc chemistry.
Peptides were constructed on an Fmoc-NH-SAL resin (capacity
0.59 mmolg�1). After the automated SPPS, N-terminal amino groups
were acetylated with Ac2O (5%) in NMP (or 2% N,N-diisopropylamine,
9% Ac2O, and 1.9% HOBt·H2O in DMF for peptides D) over 12 min
(30 min for peptides D) at room temperature. Peptide cleavage and side
chain deprotection of amino acids were carried out by treatment under
suitable conditions: TFA/ethanedithiol/thioanisole 18:1:1 for peptides A
and C, TFA/ethanedithiol/thioanisole/2-methylindole 90:5:5:0.1 for pep-
tides B, and TFA/ethanedithiol/thioanisole/thiophenol/DMSO/H2O
83:2.5:5:2:3 for peptides D over 2 h (12 h for peptides D) at room tem-
perature.


Peptide purification : Peptides A–D were purified by reversed-phase
HPLC (column; COSMOSIL 5C18-AR-300 nacalai tesque, 10M150 mm)
and eluted with TFA buffer (0.1%) and the following CH3CN (including
0.1% TFA) linear gradients at a flow rate of 2.0 mLmin�1; 5–45% (0–
40 min) for peptides A, 10–50% (0–40 min) for peptides B, 15–55% (0–
40 min) for peptides C, and 5–45% (0–40 min) for peptides D. The frac-
tions of the peptides were monitored at 220 nm with a UV detector, and
were identified by ESI-MS and MALDI TOF MS.


Peptides A : X=Dap: m/z : calcd for C49H81N16O22: 1245.6; found: 1245.1
[M+H]+ (ESI); X=Dab: m/z : calcd for C51H85N16O22: 1273.6; found:
1273.5 [M+H]+ (MALDI); X=Orn: m/z : calcd for C53H89N16O22: 1301.6;
found: 1301.5 [M+H]+ (MALDI); X=Lys: m/z : calcd for C55H93N16O22:
1329.7; found: 1329.5 [M+H]+ (MALDI).


Peptides B : X=Dap: m/z : calcd for C66H102N20O25: 787.4; found: 787.2
[M+2H]2+ (ESI); X=Dab: m/z : calcd for C68H106N20O25: 801.4; found:
801.3 [M+2H]2+ (ESI); X=Orn: m/z : calcd for C70H110N20O25: 815.4;
found: 815.1 [M+2H]2+ (ESI); X=Lys: m/z : calcd for C72H114N20O25:
829.4; found: 829.2 [M+2H]2+ (ESI).


Peptides C : X=Dab: m/z : calcd for C74H123N23O31: 914.9; found: 914.6
[M+2H]2+ (ESI); X=Orn: m/z : calcd for C76H126N23O31: 1856.9; found:


Figure 5. CD spectra of the native and the cross-linked D (X=Orn) with
2 dissolved in phosphate buffer (100 mm, pH 6.6) at 5 and 25 8C: native
D (c) at 5 8C, D·2 at 5 8C (c), and D·2 at 25 8C (a).
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1856.9 [M+H]+ (MALDI); X=Lys, calcd for C78H130N23O31: 1884.9;
found: 1884.9 [M+H]+ (MALDI).


Peptides D : X=Orn: m/z : calcd for C101H196N57O22: 2559.6; found: 2559.3
[M+H]+ (MALDI); X=Lys, calcd for C103H201N57O22: 1294.3; found:
1294.0 [M+2H]2+ (ESI).


Cross-linking reactions—Peptides A–C : A cross-linking agent solution in
DMSO (0.5 mL, 5.0M10�4m) was added to a peptide solution (0.5 mL,
1.0M10�4m) in phosphate buffer (100 mm, pH 6.6). The reaction mixture
was incubated at 25 8C in a thermo-mixer for 0.5–2 h. The cross-linked
peptides A–C were purified by use of the following CH3CN (including
0.1% TFA) linear gradients (0–40 min) at a flow rate of 1.0 mLmin�1; 5–
65% for cross-linked peptides A and 10–70% for cross-linked peptides B
and C.


Peptides D : A cross-linking agent solution in DMSO (0.4 mL, 4.17M
10�4m) was added to an EtOH solution (0.6 mL) of a native peptide D
(1.25M10�4m). The reaction mixture was stirred at 30 8C in a thermo-
mixer for 12 h. The cross-linked peptides D were isolated under condi-
tions similar to those described above, except for use of a 0–60%
CH3CN (including 0.1% TFA) linear gradient. All of the cross-linked
peptides were identified by ESI-MS and MALDI TOF-MS.


Yields of cross-linked peptides : The reaction yields of the cross-linked
peptides were estimated by comparison of the peak areas of the remain-
ing native peptides with those of the cross-linked peptides in the HPLC
charts of the reaction mixtures. The molar ratios for the unreacted and
the cross-linked peptides were calculated by calibration of their molar ex-
tinction coefficients (e) at 220 nm. The e values of the cross-linked pep-
tides were each defined to be the sum of the values for the native peptide
and the cross-linking agent at 220 nm.


Cross-linked peptides : A·3 : X=Dap, 85%; X=Dab, 70%; X=Orn,
75%; X=Lys, 85%. A·4 : X=Dap, 10%; X=Dab, 70%; X=Orn, 55%;
X=Lys, 55%. A·5 : X=Dap, 20%; X=Dab, 45%; X=Orn, 60%; X=


Lys, 75%. A·6 : X=Dap, 50%; X=Dab, 75%; X=Orn, 75%; X=Lys,
70%. B·3 : X=Dab, 85%; X=Orn, 85%; X=Lys, 90%. B·4 : X=Dab,
40%; X=Orn, 45%; X=Lys, 35%. B·5 : X=Dap, 15%; X=Dab, 45%;
X=Orn, 50%; X=Lys, 40%. B·6 : X=Dab, 75%; X=Orn, 80%; X=


Lys, 85%. B·7: X=Dab, 40%; X=Orn, 40%; X=Lys, 40%. B·8 : X=


Dab, 30%; X=Orn, 15%; X=Lys, 30%. B·9 : X=Dab, 15%; X=Orn,
20%; X=Lys, 15%. B·10 : X=Dab, 20%; X=Orn, 30%; X=Lys, 30%.
B·11: X=Dab, 55%; X=Orn, 45%; X=Lys, 55%. B·12 : X=Dab, 55%;
X=Orn, 70%; X=Lys, 40%. C·2 : X=Dab, 85%; X=Orn, 65%; X=


Lys, 60%. C·9 : X=Dab, 65%; X=Orn, 45%; X=Lys, 30%. C·10 : X=


Dab, 60%; X=Orn, 35%; X=Lys, 35%. C·11: X=Dab, 65%; X=Orn,
55%; X=Lys, 65%. C·12 : X=Dab, >95%; X=Orn, 90%; X=Lys,
>95%. D·2 : X=Orn, 15%; X=Lys, 30%. D·10 : X=Orn, <5%; X=


Lys, <5%.


Mass spectral data for cross-linked peptides


Cross-linked peptide A·3 : X=Dap: m/z : calcd for C53H83N16O24: 1327.6;
found: 1327.8 [M+H]+ (MALDI); X=Dab: m/z : calcd for
C55H86N16NaO24: 1377.6; found: 1377.8 [M+Na]+ (MALDI); X=Orn:
m/z : calcd for C57H90N16NaO24: 1405.6; found: 1405.1 [M+Na]+


(MALDI); X=Lys: m/z : calcd for C59H94N16NaO24: 1433.7; found: 1433.1
[M+Na]+ (MALDI).


Cross-linked peptide A·4 : X=Dap: m/z : calcd for C54H84N16NaO24:
1363.6; found: 1363.8 [M+Na]+ (MALDI); X=Dab: m/z : calcd for
C56H88N16NaO24: 1391.6; found: 1391.6 [M+Na]+ (MALDI); X=Orn:
m/z : calcd for C58H92N16NaO24: 1419.6; found: 1419.4 [M+Na]+


(MALDI); X=Lys: m/z : calcd for C60H96N16NaO24: 1447.7; found: 1447.3
[M+Na]+ (MALDI).


Cross-linked peptide A·5 : X=Dap: m/z : calcd for C57H83N16O24: 1375.6;
found: 1375.4 [M+H]+ (ESI); X=Dab: m/z : calcd for C59H86N16NaO24:
1425.6; found: 1425.6 [M+Na]+ (MALDI); X=Orn: m/z : calcd for
C61H90N16NaO24: 1453.6; found: 1453.6 [M+Na]+ (MALDI); X=Lys:
m/z : calcd for C63H94N16NaO24: 1481.7; found: 1481.7 [M+Na]+


(MALDI).


Cross-linked peptide A·6 : X=Dap: m/z : calcd for C57H83N16O24: 1375.6;
found: 1375.4 [M+H]+ (ESI); X=Dab: m/z : calcd for C59H86N16NaO24:
1425.6; found: 1425.4 [M+Na]+ (MALDI); X=Orn: m/z : calcd for


C61H90N16NaO24: 1453.6; found: 1453.1 [M+Na]+ (MALDI); X=Lys:
m/z : calcd for C63H94N16NaO24: 1481.7; found: 1481.1 [M+Na]+


(MALDI).


Cross-linked peptide B·3 : X=Dab: m/z : calcd for C72H108N20O27: 842.4;
found: 842.3 [M+2H]2+ (ESI); X=Orn: m/z : calcd for C74H111N20O27:
1711.8; found: 1711.1 [M+H]+ (MALDI); X=Lys: m/z : calcd for
C76H116N20O27: 870.4; found: 870.0 [M+2H]2+ (ESI).


Cross-linked peptide B·4 : X=Dab: m/z : calcd for C73H110N20O27: 849.4;
found: 849.1 [M+2H]2+ (ESI); X=Orn: m/z : calcd for C75H113N20O27:
1725.8; found: 1725.7 [M+H]+ (MALDI); X=Lys: m/z : calcd for
C77H116N20NaO27: 1775.8; found: 1775.4 [M+Na]+ (MALDI).


Cross-linked peptide B·5 : X=Dap: m/z : calcd for C74H104N20O27: 852.4;
found: 852.0 [M+2H]2+ (ESI); X=Dab: m/z : calcd for C76H108N20O27:
866.4; found: 866.2 [M+2H]2+ (ESI); X=Orn: m/z : calcd for
C78H112N20O27: 880.4; found: 880.6 [M+2H]2+ (ESI); X=Lys: m/z : calcd
for C80H114N20NaO27: 1809.8; found: 1809.6 [M+Na]+ (MALDI).


Cross-linked peptide B·6 : X=Dab: m/z : calcd for C76H108N20O27: 866.4;
found: 866.2 [M+2H]2+ (ESI); X=Orn: m/z : calcd for C78H112N20O27:
880.4; found: 880.6 [M+2H]2+ (ESI); X=Lys: m/z : calcd for
C80H116N20O27: 894.4; found: 894.0 [M+2H]2+ (ESI).


Cross-linked peptide B·7: X=Dab: m/z : calcd for C82H112N20O27: 904.4;
found: 904.1 [M+2H]2+ (ESI); X=Orn: m/z : calcd for C84H116N20O27:
918.4; found: 918.0 [M+2H]2+ (ESI); X=Lys: m/z : calcd for
C86H120N20O27: 932.4; found: 932.0 [M+2H]2+ (ESI).


Cross-linked peptide B·8 : X=Dab: m/z : calcd for C82H111N20O27: 1807.8;
found: 1807.5 [M+H]+ (MALDI); X=Orn: m/z : calcd for C84H116N20O27:
918.4; found: 918.0 [M+2H]2+ (ESI); X=Lys: m/z : calcd for
C86H120N20O27: 932.4; found: 932.0 [M+2H]2+ (ESI).


Cross-linked peptide B·9 : X=Dab: m/z : calcd for C82H111N20O27: 1807.8;
found: 1807.6 [M+H]+ (MALDI); X=Orn: m/z : calcd for C84H116N20O27:
918.4; found: 918.0 [M+2H]2+ (ESI); X=Lys: m/z : calcd for
C86H120N20O27: 932.4; found: 932.0 [M+2H]2+ (ESI).


Cross-linked peptide B·10 : X=Dab: m/z : calcd for C80H110N20O27: 891.4;
found: 891.2 [M+2H]2+ (ESI); X=Orn: m/z : calcd for C82H114N20O27:
905.4; found: 905.2 [M+2H]2+ (ESI); X=Lys: m/z : calcd for
C84H118N20O27: 919.4; found: 919.1 [M+2H]2+ (ESI).


Cross-linked peptide B·11: X=Dab: m/z : calcd for C84H111N20O27: 1831.8;
found: 1831.5 [M+H]+ (MALDI); X=Orn: m/z : calcd for
C86H114N20NaO27: 1881.8; found: 1881.7 [M+Na]+ (MALDI); X=Lys:
m/z : calcd for C88H118N20NaO27: 1909.8; found: 1909.7 [M+Na]+


(MALDI).


Cross-linked peptide B·12 : X=Dab: m/z : calcd for C83H111N20O27: 1819.8;
found: 1819.4 [M+H]+ (MALDI); X=Orn: m/z : calcd for C85H115N20O27:
1847.8; found: 1847.5 [M+H]+ (MALDI); X=Lys: m/z : calcd for
C87H118N20NaO27: 1897.8; found: 1897.4 [M+Na]+ (MALDI).


Cross-linked peptide C·2 : X=Dab: m/z : calcd for C84H129N23O35: 1010.0;
found: 1009.7 [M+2H]2+ (ESI); X=Orn: m/z : calcd for C86H132N23O35:
2046.9; found: 2047.1 [M+H]+ (MALDI); X=Lys: m/z : calcd for
C88H136N23O35: 2075.0; found: 2075.0 [M+H]+ (MALDI).


Cross-linked peptide C·9 : X=Dab: m/z : calcd for C88H127N23NaO33:
2056.9; found: 2057.2 [M+Na]+ (MALDI); X=Orn: m/z : calcd for
C90H132N23O33: 2062.9; found: 2062.5 [M+H]+ (MALDI); X=Lys: m/z :
calcd for C92H135N23NaO35: 2112.9; found: 2112.8 [M+Na]+ (MALDI).


Cross-linked peptide C·10 : X=Dab: m/z : calcd for C86H127N23O33:
1004.9; found: 1004.7 [M+2H]2+ (ESI); X=Orn: m/z : calcd for
C88H129N23NaO33: 2058.9; found: 2059.2 [M+Na]+ (MALDI); X=Lys:
m/z : calcd for C90H134N23O35: 2065.0; found: 2064.6 [M+H]+ (MALDI).


Cross-linked peptide C·11: X=Dab: m/z : calcd for C90H128N23O33: 2058.9;
found: 2058.8 [M+H]+ (MALDI); X=Orn: m/z : calcd for
C92H132N23O33: 2086.9; found: 2086.7 [M+H]+ (MALDI); X=Lys: m/z :
calcd for C94H136N23O33: 2115.0; found: 2115.2 [M+H]+ (MALDI).


Cross-linked peptide C·12 : X=Dab: m/z : calcd for C89H127N23NaO33:
2068.9; found: 2068.8 [M+Na]+ (MALDI); X=Orn: m/z : calcd for
C91H131N23NaO33: 2096.9; found: 2096.6 [M+Na]+ (MALDI); X=Lys:
m/z : calcd for C93H136N23O33: 2103.0; found: 2102.6 [M+H]+ (MALDI).
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Cross-linked peptide D·2 : X=Orn: m/z : calcd for C111H202N57O26: 2749.6;
found: 2749.2 [M+H]+ (MALDI); X=Lys: m/z : calcd for
C113H206N57O26: 2777.7; found: 2778.2 [M+H]+ (MALDI).


Cross-linked peptide D·10 : X=Orn: m/z : calcd for C113H200N57O24:
2739.6; found: 2739.2 [M+H]+ (MALDI); X=Lys: m/z : calcd for
C115H204N57O24: 2767.6; found: 2767.6 [M+H]+ (MALDI).
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Sequence-Specific Alkylation by Y-Shaped and Tandem Hairpin Pyrrole–
Imidazole Polyamides


Shunta Sasaki, Toshikazu Bando, Masafumi Minoshima, Ken-ichi Shinohara, and
Hiroshi Sugiyama*[a]


Introduction


Minor-groove-binding compounds that are composed of N-
methylpyrrole (Py) and N-methylimidazole (Im) recognize
each of the Watson–Crick base pairs. An antiparallel pairing
of Im opposite Py (Im–Py pair) distinguishes a G–C from a
C–G, whereas a Py–Py pair binds both A–T and T–A in
preference to G–C/C–G base pairs.[1] We have developed a
variety of sequence-specific alkylating agents by conjugation
of Py–Im polyamides and alkylating moieties, including a
Py–Im polyamide–cyclopropapyrroloindolone (CPI) conju-
gate with a vinyl linker.[2] We have introduced 1-(chloro-
methyl)-5-hydroxy-1,2-dihydro-3H-benz[e]indole (seco-
CBI)[3] as an alkylating moiety and 2-carbonyl-5-aminoin-
dole as a linker.[4] The introduction of seco-CBI and the
indole moiety greatly facilitated the synthesis of sequence-
specific alkylating Py–Im polyamides; this made it possible
to supply sufficient quantities of polyamides for in vitro and
in vivo experiments for drug development. We have demon-


strated that indole-linked alkylating polyamides with 6 bp
recognition ability sequence-specifically alkylate DNA frag-
ments. The alkylation of the template strand of the coding
regions by these polyamides causes sequence-specific gene
silencing of the green fluorescent protein gene.[5] We have
also developed 10-ringed hairpin polyamides that specifical-
ly alkylate the adenine of a targeted 9 bp matching se-
quence.[4] To develop an alkylating polyamide by causing se-
lective gene silencing in an endogenous target sequence of a
specific gene, a new type of hairpin motif for alkylating
polyamides with sequence-specific binding-site sizes over
10 bp might be required. For this reason, we searched for al-
ternative motifs to increase the targetable binding-site size
of these hairpin motifs, which possess high alkylating activity
and sequence-specificity. We selected Y-shaped and tandem
hairpin Py–Im polyamides as the binding moiety for the al-
kylating agent. Dervan and co-workers have synthesized
several tandem motifs and have investigated the DNA-bind-
ing affinities of these polyamides by quantitative DNase I
footprinting.[6] They synthesized tandem polyamides that
bind an 11 bp specific sequence through hydrogen bonds.
Laemmli and co-workers reported that tandem hairpin Py–
Im polyamides specifically bind vertebrate telomeres.[7]


Here, we report the syntheses and evaluation of hairpin
conjugate 1, Y-shaped conjugate 2, and tandem hairpin Py–
Im polyamide 3, which alkylate target DNA sequences
(Figure 1). Conjugates 2 and 3 were designed so that the
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C terminus of two-ring linear polyamides or six-ringhairpin
polyamides, respectively, is covalently tethered to the a-
amino group of the g-turn of
the alkylating polyamide 1
through b-alanine. High-resolu-
tion denaturing polyacrylamide
gel electrophoresis using a 5’-
Texas-Red-labeled 465 bp DNA
fragment revealed that conju-
gates 2 and 3 alkylate the ade-
nine of target DNA sequences
at nanomolar concentrations
with 8 and 10 bp recognition,
respectively.


Results and Discussion


Synthesis of conjugates 1–3 :
Conjugate 1 was synthesized as
shown in Scheme 1. The four-
ring Py–Im hairpin polyamide
4, which has a terminal carbox-
ylic acid group, was prepared


by fluorenylmethoxycarbonyl
(Fmoc) solid-phase synthesis by
using a Py-coupled oxime resin,
followed by treatment with
NaOH. The carboxylic acid of 4
was converted to an activating
ester by using O-(6-chloroben-
zotriazol-1-yl)-N,N,N’,N’-tetra-
methyluronium hexafluoro-
phosphate (HCTU), iPr2NEt,
followed by coupling with
Indole–CBI (5), which was syn-
thesized by coupling seco-CBI
with 5-tert-butoxyamino-1H-
indole-2-carboxylic acid fol-
lowed by deprotection with tri-
fluoroacetic acid (TFA), to pro-
duce 1.


The synthetic route of conju-
gates 2 and 3 is shown in
Scheme 2. Conjugates 2 and 3
contain (R)-2,4-diaminobutyric
acid as the g-turn element that
connects the two parts of the
recognition Py–Im polyamide.
Three-ring polyamide-coupled
resin 6 and seven-ring polyam-
ide-coupled resin 7 were pre-
pared by Fmoc solid-phase syn-
thesis. Subsequently, the Boc
protecting group of the g-turn
was removed by treatment with
TFA, and the Fmoc solid-phase


synthesis was continued. Following cleavage of the sample
from the resin with NaOH, the six-ring Py–Im Y-shaped


Figure 1. a) Chemical structures of Py–Im conjugates 1, 2 and 3. b) Schematic representation of the sequence
specific recognition by conjugates 1, 2 and 3. Arrows indicate sites of adenine N3 alkylation.


Scheme 1. Synthetic scheme for the preparation of seco-CBI conjugate 1 with an indole linker. i) Stepwise re-
action by Fmoc solid-phase synthesis; ii) treatment with 1n NaOH and DMF; iii)HCTU, iPr2NEt, DMF then
5, iPr2NEt, DMF.
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polyamide 8 and the ten-ring Py–Im tandem polyamide 9
were isolated. Carboxylic acids 8 and 9 were converted to
activated esters by using HCTU and iPr2NEt, followed by
coupling with Indole–CBI to produce 2 and 3. The structure
of conjugates 4, 8, and 9 were identified by using 1H NMR
spectroscopy and electrospray ionization time-of-flight mass
spectrometry (ESI-TOF-MS). The structures of conjugates
1–3 were confirmed by ESI-TOF-MS after purification by
using reverse-phase HPLC. Purified conjugates 1–3 were
used for the evaluation of DNA alkylACHTUNGTRENNUNGation.


DNA alkylating activities of conjugates 1–3 : Sequence-spe-
cific DNA alkylation by compounds 1–3 was examined by
using 5’-Texas-Red-labeled 465 bp DNA fragments. Se-
quence specificities were analyzed by high-resolution dena-
turing polyacrylamide gel electrophoresis by using an auto-
mated DNA sequencer, as described previously.[8] Alkyl-
ACHTUNGTRENNUNGation was carried out at 37 8C for 4.5 h, followed by quench-
ing with calf thymus DNA. The samples were heated at
95 8C under neutral conditions for 20 min. The sites of the
N3 alkylation were visualized by thermal cleavage of the
DNA strand at the alkylated sites.[9] Under these heating
conditions, all alkylation sites are cleaved quantitatively.
The cleaved DNA products were observed as bands after
electrophoresis. The results of analyses of the alkylated
DNA fragments after heat treatment are shown in Figure 2.
The 465 bp DNA fragment has three target sites (sites A–C)


for conjugate 1, two target sites
(sites A and C) for conjugate 2,
and one target site (site A) for
conjugate 3. Denaturing poly-
acrylamide gel analysis demon-
strated that conjugates 1–3 pre-
sented distinct cleavage pat-
terns at nanomolar concentra-
tions. As expected, DNA alkyl-
ACHTUNGTRENNUNGation by conjugate 1 occurred
at three match sites with se-
quences 5’-AACCA-3’ (site A),
5’-AACCA-3’ (site B), and 5’-
TTCCA-3’ (site C) with two
minor mismatch alkylation sites
at 5’-AGATA-3’ (site 2’) and 5’-
CTTTA-3’ (site 3’). DNA alkyl-
ACHTUNGTRENNUNGation by conjugate 2 occurred
at two match sites with sequen-
ces of 5’-AATAACCA-3’
(site A) and 5’-AAATTCCA-3’
(site C). DNA alkylation by
conjugate 3 occurred mainly at
one match site with a sequence
of 5’-AGAATAACCA-3’
(site A). From the densitomet-
ric analysis of the gel electro-
phoresis, the sequence specifici-
ties of conjugates 1–3 at the
match sites are at least three-
fold higher than those at the
mismatch sites (Figure 2).


In particular, conjugate 2 showed relatively high alkyl-
ACHTUNGTRENNUNGating activity and sequence specificity in lanes 7–11. In con-
trast, we investigated the alkylation of the complementary
strand of the 465 bp DNA fragment, the sequence of which
does not contain the target sites for conjugates 1–3, and it
was not significantly alkylated by 1–3 (Supporting Informa-
tion). These results demonstrate that the Y-shaped and
tandem hairpin alkylating polyamides 2 and 3 extend the
recognition site size of hairpin conjugates 1 from 5 bp to 8
and 10 bp without losing the high alkylating activity and se-
quence specificity of 1.


Antitumor activities of conjugates 1–3 : To evaluate the cyto-
toxic potencies of seco-CBI conjugates 1–3, we investigated
the 50 % cell growth inhibition (GI50) values of conjugates
1–3 by using seven mammalian cell lines as shown in
Figure 3.[10] The mammalian cell lines were composed of six
human cancer cell lines (Jurkat, Molt-4, Raji, HCT116, 293,
WI38) and one mouse fibroblast cell line (M5S). The mean
�log GI50 for conjugates 1–3 were 7.66 (21.9 nm), 6.83
(148 nm), and 7.16 (69.2 nm), respectively. These results indi-
cated that conjugates 1–3 have strong cytotoxicities against
human cancer cell lines. Further, all of the conjugates 1–3
have particularly strong cytotoxiciy against Jurkat (acute
T cell leukemia) and Molt-4 (acute lymphoblastic leukemia)


Scheme 2. Synthetic scheme for the preparation of seco-CBI conjugates 2 and 3 with an indole linker. i) Step-
wise reaction by Fmoc solid-phase synthesis; ii) 20% TFA/DCM; iii) stepwise reaction by Fmoc solid-phase
synthesis was followed by processing with 1n NaOH and DMF; iv) HCTU, iPr2NEt, DMF then 5, iPr2NEt,
DMF.
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Figure 2. Thermally induced strand cleavage by conjugates 1, 2 and 3 of 465 bp DNA fragments 5-end-labeled with Texas Red. a) lane 1: DNA control;
lanes 2–6: 150, 125, 100, 75, 50 nm of conjugate 1; lanes 7–11: 150, 125, 100, 75, 50 nm of conjugate 2 ; lanes 12–15: 100, 75, 50, 25 nm of conjugate 3.
Arrows indicate sites of DNA alkylation. *The smeared DNA bands are presumably due not to alkylation, but rather to higher order structures of sub-
strate DNA; these bands appeared in the control lane and their appearance depended on the concentration of substrate DNA. Densitometric analyses of
lanes 1–6 (b), lanes 7–11 (c), and lanes 12–15 (d). e) The alkylation yield was estimated from the averaged yield of DNA alkylation at match sites, A, B
and C by conjugates 1–3 at 50 nm, 75 nm and 100 nm. Yields were based on the amount of starting substrate DNA.
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cell lines compared to the other five cell lines. We compared
the cytotoxic patterns of conjugates 1–3 against seven cell
lines. Interestingly, a correlation coefficient value (R1–3=
0.68) between conjugates 1 and 3, and one other correlation
coefficient value (R2–3=0.73) between conjugates 2 and 3,
are lower than the value (R1–2=0.90) between conjugates 1
and 2. These results suggest that differences in sequence
specificity might affect the pattern of cytotoxicities.[8c,10]


To gain an insight into the binding orientation of the
tandem motif 3 on the DNA minor groove, we constructed
a molecular model of the d(GCAGAATAACCA12TG)/
d(CATGGTTATTCTGC)-3 complex (Figure 4). The
energy-minimized structures of the binding of 3 to the
minor groove of d(GCAGAATAACCA12TG)/d(CATGGT-
TATTCTGC) suggest that the C9 position of the CBI is in
close proximity to the nucleophilic N3 of the A12 residues:
2.95 L (Figure 4). The binding orientation of the tandem
conjugate 3 implies that the induction of alkylation at a spe-
cific 10 bp sequence occurs.


Conclusion


We designed and synthesized Y-shaped and tandem hairpin
conjugates 2 and 3. High-resolution-sequencing gel analysis
demonstrated that conjugates 2 and 3 selectively recognize 8
and 10 bp target DNA sequences, respectively, and alkylate
the adenine in these sequences at nanomolar concentrations.
These results suggest that Y-shaped and tandem motifs of al-
kylating polyamides could be used to expand target sequen-
ces. Furthermore, cytotoxicity assay revealed that conjugates
1–3 have strong cell toxicities against human cancer cell
lines.


Experimental Section


General methods : Reagents and solvents were purchased from standard
suppliers and were used without further purification. Oxime resin (200–
400 mesh) was purchased from Novabiochem, California, USA. 1-(Chlor-
omethyl)-5-hydroxy-1,2-dihydro-3H-benz[e]indole was synthesized and
purified by reported methods.[3] 1H NMR spectra were recorded in parts
per million (ppm) downfield relative to tetramethylsilane. Electrospray
ionization time-of-flight mass spectrometry (ESI-TOF-MS) was carried
out on a BioTOF II (Bruker Daltonics) mass spectrometer. Polyacryl-
amide gel electrophoresis was performed on a HITACHI 5500-S DNA
sequencer. l-DNA plasmid and Ex Taq DNA polymerase were pur-
chased from Takara Bio, Shiga, Japan; the Thermo Sequenase core se-
quencing kit and loading dye (N,N’-dimethylformamide with fuschin red)
were from GE Healthcare Bio-Sciences, Buckinghamshire, England; 5’-
Texas-Red-modified DNA oligonucleotides (21-mer) was purchased from
Sigma-Aldrich, St. Louis, USA; and 50% Long RangerTM gel solution
was from FMC Bioproducts, Philadelphia, USA.


AcImImPy-g-Py-indole-seco-CBI (1): The four-ring Py–Im polyamide-
coupled oxime resin (AcImImPy-g-Py-CO2-oxime resin) was synthesized
in a stepwise reaction by Fmoc solid-phase methods on the Py-coupled
oxime resin with Fmoc-Py-CO2H and Fmoc-Im-CO2H monomers. A
sample resin was cleaved from the oxime resin to yield primary carboxyl-
ic acid under alkali conditions (1 n NaOH 2 mL and DMF 2 mL, 1 h,
55 8C) leading to 4 (53 mg, 83%) as a yellow powder. Compound 4 was
rinsed with 1% aq HCl and used in the next coupling step without fur-
ther purification. iPr2NEt (11 mL, 63 mmol) and HCTU (26 mg, 63 mmol)
were added to a solution of 4 (20 mg, 31 mmol) in DMF (200 mL), and the
reaction mixture was stirred for 4.5 h at room temperature. After the
conversion from 4 to the activated ester was confirmed by HPLC and
ESI-TOF-MS analysis, NH2-Indole-seco-CBI (5 ; 18 mg, 46 mmol) and
iPr2NEt (11 mL, 63 mmol) were added to the reaction vessel. The reaction


Figure 3. �Log GI50 (50 % growth inhibition) concentrations of conjugates 1–3 for 7 cell lines, respectively, are shown. Columns extending to the right in-
dicate cell lines that were sensitive to the agents and those extending to the left indicate cell lines that were less sensitive to the agents. R indicates the
correlation coefficients for the mean GI50 values of compounds 1–3.


Figure 4. The energy-minimized structure of d(GCAGAATAAC-
CA12TG)/d(CATGGTTATTCTGC)-cyclized CBI form of 3. Minimiza-
tion was carried out in the presence of 26 sodium cations and a 10 L
layer of H2O by using a consistent force field. Each strand of the DNA is
drawn as a line; the cyclized form of conjugate 3 is drawn as a CPK
model. The indole–CBI unit is drawn in yellow, the first hairpin polyam-
ide of conjugate 3 is drawn in purple, and the second hairpin polyamide,
which is covalently tethered to the first hairpin polyamide, is drawn in
green.
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mixture was stirred overnight at room temperature under a N2 atmos-
phere. Evaporation of the solvent gave a yellow residue, which was
washed with Et2O (2 M 2 mL) to produce conjugate 1 as a yellow powder,
which was further purified by HPLC, by using a Chemcobond 5-ODS-H
column (0.1 % AcOH/CH3CN, 0–50 % linear gradient, 0–40 min,
254 nm). Yield: 3.7 mg (12 %); 1H NMR (400 MHz, [D6]DMSO): d=


11.66 (s, 1H; NH), 10.43 (s, 1 H; OH), 10.30 (s, 1 H; NH), 10.27 (s, 1 H;
NH), 9.86 (s, 1H; NH), 9.77 (s, 1H; NH), 9.36 (s, 1H; NH), 8.13 (s, 1 H;
CH), 8.10 (s, 1 H; CH), 8.08 (s, 1H; NH), 8.03 (d, J=8.0 Hz, 1H; CH),
7.96 (br s, 1H; CH), 7.85 (d, J=8.4 Hz, 1H; CH), 7.56 (s, 1H; CH), 7.52
(t, J=8.0 Hz, 1H; CH), 7.50 (s, 1H; CH), 7.39 (d, J=8.0 Hz, 1H; CH),
7.35 (t, J=7.5 Hz, 1H; CH), 7.21 (s, 2H; CH), 7.16 (s, 1H; CH), 7.00 (d,
J=1.6 Hz, 1 H; CH), 6.93 (d, J=1.6 Hz, 1H; CH), 4.80 (t, J=10.0 Hz,
1H; CH), 4.55 (d, J= 11.0 Hz, 1 H; CH), 4.22 (brs, 1H; CH), 3.99 (s, 3H;
CH3), 3.97 (s, 3H; CH3), 3.84 (s, 3H; CH3), 3.77 (s, 3H; CH3), 3.76 (m,
2H; CH2), 3.28 (m, 2 H; CH2), 2.29 (m, 2 H; CH2), 2.03 (s, 3 H; CH3),
1.79 ppm (m, 2 H; CH2); ESI-TOF-MS: m/z calcd for C50H50ClN14O9:
1009.35; found: 1009.43 [M+H]+ .


AcImImPy-(R) ACHTUNGTRENNUNG[PyPy-b]HNg-Py-indole-seco-CBI (2): Compound 2 was
prepared by using a synthetic procedure similar to that used for the prep-
aration of compound 1 from 4, by starting from Py–Im polyamide car-
boxylic acid 8. iPr2NEt (3.0 mL, 17 mmol) and HCTU (4.0 mg, 9.7 mmol)
were added to a solution of conjugate 8 (8.4 mg, 8.6 mmol) in DMF
(150 mL), and the reaction mixture was stirred for 5 h at room tempera-
ture. After the conversion from conjugate 8 to the activated ester was
confirmed by HPLC and ESI-MS analysis, NH2-Indole-seco-CBI (5)
(5.1 mg, 13 mmol) and iPr2NEt (3.0 mL, 17 mmol) were added to the reac-
tion vessel. The reaction mixture was stirred overnight at room tempera-
ture under a N2 atmosphere. Evaporation of the solvent gave a yellow
residue, which was washed with Et2O (2 M 2 mL) to give conjugate 2 as a
yellow powder, which was further purified by HPLC by using a Chemco-
bond 5-ODS-H column (0.1 % AcOH/CH3CN 25–75 % linear gradient,
0–30 min, 254 nm). Yield: 2.1 mg (18 %); ESI-TOF-MS: m/z calcd for
C67H70ClN20O12: 691.26; found: 691.36 [M+2H]2+ .


AcImImPy-(R)-[PyPyPy-g-ImPyPy-b]HNg-Py-indole-seco-CBI (3): A
synthetic procedure similar to that used for the preparation of compound
2 was followed to prepare compound 3 (6.9 mg, 4.0%). ESI-TOF-MS:
m/z calcd for C94H100ClN30O17: 978.37; found: 978.54 [M+2H]2+ .


AcImImPy-g-Py-CO2H (4): Compound 4 was synthesized in a stepwise
reaction by Fmoc solid-phase methods on the Py-coupled resin (51 mg,
80% in 4 couplings). 1H NMR (400 MHz, [D6]DMSO): d=10.32 (s, 1H;
NH), 10.26 (s, 1H; NH), 9.84 (s, 1H; NH), 9.76 (s, 1 H; NH), 8.07 (s, 1H;
NH), 7.56 (s, 1 H; CH), 7.49 (s, 1 H; CH), 7.28 (d, J=2.5 Hz, 1H; CH),
7.21 (d, J=2.0 Hz, 1 H; CH), 6.99 (d, J=2.5 Hz, 1H; CH), 6.64 (d, J=


2.0 Hz, 1H; CH), 3.99 (s, 3 H; CH3), 3.97 (s, 3H; CH3), 3.79 (s, 3H;
CH3), 3.78 (s, 3H; CH3), 3.19 (m, 2H; CH2), 2.25 (m, 2H; CH2), 2.03 (s,
3H; CH3), 1.76 ppm (m, 2H; CH2); ESI-TOF-MS: m/z calcd for
C28H34N11O7: 636.26; found: 636.40 [M+H]+ .


NH2-Indole-seco-CBI (5): Compound 5 was prepared by the reported
procedure.[11]


AcImImPy-(R)-[PyPy-b]HNg-Py-CO2H (8): The three-ring Py–Im poly-
amide-coupled oxime resin 6 was prepared by Fmoc solid-phase synthesis
using oxime resin (170 mg, 0.1 mmol). A solution of TFA in CH2Cl2


(20 % TFA (1 mL) in CH2Cl2 (4 mL)) was added to polyamide-coupled
resin 6, and the reaction mixture was stirred for 30 min at room tempera-
ture. After 30 min, deprotected conjugate 6 was filtrated by using a dis-
posal tube and washed with CH2Cl2 (2 M 2 mL) and DMF (2 mL M 2). Sub-
sequently, 6 was extended from the deprotected amine by Fmoc solid-
phase synthesis again. A sample resin was cleaved under alkali conditions
(1 n NaOH (2 mL) in DMF (2 mL), 1 h, 55 8C) to yield primary carboxyl-
ic acid 8. The solution of 8 was concentrated and washed by 1 % aq HCl
(100 mg, 99% in 7 couplings), and used in the next coupling step without
further purification. 1H NMR (400 MHz, [D6]DMSO): d =10.32 (s, 1H;
NH), 10.26 (s, 1H; NH), 9.84 (s, 1H; NH), 9.81 (s, 1 H; NH), 9.33 (s, 1H;
NH), 8.27 (d, 1H; NH), 7.99 (m, 1 H; NH), 7.94 (m, 1 H; NH), 7.55 (s,
1H; CH), 7.50 (s, 1 H; CH), 7.29 (s, 1H; CH), 7.22 (s, 1H; CH), 7.18 (s,
1H; CH), 7.13 (s, 1H; CH), 6.97 (s, 1H; CH), 6.82 (m, 2 H; CH), 6.73 (s,
1H; CH), 4.39 (m, 1 H; CH), 3.99 (s, 3H; CH3), 3.97 (s, 3H; CH3), 3.79


(s, 12H; CH3), 3.21 (m, 2H; CH2), 3.00 (m, 2H; CH2), 2.32 (m, 2H;
CH2), 2.03 (s, 3H; CH3), 2.01 (s, 3H; CH3), 1.78 ppm (m, 2H; CH2); ESI-
TOF-MS: m/z calcd for C45H54N17O11: 1008.41; found: 1008.47 [M+H]+ .


AcImImPy-(R)-[PyPyPy-g-ImPyPy-b]HNg-Py-CO2H (9): A synthetic
procedure similar to that used for the preparation of compound 8 was
followed to prepare compound 9 (146 mg, 92% in 12 couplings).
1H NMR (400 MHz, [D6]DMSO): d =10.30 (s, 1H; NH), 10.27 (s, 1H;
NH), 10.25 (s, 1H; NH), 9.99 (s, 1H; NH), 9.95 (s, 1 H; NH), 9.88 (s, 3H;
NH), 9.80 (s, 1H; NH), 9.35 (s, 1 H; NH), 8.26 (d, J=7.6 Hz, 1 H; NH),
8.03 (t, J=5.6 Hz, 2 H; NH), 7.96 (t, J=5.2 Hz, 1H; NH), 7.55 (s, 1 H;
CH), 7.49 (s, 1H; CH), 7.44 (s, 1 H; CH), 7.29 (d, J=2.0 Hz, 1H; CH),
7.25 (d, J=1.2 Hz, 1H; CH), 7.22 (s, 2H; CH), 7.18 (d, J=1.2 Hz, 1H;
CH), 7.16 (d, J=1.2 Hz, 1 H; CH), 7.13 (d, J=1.6 Hz, 1 H; CH), 7.11 (s,
1H; CH), 7.03 (d, J=1.6 Hz, 1H; CH), 6.97 (d, J= 1.6 Hz, 1H; CH), 6.89
(d, J=1.6 Hz, 1H; CH), 6.85 (s, 2 H; CH), 6.72 (d, J= 2.0 Hz, 1 H; CH),
4.40 (m, 1H; CH), 3.98 (s, 3H; NCH3), 3.97 (s, 3 H; NCH3), 3.94 (s, 3 H;
NCH3), 3.83 (s, 6 H; NCH3), 3.82 (s, 3H; NCH3), 3.79 (s, 12 H; NCH3),
3.39 (m, 2H; CH2), 3.20 (m, 2H; CH2), 2.45 (m, 2H; CH2), 2.35 (m, 4 H;
CH2), 2.03 (s, 3H; CH3) 1.90 (s, 3H; CH3) 1.78 ppm (m, 4H; CH2). ESI-
TOF-MS: m/z calcd for C77H90N31O17: 791.83; found: 791.97 [M+2H]2+ .


Preparation of 5’-Texas-Red-modified DNA fragment : The 5’-Texas-Red-
modified 465 bp DNA fragments,l-DNA F12612*-13076, was prepared
by polymerase chain reaction (PCR) with 5’-Texas-Red-modified-
TTCTGCTTAAGCAGGCAATGG-3’ (l-DNA forward, 12 612–12 632)
and 5’-CACCATCACGCATCTGTGTCT-3’ (l-DNA reverse, 35426–
35446). Fragments were purified by GenEluteTM PCR clean-up kit
(Sigma Aldrich), diluted to 64.5 ng mL�1, stored at �20 8C, and used
within one week. The complementary strand of 465 bp DNA was pre-
pared by similar methods that were used for the preparation of 465 bp
DNA fragments; it was diluted to 62.3 ng mL�1, stored at �20 8C, and
used within one week. The asterisk indicates the Texas Red modification
and the nucleotide numbering starts with the replication site.


High-resolution gel electrophoresis : The 5’-Texas-Red-labelled DNA
fragments were alkylated by various concentrations of 1, 2, and 3 in
sodium phosphate buffer (5 mm, 10 mL, pH 7.0) that contained 10%
DMF at 37 8C for 4.5 h. The reaction was quenched by the addition of
calf thymus DNA (1 mm, 1 mL), and was heated for 5 min at 95 8C. The
DNA was recovered by vacuum centrifugation. The pellet was dissolved
in loading dye (5 mL; formamide with fuschsin red), heated at 95 8C for
20 min, and then immediately placed on ice. The 2 mL aliquot was sub-
jected to electrophoresis on a 6% denaturing polyacrylamide gel using a
HITACHI SQ5500-E DNA Sequencer.


Analysis of growth inhibition against seven mammalian cell lines : De-
tailed assay procedures have been already reported.[10] The mammalian
cell lines used were Jurkat (human T cell leukaemia), Molt-4 (human
acute lymphoblastic leukemia), Raji (human Burkitt lymphoma),
HCT116 (human colon carcinoma), 293 (human kidney epithelial), WI38
(human embryonic lung fibroblast), and M5S (mouse near-diploid fibro-
blast). The cell lines Jurkat, Molt-4, Raji, and HCT116 cell lines were cul-
tured in RPMI-1640 medium that was supplemented with 10% heat-inac-
tivated fetal bovine serum, penicillin (100 IU mL�1), and streptomycin
(100 mg mL�1) at 37 8C in a humidified atmosphere of 95% air and 5%
CO2. The cell lines 293, WI38, and M5S were cultured in DulbeccoOs
modified EagleOs medium that was supplemented with 10% heat-inacti-
vated fetal bovine serum, penicillin (100 IU mL�1) and streptomycin
(100 mg mL�1). The cells were exposed to drugs for 48 h. Colorimetric
assays that used WST-8 (Dojindo, Kumamoto, Japan) were carried out in
96-well plates. The cells were plated in each well at approximately 15%
confluence in of culture medium (50 mL). One day later, when the cells
were in the logarithmic growth phase, the medium was changed to fresh
medium (100 mL) that contained various concentrations of the com-
pounds 1–3 and 0.1% DMF (50 mL). After treatment with the com-
pounds for 48 h, WST-8 reagent (10 mL) was added to each well, and the
cells were incubated for 2 h at 37 8C. Absorbance was then measured at
450 and 600 nm by using an MPR-A4I microplate reader (Tosoh, Tokyo,
Japan). The absorbance of the control (C), the treated wells (T) and
treated wells at time 0 (t0) were measured. The GI50 was calculated as
100 M [(T-t0)/ ACHTUNGTRENNUNG(C�T0)]= 50. The mean graphs, which show the differential
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growth inhibition of the drugs in the cell line panel, were drawn based on
a calculation by using a set of GI50.


[12] Pearson correlation coefficients
(R) were calculated by using the following formula: R= (S ACHTUNGTRENNUNG(xi�xm)-
ACHTUNGTRENNUNG(yi�ym))/(S ACHTUNGTRENNUNG(xi�xm)2S ACHTUNGTRENNUNG(yi�ym)2)1/2, in which xi and yi are log GI50 of drug A
and drug B, respectively, against each cell line, and xm and ym are the
mean values of xi and yi, respectively.


Molecular modeling studies : Molecular modeling was performed with the
Insight II (2005) Discover (Accelrys, San Diego, CA) program, by using
CFF force field parameters. The B-form DNA, which consisted of
d(GCAGAATAACCA12TG)/d(CATGGTTATTCTGC), was constructed
by using the builder module of Insight II with standard B-form helical pa-
rameters (pitch, 3.38 L; twist, 36; tilt, 18). Conjugate 3 was built by using
the NMR spectroscopy structure of ImPyPy-g-PyPyPy-d(CGCTAA-
CAGGC)/d(GCCTGTTAGCG) complex[13] and the Duo-Dist-octamer
complex, by using standard bond lengths and angles.[14] Docking was per-
formed virtually by adjusting the DNA structure to permit minor-groove
binding according to the NMR spectroscopy structure of the ImPyPy-g-
PyPyPy-5’-d(CGCTAACAGGC)-3’/5’-d(GCCTGTTAGCG)-3’ com-
plex.[13] The assembled initial structure was energy minimized with dis-
tance constraints of the putative hydrogen bonds, such as for the amido
H and O2 of a pyrimidine, or the N3 of a purine base, the N3 of imida-
zole and the 2NH2 of guanine and the fourteen Watson–Crick base pairs.
The minimization was carried out by using a distance-dependent dielec-
tric constant of e= 4r (r stands for the distance between two atoms) and
with convergence criteria having an RMS gradient of less than 0.001 kcal
mol�1 L. Twenty-six Na cations were placed at the bifurcating position of
the O�P�O angle at a distance of 2.51 L from the phosphorus atom. The
resulting complex was soaked in a 10 L-layer of water. The water was
minimized first to the stage where the RMS was less than
ACHTUNGTRENNUNG0.001 kcal mol�1 L, and then the whole system was minimized without
any constraint under the same conditions.
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Supramolecular Helical Columns from the Self-Assembly of Chiral Rods
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Introduction


Controlled self-assembly of elaborately designed molecules
is a challenging topic for interdisciplinary research in the
fields of chemistry, biology, and materials science because it
provides the spontaneous generation of a well-defined, dis-
crete supramolecular architecture from molecular compo-
nents under thermodynamic equilibrium.[1] Precise control
of molecular arrangements at the supramolecular level is es-
sential to get well-defined nanoscopic architectures with spe-
cific shape and novel functionalities.[2] In particular, there is
growing interest in the design of synthetic molecules that
are able to self-assemble into compact helical aggregates,
which are analogous to the DNA double helix and the colla-
gen triple helix. Artificial helical architectures in synthetic
self-assembling systems have been achieved with amplified


supramolecular chirality by a variety of strategies, which in-
clude hydrogen bonding,[3,4] p–p stacking,[5–7] solvophobic ef-
fects,[8] and metal–ligand interactions.[9] Moreover, the con-
trol of helical sense induced by transfer of chiral informa-
tion from the molecular to the supramolecular level, molec-
ular recognition, and external stimuli has received increasing
attention in biomimetic and synthetic supramolecular sys-
tems.[10–12] For example, the incorporation of chiral moieties
in self-assembling organic molecules can induce chiral
supramolecular assemblies and the configuration of the
chiral moiety can decide the handedness of supramolecular
helices.[13] Stupp et al. reported the mirror image of supra-
molecular helices.[14] They synthesized enantiomers of den-
dron–rod–coils attached to a chiral chain and showed that
each molecule has the opposite Cotton effects depending on
its chiral configuration, that is, the R or S form. Dendron–
rod–coil nanostructures were imaged by atomic force micro-
scopy, which showed one-dimensional helical nanostructures
that were mirror images of each other. Meijer and co-work-
ers also reported a helical structure obtained by the self-as-
sembly of well-designed molecules.[1c,15] They have studied a
variety of p-conjugated systems in which the individual p-
conjugated molecules that contain a side-chain stereocenter
form a one-handed helical structure that is dependent on
the solvent polarity or temperature. Recently, we have


Abstract: Chiral-bridged rod molecules
(CBRs) that consisted of bis(penta-p-
phenylene) conjugated to an opened or
closed chiral bridging group as a rigid
segment and oligoether dendrons as
flexible segments were synthesized and
characterized. In the bulk state, both
molecules self-assemble into a hexago-
nal columnar structure, as confirmed
by X-ray scatterings and transmission
electron microscopy (TEM) observa-
tions. Interestingly, these structures dis-
play opposite Cotton effects in the
chromophore of the aromatic unit in
spite of the same chirality (R,R) of the


chiral bridging groups. The molecules
were observed to self-assemble into cy-
lindrical micellar aggregates in aqueous
solution, as confirmed by light scatter-
ing and TEM investigations, and exhib-
it intense signals in the circular dichro-
ism (CD) spectra, which are indicative
of one-handed helical conformations.
The CD spectra of each molecule
showed opposite signals to each other,


which were similar to those in the bulk.
Notably, when the opened CBR was
added to a solution of closed CBRs up
to a certain concentration, the CD
signal of the closed CBR was ampli-
fied. This implies that both molecules
co-assemble into a one-handed helical
structure because the opened chiral
bridge is conformationally flexible,
which is inverted to co-assemble with
the closed CBR. These results demon-
strate that small structural modifica-
tions of the chiral moiety can transfer
the chiral information to a supramolec-
ular assembly in the opposite way.
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shown that incorporation of a conjugated rod into an amphi-
philic dumbbell-shaped molecular architecture gives rise to
the formation of a helical nanostructure.[16] We have also
shown the reversible transformation of the self-assembled
structures of a dumbbell-shaped molecule between helical
strands and nanocages triggered by the addition of aromatic
guest molecules.[17]


Columnar assemblies formed from self-assembly of the or-
ganic molecules that contain rigid aromatic rods have been
explored widely in liquid-crystalline and dilute solution
states. Introduction of chirality into the side chains of the
rod building blocks induces helical stacked arrays and mo-
lecular chirality is transferred to the central aromatic core,
and is subsequently amplified through the formation of
supramolecular helical columns.[13,15] However, incorporation
of chiral segments into the center of rod building blocks,
which have a significant influence on the supramolecular
chirality owing to closer proximity to self-assembling units,
remains challenging.[15e] To this end, we synthesized chiral-
bridged rod molecules (CBRs) that contained the chiral
groups in the center of rod building blocks and investigated
their self-assembling behavior in both bulk and solution
states by a combination of polarized optical microscopy, dif-
ferential scanning calorimetry (DSC), circular dichroism
(CD), transmission electron microscopy (TEM), dynamic
light scattering (DLS), and powder X-ray diffraction meas-
urements. As both molecules are based on an identical
chiral configuration (R,R), the supramolecular chirality can
mainly be attributed to the molecular architecture of the
chiral groups in the center of the molecules, that is, opened


or closed forms. Note that the opened chiral-bridged rod
molecule (O-CBR) is able to freely rotate along the C*�C*
bond in the chiral bridge. However, bond rotation in the
closed chiral-bridged rod molecule (C-CBR) is hindered as
a result of ring closure.


Results and Discussion


Synthesis : The synthesis of CBRs that consist of bis(penta-
p-phenylene) conjugated to a chiral moiety as the rigid seg-
ment and oligoether dendrons as the flexible segment is out-
lined in Scheme 1 and begins with the preparation of aro-
matic scaffolds and an oligoether dendron according to pre-
viously described procedures.[18,19] Compound (R,R)-4, which
is based on an opened chiral group, and (R,R)-5, which is


Scheme 1. Synthesis of the CBRs.
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based on a closed chiral group, were obtained by Sharpless
asymmetric dihydroxylation of trans-4,4’-dibromostilbene by
using AD-mix b followed by subsequent methylation of the
hydroxyl group (4) or formation of a ketal from the hydrox-
yl group (5), and finally by replacing the bromide atoms by
boronic acid using butyl lithium and triisopropylborate.[18]


The basic synthetic methodology to generate such a flexible
dendrimer employed a facile convergent route, as reported
previously.[19] The first step was performed by the etherifica-
tion of 4,4’-bromohydroxy biphenyl with the tosylated den-
dron under basic conditions. The elongated rod building
block, 3a, was obtained by a Suzuki coupling reaction of 2
with 4-trimethylsilylbiphenyl-4’-boronic acid. For the next
Suzuki coupling reaction, the trimethylsilyl group of 3a was
substituted with aryl iodide, which is the most active reagent
in Suzuki type aromatic couplings. The final CBRs were syn-
thesized by following the same sequence of reactions, that is,
by the Suzuki coupling reaction of 3b with chiral boronic
acids 4 or 5.


The resulting CBRs (1a (O-CBR) and 1b (C-CBR)) were
characterized by 1H and 13C NMR spectroscopies, polarime-
try, and MALDI-TOF mass spectrometry. All of the analyti-
cal data were in full agreement with the structures present-
ed. As confirmed by 1H NMR spectroscopy, the ratio of the
aromatic protons of the rod building block to the alkyl pro-
tons was consistent with the calculated ratio, and the specific
rotation values of both molecules obtained by polarimetry
appeared to have positive signs with [a]20D values of +101.4
and +180.4o for O-CBR and C-CBR, respectively. As
shown in Figure 1, the MALDI-TOF mass spectra of the
molecules exhibit two signals that can be assigned as the Na
and K adducts of the molecular ions. The mass that corre-
sponds to a representative peak in the spectrum is matched
with the calculated molecular weight of each molecule.


Conformation of chiral bridging moieties : The opened chiral
bridging moiety in O-CBR is conformationally flexible and
the diol can be assumed to have two limiting conformations,
as illustrated in Figure 2a, and the determination of the
most stable conformation in a single molecular state is a del-
icate procedure. In the aggregated state, however, the rigid
aromatic building blocks of the O-CBR molecule might
favor packing in a parallel fashion to maximize p-stacking
interactions.[20] Therefore, the linear conformation (structure
B) would be more favorable in the self-assembled state.
Similarly, the closed chiral bridging moiety in C-CBR can
also have two conformations (Figure 2b). As previously re-
ported,[21] the most stable conformation of the dioxolane
ring is structure A’, in which the two aromatic rings have a
quasi-gauche relationship when viewed along the C*�C*
bond. This stability is because the aromatic groups are locat-
ed closely to the 2,2-methyl groups of the dioxolane ring,
which gives rise to steric hindrance in structure B’. Conse-
quently, O-CBR adopts a linear-shape, whereas C-CBR
adopts a bent-shape.


Bulk-state structure : The self-assembling behavior of CBRs
in the bulk state was investigated by means of DSC, thermal
polarized optical microscopy, TEM, and X-ray scattering
methods. Figure 3a presents the DSC heating traces of the
CBRs. Both molecules showed an ordered bulk-state struc-
ture. O-CBR, which is based on the extended rod, showed a
liquid crystalline–isotropic transition at 115.2 8C on the heat-
ing scan. C-CBR, which is based on the bent-shaped aromat-


Figure 1. MALDI-TOF mass spectra of a) 1a (O-CBR) and b) 1b (C-
CBR).


Figure 2. Possible conformations of chiral bridged moieties in CBRs.
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ic unit, however, showed a sig-
nificant depression of this tran-
sition (84.4 8C). This depression
is attributed to the difficulty in
packing caused by bent-shaped
rigid segments in the liquid-
crystalline state. From DSC
data, the enthalpy change asso-
ciated with the liquid crystal-
line–isotropic transition can be
related to the relative degree of
liquid-crystalline packing. The
heat of fusion (3.05 kJmol�1) of
O-CBR was much larger than
that of C-CBR (0.12 kJmol�1),
which means that the liquid-
crystalline ordering of O-CBR
is much larger than that of C-
CBR. Between cross polarizers,
these waxy solids showed
strong birefringence. Although
no discernible texture could be
identified from C-CBR, O-
CBR showed a characteristic
texture associated with supra-
molecular ordering. On slow


cooling from the isotropic liquid, the formation of unique
domains that correspond to a hexagonal columnar texture
could be easily observed under a polarized optical micro-
scope (Figure 3b).


To corroborate the bulk-state structure of CBRs, small-
and wide-angle X-ray scattering experiments were per-
formed. The small-angle X-ray diffraction (SAXS) pattern
of O-CBR displayed three sharp reflections with the ratio of
1:
p


3:2 in the low-angle region that can be assigned as a 2D
hexagonal columnar structure with a lattice constant of
6.6 nm (Figure 4a). Only a diffuse halo could be observed in
the wide-angle X-ray diffraction (WAXS) pattern, which is
indicative of liquid-crystalline order with a mean intermo-
lecular distance of 4.5 K. For further analysis, the sample
was cryomicrotomed to a thickness of approximately 50 to
70 nm and stained with RuO4 vapor and observed by TEM.
Figure 4c shows a hexagonal array of dark spots in a matrix
of light oligoether segments. The interdomain distance ap-
peared to be approximately 6.6 nm from the TEM images.
Considering the lattice constant and extended molecular
length (8.7 nm by Corey–Pauling–Koltun (CPK) molecular
model), this dimension implies that the rodlike rigid seg-
ments arrange axially with their preferred direction within
a cross-sectional slice of the column, in which flexible
dendrons are located in the periphery of the slice. Calcu-
lated from the density (�1.17 gcm�3) and the lattice
volume, it was estimated that approximately five molecules
were necessary to fill a slice of each column that was 4.5 K
thick.[22]


Figure 3. a) DSC traces (10 8Cmin�1) recorded during the first heating
scan of A) O-CBR and B) C-CBR. The inset is a magnification of the
box indicated on the graph. b) Representative optical polarized micro-
graph (100L) of the texture exhibited by O-CBR at the transition from
the isotropic state at 100 8C.


Figure 4. SAXS patterns of a) O-CBR and b) C-CBR at 25 8C, and TEM images of c) O-CBR and d) C-CBR.
TEM images of ultramicrotomed films of CBR stained with RuO4 revealing columnar array of alternating
light-colored dendritic layer and dark aromatic layers. The inset image of c) at perpendicular beam incidence
shows a hexagonally ordered array of aromatic core of O-CBR.
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The SAXS pattern of C-CBR also showed two reflections
in the ratio of 1:


p
3 in the low-angle region (Figure 4b). This


means that C-CBR also self-assembles into a 2D hexagonal
columnar structure with a lattice constant of 6.0 nm. As
shown in Figure 4d, the TEM image of C-CBR shows the
columnar array. Calculated from the experimental values of
the intercolumnar distance (6.0 nm) and the density
(�1.15 gcm�3), the average number of C-CBR molecules in
a single slice of the cylinders with a thickness of 4.5 K (as
discussed above) was found to be approximately four.


CD in the bulk state : One can easily imagine that the col-
umns within the mesophase adopt a helical organization be-
cause both CBRs are enantiomerically pure. CD experi-
ments were subsequently carried out for the purpose of
studying the optical activity in the liquid-crystalline states.
The sample was prepared by sandwiching the material be-
tween two quartz plates. In this system, the values of linear
dichroism (LD), which can be related to the CD values in
an oriented system, are negligibly smaller than those arising
from CD.[23] The CD spectra did not change appreciably
when the sample was rotated in the plane perpendicular to
the light beam to eliminate any effects of linear birefrin-
gence and linear dichroism by averaging CD spectra (mea-
sured at the same positions as samples rotated through suc-
cessive 30o increments).[24] Remarkably, the CD signals of
the mesophase in both molecules (O-CBR and C-CBR)
showed the opposite sign (Figure 5), although the same mo-
lecular chirality (R,R). O-CBR gives a positive exciton CD
spectrum that consists of the positive Cotton effect at high
wavelengths and the negative Cotton effect at low wave-
lengths with the CD signal passing through zero near the ab-
sorption maximum of the chromophore. This positive cou-
pling suggests the presence of a right-handed helical ar-
rangement of the transition dipoles of O-CBR molecules.[25]


On the other hand, C-CBR showed a negative exciton CD
spectrum that consists of the negative first Cotton effect and
the positive second Cotton
effect, which is indicative of a
left-handed helical arrange-
ment.


On the basis of the results
described above, the schematic
representation can be construct-
ed as shown in Figure 6. In the
case of O-CBR, the inner core
of the cylinder is composed of a
discrete aromatic core with a
rectangular cross section,
whereas the outer flexible den-
drons splay to fill the intercylin-
der matrix in a similar way to
well-known rod–coil molecules
previously reported.[20b] When
the individual slices stack along
the cylinder axis, the rectangu-
lar slice stacks on top of each


other with mutual rotation in the same direction to avoid
the steric hindrance between the bulky dendron units, which
leads to a one-handed helical column. This formation pro-
cess is similar to that of other helical structures of self-as-
sembling molecules that are based on a conjugated rod
block.[15] The specific handedness of this helical column
arises from steric constraints imposed by the chiral centers
in the rigid segment. As described above, the aromatic seg-
ment adopts the linear rod-shaped conformation to maxi-
mize p–p interactions between aromatic segments in aggre-
gated states. To pack efficiently, the methoxy group in the
chiral segments moves toward the inside, and subsequently,
bis(penta-p-phenylene) groups twist to reduce steric hin-
drance between the phenyl and methoxy groups, which re-
sults in the propellerlike conformation of the bis(penta-p-
phenylene) groups (Figure 6b). As a result, this propellerlike
structure stacks into a right-handed (P) supramolecular heli-
cal column.


In contrast, the C-CBR molecule based on a bent-shaped
aromatic segment is able to form the columnar slice that is


Figure 5. Averaging CD spectra of thin films of CBRs. &: C-CBR and *:
O-CBR.


Figure 6. Schematic representation of the hexagonal columnar structure of O-CBR and C-CBR in the bulk
state. The opened chiral bridging group packs in a right-handed (P) manner and the closed chiral bridging
group packs in a left-handed (M) manner.
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arranged in a coplanar geometry, in which four molecules
comprise a single stratum of the cylinder (Figure 6). This
packing structure is similar to that formed from polycatenar
bent-shaped molecules.[26] It was proposed that a few mole-
cules self-assemble to form an overall disk-shaped object
similar to discotic dendrimers.[27] Figure 6 also shows a plau-
sible way in which the closed chiral bridging moieties stack.
This group adopts a quasi-bisected conformation with the
plane of the phenyl group rotated towards the C*�O bond
of the oxalane ring. In this type of conformation, the bis(-
penta-p-phenylene) groups in C-CBR are distorted to result
in the left-handed (M) supramolecular helix.[21] These results
demonstrate that the helical handedness can be manipulated
by tailoring the chiral bridging moiety in CBRs.


Aggregation behavior in aqueous solution : CBRs, when dis-
solved in a selective solvent for one of the blocks, can self-
assemble into an aggregate structure because of its amphi-
philic characteristics. The aggregation behavior of the mole-
cules was subsequently studied in aqueous solution by using
UV-visible and fluorescence spectroscopies. The absorption
spectrum of the CBR molecule in aqueous solution
(0.005 wt%) exhibits a broad transition with a maximum at
l=329 and 325 nm for O-CBR and C-CBR, respectively,
which results from the conjugated rod block (Figure 7). The
fluorescence spectrum of a solution of the CBR molecule in


chloroform (0.005 wt%) exhibits a strong emission maxi-
mum at l=400 and 410 nm for O-CBR and C-CBR, respec-
tively. However, the emission maximum in aqueous solution
is redshifted with respect to that observed in chloroform,
and the fluorescence is significantly quenched, which is indi-
cative of aggregation of the conjugated rod segments.[15]


DLS experiments were performed with CBRs in aqueous
solution to further investigate the aggregation behavior. The
CONTIN analysis of the autocorrelation function of CBR
showed a broad peak that corresponds to a hydrodynamic
radius (RH) that ranges from several nanometers to hun-
dreds of nanometers (Figure 7c). The formation of cylindri-
cal micelles was confirmed by the Kratky plot that shows a
linear angular dependence over the scattering light intensity
of the aggregates (Figure 7d).[28]


The dilute aqueous solutions of CBR displayed a signifi-
cant Cotton effect in the chromophore of the aromatic unit
(Figure 8), which indicates the presence of elongated helical
fibrillar aggregates in solution. This is in sharp contrast to
the molecularly dissolved state (a solution in chloroform),
which does not form a micellar structure and has a very
weak Cotton effect. The CD signals of both molecules in so-
lution in chloroform showed the same signals, which is indi-
cative of the same molecular chirality. However, the signifi-
cant Cotton effect observed in aqueous solution is consid-
ered to be the result of the presence of elongated cylindrical


Figure 7. Absorption (left) and emission (right) spectra of the aqueous solution (0.005 wt%, solid line) and solution in chloroform (dashed line) of a) O-
CBR and b) C-CBR. c) The size distribution graph obtained by DLS at scattering angle of 90o (from CONTIN analysis of the autocorrelation function).
d) Kratky plot and linear fit confirmed the formation of a cylindrical micelle in aqueous solution (c=0.05 gL�1).
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aggregates with a chiral supramolecular structure of O-CBR
or C-CBR, which is similar to the bulk states. This result in-
dicates that the molecular chirality is transferred to the aro-
matic segments and is subsequently amplified through the
formation of a supramolecular helix. As shown in Figure 8,
the CD signals of both molecules in aqueous solution are
identical to those in the bulk states. It should be noted that
both molecules, which have the same chirality (R,R),
showed opposite CD signals. This strongly suggests that the
cylindrical structures in aqueous solution are self-assembled
in an identical way to the bulk-state p–p stacking of the aro-
matic segments, as proposed in Figure 6.


The evidence for the formation of the helical aggregates
was also provided by TEM experiments (Figure 9). The mi-
crographs of O-CBR that were negatively stained with an
aqueous solution of uranyl acetate (2 wt%) showed left-
handed twisted bundles of cylindrical aggregates, which
were nanometers in diameter and micrometers in length. As
discussed earlier, the CD signal demonstrated that the mole-
cules within an elementary fiber
are organized into a right-
handed helix. Therefore, it can
be concluded that the elementa-
ry fibers further self-assemble,
in a hierarchical fashion, to
form a supercoiled structure
with opposite helicity. It has
been reported that one-handed
helices give rise to a supercoiled
structure with an opposite helic-
ity through a stepwise hierarchi-
cal assembly process.[6,29]


To further investigate this hel-
ical inversion, we synthesized
(S,S)-O-CBR as an enantiomer
of O-CBR. As expected, the
CD spectrum of (S,S)-O-CBR
showed the opposite signal to
O-CBR, which has an exciton-
coupled bisignate signal with


negative (lmax=344 nm) and positive (lmax=306 nm) values,
which is indicative of a left-handed helix, and as expected, a
racemic mixture of O-CBR does not have a CD signal (Fig-
ure 10a). In great contrast to the (R,R) enantiomer, the left-
handed helices further assembled hierarchically to form left-
handed twisted bundles, as shown by TEM images (Fig-
ure 10b). These results indicate that the elementary fibrils
formed initially with a left- or right-handed helix may be
further coiled in the same direction to form a superhelical
structure that is only left-handed (Figure 11). In the case of


Figure 8. CD spectra of CBRs in aqueous solution and in chloroform
(20 mm).


Figure 9. a) TEM image of O-CBR with negative staining (0.005 wt%),
and b) magnification in THF/water (1:10).


Figure 10. a) CD spectra of O-CBR, (S,S)-O-CBR, and a racemic mixture in aqueous solution (0.005 wt%).
b) TEM image of (S,S)-O-CBR with negative staining (0.005 wt%) in THF/water (1:10).
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C-CBR, although the aggregated helical structure could not
be identified, most probably owing to the loss of ordering
during the drying process, C-CBR also self-assembled into
helical objects in aqueous solution, similar to the bulk state,
as given by the results from DLS and CD experiments.


The racemic mixtures are known not to have a Cotton
effect,[13,14] which is consistent with our results shown in Fig-
ure 10a. In sharp contrast, when O-CBR (20 mm) was added
to a solution of C-CBR (20 mm), an unpredictable amplifica-
tion of the CD intensity was observed (Figure 12a). To in-
vestigate this phenomenon in more detail, we carried out
CD experiments of the aqueous solutions with the various
proportions of O-CBR and C-CBR at a constant total con-
centration (0.005 wt%). As the O-CBR ratio increases to
50 mol% relative to C-CBR, the resulting CD spectra
showed no change in either the shape or the intensity (Fig-
ure 12b). Above this molar ratio (C-CBR/(C-CBR+O-
CBR)=50%), the CD intensity at 343 nm, which is the
most intensive peak, gradually increases and finally the in-
version of the CD signal was observed. More importantly,
no change in the CD signal up to an O-CBR concentration
of 50 mol% relative to C-CBR indicates that O-CBR
adopts a left-handed helical conformation triggered by co-
assembly with C-CBR. These results imply that by increas-
ing the molar ratio, O-CBR co-assembles with C-CBR up to
a certain ratio, above which the excess O-CBR might be
separated and self-assemble into helical fibers with their
original handedness.


This phenomenon can be rationalized by considering the
conformational flexibility induced by bond rotation in the
chiral bridging moiety. The conformation of the chiral bridg-
ing group of C-CBR has a bent shape in structure A’, as
shown in Figure 2b. This conformation prevents the free ro-
tation of the chiral C*�C* bond by ring closure, whereas O-
CBR is able to freely rotate. Therefore, O-CBR can co-as-
semble with C-CBR through a bent-shaped conformation
into left-handed helical fibers, which means that C-CBR
acts as a chiral template for the conformational change of
O-CBR.


Conclusion


CBRs were synthesized and their self-assembling behavior
in both the bulk and solution states was investigated. In the
bulk state, the CBRs based on an O-CBR was observed to
self-assemble into a right-handed columnar structure, where-
as the molecule based on a C-CBR self-assembles into a
left-handed columnar structure. In aqueous solution, both
amphiphiles self-assemble into well-defined nanofibers with
opposite handedness, as confirmed by CD measurements.
Two enantiomers of O-CBR self-assemble into helical fibers
with opposite handedness. Remarkably, both left- and right-
handed helices were shown to further assemble in a hier-
archical manner to form only a left-handed superhelical
structure. In addition, when O-CBR was added to a solution


of C-CBR, the CD signal was
amplified. This implies that
both molecules co-assemble
into a one-handed helix be-
cause conformationally flexible
O-CBR is able to adopt a bent-
shaped conformation for homo-
chiral interactions with C-CBR.
These results demonstrate that
the handedness of helical fibers
can be manipulated by small
structural variations in the
chiral bridging unit of the chiral
rod, both in the bulk and solu-
tion states.


Experimental Section


Materials : 4-Bromo-4’-hydroxybiphen-
yl (99%), tetrakis(triphenylphospha-
ne)palladium(0) (99%), and toluene-
p-sulfonyl chloride (98%) from Tokyo
Kasei were used as received. Triethy-
lene glycol and chlorotrimethylsilane
(98%) from Aldrich and the other
conventional reagents were also used
as received. Hexane, dichloromethane,
and ethyl acetate were distilled before
use. Dry THF was obtained by
vacuum transfer from sodium and ben-


Figure 11. Schematic representation of one-handed helices and hierarchically assembled superhelices with the
left-handedness of O-CBR enantiomers.
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zophenone. Visualization of TLC plates was accomplished with UV light
or iodine vapor. Compounds were synthesized according to the proce-
dure described in Scheme 1. 4,4’-(Trimethylsilyl)biphenylboronic acid and
dendritic oligoether (TsOR) were prepared according to the same proce-
dures described previously. Compounds 4 and 5 were prepared according
to literature procedures.


Techniques : 1H NMR and 13H NMR spectra were recorded as solutions
in CDCl3 by using a Bruker AM 250 spectrometer. The purity of the
products was determined by TLC (Merck, silica gel 60). A Perkin–Elmer
Diamond DSC differential scanning calorimeter was used to determine
the thermal transitions, which were reported as the maxima and minima
of their endothermic or exothermic peaks. In all cases, the heating and
cooling rates were 10 8Cmin�1. X-ray scattering measurements were per-
formed in transmission mode with synchrotron radiation at the 10C1 X-
ray beam line at the Pohang Accelerator Laboratory, Korea. MALDI-
TOF MS was performed by using a Perseptive Biosystems Voyager-DE
STR instrument with a 2,5-dihydroxy benzoic acid matrix. DLS measure-
ments were performed by using an ALV/CGS-3 Compact Goniometer
System instrument. UV/Vis absorption spectra were obtained by using a
Shimadzu 1601 UV spectrometer. The fluorescence spectra were ob-
tained by using a Hitachi F-4500 fluorescence spectrometer. CD spectra
were obtained by using a JASCO J-810 spectropolarimeter. TEM was
performed at 120 kV by using a JEOL-JEM 2010 microscope.


TEM measurements : A drop of a solution of O-CBR (0.005 wt%) in
THF/water (1:10) was placed onto a carbon-coated copper grid and dried
at room temperature before it was subsequently negatively stained with
an aqueous solution of uranyl acetate (2 wt%).


Synthesis : The synthetic procedures used in the preparation of the CBRs
are described in Scheme 1.


Synthesis of 2 : 4’-Bromo-biphenyl-4-ol (2.15 g, 8.64 mmol), TsOR (2.21 g,
2.16 mmol), and excess K2CO3 were dissolved in anhydrous acetonitrile
(100 mL). The mixture was heated at reflux overnight and then cooled to
room temperature. The solvent was removed by using a rotary evapora-
tor and the resulting mixture was poured into water (50 mL) and extract-
ed with CH2Cl2. The aqueous layer was washed with water, dried over
anhydrous MgSO4, and filtered. Purification of the residue by flash
column chromatography on silica gel by using CH2Cl2 and ethyl acetate/
methanol (8:1 v/v) as the eluent to yield 2 as a colorless liquid (2.00 g,
88.6%). 1H NMR (250 MHz, CDCl3): d=7.54–7.33 (m, 6H; Ar-H), 6.96
(d, J=8.7 Hz, 2H; Ar-H, m to OCH2), 4.03 (d, J=5.7 Hz, 2H;
CH2Ophenyl), 3.63–3.45 (m, 64H; OCH2), 3.38–3.34 (m, 12H; OCH3),
2.39–2.35 (m, 1H; phenylOCH2CHACHTUNGTRENNUNG(CH2O)2), 2.17–2.06 ppm (m, 2H; CH-
ACHTUNGTRENNUNG(CH2O)2).


Synthesis of 3a and 3b : Compound 3 (2.00 g, 1.82 mmol) and 4,4’-(trime-
thylsilyl)biphenylboronic acid (0.846 g, 2.73 mmol) were dissolved in de-
gassed THF (40 mL). Degassed 2m aqueous Na2CO3 (20 mL) was added
to the solution before tetrakis(triphenylphosphine)palladium(0) (10 mg,
0.009 mmol) was added. The mixture was heated at reflux for 48 h with
vigorous stirring under nitrogen. The solution was then cooled to room
temperature, the layers were separated, and the aqueous layer was then
washed with CH2Cl2 (2L). The combined organic layers were dried over
anhydrous MgSO4 and filtered. The solvent was removed by using a
rotary evaporator and the crude product was purified by column chroma-
tography (silica gel) by using ethyl acetate/methanol (8:1 v/v) as the
eluent to yield 3a as a colorless liquid (1.91 g, 84.3%). Subsequently,
compound 3a (0.776 g, 0.625 mmol) was dissolved in CH2Cl2 (300 mL) at
�78 8C and a 1.0m solution of ICl in CH2Cl2 (1.87 mL, 1.87 mmol) was
added dropwise. The reaction mixture was stirred for 1 h under nitrogen
before 1m aqueous Na2S2O5 (15 mL) solution was added and the solution
was stirred for 4 h. The layers were separated, and the aqueous layer was
then washed with CH2Cl2 (2L). The combined organic layers were dried
over anhydrous MgSO4 and filtered. The solvent was removed by using a
rotary evaporator and the crude product was purified by column chroma-
tography (silica gel) by using CH2Cl2/methanol (8:1 v/v) as the eluent to
yield 3b as a colorless liquid (0.750 g, 92.6%).


3a : 1H NMR (250 MHz, CDCl3): d=7.70–7.55 (m, 14H; Ar-H), 6.99 (d,
J=8.4 Hz, 2H; Ar-H, o to OCH2), 4.05 (d, J=5.5 Hz, 2H; CH2Ophenyl),
3.51–3.76 (m, 64H; OCH2), 3.29–3.27 (m, 12H; OCH3), 2.39–2.35 (m,
1H; phenylOCH2CH ACHTUNGTRENNUNG(CH2O)2), 2.17–2.06 (m, 2H; CH ACHTUNGTRENNUNG(CH2O)2),
0.31 ppm (s, 9H; phenylSi ACHTUNGTRENNUNG(CH3)3).


3b : 1H NMR (250 MHz, CDCl3): d=7.77 (d, J=8.3 Hz, 2H; Ar-H, o to
I), 7.72–7.54 (m, 10H; Ar-H), 7.37 (d, J=8.4 Hz, 2H; Ar-H, m to I), 6.99
(d, J=8.4 Hz, 2H; Ar-H, o to OCH2), 4.05 (d, J=5.5 Hz, 2H;
CH2Ophenyl), 3.51–3.76 (m, 64H; OCH2), 3.29–3.27 (m, 12H; OCH3),
2.39–2.35 (m, 1H; phenylOCH2CHACHTUNGTRENNUNG(CH2O)2), 2.17–2.06 ppm (m, 2H; CH-
ACHTUNGTRENNUNG(CH2O)2).


Synthesis of 4 : A solution of n-butyllithium (9.5 mL of 1.6m solution in
hexane, 15.1 mmol) was added slowly to a solution of (1R,2R)-1,2-bis(4-
bromophenyl)-1,2-dimethoxyethane (1.5 g, 3.78 mmol) in dry THF
(50 mL) at �78 8C under a nitrogen atmosphere. After stirring for 30 min
at �78 8C, triisopropyl borate (6.9 mL, 30 mmol) was added, and the re-
action mixture was stirred for 12 h. The reaction was quenched with a 1m


aqueous solution of HCl (50 mL) and extracted with ethyl acetate. The
crude organic extract was treated with a 1m aqueous solution of NaOH
(3L100 mL). The combined aqueous extracts were acidified with concd
HCl and extracted with ethyl acetate. The organic extracts were com-
bined, washed with brine, dried over anhydrous MgSO4, and filtered. Sol-
vent was removed by using a rotary evaporator and the crude product
was purified by column chromatography (silica gel) by using CH2Cl2/
methanol (10:1 v/v) as the eluent to yield 4 as a white solid (0.68 g,
54.9%). 1H NMR (250 MHz, CD3OD): d=7.40 (d, J=7.6 Hz, 4H; o to
B(OH)2), 7.00 (d, J=7.6 Hz, 4H; m to B(OH)2), 4.33 (s, 2H; (CH3O)-
ACHTUNGTRENNUNG(phenyl)CH), 3.30 ppm (s, 6H; CHOCH3).


Synthesis of compound 5 : A solution of n-butyllithium (5.0 mL of 1.6m


solution in hexane, 8.0 mmol) was added slowly to a solution of (4R,5R)-
4,5-bis(4-bromophenyl)-2,2-dimethyl-1,3-dioxolane (0.82 g, 1.99 mmol) in
dry THF (50 mL) at �78 8C under a nitrogen atmosphere. After stirring


Figure 12. a) CD spectra of CBRs: i) C-CBR (20 mm); ii) CBR mixture so-
lution of C-CBR (20 mm) and O-CBR (20 mm). b) CD spectra CBRs as
the C-CBR ratio increases at a constant total concentration of 0.005 wt%
in aqueous solution. The inset shows the CD intensity at 343 nm (I) as a
function of the molar ratio (r) of O-CBR/(O-CBR+C-CBR).
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for 30 min at �78 8C, triisopropyl borate (5 mL, 20 mmol) was added and
the reaction mixture was stirred for 12 h. The reaction was quenched
with a 1m aqueous solution of HCl (50 mL) and extracted with ethyl ace-
tate. The crude organic extract was treated with a 1m aqueous solution of
NaOH (3L100 mL). The combined aqueous extracts were acidified with
concd HCl and extracted with ethyl acetate. The organic extracts were
combined, washed with brine, dried on anhydrous MgSO4, and filtered.
The solvent was removed by using a rotary evaporator and the crude
product was purified by column chromatography (silica gel) by using
CH2Cl2/methanol (10:1 v/v) as the eluent to yield 5 as a white solid
(0.31 g, 45.1%). 1H NMR (250 MHz, DMSO): d=8.06 (s, 4H; phenyl-
B(OH)2), 7.75 (d, J=7.6 Hz, 4H; o to B(OH)2), 7.18 (d, J=7.6 Hz, 4H;
m to B(OH)2), 4.74 (s, 2H; ((CH3)2CO) ACHTUNGTRENNUNG(phenyl)CH), 1.59 ppm (s, 6H;
CHOC ACHTUNGTRENNUNG(CH3)2).


Synthesis of 1a (O-CBR) and 1b (C-CBR): These compounds were syn-
thesized by using the same procedure. A representative example is de-
scribed for 1a. Compound 3b (0.300 g, 0.231 mmol) and 4 (0.038 g,
0.077 mmol) were dissolved in degassed THF (20 mL). Degassed 2m


aqueous Na2CO3 (10 mL) was added to the solution before tetrakis(tri-
phenylphosphine)palladium(0) (10 mg, 0.009 mmol) was added. The mix-
ture was heated at reflux for 48 h with vigorous stirring under nitrogen.
The solution was cooled to room temperature, the layers were separated,
and the aqueous layer was then washed with CH2Cl2 (2L). The combined
organic layers were dried over anhydrous MgSO4 and filtered. The sol-
vent was removed by using a rotary evaporator and the crude product
was purified by column chromatography (silica gel) by using CH2Cl2/
methanol (8:1 v/v) as the eluent to yield 1a as a white waxy solid
(100 mg, 50.5%).


1a (O-CBR): Yield=50.5%; [a]20D =++ 101.4o (c=0.00053 gmL�1,
CHCl3);


1H NMR (250 MHz, CDCl3): d =7.73–7.50 (m, 32H; Ar-H), 7.16
(d, J=8.1 Hz, 2H; Ar-H, m to CHOCH3), 7.00 (d, J=8.6 Hz, 2H; Ar-H,
o to OCH2), 4.43 (s, 2H; ArCHOCH3), 4.06 (d, J=5.2 Hz, 4H;
CH2Ophenyl), 3.64–3.46 (m, 128H; OCH2), 3.39–3.36 (m, 24H; OCH3),
2.39–2.35 (m, 2H; phenylOCH2CH ACHTUNGTRENNUNG(CH2O)2), 2.20-2.17 ppm (m, 4H; CH-
ACHTUNGTRENNUNG(CH2O)2);


13C NMR (63 MHz, CDCl3): d=158.9, 140.0, 139.8, 139.7,
139.6, 138.9, 137.5, 133.1, 128.6, 128.1, 127.5, 127.4, 127.2, 126.5, 115.0,
88.1, 72.0, 70.7, 70.6, 70.5, 69.8, 69.6, 59.1, 57.4, 40.2, 40.1 ppm; MALDI-
TOF MS: m/z : 2602.48 [M+Na]+ , 2618.41 [M+K]+ .


1b (C-CBR): Yield=42.1%; [a]20D =++ 180.4o (c=0.00058 gmL�1,
CHCl3);


1H NMR (250 MHz, CDCl3) d=7.74–7.63 (m, 32H; Ar-H), 7.38
(d, J=8.3 Hz, 2H; Ar-H, m to CHOC ACHTUNGTRENNUNG(CH3)2), 7.00 (d, J=8.6 Hz, 2H;
Ar-H, o to OCH2), 4.88 (s, 2H; ArCHOCACHTUNGTRENNUNG(CH3)2), 4.06 (d, J=5.4 Hz,
4H; CH2Ophenyl), 3.65–3.47 (m, 128H; OCH2), 3.39–3.36 (m, 24H;
OCH3), 2.39–2.35 (m, 2H; phenylOCH2CH ACHTUNGTRENNUNG(CH2O)2), 2.20–2.17 (m, 4H;
CH ACHTUNGTRENNUNG(CH2O)2) 1.74 ppm (s, 6H; ArCHOC ACHTUNGTRENNUNG(CH3)2);


13C NMR (63 MHz,
CDCl3) d=158.9, 139.9, 139.8, 139.7, 139.6, 138.9, 137.5, 131.1, 128.5,
128.1, 127.6, 127.5, 127.4, 127.2, 126.5, 114.9, 110.2, 85.6, 72.0, 70.7, 70.6,
70.5, 69.8, 69.6, 69.4, 59.2, 40.1, 26.1 ppm; MALDI-TOF MS: m/z :
2614.45 [M+Na]+ , 2630.41 [M+K]+ .


Synthesis of (S,S)-O-CBR : (S,S)-O-CBR was prepared by the same pro-
cedure as O-CBR by means of a Suzuki-type aromatic coupling of 3b
and (S,S)-1,2-bis(4-dihydroxyboranylphenyl)-1,2-dimethoxyethane (ob-
tained by Sharpless asymmetric dihydroxylation of trans-4,4’-dibromostil-
bene by using AD-mix a). [a]20D =�102.3o (c=0.00057 gmL�1, CHCl3);
1H NMR (250 MHz, CDCl3): d=7.72–7.49 (m, 32H; Ar-H), 7.15 (d, J=


8.1 Hz, 2H; Ar-H, m to CHOCH3), 6.99 (d, J=8.7 Hz, 2H; Ar-H, o to
OCH2), 4.42 (s, 2H; ArCHOCH3), 4.05 (d, J=5.2 Hz, 4H; CH2Ophenyl),
3.64–3.46 (m, 128H; OCH2), 3.37 (m, 24H; OCH3), 2.39–2.35 (m, 2H;
phenylOCH2CH ACHTUNGTRENNUNG(CH2O)2), 2.20–2.17 ppm (m, 4H; CH ACHTUNGTRENNUNG(CH2O)2);
13C NMR (63 MHz, CDCl3): d=158.9, 140.0, 139.8, 139.7, 139.6, 138.9,
137.5, 133.1, 128.6, 128.1, 127.5, 127.4, 127.2, 126.5, 115.0, 88.1, 72.0, 70.7,
70.6, 70.5, 69.8, 69.6, 59.1, 57.4, 40.2, 40.1 ppm; MALDI-TOF MS: m/z :
2602.48 [M+Na]+ , 2618.41 [M+K]+ .
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Catalysts
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Introduction


The beautiful frameworks produced by the assembly of or-
ganic and inorganic molecules have received much attention
because the resulting architectural porosity and/or large sur-
face area provide a basis for exploring functions, such as,
molecular recognition, gas storage, and catalysis.[1,2] Mono-
disperse magnetic nanoparticles are also quite fascinating
because of their diverse uses, including biochemical applica-
tions involving separation and purification protocols.[3] Com-
bining both these exciting characteristics could result in
greater effort directed toward the development of such ad-
vanced materials. Herein we describe the construction of an
organic–inorganic hybrid polymer on the surface of iron-


oxide-derived magnetic beads and the use of such beads in a
recyclable catalysis system based on magnetic separation.


Results and Discussion


A self-assembled organic–inorganic hybrid polymer consist-
ing of metal cations (M) and hybridized ligands (X�X) was
designed by using the appropriate functional group (X) and
was immobilized on magnetic beads (Figure 1). In the


Abstract: A new strategy for the en-
capsulation of magnetic nanobeads was
developed by using the in situ self-as-
sembly of an organic–inorganic hybrid
polymer. The hybrid polymer of {[Cu-
ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(BF4)2ACHTUNGTRENNUNG(H2O)2]ACHTUNGTRENNUNG(bpy)}n (bpy=4,4’-
bipyridine) was constructed on the sur-
face of amino-functionalized magnetic
beads and the resulting hybrid-poly-
mer-encapsulated beads were utilized
as catalysts for the oxidation of silyl


enolates to provide the corresponding
a-hydroxy carbonyl compounds in high
yield. After the completion of the reac-
tion, the catalyst was readily recovered
by magnetic separation and the recov-


ered catalyst could be reused several
times. Because the current method did
not require complicated procedures for
incorporating the catalyst onto the
magnetic beads, the preparation and
the application of various other types
of organic–inorganic hybrid-polymer-
coated magnetic beads could be possi-
ble.
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Figure 1. Structure of organic–inorganic hybrid-polymer-encapsulated
magnetic beads (HP-MB). Counteranions are omitted for clarity.
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course of our recent efforts to apply organic–inorganic
hybrid polymers in organic synthesis, we succeeded in the
catalytic synthesis of a-hydroxy ketones by using {[Cu ACHTUNGTRENNUNG(bpy)-
ACHTUNGTRENNUNG(BF4)2ACHTUNGTRENNUNG(H2O)2]ACHTUNGTRENNUNG(bpy)}n (“Cu-bpy” where bpy=4,4’-bipyri-
dine).[4–6] Thus we attempted to construct the Cu-bpy
hybrid-polymer-encapsulated magnetic beads (HP-MB) in
this study.


Amino-functionalized magnetic beads (�200 nm diame-
ter, �130 mmolg�1 NH2 content, �40 emug�1 magnetic sus-
ceptibility, and 15 m2g�1 specific surface area) containing ap-
proximately 70% iron oxide[7] were mixed with CuACHTUNGTRENNUNG(BF4)2


(10 equivalents to the amine content) and bpy (20 equiva-
lents to the amine content) in EtOH. The resulting mixture
was gently agitated at ambient temperature for eight hours.
The excess of added reagents was readily washed out with
EtOH after making the beads cohere under an external
magnetic field. The extreme simplicity of the preparation of
these HP-MB self-assembled magnetic beads was remark-
able. Although superparamagnetic nanoparticle-supported
catalysts have been studied recently, the synthesis of the ma-
terials described in those reports involved several complicat-
ed transformations.[8]


Although the magnetic beads thus obtained did not show
any obvious change in color, characteristic changes to the
surfaces of the magnetic beads were observed in SEM
images. As shown in Figure 2, small projections were ob-


served to stick out from the spherical surface of the magnet-
ic beads. These projections were probably the result of ani-
sotropic growth of the crystalline Cu-bpy hybrid polymer.


To our delight, the newly prepared Cu-bpy HP-MB
showed high catalytic activity for the aerobic oxidation of
silyl enolates. Thus, based on the NH2 functionality of the
parent magnetic beads, only 2 mol% of the Cu-bpy HP-MB
was enough to catalyze the reaction of 1 to provide a-hy-
droxy ketone 2 in 92% yield (Table 1,entry 2). The effects
of amounts of CuACHTUNGTRENNUNG(BF4)2 and bpy in the preparation of HP-
MB on the catalytic activity of the oxidation were examined.
The HP-MB prepared by using ten equivalents of CuACHTUNGTRENNUNG(BF4)2


showed the highest catalytic activity (Table 1, entry 2).
ICP analysis of the HP-MB used in entry 2 in Table 1


showed that the 2 mol% NH2 functionality on the parent
magnetic beads resulted in 6 mol% Cu atoms and that the
organic–inorganic phase formed on the beads was quite


thin. It was also noteworthy that the catalytic activity of Cu-
bpy HP-MB was higher than that of free {[Cu ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(BF4)2-
ACHTUNGTRENNUNG(H2O)2]ACHTUNGTRENNUNG(bpy)}n (48 h, 53%) under the current conditions,
suggesting that the catalytic oxidation took place on the sur-
face of the hybrid polymer. Importantly, magnetic beads
treated with Cu ACHTUNGTRENNUNG(BF4)2 without the bpy ligand gave a signifi-
cant amount of the protonated product of 1. Moreover, in-
stead of the use of amino-functional magnetic beads, when a
commercially available amino-methylated polystyrene was
applied as the support, the catalytic activity of the resulting
“polymer-supported HP” in the oxidation of 1 decreased to
provide a-hydroxy ketone 2 with a yield of only 20%. This
fact could be reasonably explained by considering the incor-
poration of the HP into the polymer matrix in the conven-
tional support. Based on these results, we can conclude that
the organic–inorganic hybrid phase formed on the surface of
the magnetic beads was crucial for catalytic activity, and this
is an advantage of the use of the magnetic beads.


The scope and generality of the new direct method is
summarized in Table 2. Various substrates were converted
to a-hydroxy ketones in good yields under mild conditions.
In particular, not only cyclic ketones, but acyclic ketones
were also transformed to the corresponding a-hydroxy ke-
tones, with chemical yields higher than those obtained by
using free Cu-bpy (Table 2, entries 7 and 9).[4a]


The Cu-bpy HP-MB was readily recovered by using an
external magnetic field in air, and the recovered catalyst
could be recycled. For example, after the reaction of Cu-
ACHTUNGTRENNUNG(BF4)2 and bpy (10 and 20 equivalents, respectively, entry 2
in Table 1), the magnetic beads were quantitatively recov-
ered by magnetic separation, and the catalyst was repeatedly
reused to give the a-hydroxy ketone 2 (2nd use: 92%
(48 h), 3rd use: 89% (48 h), 4th use: 85% (48 h), 5th use:
84% (48 h)).


The extremely simple preparation procedure for the HP-
MB compounds allows us to use high throughput screening
to determine the most efficient catalysts. The catalytic activi-
ties of a series of metal salts-bpy HP-MBs are correlated in
Figure 3. The cationic CuII-bpy HP-MB catalysts (Cu ACHTUNGTRENNUNG(BF4)2


and CuACHTUNGTRENNUNG(OTf)2) showed similar high catalytic activities. Inter-
estingly, the readily prepared CoACHTUNGTRENNUNG(BF4)2-bpy HP-MB catalyst
provided the adduct 2 with a yield of 65%, although the


Figure 2. Scanning electron microscope (SEM) images of: a) original
amino-functionalized magnetic beads, and; b) Cu-bpy organic–inorganic
hybrid-polymer-encapsulated magnetic beads.


Table 1. Cu-bpy HP-MB as oxidation catalyst.


Entry CuACHTUNGTRENNUNG(BF4)2 [equiv] bpy [equiv] Yield [%][b]


1 5 10 89
2 10 20 92
3 20 40 74
4 100 200 36


[a] Catalyst amount as the monomeric structure based on the functionali-
ty on the parent magnetic beads. [b] Yield of isolated product after treat-
ment with P ACHTUNGTRENNUNG(OEt)3.
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original Co-bpy hybrid polymer was hard to obtain without
use of the magnetic beads. Among the HP-MB catalysts we
examined, the CoCl2-derived catalyst showed the highest
catalytic activity to provide the adduct in 90% yield. These
results show that the quick preparation and easy manipula-
tion of HP-MB catalysts enables a combinatorial approach
to explore the new efficient catalysts.


Conclusion


In conclusion, we have demonstrated the application of or-
ganic–inorganic hybrid-polymer-encapsulated magnetic
beads in catalysis. The advantages of the current method are
catalyst recycling and the easy manipulation afforded by the
magnetic beads. Because the method currently studied did
not require complicated procedures for incorporating the
catalyst onto the magnetic beads, the preparation and the
applications of various other types of organic–inorganic
hybrid-polymer-coated magnetic beads are now in progress.


Experimental Section


Analytical TLC was performed on precoated (0.25 mm) silica gel plates.
Column chromatography was conducted with 70–230 mesh silica gel. All
experiments were carried out by using standard-grade oxygen (1 atm).
Silyl enolate of 2-benzylcyclohexanone (entry 6 in Table 2) was prepared
by treating 2-benzylcyclohexanone with bromomagnesium diisopropyla-
mide in ether, followed by silylation (TMSCl, Et3N, HMPA).[10] The other
silyl enolates were prepared by treatment of the corresponding ketones
with lithium diisopropylamide in THF, followed by silylation (TMSCl,
Et3N). Other chemicals were used as purchased.


Preparation of Cu-bpy HP-MB : Amino-functionalized magnetic beads
(600 mL, �130 mmolg�1 NH2 content) purchased from Ademtech SA
(Cat. No. 02220) were mixed with 4,4’-bipyridyl (2.5 mg, 15.6 mmol) in
MeOH (750 mL) and Cu ACHTUNGTRENNUNG(BF4)2·6H2O (1.9 mg, 7.8 mmol) in H2O (150 mL).
The resulting mixture was gently agitated at ambient temperature for 8 h
to give the Cu-bpy HP-MB. Excess reagents were washed out with H2O
(1.5 mL) and EtOH (3O1.5 mL) after making the beads cohere under an
external magnetic field.


SEM : The Cu-bpy HP-MB was dried in vacuo before SEM images were
recorded. The dried solid was carefully picked up and applied to the
stainless-steel stubs by using carbon tape. After an osmium coating was
formed (7 Pa, 10 mA, 5 s), the SEM image was obtained under vacuum
(<2.5O10�4 Pa) by using a JSM-6330F instrument.


Cu-bpy-HP-MB-catalyzed synthesis of a-hydroxyketone (entry 2,
Table 1): To a solution of Cu-bpy HP-MB (0.78 mmol as �NH2) in EtOH
(1.5 mL) was added silyl enolate 1 (9.1 mg, 39 mmol). The mixture was
agitated at room temperature for 48 h under oxygen atmosphere (1 atm).
After treating with P ACHTUNGTRENNUNG(OEt)3 (7 mL, 39 mmol), the Cu-bpy HP-MB was re-
covered by promoting cohesion under an external magnetic field. From
the organic phase, the solvents were evaporated in vacuo, and the resi-
dues were purified by column chromatography on silica gel to give a-hy-
droxyketone 2.
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1 3 48 93
2 4 48 90
3 5 48 89
4 6 72 75
5 7 48 75
6 8 48 90
7 9 72 >99 (79)[c]


8 10 48 >99
9 11 72 78 (62)[c]


[a] Catalyst amount is based on the monomeric structure. [b] Yield of iso-
lated product after treatment with P ACHTUNGTRENNUNG(OEt)3. [c] Yield in parentheses was
obtained by using 10 mol% free {[Cu ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(BF4)2 ACHTUNGTRENNUNG(H2O)2] ACHTUNGTRENNUNG(bpy)}n.


[9]


Figure 3. High throughput screening (HTS) of HP-MB catalysts (yields
were determined by GC-MS).


www.chemeurj.org E 2008 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 882 – 885884


T. Arai et al.



www.chemeurj.org





the Japanese Government, and by a grant from the Graduate School of
Science and Technology, Chiba University.


[1] Selected reviews: a) B. Kesanli, W. Lin, Coord. Chem. Rev. 2003,
246, 305–326; b) S. Lee, A. B. Mallik, Z. Xu, E. B. Lobkovsky, L.
Tran, Acc. Chem. Res. 2005, 38, 251–261; c) K. S. Suslick, P. Bhyrap-
pa, J.-H. Chou, M. E. Kosal, S. Nakagaki, D. W. Smithenry, S. R.
Wilson, Acc. Chem. Res. 2005, 38, 283–291; d) P. Feng, X. Bu, N.
Zheng, Acc. Chem. Res. 2005, 38, 293–303.


[2] Examples of the application of organic–inorganic hybrid polymers
in organic synthesis: a) C. Bianchini, E. Farnetti, M. Graziani, J.
Kaspar, F. Vizza, J. Am. Chem. Soc. 1993, 115, 1753–1759; b) M.
Fujita, Y. J. Kwon, S. Washizu, K. Ogura, J. Am. Chem. Soc. 1994,
116, 1151–1152; c) T. Sawaki, T. Dewa, Y. Aoyama, J. Am. Chem.
Soc. 1998, 120, 8539–8540; d) T. Sawaki, Y. Aoyama, J. Am. Chem.
Soc. 1999, 121, 4793–4798; e) J. S. Seo, D. Whang, H. Lee, S. I. Jun,
J. Oh, Y. J. Jeon, K. Kim, Nature 2000, 404, 982–986; f) O. R. Evans,
H. L. Ngo, W. Lin, J. Am. Chem. Soc. 2001, 123, 10395–10396; g) B.
Xing, M.-F. Choi, B. Xu, Chem. Eur. J. 2002, 8, 5028–5032; h) L.
Pan, H. Liu, X. Lei, X. Huang, D. H. Olson, N. J. Turro, J. Li,
Angew. Chem. 2003, 115, 560–564; Angew. Chem. Int. Ed. 2003, 42,
542–546; i) S. Takizawa, H. Somei, D. Jayaprakash, H. Sasai,
Angew. Chem. 2003, 115, 5889–5892; Angew. Chem. Int. Ed. 2003,
42, 5711–5714; j) A. Hu, H. L. Ngo, W. Lin, Angew. Chem. 2003,
115, 6182–6185; Angew. Chem. Int. Ed. 2003, 42, 6000–6003; k) A.
Hu, H. L. Ngo, W. Lin, J. Am. Chem. Soc. 2003, 125, 11490–11491;
l) R. Dorta, L. Shimon, D. Milstein, J. Organomet. Chem. 2004, 689,
751–758; m) X. Wang, K. Ding, J. Am. Chem. Soc. 2004, 126,
10524–10525; n) H. Guo, X. Wang, K. Ding, Tetrahedron Lett. 2004,
45, 2009–2012; o) X. Wang, X. Wang, H. Guo, Z. Wang, K. Ding,
Chem. Eur. J. 2005, 11, 4078–4088; p) X. Wang, L. Shi, M. Li, K.
Ding, Angew. Chem. 2005, 117, 6520–6524; Angew. Chem. Int. Ed.
2005, 44, 6362–6366; q) Y. Liang, Q. Jing, X. Li, L. Shi, K. Ding, J.
Am. Chem. Soc. 2005, 127, 7694–7695; r) C.-D. Wu, A. Hu, L.
Zhang, W. Lin, J. Am. Chem. Soc. 2005, 127, 8940–8941; s) H.-Y.
Peng, C.-K. Lam, T. C. W. Mak, Z. Cai, W.-Tang Ma, Y.-X. Li,
H. N. C. Wong, J. Am. Chem. Soc. 2005, 127, 9603–9611; t) T.
Harada, M. Nakatsugawa, Synlett 2006, 321–323; u) L. Shi, X.
Wang, C. A. Sandoval, M. Li, Q. Qi, Z. Li, K. Ding, Angew. Chem.
2006, 118, 4214–4218; Angew. Chem. Int. Ed. 2006, 45, 4108–4112;
v) S.-H. Cho, B. Ma, S. T. Nguyen, J. T. Hupp, T. E. Albrecht-
Schmitt, Chem. Commun. 2006, 2563–2565; w) C.-D. Wu, W. Lin,
Angew. Chem. 2007, 119, 1093–1096; Angew. Chem. Int. Ed. 2007,
46, 1075–1078; x) B. Xiao, H. Hou, Y. Fan, J. Organomet. Chem.
2007, 692, 2014–2020.


[3] a) A.-H. Lu, E. L. Salabas, F. SchSth, Angew. Chem. 2007, 119,
1242–1266; Angew. Chem. Int. Ed. 2007, 46, 1222–1244; b) Y.-w.
Jun, J.-s. Choi, J. Cheon, Chem. Commun. 2007, 1203–1214.


[4] a) T. Arai, H. Takasugi, T. Sato, H. Noguchi, H. Kanoh, K. Kaneko,
A. Yanagisawa Chem. Lett. 2005, 34, 1590–1591; b) T. Arai, T. Sato,
H. Noguchi, H. Kanoh, K. Kaneko, A. Yanagisawa Chem. Lett.
2006, 35, 1094–1095.


[5] a) A. Kondo, H. Noguchi, S. Ohnishi, H. Kajiro, A. Tohdoh, Y. Hat-
tori, W.-C. Xu, H. Tanaka, H. Kanoh, K. Kaneko, Nano Lett. 2006,
6, 2581–2584; b) H. Noguchi, A. Kondoh, Y. Hattori, H. Kanoh, H.
Kajiro, K. Kaneko, J. Phys. Chem. B 2005, 109, 13851–13853; c) S.
Ohnishi, T. Ohmori, T. Ohkubo, H. Noguchi, L. Di, Y. Hanzawa, H.
Kanoh, K. Kaneko, Appl. Surf. Sci. 2002, 196, 81–88; d) D. Li, K.
Kaneko, Chem. Phys. Lett. 2001, 335, 50–56; e) A. J. Blake, S. J.


Hill, P. Hubberstey, W.-S. Li, J. Chem. Soc. Dalton Trans. 1997, 913–
914.


[6] Recent progress in the synthesis of a-hydroxy ketones: a) H. Yama-
moto, M. Tsuda, S. Sakaguchi, Y. Ishii, J. Org. Chem. 1997, 62,
7174–7177; b) A. SolladiT-Cavallo, P. Lupattelli, L. Jierry, P. Bovi-
celli, F. Angeli, R. Antonioletti, A. Klein, Tetrahedron Lett. 2003,
44, 6523–6526; c) H. SundTn, M. Engqvist, J. Casas, I. Ibrahem, A.
CUrdova, Angew. Chem. 2004, 116, 6694–6697; Angew. Chem. Int.
Ed. 2004, 43, 6532–6535. Recent reviews of the synthesis of a-hy-
droxy ketones: A. B. Jones, in Comprehensive Organic Synthesis,
Vol. 7, (Eds.: B. M. Trost, I. Fleming), Pergamon, Oxford, 1991,
p. 151–191.


[7] Amino-functionalized magnetic beads were purchased from Adem-
tech SA.


[8] Recent progress of superparamagnetic nanoparticle-supported catal-
ysis: a) T.-J. Yoon, W. Lee, Y.-S. Oh, J.-K. Lee, New J. Chem. 2003,
27, 227–229; b) A.-H. Lu, W. Schmidt, N. Matoussevitch, H. Bçnne-
mann, B. Spliethoff, B. Tesche, E. Bill, W. Kiefer, F. SchSth, Angew.
Chem. 2004, 116, 4403–4406; Angew. Chem. Int. Ed. 2004, 43, 4303–
4306; c) S. C. Tsang, V. Caps, I. Paraskevas, D. Chadwick, D.
Thompsett, Angew. Chem. 2004, 116, 5763–5767; Angew. Chem. Int.
Ed. 2004, 43, 5645–5649; d) P. D. Stevens, J. Fan, H. M. R. Gardi-
malla, M. Yen, Y. Gao, Org. Lett. 2005, 7, 2085–2088; e) A. Hu,
G. T. Yee, W. Lin, J. Am. Chem. Soc. 2005, 127, 12486–12487;
f) H. M. R. Gardimalla, D. Mandal, P. D. Stevens, M. Yen, Y. Gao,
Chem. Commun. 2005, 4432–4434; g) P. D. Stevens, G. Li, J. Fan, M.
Yen, Y. Gao, Chem. Commun, 2005, 4435–4437; h) D. Lee, J. Lee,
H. Lee, S. Jin, T. Hyeon, B. M. Kim, Adv. Synth. Catal. 2006, 348,
41–46; i) N. T. S. Phan, C. W. Jones, J. Mol. Catal. A 2006, 253, 123–
131; j) Y. Zheng, P. D. Stevens, Y. Gao, J. Org. Chem. 2006, 71, 537–
542; k) C.-H. Jun, Y. J. Park, Y.-R. Yeon, J.-R. Choi, W.-R. Lee, S.-J.
Ko, J. Cheon, Chem. Commun. 2006, 1619–1621; l) M. Kawamura,
K. Sato, Chem. Commun. 2006, 4718–4719; m) N. T. S. Phan, C. S.
Gill, J. V. Nguyen, Z. J. Zhang, C. W. Jones, Angew. Chem. 2006,
118, 2267–2270; Angew. Chem. Int. Ed. 2006, 45, 2209–2212; n) Y.
Zheng, C. Duanmu, Y. Gao, Org. Lett. 2006, 8, 3215–3217; o) J.
Kim, J. E. Lee, J. Lee, Y. Jang, S.-W. Kim, K. An, J. H. Yu, T.
Hyeon, Angew. Chem. 2006, 118, 4907–4911; Angew. Chem. Int. Ed.
2006, 45, 4789–4793; p) R. Abu-Reziq, H. Alper, D. Wang, M. L.
Post, J. Am. Chem. Soc. 2006, 128, 5279–5282; q) S. Ko, J. Jang,
Angew. Chem. 2006, 118, 7726–7729; Angew. Chem. Int. Ed. 2006,
45, 7564–7567; r) Y. Wang, J.-K. Lee, J. Mol. Catal. A 2007, 263,
163–168; s) Y. Tian, G.-D. Li, Q. Gao, Y. Xiu, X.-H. Li, J.-S. Chen,
Chem. Lett. 2007, 36, 422–423; t) D. Guin, B. Baruwati, S. V Manor-
ama, Org. Lett. 2007, 9, 1419–1421; u) H. Yoon, S. Ko, J. Jang,
Chem. Commun. 2007, 1468–1470; v) P.-C. Lin, S.-H. Ueng, S.-C.
Yu, M.-D. Jan, A. K. Adak, C.-C. Yu, C.-C. Lin, Org. Lett. 2007, 9,
2131–2134; w) M. Kawamura, K. Sato, Chem. Commun. 2007,
3404–3405; x) M. S. Kwon, I. S. Park, J. S. Jang, J. S. Lee, J. Park,
Org. Lett. 2007, 9, 3417–3419; y) C. W DXlaigh, S. A. Corr, Y.
GunYko, S. J. Connon, Angew. Chem. 2007, 119, 4407–4410; Angew.
Chem. Int. Ed. 2007, 46, 4329–4332; z) M. Shokouhimehr, Y. Piao, J.
Kim, Y. Jang, T. Hyeon, Angew. Chem. 2007, 119, 7169–7173;
Angew. Chem. Int. Ed. 2007, 46, 7039–7043.


[9] Corresponding parent ketone was produced in the {[Cu ACHTUNGTRENNUNG(bpy) ACHTUNGTRENNUNG(BF4)2-
ACHTUNGTRENNUNG(H2O)2] ACHTUNGTRENNUNG(bpy)}n-catalyzed oxidation of the silyl enolates.


[10] M. E. Krafft, R. A. Holton, Tetrahedron Lett. 1983, 24, 1345–1348.


Received: August 31, 2007
Published online: November 12, 2007


Chem. Eur. J. 2008, 14, 882 – 885 E 2008 Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim www.chemeurj.org 885


FULL PAPERPolymer-Encapsulated Nanobead Catalysts



http://dx.doi.org/10.1016/j.cct.2003.08.004

http://dx.doi.org/10.1016/j.cct.2003.08.004

http://dx.doi.org/10.1016/j.cct.2003.08.004

http://dx.doi.org/10.1016/j.cct.2003.08.004

http://dx.doi.org/10.1021/ar0401653

http://dx.doi.org/10.1021/ar0401653

http://dx.doi.org/10.1021/ar0401653

http://dx.doi.org/10.1021/ar040173j

http://dx.doi.org/10.1021/ar040173j

http://dx.doi.org/10.1021/ar040173j

http://dx.doi.org/10.1021/ar0401754

http://dx.doi.org/10.1021/ar0401754

http://dx.doi.org/10.1021/ar0401754

http://dx.doi.org/10.1021/ja00058a021

http://dx.doi.org/10.1021/ja00058a021

http://dx.doi.org/10.1021/ja00058a021

http://dx.doi.org/10.1021/ja00082a055

http://dx.doi.org/10.1021/ja00082a055

http://dx.doi.org/10.1021/ja00082a055

http://dx.doi.org/10.1021/ja00082a055

http://dx.doi.org/10.1021/ja9743351

http://dx.doi.org/10.1021/ja9743351

http://dx.doi.org/10.1021/ja9743351

http://dx.doi.org/10.1021/ja9743351

http://dx.doi.org/10.1021/ja9900407

http://dx.doi.org/10.1021/ja9900407

http://dx.doi.org/10.1021/ja9900407

http://dx.doi.org/10.1021/ja9900407

http://dx.doi.org/10.1021/ja0163772

http://dx.doi.org/10.1021/ja0163772

http://dx.doi.org/10.1021/ja0163772

http://dx.doi.org/10.1002/1521-3765(20021104)8:21%3C5028::AID-CHEM5028%3E3.0.CO;2-1

http://dx.doi.org/10.1002/1521-3765(20021104)8:21%3C5028::AID-CHEM5028%3E3.0.CO;2-1

http://dx.doi.org/10.1002/1521-3765(20021104)8:21%3C5028::AID-CHEM5028%3E3.0.CO;2-1

http://dx.doi.org/10.1002/ange.200390124

http://dx.doi.org/10.1002/ange.200390124

http://dx.doi.org/10.1002/ange.200390124

http://dx.doi.org/10.1002/anie.200390156

http://dx.doi.org/10.1002/anie.200390156

http://dx.doi.org/10.1002/anie.200390156

http://dx.doi.org/10.1002/anie.200390156

http://dx.doi.org/10.1002/ange.200352354

http://dx.doi.org/10.1002/ange.200352354

http://dx.doi.org/10.1002/ange.200352354

http://dx.doi.org/10.1002/anie.200352354

http://dx.doi.org/10.1002/anie.200352354

http://dx.doi.org/10.1002/anie.200352354

http://dx.doi.org/10.1002/anie.200352354

http://dx.doi.org/10.1002/ange.200351264

http://dx.doi.org/10.1002/ange.200351264

http://dx.doi.org/10.1002/ange.200351264

http://dx.doi.org/10.1002/ange.200351264

http://dx.doi.org/10.1002/anie.200351264

http://dx.doi.org/10.1002/anie.200351264

http://dx.doi.org/10.1002/anie.200351264

http://dx.doi.org/10.1021/ja0348344

http://dx.doi.org/10.1021/ja0348344

http://dx.doi.org/10.1021/ja0348344

http://dx.doi.org/10.1016/j.jorganchem.2003.12.012

http://dx.doi.org/10.1016/j.jorganchem.2003.12.012

http://dx.doi.org/10.1016/j.jorganchem.2003.12.012

http://dx.doi.org/10.1016/j.jorganchem.2003.12.012

http://dx.doi.org/10.1021/ja047372i

http://dx.doi.org/10.1021/ja047372i

http://dx.doi.org/10.1021/ja047372i

http://dx.doi.org/10.1021/ja047372i

http://dx.doi.org/10.1016/j.tetlet.2003.12.143

http://dx.doi.org/10.1016/j.tetlet.2003.12.143

http://dx.doi.org/10.1016/j.tetlet.2003.12.143

http://dx.doi.org/10.1016/j.tetlet.2003.12.143

http://dx.doi.org/10.1002/chem.200500239

http://dx.doi.org/10.1002/chem.200500239

http://dx.doi.org/10.1002/chem.200500239

http://dx.doi.org/10.1002/ange.200501676

http://dx.doi.org/10.1002/ange.200501676

http://dx.doi.org/10.1002/ange.200501676

http://dx.doi.org/10.1002/anie.200501676

http://dx.doi.org/10.1002/anie.200501676

http://dx.doi.org/10.1002/anie.200501676

http://dx.doi.org/10.1002/anie.200501676

http://dx.doi.org/10.1021/ja050737u

http://dx.doi.org/10.1021/ja050737u

http://dx.doi.org/10.1021/ja050737u

http://dx.doi.org/10.1021/ja050737u

http://dx.doi.org/10.1021/ja052431t

http://dx.doi.org/10.1021/ja052431t

http://dx.doi.org/10.1021/ja052431t

http://dx.doi.org/10.1021/ja051013l

http://dx.doi.org/10.1021/ja051013l

http://dx.doi.org/10.1021/ja051013l

http://dx.doi.org/10.1055/s-2005-923610

http://dx.doi.org/10.1055/s-2005-923610

http://dx.doi.org/10.1055/s-2005-923610

http://dx.doi.org/10.1002/ange.200600432

http://dx.doi.org/10.1002/ange.200600432

http://dx.doi.org/10.1002/ange.200600432

http://dx.doi.org/10.1002/ange.200600432

http://dx.doi.org/10.1002/anie.200600432

http://dx.doi.org/10.1002/anie.200600432

http://dx.doi.org/10.1002/anie.200600432

http://dx.doi.org/10.1039/b600408c

http://dx.doi.org/10.1039/b600408c

http://dx.doi.org/10.1039/b600408c

http://dx.doi.org/10.1002/ange.200602099

http://dx.doi.org/10.1002/ange.200602099

http://dx.doi.org/10.1002/ange.200602099

http://dx.doi.org/10.1002/anie.200602099

http://dx.doi.org/10.1002/anie.200602099

http://dx.doi.org/10.1002/anie.200602099

http://dx.doi.org/10.1002/anie.200602099

http://dx.doi.org/10.1016/j.jorganchem.2007.01.010

http://dx.doi.org/10.1016/j.jorganchem.2007.01.010

http://dx.doi.org/10.1016/j.jorganchem.2007.01.010

http://dx.doi.org/10.1016/j.jorganchem.2007.01.010

http://dx.doi.org/10.1002/ange.200602866

http://dx.doi.org/10.1002/ange.200602866

http://dx.doi.org/10.1002/ange.200602866

http://dx.doi.org/10.1002/ange.200602866

http://dx.doi.org/10.1002/anie.200602866

http://dx.doi.org/10.1002/anie.200602866

http://dx.doi.org/10.1002/anie.200602866

http://dx.doi.org/10.1039/b614735f

http://dx.doi.org/10.1039/b614735f

http://dx.doi.org/10.1039/b614735f

http://dx.doi.org/10.1021/nl062032b

http://dx.doi.org/10.1021/nl062032b

http://dx.doi.org/10.1021/nl062032b

http://dx.doi.org/10.1021/nl062032b

http://dx.doi.org/10.1021/jp052515o

http://dx.doi.org/10.1021/jp052515o

http://dx.doi.org/10.1021/jp052515o

http://dx.doi.org/10.1016/S0009-2614(00)01419-6

http://dx.doi.org/10.1016/S0009-2614(00)01419-6

http://dx.doi.org/10.1016/S0009-2614(00)01419-6

http://dx.doi.org/10.1039/a700036g

http://dx.doi.org/10.1039/a700036g

http://dx.doi.org/10.1039/a700036g

http://dx.doi.org/10.1021/jo970440h

http://dx.doi.org/10.1021/jo970440h

http://dx.doi.org/10.1021/jo970440h

http://dx.doi.org/10.1021/jo970440h

http://dx.doi.org/10.1039/b209391j

http://dx.doi.org/10.1039/b209391j

http://dx.doi.org/10.1039/b209391j

http://dx.doi.org/10.1039/b209391j

http://dx.doi.org/10.1002/ange.200454222

http://dx.doi.org/10.1002/ange.200454222

http://dx.doi.org/10.1002/ange.200454222

http://dx.doi.org/10.1002/ange.200454222

http://dx.doi.org/10.1002/anie.200454222

http://dx.doi.org/10.1002/anie.200454222

http://dx.doi.org/10.1002/anie.200454222

http://dx.doi.org/10.1002/ange.200460552

http://dx.doi.org/10.1002/ange.200460552

http://dx.doi.org/10.1002/ange.200460552

http://dx.doi.org/10.1002/anie.200460552

http://dx.doi.org/10.1002/anie.200460552

http://dx.doi.org/10.1002/anie.200460552

http://dx.doi.org/10.1002/anie.200460552

http://dx.doi.org/10.1021/ol050218w

http://dx.doi.org/10.1021/ol050218w

http://dx.doi.org/10.1021/ol050218w

http://dx.doi.org/10.1021/ja053881o

http://dx.doi.org/10.1021/ja053881o

http://dx.doi.org/10.1021/ja053881o

http://dx.doi.org/10.1039/b504128g

http://dx.doi.org/10.1039/b504128g

http://dx.doi.org/10.1039/b504128g

http://dx.doi.org/10.1002/adsc.200505354

http://dx.doi.org/10.1002/adsc.200505354

http://dx.doi.org/10.1002/adsc.200505354

http://dx.doi.org/10.1002/adsc.200505354

http://dx.doi.org/10.1016/j.molcata.2006.03.019

http://dx.doi.org/10.1016/j.molcata.2006.03.019

http://dx.doi.org/10.1016/j.molcata.2006.03.019

http://dx.doi.org/10.1021/jo051861z

http://dx.doi.org/10.1021/jo051861z

http://dx.doi.org/10.1021/jo051861z

http://dx.doi.org/10.1039/b600147e

http://dx.doi.org/10.1039/b600147e

http://dx.doi.org/10.1039/b600147e

http://dx.doi.org/10.1039/b611906a

http://dx.doi.org/10.1039/b611906a

http://dx.doi.org/10.1039/b611906a

http://dx.doi.org/10.1002/ange.200503445

http://dx.doi.org/10.1002/ange.200503445

http://dx.doi.org/10.1002/ange.200503445

http://dx.doi.org/10.1002/ange.200503445

http://dx.doi.org/10.1002/anie.200503445

http://dx.doi.org/10.1002/anie.200503445

http://dx.doi.org/10.1002/anie.200503445

http://dx.doi.org/10.1021/ol061098a

http://dx.doi.org/10.1021/ol061098a

http://dx.doi.org/10.1021/ol061098a

http://dx.doi.org/10.1002/ange.200504107

http://dx.doi.org/10.1002/ange.200504107

http://dx.doi.org/10.1002/ange.200504107

http://dx.doi.org/10.1002/anie.200504107

http://dx.doi.org/10.1002/anie.200504107

http://dx.doi.org/10.1002/anie.200504107

http://dx.doi.org/10.1002/anie.200504107

http://dx.doi.org/10.1021/ja060140u

http://dx.doi.org/10.1021/ja060140u

http://dx.doi.org/10.1021/ja060140u

http://dx.doi.org/10.1002/ange.200602456

http://dx.doi.org/10.1002/ange.200602456

http://dx.doi.org/10.1002/ange.200602456

http://dx.doi.org/10.1002/anie.200602456

http://dx.doi.org/10.1002/anie.200602456

http://dx.doi.org/10.1002/anie.200602456

http://dx.doi.org/10.1002/anie.200602456

http://dx.doi.org/10.1016/j.molcata.2006.08.069

http://dx.doi.org/10.1016/j.molcata.2006.08.069

http://dx.doi.org/10.1016/j.molcata.2006.08.069

http://dx.doi.org/10.1016/j.molcata.2006.08.069

http://dx.doi.org/10.1246/cl.2007.422

http://dx.doi.org/10.1246/cl.2007.422

http://dx.doi.org/10.1246/cl.2007.422

http://dx.doi.org/10.1021/ol070290p

http://dx.doi.org/10.1021/ol070290p

http://dx.doi.org/10.1021/ol070290p

http://dx.doi.org/10.1039/b616660a

http://dx.doi.org/10.1039/b616660a

http://dx.doi.org/10.1039/b616660a

http://dx.doi.org/10.1021/ol070588f

http://dx.doi.org/10.1021/ol070588f

http://dx.doi.org/10.1021/ol070588f

http://dx.doi.org/10.1021/ol070588f

http://dx.doi.org/10.1039/b705640k

http://dx.doi.org/10.1039/b705640k

http://dx.doi.org/10.1039/b705640k

http://dx.doi.org/10.1039/b705640k

http://dx.doi.org/10.1021/ol701456w

http://dx.doi.org/10.1021/ol701456w

http://dx.doi.org/10.1021/ol701456w

http://dx.doi.org/10.1002/ange.200702386

http://dx.doi.org/10.1002/ange.200702386

http://dx.doi.org/10.1002/ange.200702386

http://dx.doi.org/10.1002/anie.200702386

http://dx.doi.org/10.1002/anie.200702386

http://dx.doi.org/10.1002/anie.200702386

http://dx.doi.org/10.1016/S0040-4039(00)81652-4

http://dx.doi.org/10.1016/S0040-4039(00)81652-4

http://dx.doi.org/10.1016/S0040-4039(00)81652-4

www.chemeurj.org






DOI: 10.1002/chem.200701322


Stereoselective Isomerisation of N-Allyl Aziridines into Geometrically Stable
Z Enamines by Using Rhodium Hydride Catalysis


Derek S. Tsang, Sharon Yang, France-Aim/e Alphonse, and Andrei K. Yudin*[a]


Introduction


Enols, metal enolates and enamines are amongst the most
important carbon nucleophiles in both biological and chemi-
cal synthesis.[1] Many useful transformations owe their effi-
ciency to selective formation of E or Z metal enolates. In
contrast, the chemistry of enamines is restricted to reactions
of their E isomers because the classical condensation be-
tween amine and carbonyl functional groups is an equilibri-
um process that affords thermodynamically favoured E
products. There are no useful, kinetically controlled reac-
tions that result in Z enamine formation. Although strong
base-promoted isomerisation of N-allylamines into Z enam-
ines was reported,[2] attempts to isolate the Z products result
in rapid Z-to-E isomerisation or hydrolysis (Scheme 1).
Even in the metal-catalysed cross-coupling of geometrically
pure (Z)-vinyl bromides with amine nucleophiles, formation
of E enamines is observed due to in-situ isomerisation of
the kinetic Z product into the E isomer.[3]


Cationic rhodium(I) diphosphine complexes are known to
induce selective isomerisation of N-allylamines into enam-
ines.[4] Once again, the E geometry is strongly favoured.


Noyori-s BINAP/rhodium(I) catalyst has been used in one
of the most acclaimed asymmetric processes practiced in in-
dustry, synthesis of menthol.[5] In a generally accepted mech-
anistic description of the reaction depicted in Scheme 2,
CH-activation at the allylic position leads to an organome-
tallic species A, which is stabilised through iminium com-
plex B. Subsequent hydride migration to the terminal olefin-
ic carbon atom affords intermediate C which undergoes de-
complexation, releasing the E enamine product. Interesting-


Abstract: In the presence of rhodi-
um(I) hydride catalysts, tertiary N-al-
lylamines are known to isomerise into
E enamines. In contrast, we have re-
cently found that N-allylaziridines iso-
merise to form Z enamines. On the
basis of literature data, the most likely
mechanism of isomerisation would in-
volve a rhodium hydride addition/b-hy-


dride elimination sequence. We show
that the observed selectivity cannot be
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Scheme 1. Z enamines are difficult to prepare, often isomerising or hy-
drolysing during isolation.


Scheme 2. Accepted mechanism of isomerisation of allyl amines with cat-
ionic rhodium(I) diphosphine complexes.
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ly, failure of the cationic rhodium(I) catalysts to induce iso-
merisation of allyl amines derived from ethylene imine has
been used as an indirect piece of evidence in favour of imi-
nium complex formation.[6]


Rhodium(I) hydride catalysts are also known to induce
isomerisation of N-allylamines.[7,8] The generally accepted
mechanism of isomerisation in this case involves metal hy-
dride addition across the carbon–carbon double bond fol-
lowed by b-hydride elimination, resulting in double-bond
migration. This transformation generally leads to E enamine
geometry in both the kinetic and thermodynamic product.
Previous work by our group revealed that NH-aziridines


behave differently from other secondary amines with respect
to palladium-catalysed allylic amination.[9,10a] With common
secondary amine nucleophiles, thermodynamically favoured
linear products are formed due to in-situ palladium-cata-
lysed isomerisation. On the other hand, with NH-aziridine
nucleophiles, the kinetically favoured branched products do
not undergo further isomerisation into the linear allyl
amines. This mechanistic insight has allowed us to find con-
ditions under which any primary or secondary amine can un-
dergo palladium-catalysed allylic amination with high
branched selectivity.[10b] With a reliable route to allyl aziri-
dines in hand, we opted for examine transition-metal-pro-
moted isomerisation of N-allylaziridines into enamines. As a
result, we uncovered yet another instructive aberration in
aziridine chemistry: N-allylaziridines behave differently
from N-allylamines with respect to metal-catalysed isomeri-
sation. Whereas N-allylamines form E isomers upon expo-
sure to rhodium(I) hydride catalysts, it was found that iso-
merisation of N-allylaziridines results in unusual selectivity
for the thermodynamically disfavoured (Z)-N-propenylaziri-
dine (Scheme 3).[11] As aziridine rings are stepping stones to
more complex amines by means of diverse ring-opening pro-
cesses, this chemistry is expected to find useful synthetic ap-
plications.


It should be noted that unexpected Z geometry has been
observed with other substrates, including simple elimination
reactions with base,[12] isomerisation of olefins varying in
chain length from 1-butene to 1-heptene,[13,14,15,16] allyl vinyl
ethers,[17] and N-allylamides.[18] The classical hydride mecha-
nism is often mentioned in relation to both isomerisa-
tion[8,14,15,18] and hydrogenation[7,19] with [Rh(CO)H ACHTUNGTRENNUNG(PPh3)3],
but this mechanism is expected to produce E products. Al-
ternate mechanisms have been suggested to explain the Z


selectivity in transition-metal-catalysed isomerisations, al-
though the levels of selectivity are generally quite low.
These mechanisms often involve some form of coordination
between the transition-metal catalyst and the substrate,
forming a metallocycle, such as in the case of N-allyla-
mides.[18] What is unique about N-allylaziridines are the high
Z selectivities observed.
In this study, we put forth mechanistic evidence in support


of a cyclometallated rhodium intermediate, which operates
concurrently with a non-productive, hydride addition–elimi-
nation mechanism that has traditionally been suggested as
the sole mechanism of catalytic olefin isomerisation with
late transition-metal hydrides.


Results


With our recently disclosed approach to allyl aziridines,[9,10a]


we investigated the isomerisation of N-allylcyclohexene
imine 1 with 1.5 mol% of [Rh ACHTUNGTRENNUNG(binap) ACHTUNGTRENNUNG(cod)]OTf as a source
of rhodium(I) prepared in situ from [Rh ACHTUNGTRENNUNG(cod)2]OTf and rac-
BINAP.[11] In contrast to previous reports with allylated eth-
ylene imine, we did obtain the N-(1-propenyl)aziridine 2,
albeit with a low 25% conversion (Scheme 4). The rear-


rangement of 1 (t1/2=164.0 min) was significantly slower
than the rearrangement of N-allylmorpholine under similar
conditions (t1/2=1.3 min). Interestingly, unexpected selectivi-
ty for the Z isomer of 2 was observed. There was no evi-
dence for isomerisation into the E isomer in the course of
isolation.
Similar to cationic rhodium(I) catalysts equipped with bi-


dentate ligands, such as BINAP, rhodium(I) hydride cata-
lysts are known to induce allyl amine isomerisation. Reports
in the literature have previously indicated that amines such
as N-allylpiperidine (3) can be isomerised with [Rh(CO)H-
ACHTUNGTRENNUNG(PPh3)3], leading exclusively to the E isomer 4 (Scheme 5).[8]


In our hands, treatment of N-allylmorpholine with
[Rh(CO)H ACHTUNGTRENNUNG(PPh3)3] also showed exclusive preference for the
E enamine, whereas treatment of N-allylcyclohexene imine
under similar conditions gave the Z product. Notably, the


Scheme 3. Isomerisation of N-allylaziridines and N-allylamines leads to
different geometries. cat.=<5 mol%; RhH= [Rh(CO)H ACHTUNGTRENNUNG(PPh3)3].


Scheme 4. Initial isomerisation studies. a) [Pd ACHTUNGTRENNUNG(h-C3H5)Cl]2 (1.5 mol%),
PPh3, K2CO3, THF, RT, 16 h, 76%; b) [RhACHTUNGTRENNUNG(cod)2]OTf, rac-BINAP, THF,
reflux, 60 8C, 16 h, 25% conv. cod=1,5-cyclooctadiene; BINAP=


(2R,3S)-2,2’-bis(diphenylphosphino)-1,1’-binapthyl.


Scheme 5. Isomerisation of 1-allylpiperidine.[8] a) NaH, THF, RT, 16 h,
54% conv.; b) RhH (1.5 mol%), THF, RT, 16 h, 31%.
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rearrangement of N-allylmorpholine (t1/2=330.0 min) was
significantly slower than the rearrangement of N-allylaziri-
dine under similar conditions (t1/2=29.0 min).
The Z stereoselectivity in the course of allyl aziridine iso-


merisation, observed with [Rh(CO)HACHTUNGTRENNUNG(PPh3)3] as the catalyst,
was increased to 95:5 when the reaction was performed at
�78 8C. The same selectivity was achieved in both toluene
and dichloromethane. The double-bond migration consis-
tently afforded high Z selectivity with full conversion at
room temperature (Scheme 6a). GC analysis of N-allylcyclo-
hexene imine (1) isomerisation, performed with 1.5 mol%


of [Rh(CO)H ACHTUNGTRENNUNG(PPh3)3] in THF at room temperature, indicat-
ed that the E and Z aziridine isomers do not interconvert
under the reaction conditions or during isolation. This iso-
merisation protocol was extended to a number of different
allyl aziridine substrates (Table 1). All of the terminal ole-
fins were reactive, consistent with the known selectivity of
[Rh(CO)H ACHTUNGTRENNUNG(PPh3)3] towards unhindered terminal double
bonds.[7] Moreover, all of the substrates showed high selec-
tivity for the Z enamine product. A conversion to a thermo-
dynamic mixture of geometric isomers was effected upon
extended treatment of 1 with a stoichiometric amount of
rhodium(I) hydride catalyst, which caused slow isomerisa-
tion to a 54:46 Z/E isomeric mixture over five days
(Scheme 6b). A similar thermodynamic ratio was photo-
chemically induced upon UV irradiation (lmax=254 nm;
Scheme 6c).
In the presence of H2, [Rh(CO)H ACHTUNGTRENNUNG(PPh3)3] acts as a mild


and efficient hydrogenation catalyst, able to reduce terminal
carbon–carbon double bonds under an atmospheric pressure


of hydrogen.[7] The mechanism of hydrogenation passes
through the same rhodium–carbon intermediates as those
formed in the course of double-bond migration. To detect
and trap these rhodium–carbon intermediates, isomerisa-
tions were carried out in the presence of hydrogen gas. Hy-
drogenation of 1 resulted in a mixture of hydrogenated and
isomerised products in a Z/E ratio consistent with the ratios
observed in the absence of H2 gas (Scheme 6d). Further-
more, hydrogenation of 5 was extremely slow and resulted
in low yields (Scheme 6f), demonstrating the inhibitory
effect of having a nitrogen substituent proximal to the site
of hydrogenation.
Substitution at the allylic position was found to impede


isomerisation.[7] Furthermore, the addition of substituents to
the N-allyl chain creates a tri- (7) or di-substituted (8) olefin
that does not isomerise because of the thermodynamic sta-
bility of the starting material (Scheme 7).
Deuterium-labelling studies were undertaken to elucidate


the mechanism of isomerisation. Scheme 8a shows a stoi-
chiometric isomerisation of 1 with [Rh(CO)D ACHTUNGTRENNUNG(PPh3)3] which
resulted in deuterium incorporation at the methyl (C3) and
central vinylic (C2) positions. Extended treatment with stoi-
chiometric [Rh(CO)D ACHTUNGTRENNUNG(PPh3)3] over five days resulted in
scrambling of deuterium across all three positions, as well as
formation of a thermodynamic mixture of Z/E isomers
(Scheme 8b). Experiments to trap the rhodium–carbon in-
termediate A (Scheme 2) by using the 3,3-dimethyl sub-
strate, which did not undergo isomerisation, showed no deu-


Scheme 6. Isomerisation and hydrogenation experiments. a) RhH
(1.5 mol%), C6H6 or THF, RT, 1 d; b) RhH (1 equiv), THF, RT, 5 d;
c) hn (lmax=254 nm), quartz, THF, RT, 6 h; d) H2 (1 atm), RhH (cat.),
THF, RT, 16 h, 91%; e) Cu ACHTUNGTRENNUNG(OAc)2, pyridine, RT, 10 h, 27%; f) H2


(1 atm), RhH (1 mol%), C6H6, RT, 1 week, 32%.


Table 1. Selected substrate scope for isomerisation of N-allylaziridines to
N-vinylaziridines with [Rh(CO)H ACHTUNGTRENNUNG(PPh3)3] catalyst.


[a]


Entry Substrate Conv. [%][b] Z/E selectivity [%][b]


1 100 95:5


2[c] 100 82:18


3[d] 100 76:24


4[e] 100 91:9


5 100 96:4


6[c] 80 75:25


7[f] trace –


8[f] trace –


[a] [Substrate]=0.7m, [substrate]/[Rh]=66 at �78 8C in THF under N2.
[b] Determined by GC analysis. [c] [Substrate]/[Rh]=10 at 60 8C, 72 h.
[d] [Substrate]/[Rh]=20 at 60 8C, 24 h. [e] [Substrate]/[Rh]=66 at 20 8C,
24 h. [f] Only starting material was recovered.
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terium incorporation at position 1 (Scheme 7). Finally, a
crossover experiment allowed us to observe deuterium
transfer from one aziridine substrate to another, indicating
that deuterium from C1 of the 1,1-dideuterioallylaziridine is
transferred to the rhodium(I) complex, which in turn trans-
fers deuterium onto the protio-aziridine substrate
(Scheme 8c).
To further probe the mechanism, the isomerisations were


investigated on simple allylamine and allylcyclopropanes.
The use of 1-allylamine as a substrate revealed transient for-
mation of the unstable 1-aminopropene in a Z/E ratio of
80:20 with a half-life (t1/2) of 142.2 min (Scheme 9a). Isomer-
isation of 10, the cyclopropane equivalent of 1, resulted in
poor selectivity, with a Z/E ratio of 64:36 (Scheme 9b). This
suggests that the presence of a three-membered aziridine
ring played an important role
in determining high Z selectiv-
ity.
It is evident that allylaziri-


dines differ from other allyla-
mine substrates, including ter-
tiary amines, in that they show
very strong selectivity for the
Z enamine product. Why is it
that the aziridine nitrogen in-
duces such unique stereoselec-
tivity? We propose a mecha-
nism that explains these re-
sults.


Discussion


This study was designed to elucidate differences between
the isomerisation of N-allylaziridines and allyl amines, as
the same rhodium(I) hydride catalyst leads to two different
enamine geometries from these substrates. We previously
postulated a mechanism of methylene CH-activation, fol-
lowed by the formation of a cyclic intermediate and reduc-
tive CH-bond elimination of the Z enamine (Scheme 10).[11]


However, isomerisation of 1 into the Z enamine product
by using stoichiometric rhodium(I) deuteride resulted in
deuterium incorporation at the C2- and C3-positions of iso-
lated product, suggesting that a hydride-based mechanism
may be involved. This pathway would proceed by means of
hydride addition across the double bond and subsequent b-
hydride elimination to re-form the C2�C3 double bond in a
cycle that we have termed the “hydride loop” (Scheme 11).
The intermediate rhodium–carbon species D was trapped
when we isolated n-propyl cyclohexene imine under hydro-
genation conditions.
If b-hydride elimination from intermediate D were also


responsible for forming the C1�C2 double bond of the en-
amine product, it should result in E enamine geometry be-
cause the activation barrier to form the Z isomer is known
to be significantly higher.[20] However, our experiments dem-
onstrate the kinetic nature of the isolated Z product. The
Z/E ratio remained constant throughout the reaction. This
suggests that the enamine product is relatively unreactive to
further isomerisation via hydride addition and subsequent b-
hydride elimination.[7] However, isomerisation can be forced


Scheme 7. Substituted N-allylaziridines do not isomerise under RhH cat-
alysis.


Scheme 8. Deuterium labelling and crossover experiments. a) RhD
(1 equiv), THF, RT, 30 min; b) RhD (1 equiv), THF, RT, 5 d; c) RhH
(3 mol%), THF, RT, 12 h. RhH= [Rh(CO)H ACHTUNGTRENNUNG(PPh3)3]; RhD= [Rh(CO)D-
ACHTUNGTRENNUNG(PPh3)3].


Scheme 9. Further isomerisation studies. a) RhH (15 mol%), C6D6, in-
situ experiment (utilising NMR spectroscopy); b) RhH (cat.), THF, RT,
16 h, 94% conv.


Scheme 10. Proposed mechanism of rhodium hydride catalysed CH-activation/isomerisation (L=PPh3).
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by prolonged exposure to stoichiometric [Rh(CO)H-
ACHTUNGTRENNUNG(PPh3)3], resulting in a thermodynamic mixture of Z and E
enamines. Importantly, deuterium scrambling and partial
isotope incorporation at the C1-position was also observed
upon extended treatment with the RhD catalyst. Such ex-
tended treatment causes scrambling of deuterium through-
out the three-carbon substituent by means of slow hydride
addition followed by b-hydride elimination. The E product
was formed after such prolonged exposure: accordingly, E
enamine formation must proceed by means of b-hydride
elimination. By the principle of microscopic reversibility, the
reverse reaction—addition to the enamine double bond—is
slow, which is reflected in the slow rate of Z-to-E conversion
as well as the fact that neither E nor Z aziridine enamine,
nor the unsubstituted vinyl aziridine 5, undergo hydrogena-
tion at a reasonable rate when using the [Rh(CO)H ACHTUNGTRENNUNG(PPh3)3]
catalyst (Scheme 6).
The conventional hydride mechanism alone cannot ex-


plain Z enamine formation in the case of allyl aziridines. We
conclude that a lower-barrier Z-selective pathway must op-
erate. Concurrently with the non-productive addition across
the C2–C3 double bond (“hydride loop”, Scheme 11), the
RhH catalyst can enter into a methylene CH-bond activa-
tion manifold (Scheme 10). The resulting rhodium inter-
mediate cannot be stabilised by the iminium ion B due to
high strain. Thus, the formation of any E product by means
of the tertiary allyl amine isomerisation mechanism is not
expected along this pathway. On the other hand, formation
of an isomeric five-membered cyclometallated rhodium
complex C can be expected to take place, via a s-allyl inter-
mediate. It is important to mention that at this point we do
not have experimental evidence ruling out direct hydride
migration from the p-allyl intermediate which should also
result in Z enamine formation. The rhodium complex C has
not been directly observed by NMR spectroscopy, but sever-
al arguments speak in its favour. The wA/p interaction is
known to stabilize the bisected geometry in stereoelectroni-
cally related vinylcyclopropanes.[21] This interaction, coupled
with Rh–N coordination, is expected to contribute towards
the formation of C. Furthermore, five-membered ring organ-
ometallic intermediates have been postulated to account for
Z selectivity in the case of alkali base-induced rearrange-
ments.[22] Following the formation of C, facile reductive
elimination is expected to take place to form a new C�H


bond, releasing the Z enamine
product. Crossover of deuteri-
um has been observed between
the deuterated and protio-azir-
idine (Scheme 8), suggesting
that [Rh(CO)D ACHTUNGTRENNUNG(PPh3)3] is
formed in situ following CH-
activation of the deuterated
substrate and reductive elimi-
nation from the ensuing cyclo-
metallated rhodium intermedi-
ate. RhD then enters the CH-
activation path with the protio-


aziridine substrate to effect crossover of deuterium
(Scheme 12).


Why is it that b-hydride elimination cannot be responsible
for Z enamine formation? We attribute this intriguing find-
ing to the special properties of the aziridine nitrogen, includ-
ing its high degree of pyramidalisation and its high barrier
to inversion. In contrast to other amines, two substituents
on aziridine rings are locked in a three-membered heterocy-
cle and thus are swept back from the nitrogen (Figure 1).


This relieves steric strain in the cyclometallated intermedi-
ate and the resulting Z enamines that are formed. Further-
more, coordination of rhodium(I) to the sterically unencum-
bered lone pair of nitrogen in intermediate E (Scheme 13)
would prevent formation of a syn-periplanar rotamer, which
is a prerequisite for b-hydride elimination. Interestingly, a
similar coordinative arrangement between palladium(II)
and hydroxyl group was reported to affect the regioselectivi-
ty of b-hydride elimination in the Heck reaction.[23] Tertiary
amines, which lead to the formation of E enamines, do not
appear to exhibit this behaviour.[8] This explains why N-allyl-
morpholine and N-allylpiperidine isomerisations occur with
E selectivity—although they have a nitrogen lone pair that


Scheme 11. Hydride addition and b-hydride elimination (the “hydride loop”). The rhodium-substrate inter-
mediates may be trapped by hydrogenation.


Scheme 12. Mechanism of deuterium crossover. 1,1-Dideuterioallylaziri-
dine transfers deuterium to rhodium(I), forming [Rh(CO)D ACHTUNGTRENNUNG(PPh3)3] in
situ.


Figure 1. Representations of (Z)-N-vinylaziridine 2 and (Z)-N-vinylpiper-
idine 4.
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appears capable of forming a cyclometallated intermediate,
such a ring would be subject to severe steric constraint. The
only pathway open to tertiary amine isomerisation is b-hy-
dride elimination. Further work was done with the unsubsti-
tuted parent allyl amine, which was subjected to the isomeri-
sation protocol. This reaction produced a kinetic preference
for the Z isomer (80:20), suggesting that unencumbered
Rh–N coordination is a critical factor that contributes to re-
tarding the rate of b-hydride elimination.


Conclusion


We have shown that the special properties of the aziridine
nitrogen allow allyl aziridines to undergo isomerisation into
Z enamines through a CH-activation manifold that is not ac-
cessible to common tertiary amines. Our mechanistic investi-
gations are consistent with two concurrent reaction path-
ways operating during the isomerisation. The hydride addi-
tion and b-hydride elimination (“hydride loop”) are non-
productive with respect to enamine formation, while the
principal reaction pathway proceeds by means of CH-activa-
tion, rearrangement to a five-membered intermediate, and
subsequent reductive elimination producing (Z)-vinylaziri-
dine. The involvement of highly strained p intermediates
has not been ruled out. This catalytic method provides facile
access to a heretofore underutilised class of substrates—geo-
metrically stable Z enamines. These molecules can be used
as carbon nucleophiles in stereoselective reactions and
should facilitate explorations of Z enamine transforma-
tions.[11] Current efforts are aimed at further understanding
the relative reactivity of s and p intermediates involved in
this reaction.


Experimental Section


General procedures : THF was freshly distilled from sodium benzophe-
none ketyl prior to use. Anhydrous acetone was stored over 4 O molecu-
lar sieves. All procedures involving [Rh(CO)H ACHTUNGTRENNUNG(PPh3)3] were carried
under Ar/N2 in flame-dried glassware. n-Butyllithium was titrated with
N-benzylbenzamide prior to use.[24] N-Benzylbenzamide was synthesised
and purified according to literature procedures.[24] Triphenylphosphine
(PPh3) was recrystallised from hot ethanol prior to use to remove triphe-
nylphosphine oxide (Ph3PO). Other solvents and reagents were pur-
chased from Aldrich and used as received. RhodiumACHTUNGTRENNUNG(III) chloride trihy-


drate was used as purchased from Strem Chemicals without further pu-
rification. NMR spectra were referenced to TMS and run at 25 8C. CDCl3
was stored over anhydrous K2CO3. Sodium deuteride (98 atom% D) and
EtOD (99 atom% D) were purchased from Aldrich and were used as re-
ceived. Isotopic purity of metal catalysts was determined by 1H NMR
spectroscopy. Deuterium-labelled products were detected by 2H NMR
spectroscopy. GC runs were carried out on a Hewlett Packard 6890 gas
chromatograph with an HP-5 column (crosslinked 5% phenyl methyl si-
loxane, 30 mP0.32 mmP0.25 mm film thickness), and were configured to
start at 50 8C, run 1.0 min at 50 8C, ramp 10 8Cmin�1 to 150 8C; hold
2.0 min, then ramp 15 8Cmin�1 to 250 8C, and hold 6.0 min.


Cyclohexene imine :[9, 10a] In a 100 mL round-bottomed flask equipped
with stirrer bar and condenser, NaN3 (5.08 g, 77.5 mmol) was dissolved in
1:1 H2O/acetone (35 mL). Cyclohexene oxide was then added to this so-
lution (3.1 mL, 30.7 mmol). The reaction was refluxed for 16 h and
cooled, at which point a biphasic system was observed. Without separat-
ing the layers, the acetone was evaporated under reduced pressure and
then the layers were extracted with diethyl ether (3P20 mL). Organic ex-
tracts were combined, washed with brine, dried with Na2SO4, then evapo-
rated in vacuo. Crude trans-2-azidocyclohexanol (4.98 g) was recovered
as an orange oil, all of which was dissolved in dry THF (26 mL). PPh3
(9.3 g, 35.5 mmol) was added with stirring to this solution. Bubbling of N2


gas was observed as the solution was refluxed for 16 h. The solvent was
removed gently under reduced pressure. Pentanes were poured in and tri-
phenylphosphine oxide precipitate was repeatedly filtered. Pentanes in
the filtrate were removed under reduced pressure and the oil was dis-
tilled in vacuo to yield 1 g of cyclohexene imine (10.3 mol, 34%, GC
time: 4.3 min) as a clear, colourless liquid that solidified upon standing at
�20 8C. 1H NMR (300 MHz, CDCl3): d=2.10 (2H, m), 1.80 (4H, m),
1.30 ppm (4H, m); 13C NMR (75 MHz, CDCl3): d=20.3, 24.8, 29.5 ppm.


7-Allyl-7-azabicyclo ACHTUNGTRENNUNG[4.1.0]heptane (1): In a flame-dried 50 mL Schlenk
flask equipped with stirrer bar, [Pd ACHTUNGTRENNUNG(h-C3H5)Cl]2 (28 mg, 0.08 mmol,
1.5 mol%), PPh3 (70 mg, 0.27 mmol, 4 mol%), and K2CO3 (1.7 g,
17.0 mmol) were suspended in THF (11 mL). Allyl acetate (0.6 mL,
6.1 mmol) and cyclohexene imine (0.5 g, 5.2 mmol) were then added to
this solution. The contents were stirred for 16 h under N2, then poured
into pentanes (25 mL) and filtered through a pad of Celite. The filtrate
was concentrated in vacuo, then distilled under reduced pressure to yield
537 mg of 1 in 75% yield. 1H NMR (400 MHz, CDCl3): d=5.90 (1H, m),
5.20 (1H, d, J=17 Hz), 5.10 (1H, d, J=8.6 Hz), 2.80 (2H, d, J=5.3 Hz),
1.75 (4H, m), 1.50 (2H, m), 1.35 (2H, m), 1.18 ppm (2H, m).


Hydrogenation of 1 to a mixture of saturated and isomerised products : A
50 mL flame-dried Schlenk flask equipped with stirrer bar was charged
with [Rh(CO)HACHTUNGTRENNUNG(PPh3)3] (5 mg, 0.005 mol, 5 mol%) under inert atmos-
phere. The flask was evacuated, then filled with H2 at 1 atm. Dry THF
(1.5 mL) was added by syringe, and the yellow solution was stirred for
5 min. The flask was equipped with a H2-filled balloon, then 1 (15 mg,
0.11 mmol) was added by syringe. After stirring the reaction overnight,
GC analysis revealed a 91% conversion, with 54% consisting of hydro-
genated product, 34% (Z)-N-vinylaziridine, 3% (E)-N-vinylaziridine and
9% 7-allyl-7-azabicycloACHTUNGTRENNUNG[4.1.0]heptane (1, starting material). The reaction
solution was reduced to 0.2 mL in vacuo, then chromatographed on silica
gel (9:1 hexanes/EtOAc, I2 stain) to yield 6.5 mg (0.05 mmol, 43% yield)
of crude hydrogenated product 7-propyl-7-azabicyclo ACHTUNGTRENNUNG[4.1.0]heptane (Rf=


0.55). The starting material, N-vinylaziridines and product all eluted to-
gether upon column chromatography and were not separable. 1H NMR
(400 MHz, CDCl3): d=2.16 (2H, t, J=7.3 Hz), 1.75 (m), 1.56 (2H, q, J=


7.4 Hz), 0.9 ppm (m); ESI-MS: m/z (%): 140.1ACHTUNGTRENNUNG(100) [M+1+] , 141.1 (10)
[M+2+].


N-Allylpiperidine (3): In a 100 mL round-bottomed flask equipped with
stirrer bar, 60% NaH in oil (1.83 g, 45.8 mmol) was suspended in THF
(25 mL). Piperidine (2.5 mL, 2.1 g, 24.7 mmol) was added followed by
allyl bromide (2.3 mL, 3.3 g, 27.3 mmol). After stirring overnight, water
was poured in and the solution was extracted with EtOAc, dried with an-
hydrous MgSO4, and reduced in vacuo. The resulting oil was distilled
under reduced pressure to yield 1.9 g (54% isolated yield) of 3 (GC
time: 4.4 min). 1H NMR (200 MHz, CDCl3): d=5.90 (1H, m), 5.10 (2H,
m), 2.90 (2H, d), 2.40 (4H, br s), 1.60 ppm (m, 4H), 1.45 ppm (m, 2H).


Scheme 13. Aziridine nitrogen may coordinate to rhodium(I), forming a
transient four-membered ring that precludes syn-periplanar arrangement
and b-hydride elimination.
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2,4,6-Trivinylcyclotriboroxane–pyridine complex :[25] THF (75 mL) with
trimethylborate (10 mL, 9.32 g, 90 mmol) was cooled under N2 to �78 8C.
Vinylmagnesium bromide (60 mL, 1.0m in THF, 60 mmol) was added
dropwise by means of an addition funnel over 35 min. The reaction was
stirred for 1 h, at which point HCl (1m, 25 mL) was added. The reaction
was warmed to room temperature, then brine (20 mL) was added. The
slurry was extracted with ether (4P50 mL). The organic extracts were
washed with water (50 mL), brine (50 mL), dried with Na2SO4, reduced
to 25 mL in vacuo, and then pyridine (10 mL, 9.83 g, 0.12 mol) was added
under N2. This solution was stirred for 4 h. The solvent was removed
under high vacuum, then the remaining oil was distilled at 200 8C under
reduced pressure. The complex (2.5 g, 10 mmol, 52%), which freezes to
form oily white crystals when cooled to �20 8C, was isolated.
7-Vinyl-7-azabicyclo ACHTUNGTRENNUNG[4.1.0]heptane (5): Copper(II) acetate (0.92 g,
4.6 mmol, >1 equiv) and 4 O molecular sieves (0.3 g) were added to a
flame-dried 50 mL Schlenk flask. 2,4,6-Trivinylcyclotriboroxane–pyridine
complex (0.33 g, 2.0 mmol, 6.0 mmol vinyl equivalents), pyridine (0.9 mL,
11.2 mmol) and cyclohexene imine (0.35 mL, 3.6 mmol) were added in
succession, and the system was connected to a drying tube with oxygen
flow-through. The reaction was stirred for 10 h, poured into pentanes
(75 mL) and then filtered through a 1 cm pad of silica gel. The filtrate
was reduced to 3–4 mL in vacuo, and the resulting liquid was distilled
under reduced pressure to yield 235 mg of 7-vinyl-7-azabicyclo-
ACHTUNGTRENNUNG[4.1.0]heptane (5) contaminated with 70.5 mg pyridine (equivalent to
164.5 mg of product or 27%, GC time: 4.8 min). 1H NMR (300 MHz,
CDCl3): d =6.33 (1H, dd, J1=15.2, J2=7.8 Hz), 4.46 (1H, d, J=15.2 Hz),
4.35 (1H, d, J=7.9 Hz), 1.70–1.95 (m, 6H), 1.40 (m, 2H), 1.25 ppm (m,
2H).
7-Ethyl-7-azabicyclo ACHTUNGTRENNUNG[4.1.0]heptane (6): [Rh(CO)HACHTUNGTRENNUNG(PPh3)3] (6 mg,
0.0065 mmol, 1 mol%) was dissolved in THF (6 mL) in a dry 25 mL
Schlenk flask with stirrer bar. The flask was flushed twice with H2, filled
with H2 (1 atm), then 7-vinyl-7-azabicyclo ACHTUNGTRENNUNG[4.1.0]heptane 5 (80 mL,
0.65 mmol) was added by syringe. The reaction was followed by GC anal-
ysis and observed to have slowed after two days, thus 6 mg of additional
catalyst were added every two days. After six days (and two 6 mg supple-
ments of catalyst), 32% conversion was achieved. The solvent was evapo-
rated in vacuo, and chromatographed on silica gel (7:3 hexanes/EtOAc, I2
stain) to yield trace amounts of 6 (Rf=0.15, GC time: 4.4 min). 1H NMR
(400 MHz, CDCl3): d=2.13 (q), 1.80 (m), 1.30 (m), 1.15 (t); ESI-MS: m/z
(%): 126.1 (75) [M+1+], 127.1 ppm (10) [M+2+].


7-(3-Methylbut-2-enyl)-7-azabicyclo ACHTUNGTRENNUNG[4.1.0]heptane (7):[9] In a 50 mL
Schlenk flask, K2CO3 (1.35 g, 13.4 mmol) was suspended in anhydrous
acetone (30 mL). Cyclohexene imine (500 mL, 4.9 mmol) was added by
syringe, followed by the dropwise addition of prenyl bromide (575 mL,
4.9 mmol). The reaction was stirred for 1.5 h under N2, filtered, and ace-
tone was removed under reduced pressure. The resulting yellow oil was
chromatographed on silica gel (95:5!90:10 hexanes/EtOAc) to isolate
667 mg of pure 7 in 79% yield (Rf=0.25 under 95:5 EtOAc/hexanes, GC
time: 9.3 min). The branched product (7-(2-methylbut-3-en-2-yl)-7-
azabicyclo ACHTUNGTRENNUNG[4.1.0]heptane) was found at Rf=0.5 but was not isolated.
1H NMR (400 MHz, CDCl3): d =5.29 (1H, t), 2.83 (2H, d, J=6.5 Hz),
1.71 (3H, m), 1.58 (3H, s), 1.50–1.80 (8H, m), 1.15 ppm (2H, m).


7-(Cyclohex-2-enyl)-7-azabicyclo ACHTUNGTRENNUNG[4.1.0]heptane (8): In a 100 mL round-
bottomed flask equipped with septum and stirrer bar, K2CO3 (945 mg,
6.8 mmol) was suspended in anhydrous acetone (30 mL). Cyclohexene
imine (350 mL, 3.4 mmol) was added by syringe, followed by 3-bromocy-
clohexene (394 mL, 549 mg, 3.4 mmol). The reaction was left stirring for
22 h, filtered, and the acetone was removed under reduced pressure. The
resulting oil was chromatographed on silica gel (95:5!90:10 hexanes/
EtOAc) to yield 264 mg of a clear, colourless oil 8 in 44% isolated yield
(GC time: 11.2 min). 1H NMR (400 MHz, CDCl3): d=5.75 (1H, m), 5.65
(1H, m), 2.10 (1H, m), 1.95 (1H, m), 1.80 (m), 1.55 (m), 1.35 (2H, m),
1.16 ppm (2H, m); ESI-MS: m/z (%): 178.1 (100) [M+1+], 179.1 (13)
[M+2+].


1,1-Dideuterioallyl alcohol : A 250 mL flame-dried three-necked flask
fitted with magnetic stirrer bar, thermometer, addition funnel and nitro-
gen inlet was charged with LiAlD4 (2.2 g, 47.6 mmol) and anhydrous
ether (100 mL). The mixture was cooled to �10 8C and a solution of


acryloyl chloride (6.68 mL, 74.7 mmol) was added dropwise while the
temperature was controlled at �10 � 2 8C. The mixture was stirred at
�10 8C for 3 h, after which time, water (2.6 mL) was added slowly, fol-
lowed by 15% aqueous NaOH (2.6 mL) and more water (2.6 mL). The
resulting slurry was stirred for 1 h and then filtered. The filtrate was con-
centrated at 60 8C and the resulting crude oil was used in the next step
without further purification. 1H NMR (400 MHz, CDCl3): d =6.01 (1H,
dd), 5.20 ppm (2H, m).


1,1-Dideuterioallyl tosyl ester : A 250 mL Schlenk flask was charged with
1,1-dideuterioallyl alcohol (5 g, 82.2 mmol, crude product from previous
step), tosyl chloride (15.8 g, 83.2 mmol) and anhydrous ether (80 mL).
The mixture was cooled to 0 8C and powdered NaOH (9.15 g, 0.228 mol)
was added in portions under N2. The reaction was then warmed to room
temperature and stirred for 12 h. The precipitate was filtered and the fil-
trate concentrated in vacuo. The resulting oil was subjected to column
chromatography (silica gel, 90:10 hexane/EtOAc) to the yield pure prod-
uct (16.5 g, 95%). 1H NMR (300 MHz, CDCl3): d=7.80 (2H, d), 7.33
(2H, d), 5.81 (1H, dd), 5.28 (1H, d, 3J=17.4 Hz, 2J2=1.6 Hz), 5.16 (1H,
d, 3J=10.2 Hz, 2J2=1.6 Hz), 2.46 ppm (3H, s).


N-1-(1,1-Dideuterioallyl)-2-methyl-3-phenylaziridine (9): A 25 mL flask
was charged with 2-methyl-3-phenylaziridine[11] (220 mg, 1.66 mmol),
K2CO3 (382 mg, 2.76 mmol) and DMF (4 mL). A solution of 1,1-dideuter-
ioallyl tosyl ester (296 mg, 1.38 mmol) in DMF (2 mL) was added to the
reaction mixture and stirred at room temperature for 12 h. When TLC
showed no starting material remained, water (15 mL) was added and the
solution was extracted with EtOAc (2P10 mL). The combined organic
layers were washed with brine (15 mL) then dried over Na2SO4. The
drying agent was filtered off and filtrate was concentrated in vacuo. The
resulting oil was subjected to column chromatography (silica gel, 80:20
hexane/EtOAc) to yield pure 9 (240 mg, 80%). 1H NMR (400 MHz,
CDCl3): d =7.32 (4H, m), 7.22 (1H, m), 5.99 (1H, dd), 5.25 (1H, d, 3J1=
17.2, 2J2=2 Hz), 5.11 (1H, dd, 3J1=10.4,


2J2=2 Hz), 2.53 (1H, d, J=


6.8 Hz), 1.80 (1H, m), 0.94 ppm (d, J=5.6 Hz).


7,7-Dibromobicyclo ACHTUNGTRENNUNG[4.1.0]heptane :[26] Benzyltriethylammonium chloride
(293 mg, 1.29 mmol, 2 mol%) and cyclohexane (6.08 mL, 4.93 g,
60.0 mmol) were mixed in a flask under N2. The suspension was cooled
to 0 8C, then dichloromethane (6 mL), absolute EtOH (0.25 mL), bromo-
form (7.9 mL, 22.8 g, 90.3 mmol) and 50% aqueous NaOH (30 mL) were
added in succession. The solution turned light brown, and was stirred for
16 h as the bath slowly warmed to room temperature. Water was added
and the slurry was extracted with hexanes (3P100 mL), then dried with
anhydrous MgSO4. Solvent was evaporated under reduced pressure, then
the oil was chromatographed on silica gel (hexanes) to yield 15.8 g of a
clear, colourless liquid (Rf=0.9, GC time: 10.5 min) of crude 7,7-
dibromobicycloACHTUNGTRENNUNG[4.1.0]heptane (125 8C=2 gmL�1) contaminated with bro-
moform. This compound was used without further purification. 1H NMR
(400 MHz, CDCl3): d=2.00 (2H, m), 1.83 (2H, m), 1.58 (2H, m), 1.35
(2H, m), 1.18 ppm (2H, m); 13C NMR (125 MHz, CDCl3): d =41.1, 27.3,
20.9, 20.4 ppm.


trans-7-Bromobicyclo ACHTUNGTRENNUNG[4.1.0]heptane :[26] 7,7-Dibromobicyclo ACHTUNGTRENNUNG[4.1.0]heptane
(1.5 mL, 3.0 g, 11.9 mmol) in THF (20 mL) was cooled to �95 8C under
N2, at which point, n-butyllithium (8.2 mL, 1.5m in hexanes, 12.3 mmol)
was added. The solution was stirred for 10 min, quenched with absolute
EtOH (4 mL) and stirred for 1 h while allowed to warm to room temper-
ature. Water (15 mL) was poured into the solution, and the layers were
extracted with hexanes (4P30 mL). The extracts were combined, dried
with MgSO4, then reduced in vacuo. The oil was chromatographed on
silica gel (hexanes, Rf=0.95, GC time: 6.9 min) to yield 1.9 g crude trans-
7-bromobicycloACHTUNGTRENNUNG[4.1.0]heptane, contaminated with hexanes. This com-
pound was used without further purification. 1H NMR (300 MHz,
CDCl3): d=2.60 (1H, t, J=3.5 Hz), 1.80 (2H, m), 1.70 (2H, m), 1.38
(2H, m), 1.10–1.30 ppm (4H, m); 13C NMR (100 MHz, CDCl3): d=26.0,
22.7, 21.5, 21.1 ppm.


7-Allylbicyclo ACHTUNGTRENNUNG[4.1.0]heptane (10):[27] Copper(I) iodide (0.75 g, 3.94 mmol)
was suspended in THF (14 mL) under N2 at �48 8C. To this solution, n-
butyllithium (5.7 mL, 1.4m in hexanes, 7.98 mmol) was added, followed
by trans-7-bromobicycloACHTUNGTRENNUNG[4.1.0]heptane (163 mg, crude). After stirring for
30 min, allyl bromide (1 mL, 1.40 g, 11.6 mmol) was added and the reac-
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tion was stirred for a further 30 min. The reaction was quenched with
MeOH (4 mL), then water. The copper salts were filtered through a pad
of Celite and then the filtrate was extracted with hexanes. Hexane ex-
tracts were dried with MgSO4 and then chromatographed on silica gel
(hexanes, Rf=0.95, GC time: 6.05 min) to yield 167 mg of crude 9, conta-
minated with hexanes. 1H NMR (400 MHz, CDCl3): d =5.88 (1H, m),
5.05 (1H, d, J=17.2 Hz), 4.95 (1H, d, J=10.2 Hz), 1.94 (2H, m), 1.85
(2H, m), 1.62 (2H, m), 1.10–1.40 (4H, m), 0.60 (2H, m), 0.43 ppm (1H,
m).


General protocol for the isomerisation of N-allylaziridines to N-vinylazir-
idines :[11] In a flame-dried 25 mL Schlenk flask equipped with stirrer bar,
[Rh(CO)H ACHTUNGTRENNUNG(PPh3)3] (30 mg, 0.03 mmol, 1.5 mol%) was dissolved in THF
or C6H6 (8 mL). N-Allylaziridine 1 (2.0 mmol) was added via syringe and
the solution was stirred overnight. Progress of the reaction may be moni-
tored by GC analysis. Reactions were worked up by one of two methods:


Method A, large scale : THF was evaporated under reduced pressure to
1 mL of solution, then the residue was distilled under reduced pressure
to produce clear, colourless N-vinylaziridine 2 (1.2 mmol, 60%).


Method B, microscale : The reaction solution was poured into pentanes
(20–40 mL) and filtered on a pad of Celite. The filtrate was reduced in
vacuo and the residue washed with pentanes and filtered again. This can
be repeated once more to isolate a clear, yellow oil of N-vinylaziridine 2,
contaminated with trace amounts of rhodium salts and triphenylphos-
phine oxide.


7-(Prop-1-enyl)-7-azabicyclo ACHTUNGTRENNUNG[4.1.0]heptane (2): Procedure as above, fol-
lowing workup method A. Conversion to product: 97%; isolated yield:
57% (GC time: Z isomer: 6.5 min, 90%; E isomer: 6.8 min, 10%).
1H NMR (300 MHz, CDCl3): d=5.95 (d, 0.1H, J=13.5 Hz), 5.78 (1H, d,
J=7.9 Hz), 5.02 (0.1H, m), 4.78 (1H, m), 1.67 (3H, dd), 1.56 (0.3H, dd),
1.10–2.00 ppm (m).


1-[(E)-Prop-1-enyl]piperidine (4):[8] Procedure as above, following
workup method A. Isolated yield: 31% (GC time: 5.8 min). 1H NMR
(400 MHz, CDCl3): d =5.83 (1H, d, J=13.9 Hz), 4.40 (1H, m), 2.73 (4H,
m), 1.50–1.70 ppm (6H, m).


7-(Prop-1-enyl)bicyclo ACHTUNGTRENNUNG[4.1.0]heptane (11): Procedure as above, following
workup method B. 94% conversion was achieved, as determined by GC
analysis (GC time: Z isomer: 6.8 min; E isomer: 7.0 min). 1H NMR
(400 MHz, CDCl3): d=5.43 (0.6H, dq, J1=15, J2=7 Hz), 5.31 (1H, dq,
J1=11.5, J2=7 Hz), 4.95 (0.6H, m), 4.80 (1H, m), 1.72 (3H, dd), 1.64
(1.8H, dd), 0.85–1.90 ppm (10H, m).


Deuterium crossover study : Procedure as above with 1 equiv of each azir-
idine and [Rh(CO)H ACHTUNGTRENNUNG(PPh3)3] (3 mol%) in THF for 12 h at room temper-
ature. The reaction was not worked up; rather, an aliquot of solution was
run under ESI-MS in which the [M+2+] (137+2=139) peak was detect-
ed, indicating the presence of deuterated product beyond normal isotopic
distributions.


Preparative photochemical synthesis of (E)-N-vinylaziridine 2 : An ali-
quot of 2 (50 mL), as prepared by rhodium(I)-catalysed isomerisation of
1, was added by syringe to dry THF (10 mL) purged with N2 for 10 min.
The sample was irradiated for 6 h through quartz (lmax=254 nm), then
solvent was evaporated in vacuo to leave an oil (0.5 mL). GC analysis in-
dicated isomerisation to an equilibrium mixture of (Z)- and (E)-N-vinyl-
aziridine (Z/E 54:46).


Compounds listed in Table 1 without bold numerical labels were reported
in reference [11], a previous communication from our group.


General protocol for NMR spectroscopic experiments : A dry NMR tube
was loaded with [Rh(CO)H ACHTUNGTRENNUNG(PPh3)3] (20.1 mg, 0.022 mmol, 1 equiv) and
C6D6 (0.75 mL). The aziridine (0.022 mmol) was then dispensed into the
tube by syringe. The tube was sealed with a NMR cap, shaken and then
spectra were taken at ten minute intervals on a 400 MHz spectrometer at
25 8C. Product ratios for kinetics, if applicable, were measured by
1H NMR spectroscopic integration.


Propenyl-1-amine : Procedure as above, except 15 mol% [Rh(CO)H-
ACHTUNGTRENNUNG(PPh3)3] was used. Freshly distilled 1-allylamine (8.1 mL, 0.11 mmol) was
mixed with C6D6 (0.75 mL) in an NMR tube. To this solution,
[Rh(CO)H ACHTUNGTRENNUNG(PPh3)3] (15 mg, 0.016 mmol, 15 mol%) was added. NMR
scans were taken in five minute intervals to monitor progression of the


reaction (t1/2=142.2 min). The ratio of Z/E remained constant at 80:20
but the peaks decreased in intensity, likely due to degradation of the
highly unstable enamine product. The product propenyl-1-amine was not
isolated, and only one vinylic proton from the product was clearly dis-
cernible by NMR spectroscopy. 1H NMR (400 MHz, C6D6): d =4.49
(0.2H, dq, 3Jtrans =13.3 Hz; CH3CH=CHNH2), 4.31 (0.8H, dq, 3Jcis =


8.4 Hz; CH3CH=CHNH2).


Chlorocarbonylbis(triphenylphosphine)rhodium(I):[28] Triphenylphos-
phine (1.1 g, 4.2 mmol) was dissolved in absolute EtOH (43 mL) in a
250 mL three-necked flask equipped with condenser and stirrer bar
under N2. The solution was heated to reflux, then RhCl3·3H2O (284 mg,
1.1 mmol) suspended in hot EtOH (10 mL) was added by syringe. To the
red solution, 40% aqueous formaldehyde (5 mL) was quickly added. The
suspension was refluxed for 5 min, cooled, filtered, and dried in vacuo to
recover 699 mg [Rh(CO)Cl ACHTUNGTRENNUNG(PPh3)2] as pale-yellow crystals in 94% yield.
M.p.: 195–199 8C decomp., lit. 195–197 8C; 1H NMR (300 MHz, CDCl3):
d=7.70 (12H, m), 7.40 ppm (18H, m); 31P NMR (120 MHz, CDCl3): d=


30.0 ppm (d, J=127 Hz).


Deuteriocarbonyltris(triphenylphosphine)rhodium(I):[19,29] In a 250 mL
three-necked flask equipped with condenser and stirrer bar, chlorocarbo-
nylbis(triphenylphosphine)rhodium(I) (599 mg, 0.89 mmol) and PPh3
(0.9 g, 3.4 mmol) were suspended in EtOD (20 mL) and heated to reflux.
NaBD4 (300 mg, 7.2 mmol) in EtOD (20 mL) was added over one
minute. The resulting solution was refluxed for 20 min, cooled, and fil-
tered. The collected product was washed once with EtOH and once with
ether, then dried in vacuo to yield 770 mg [Rh(CO)DACHTUNGTRENNUNG(PPh3)3] in 97%
yield (97 atom D%). 1H NMR (400 MHz, C6D6): d =7.40 (18H, m),
6.90 ppm (27H, m); 31P NMR (120 MHz, C6D6): d=40.5 ppm (d, J=


155 Hz); 2H NMR (60 MHz, C6H6): d =�9.3 ppm (br s).
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Introduction


The natural antibiotic duocarmycine SA[1](1) is a highly
potent cytostatic compound with an IC50 value of about
10 pm against different cancer cell lines and thus one of the
strongest anticancer agents known so far. The mode of
action is a specific alkylation of 3-N of adenine in DNA,
which occurs with opening of the cyclopropane moiety and
establishes an aromatic state of ring B in 1.[2] We have devel-
oped novel prodrugs such as 2 that are based on the natural
antibiotic duocarmycine (1) and tested them for their applic-
ability in antibody-directed enzyme prodrug therapy
(ADEPT; Scheme 1).[3,4] In this approach, the toxic effector
is liberated from a prodrug such as 2 by an enzymatic cleav-


age with a conjugate of an appropriate enzyme and a mono-
clonal antibody that binds to tumour-associated antigens.


Prodrug 2 is one of the best prodrugs developed so far for
ADEPT: it contains a dimethylaminoethoxyindol-2-carbox-
ylic acid (DMAI) side chain[5] for binding to the minor
groove of DNA as well as improving the water solubility by
formation of a salt, and has b-galactose as a protecting
group. This prodrug has a rather low cytotoxicity of IC50=


3600 nm, but a very high cytotoxicity in the presence of the
cleaving enzyme b-galactosidase to give the seco-drug 3,
which then leads to the final drug 6 with an IC50 value of
0.75 nm. It results in a QIC50 value of 4800,[6a] which together
with the high cytotoxicity of 3, makes 2 into a promising
candidate for a selective treatment of cancer. The excellent
results in vitro have been confirmed by experiments in
vivo.[7] The diastereomeric prodrug 4 cannot be used as the
cytotoxicity of the corresponding seco-drug 5 (enantiomer of
3) is too low.


The tricyclic skeleton 9 of the prodrug 2 was obtained by
a radical cyclisation of 8, which was easily accessible by al-
kylation of 7 with 1,3-dichloro-2-butene (Scheme 2). Howev-
er, the cyclisation is rather unselective leading to the two
possible diastereomers as racemic mixtures 9a–d in an
almost 1:1:1:1 ratio.[6b] Although the diastereomers could be
separated by chromatography on silica gel and resolution of
both diastereomers was possible by chromatography on a
chiral support (Chiralpak IA), this synthesis does not meet
the requirements for efficiency and high yields to make the
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compound 2 available in the large quantities necessary for
clinical trials.


Herein we describe a new
synthetic approach towards
(1S,10R)-9a, which gives direct
access to the desired enantio-
and diastereopure compound.


Results and Discussion


The retrosynthesis of the target
molecule 9a leads via the cor-
responding hydroxy compound
(9a : OH instead of Cl) to the
epoxy derivative 10, which is
accessible by N-alkylation of
the naphthalene derivative 7
with the epoxide 12
(Scheme 3). The latter com-
pound can be obtained from
11. The epoxide 12 can exist as
four stereoisomers. However,
we have prepared and trans-
formed only the enantiomeric
epoxides (2R,3R)- and (2S,3S)-
12 as well as (3’R,4’R)-10 and
(3’S,4’S)-10 as the substrate for
the epoxidation 11 is available
mainly as an E isomer. We as-
sumed that the cyclisation re-
action of 10 with opening of
the epoxide would take place
in an anti fashion with inver-
sion of configuration at C3’.
However, we did not know at
that time, whether the Appel
reaction[8] would occur with in-
version, as usual, or with reten-
tion of configuration.


The known building block 7
was synthesised starting from
the corresponding acid through
a Curtius rearrangement and a
Koenigstein iodination.[9] For


the alkylation of 7 to give the desired amides 10, 2,3-epoxy-
butanol derivatives 14 and 16a–e with R,R and S,S configu-
ration were synthesised starting from commercially available


Scheme 1. Duocarmycine SA (1) and the prodrugs 2–5.


Scheme 2. Former synthesis of 9 : a) NaH, DMF, RT, 1 h, then (E/Z)-1,3-dichloro-2-butene, DMF, RT, 2 h,
98%; b) TTMSS, AIBN, toluene, 80 8C, 5 h. Yields: anti : 44%, syn : 42%, 9a/9b/9c/9d�1:1:1:1. AIBN=azoi-
sobutyronitrile, Bn=benzyl, TTMSS= tris(trimethylsilyl)silane.


Scheme 3. Retrosynthetic analysis of 9a.
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crotylalcohol (E/Z mixture 19:1; 11) by using the Sharpless–
Katsuki procedure with l-(+)-diisopropyl tartrate and d-
(�)-diethyl tartrate, respectively. The primarily formed
(2R,3R)- and (2S,3S)-2,3-epoxyalcohols 13 and 15 were ob-
tained with 71% ee and 74% ee, respectively, which corre-
sponds with the literature.[10] A separation of the mixture of
enantiomers to give the enantiopure compounds by chroma-
tography on a chiral support on a multigram scale at this
point proved to be unrealistic. The other two diastereomers
(resulting from small amounts of (Z)-crotylalcohol) were re-
moved by fractioned distillation.


After transformation of the enantioenriched 13 and 15
into the nosylates 14 and 16a, respectively, the two enantio-
mers could be obtained by fractioned crystallisation[11] in
greater than 99% ee for 14 and greater than 95% ee for
compounds 16 (Scheme 4). The following alkylation of 7


was performed by using nosylates 14 and 16a to give 10 in
99% yield. Besides the nosylate 16a, we have also prepared
the chloride 16b, the mesylate 16c, the triflate 16d[12] and
the nonaflate 16e,[13] which could not be purified and more-
over gave much less satisfying results in the alkylation
(Table 1).


To our surprise, all alkylation reactions yielded a mixture
of two compounds in a ratio of 65:35 to 50:50, which could
be separated by chromatography on silica gel.


The primary assumption that regioisomers might have
been formed owing to an intramolecular Payne rearrange-


ment[14] proved to be false as the following metal-induced
cyclisation of the mixture led to more than 65% yield of the
desired product 17. The existence of separable rotamers
about the amide bond is less likely as these isomers are usu-
ally not stable at room temperature. Moreover, the addition-
al existence of rotameric forms in the two separated isomers
can be deduced from the NMR spectra. The two com-
pounds, both with very similar spectroscopic data, do not
convert into each other even at elevated temperatures of up
to 100 8C. We assume that they are diastereomers owing to
the existence of a hindered rotation about the aryl�N single
bond.


To support this assumption, we have prepared compound
10 without the iodine atom at the aryl moiety. This com-
pound, as expected, does not show any atropisomerism. The
atropisomerism of 10 and related compounds will be studied
in more detail in the future.[15]


For the metal-mediated cyclisation of 10 to give 17, we
had to explore several different conditions to give reasona-
ble results. Thus, many examples for metal-catalysed cyclisa-
tion reactions with terminal epoxides and alkyl-/arylhalides
through a metal-exchange reaction can be found in the liter-
ature; however, only a few cases for the reaction of non-ter-
minal epoxides have been reported so far.[16,17a] Common re-
agents for the necessary halogen–metal exchange are
RMgX,[17] BuLi,[18] CuI·PR3,


[19] CuBr·Me2S,
[18a] ZnX·nMe-


Li[20] and CuCN·nLiX.[17a,15] In the case of epoxide 10, there
are two possible reaction sites for the attack of the organo-
metallic centre leading to the 5-exo-trig and/or to the 6-
endo-trig products. However, in all the cyclisation reactions,
only the exo product was obtained. To achieve a stereoselec-
tive reaction, we concentrated on the corresponding lithium-
containing cuprates as it was known that lithium, as in the
Parham cyclisation, tends to coordinate to the oxygen of the
epoxide part to allow the formation of a sterically fixed
transition state.[21] Thus, for the epoxide opening of
(3’R,4’R)-10, we propose a lithium-coordinated transition
state TS-10/17 in which the attack of the metallated carbon
atoms C1 to C10 occurs in an anti fashion to give (1S,10R)-
17 with the S configuration at the newly formed stereogenic
centre (then C1; Scheme 5). As the second carbon (C11) of
the epoxide moiety does not take part in the reaction, its
original configuration should remain. It should be men-
tioned that the exact transition state using “cyano-Gilman
cuprates”, especially the location of the cyanide, has long
been a subject of controversial discussions.[22] The case of
the zincate with SCN ligand transition states have not been


Scheme 4. Synthesis of derivatives of 2,3-epoxybutanol. a) NsCl, Et3N, toluene, RT, 30 min; 60% yield for 14 and 58% yield for 16a ; b) CCl4, PPh3,
NaHCO3, reflux, 2 h, 92%; c) MsCl, Et3N, toluene, 0 8C, 1.5 h, 98%; d) nBuLi, �78 8C, 30 min, Tf2O, �78 8C for 1 h followed by RT for 1 h; e) NfF, Et3N,
DMF, RT, 15 h. Ms=mesylate, Ns= nosylate, Nf=nonafluorobutanesulfonate, Tf= triflate.


Table 1. N-Alkylation of amide 7 with the epoxides 14 and 16a–e.


Epoxide Equiv Additives[a] T/t Yield of
[8C]/[h] 10 [%]


ACHTUNGTRENNUNG(2R,3R)-14 (ONs) 1.5 – 25/1.5 99
ACHTUNGTRENNUNG(2S,3S)-16a (ONs) 1.5 – 25/1.5 99
16b (OMs) 1.5 [18]crown-6 ether (1.5),


TBAI (0.1)
25/240 64


16c (Cl) 1.3 [18]crown-6 ether (1.5) 70/2 69
16d (OTf) 1.0 – 0/0.5 14
16e (ONf) 1.5 – 25/96 0


[a] TBAI= tetrabutylammonium iodide.
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investigated so far, but a possible ligation of SCN cannot be
omitted owing to the tendency of zinc derivatives to form
complexes with a tetrahedral configuration.[18b,23] In any
case, a transition state of type TS-10/17 as well as a noncoor-
dinated anti attack should lead to (1S,10R)-17 starting from
(3’R,4’R)-10 ; this is indeed the case.


The best results for the cyclisation reaction (Table 2) were
achieved by using the copper organyl Li2Cu(CN)Me2 and


the zinc organyl Li2Zn ACHTUNGTRENNUNG(SCN)Me3, which led to the product
(1S,10R)-17 in 78% and 72% yield, respectively (Table 2,
entries 1 and 5); in contrast, employing Li3Cu(CN)Me,
Li2ZnMe4 and LiZnMe3 afforded (1S,10R)-17 in only 34%,
13% and 24% yield, respectively (Table 2, entries 2, 4 and
6). The use of the Grignard reagent iPrMgCl·LiCl gave 38%
of (1S,10R)-17, whereas employing nBuLi nearly exclusively
afforded the dehalogenated product with only 7% of the de-
sired product (Table 2, entries 7 and 8). This last reaction
clearly shows that the use of intermetal reagents is superior
for transformations with nonterminal epoxides when com-
pared with literature-known reactions with terminal epox-
ides in which the use of nBuLi gives good yields.[13] As ex-
pected, the transformation of the other enantiomer (3’S,4’S)-
10 with Li2Cu(CN)Me2 led to the alcohol (1R,10S)-17 in
65% yield (Table 2, entry 3).


In all cases, the reactions proceed with little loss of stereo
integrity with a selectivity[24] of 97:3 to 98:2 starting with a
compound of 99% ee (Table 2, entries 2, 5 and 7). Thus, the
formation of a carbocation as an intermediate by ring open-


ing of the epoxide prior to the
ring closure can be widely ex-
cluded.


The obtained products could
be further purified by recrys-
tallisation to give, for example,
the desired enantiomer with
greater than 99% ee. The
structure of (1S,10R)-17 was
confirmed by X-ray analysis
(Figure 1).[25]


The final step towards the desired compound (1S,10R)-9
was the replacement of the hydroxy group in (1S,10R)-17 by
a chloride group by using an Appel reaction. Usually, the
Appel reaction proceeds with inversion of configuration.
However, in the transformation of (1S,10R)-17, we observed
a retention of configuration. The best results were obtained
by using a mixture of CH3CN/CCl4 (3:1) as the solvent and
2.2 equivalents of triphenylphosphine to give the desired
(1S,10R)-9 in 87% yield and 99.8% ee. We assume that this
stereochemical outcome is caused by a double inversion
under neighbouring-group participation of the N-tert-buty-
loxycarbonyl (Boc) protecting group (Scheme 6). From car-
bohydrate chemistry, many examples of neighbouring-group
participation are known with unhindered acyl derivatives.[26]


However, the involvement of a sterically highly demanding
Boc group is astounding. As part of the mechanism for the
Appel reaction of (1S,10R)-17, we can assume that primarily
the phosphane 19 is formed by nucleophilic attack of the
phosphonium salt 18. This is followed by an attack of the
carbonyl oxygen of the Boc protecting group with inversion
of the configuration and displacement of triphenylphosphine
oxide to give 20. The subsequent nucleophilic attack at C10
with chloride takes place with a second inversion of the con-
figuration in a SN2 fashion to give the desired compound
(1S,10R)-9.


Scheme 5. Transition state with lithium coordination.


Table 2. Cyclisation reactions of (3’R,4’R)-10 (99% ee) to give (1S,10R)-
17.


Entry Metal organyl Yield [%] Selectivity[a]


1 Li2Cu(CN)Me2 78 98:2
2 Li3Cu(CN)Me3 34 –
3 Li2Cu(CN)Me2


[b] 65 94:6
4 Li2ZnMe4 13 –
5 Li2ZnACHTUNGTRENNUNG(SCN)Me3 72 98:2
6 LiZnMe3 24 –
7 iPrMgCl·LiCl 38 97:3
8 nBuLi 7 –


[a] Determined by HPLC on Chiracel IA, see also Ref. [24]. [b] the reac-
tion was performed starting with (3’S,4’S)-10 with greater than 95% ee.


Figure 1. X-ray crystal structure of the alcohol (1S,10R)-17.
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We also performed the reaction in pure CCl4; under these
conditions a 1:1 mixture of syn- and anti-9 was obtained.
This validates the above described mechanism as the reac-
tion proceeds via the polar intermediate 20 and should have
a lower energy of activation in a polar solvent. In all cases,
an undesired b elimination took place to some extent as a
consequence of the instability of the intermediate carboxo-
nium ion 20. An increase in b elimination took place in the
order of decreasing polarity of the solvent used in the trans-
formation (CH3CN-CCl4<CCl4-CH2Cl2<CCl4).


Conclusion


We developed a method of enantioselective access to
(1S,10R)-9, which is the key intermediate in the synthesis of
the highly potent prodrug 2 used in ADEPT. After alkyla-
tion of amide 7 with the enantiopure epoxy-nosylate 14 to
give 10, a copper organyl mediated cyclisation was found to
best lead to 17. Astoundingly, 10 was obtained as a mixture
of atropisomers owing to a hindered rotation about the
aryl�N single bond. In the last step, the Appel reaction for
the transformation of the hydroxy group into the desired
chloride (1S,10R)-9 proceeded with retention of configura-
tion owing to neighbouring-group participation of the Boc
protecting group. This is a rare example for an Appel reac-
tion with induced double inversion with very high selectivity.
In conclusion, the sequence allows the synthesis of the enan-
tiopure anti-methyl-seco-CBI (cyclopropabenzindole) unit
(1S,10R)-9 on a gram scale with an overall yield of 67% in
three steps from the known amide 7.


Experimental Section


General : All reactions were performed in flame-dried glassware under
an atmosphere of argon. Solvents were dried and purified according to
the method defined by Perrin and Armarego. Commercial reagents were
used without further purification. Crotylalcohol (E/Z 19:1) was pur-
chased at Fluka. TLC was carried out on precoated Alugram SIL G/
UV254 (0.25 mm) plates from Macherey-Nagel & Co. Column chroma-
tography was carried out on silica gel 60 from Merck with a particle size
of 0.063–0.200 mm for normal pressure and 0.020–0.063 mm for flash
chromatography (pentane was used as the solvent). Melting points were
recorded on a Mettler FP61 and are uncorrected. IR spectra were deter-


mined on a Bruker Vektor 22, UV/Vis spectra were recorded on a
Perkin-Elmer Lambda 2 and mass spectra were recorded on a Varian
MAT 311 A, Varian MAT 731 for EI-HRMS and a Bioapex fourier
transformation ion cyclotron resonance mass spectrometer for ESI-
HRMS.
1H NMR spectra were recorded either on a Varian VXR-200 MHz or
Varian UNITY-300 MHz. 13C NMR spectra were recorded at 50 or
75 MHz. Spectra were recorded at room temperature (except when oth-
erwise stated) and in deuterated solvents as indicated with the solvent
peak as the internal standard.


Selected experimental data, including representatives of each of the syn-
thetic methods, are given below. Full experimental data for all other reac-
tions are given in the Supporting Information.


Synthesis of (2R,3R)- and (2S,3S)-2,3-epoxy-1-nitrobenzenesulfonyloxy-
butane (14) and (16a):[11] Nosylchloride (3.54 g, 16.0 mmol, 1.05 equiv)
was added portionwise to a stirred solution of (2R,3R)-13[10] (71% ee) or
(2S,3S)-15 (74% ee ; 1.34 g, 15.2 mmol, 1.0 equiv) and triethylamine
(2.54 mL, 1.84 g, 18.2 mmol, 1.2 equiv) in toluene (30 mL) at 0 8C. Stirring
was continued for 30 min at 25 8C and then the orange-coloured solution
was filtered over Celite and washed with toluene (50 mL). The solvent
was evaporated and the crude material was placed on a short silica gel
column and eluted with diethyl ether (250 mL). After removal of 50% of
the solvent, the white precipitated solid (racemate) was filtered off and
the mother liquor evaporated to dryness. Repeated crystallisation (ap-
proximately two times) from diethyl ether (100 mL) afforded the nosy-
lates 14a (1.66 g, 40%) and 16a (1.50 g, 36%), respectively, as yellow
crystals with stable optimal rotation values; mp 65–65.5 8C; [a]25D (CHCl3,
c=0.8, 99.8% ee)=++39.68 ; 1H NMR (300 MHz, CDCl3): d=1.32 (d, J=


5.3 Hz, 3H; 4-H3), 2.87–2.99 (m, 2H; 2-H, 3-H), 4.04 (dd, J=11.5, 6.4 Hz,
1H; 1-Ha), 4.42 (dd, J=11.5, 3.1 Hz, 1H; 1-Hb), 8.10–8.17 (m, 2H; 2T
Ph-H), 8.39–8.45 ppm (m, 2H; 2TPh-H); 13C NMR (75 MHz, CDCl3):
d=16.88 (C4), 52.60, 55.34 (C2, C3), 71.38 (C1), 124.5, 129.3 (Ph-Co, Ph-
Cm), 141.5, 150.8 ppm (Ph-Ci, Ph-Cp); IR (KBr) ñ : 3112, 1524, 1365, 1196,
1097 cm�1; UV lmax (log e): 251 nm (0.55); MS (DCI): m/z (%): 291
(100%) [M+NH4]


+ ; HRMS (ESI): m/z : calcd for C11H15N2O6S
[M+NH4]


+ : 291.06459; found: 291.06453;


Synthesis of (2S,3S)-2,3-epoxy-1-methanesulfonyloxybutane (16b): A so-
lution of mesylchloride (650 mg, 5.70 mmol, 1.0 equiv) in toluene (2 mL)
was added dropwise to a stirred solution of (2S,3S)-15[10] (74% ee ;
500 mg, 5.67 mmol, 1.0 equiv) and triethylamine (0.92 mL, 0.67 g,
6.67 mmol, 1.2 equiv) in toluene (10 mL) at 0 8C within 10 min. After stir-
ring at 0 8C for 1 h, the solution was filtered over Celite and the solvent
removed under slightly reduced pressure to yield the analytically pure
product 16b (920 mg, 98%) as a colourless liquid. 1H NMR (300 MHz,
CDCl3): d=1.33 (d, J=5.0 Hz, 3H; 4-H3), 2.91–3.04 (m, 2H; 2-H, 3-H),
3.05 (s, 3H; S-CH3), 4.08 (dd, J=12.0, 6.1 Hz, 1H; 1-Ha), 4.45 ppm (dd,
J=12.0, 2.8 Hz, 1H; 1-Hb);


13C NMR (50 MHz, CDCl3): d=17.00 (C4),
37.81 (S-CH3), 52.56, 55.70 (C2, C3), 69.79 ppm (C1); MS (DCI): m/z
(%): 184 (100%) [M+NH4]


+ ; HRMS (ESI): m/z : calcd for C5H14NO4S
[M+NH4]


+ : 184.06375; found: 184.06381;


Synthesis of (2S,3S)-1-chloro-2,3-epoxybutane (16c): A mixture of CCl4
(7 mL), PPh3 (1.78 g, 6.80 mmol, 1.2 equiv), NaHCO3 (100 mg,


Scheme 6. Proposed neighbouring-group effect in the Appel reaction of (1S,10R)-17 to give (1S,10R)-9.
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1.19 mmol, 0.2 equiv) and (2S,3S)-15[10] (74% ee) (500 mg, 5.67 mmol,
1.0 equiv) was refluxed for 2 h. Filtration over a short silica gel column,
washing with diethyl ether (50 mL) and removal of the solvent under
slightly reduced pressure afforded the target compound 16c (560 mg,
92%) as a colourless liquid. [a]20D (C6H6, c=1.0, 74% ee)=�36.58 ;
1H NMR (300 MHz, CDCl3): d=1.36 (d, J=5.1 Hz, 3H; 4-H3), 2.93–3.01
(m, 2H; 2-H, 3-H), 3.53–3.58 ppm (m, 2H, 1-Ha,b),


13C NMR (50 MHz,
CDCl3): d =17.1 (C4), 44.6 (C1), 55.0, 58.0 ppm (C2, C3); IR (film) ñ :
3444, 2971, 1439, 1380, 1265 cm�1.


Synthesis of (3’R,4’R)- and (3’S,4’S)-2-amino-4-benzyloxy-N-(3,4-epoxy-
butyl)-1-iodo-N-(tert-butoxycarbonyl)-naphthalene (3’R,4’R)-10) and
(3’S,4’S)-10): Coupling with the nosylates 14/16a. A NaH (168 mg 60%
suspension, 4.28 mmol, 4.0 equiv) was added to a stirred solution of the
carbamate 7 (500 mg, 1.05 mmol, 1.0 equiv) in DMF (5 mL) at 25 8C and
stirring was continued for 30 min. After addition of the nosylate 14 or
16a (431 mg, 1.58 mmol, 1.5 equiv), the solution was stirred at 25 8C for
1.5 h. The reaction was quenched by the addition of a saturated NaHCO3


solution (100 mL) and the mixture was then extracted with CH2Cl2 (3T
50 mL). The combined organic extracts were washed with brine (50 mL)
and dried over Na2SO4. Column chromatography on silica (pentane/ethyl
acetate 10:1) yielded the title compound as a yellow solid (562 mg of
(3’R,4’R)-10 and (3’S,4’S)-10, respectively (99%)). 1H NMR (300 MHz,
C2D2Cl4, 100 8C, both atropisomers, differing signals assigned with *): d=


1.20, 1.22 (2Td, 3H, J=5.1 Hz; 12-H, 5’-H*), 1.33–1.44 (m, 9H; C-
ACHTUNGTRENNUNG(CH3)3), 2.65 (dq, J=5.1, 2.2 Hz, 0.5H; 4’-H*), 2.78 (dq, J=5.1, 2.2 Hz,
0.5H; 4’-H), 2.81 (dt, J=5.3, 2.2 Hz, 0.5H; 3’-H), 3.16 (dddc, J=6.5, 4.8,
2.2 Hz, 0.5H; 3’-H*), 3.30 (dd, J=14.6, 6.4 Hz, 0.5H; 2’-Ha


*), 3.41 (dd, J=


14.6, 5.3 Hz, 0.5H; 2’-Ha), 3.90 (dd, J=14.6, 4.7 Hz, 0.5H; 2’-Hb
*), 4.11


(dd, J=14.6, 5.0 Hz, 0.5H; 2’-Hb), 5.26, 5.24 (2Ts, 2H; OCH2Ph), 6.83,
6.90 (2Ts, 1H; 3-H), 7.27–7.60 (m, 7H; 6-H, 7-H, 5TPh-H), 8.18,
8.18 ppm (2Tmc, 2H; 5-H, 8-H); 13C NMR (300 MHz, C2D2Cl4, 90 8C,
both atropisomers, differing signals are assigned with *): d =16.96 (C5’),
28.1, 28.2 (C ACHTUNGTRENNUNG(CH3)3), 50.91 (C2’*), 52.42 (C2’), 53.56 (C4’*), 53.73 (C4’),
56.46 (C3’*), 56.84 (C3’), 70.59*, 70.61 ACHTUNGTRENNUNG(OCH2Ph), 80.46 (C ACHTUNGTRENNUNG(CH3)3), 94.66
(C1), 107.8, 108.0* (C3), 122.4 (C5), 125.5 (C4a), 126.0, 126.1*, 127.1,
127.2* (C6, C7), 127.9, 128.2, 128.3, 128.4, 128.5 (5TPh-CH), 132.5 (C8),
135.2*, 135.3 (C8a), 136.3*, 136.4 (Ph-Ci), 143.1, 143.7


* (C2), 153.4, 153.69*


(C=O), 155.5 ppm (C-4); IR (KBr): ñ=2986, 1691, 1592, 1379, 1334,
1150, 762 cm�1; UV/Vis (MeCN): lmax (log e)=216 (1.14), 244 (0.65),
305 nm (0.21); HRMS (ESI): m/z : calcd for C26H29INO4 [M+H]+ :
546.11334; found: 546.11358; m/z : calcd for C26H28INO4Na [M+Na]+ :
568.09530; found: 568.09552.


Synthesis of (1S,10R)-5-benzyloxy-3-(tert-butoxycarbonyl-1-(10-hydroxy-
ACHTUNGTRENNUNGethyl)-1,2-dihydro-3H-benz[e]indole ((1S,10R)-17)): Cyclisation reaction
using Li2Cu(CN)Me2. MeLi (1.8 mL of a 1.6m solution in Et2O,
2.92 mmol, 3.0 equiv) was added dropwise to a stirred suspension of
CuCN (131 mg, 1.46 mmol, 1.5 equiv) in THF (5 mL) at �78 8C and stir-
ring was continued for 30 min at �40 8C. After cooling again to �78 8C, a
solution of (3’R,4’R)-10 (530 mg, 0.972 mmol, 1.0 equiv) in THF (5 mL)
was added dropwise and stirring was continued for 1 h at �78 8C. The
mixture was then allowed to warm to 25 8C (30 min) and stirring was con-
tinued for and additional 45 min. Afterwards, the solvent was removed
under high vacuum. The residue was dissolved in ice water (200 mL), the
mixture extracted with CH2Cl2 (3T100 mL), the combined organic ex-
tracts washed with brine (100 mL), dried over Na2SO4 and the solvent fi-
nally evaporated. Purification by column chromatography on silica gel
(pentane/ethyl acetate 5:1) yielded (1S,10R)-17 as a colourless foam
(317 mg, 78%); 1H NMR (600 MHz, CDCl3): d=1.30 (d, J=6.5 Hz, 3H;
11-H3), 1.60 (s, 9H; C ACHTUNGTRENNUNG(CH3)3), 3.72 (mc, 1H; 1-H), 4.03 (mc, 1H; 2-Ha),
4.27 (mc, 1H; 2-Hb), 4.43 (mc, 1H; 10-H), 5.29 (s, 2H; OCH2Ph), 7.30–
7.60 (m, 7H; 7-H, 8-H, 5TPh-H), 7.71 (d, J=8.3 Hz; 9-H), 7.93 (br s,
1H; 4-H), 8.31 ppm (d, J=8.6 Hz, 1H; 6-H); 13C NMR (125 MHz,
CDCl3): d=20.22 (11-CH3), 28.51 (C ACHTUNGTRENNUNG(CH3)3), 45.57 (C1), 49.13 (C2),
68.33 (C10), 70.38 (OCH2Ph), 80.80 (C ACHTUNGTRENNUNG(CH3)3), 96.31 (C4), 114.6 (C9b),
122.4 (C5a), 122.5, 122.9, 123.5 (C6, C7, C9), 127.2 (C8), 127.6, 127.9,
128.5 (5TPh-CH), 130.5 (C9a), 136.9 (Ph-Ci), 142.3 (C3a), 152.5 (C=O),
155.7 (C5); IR (KBr): ñ=3442, 2925, 2854, 1698, 1626, 1583, 1458 cm�1;
UV/Vis (MeCN): lmax (log e)=208 (0.48), 256 (0.75), 304 (0.14), 315 nm


(0.15); MS (ESI): m/z (%): 442 (100) [M+Na]+ ; HRMS (ESI): m/z :
calcd for C26H29NO4Na [M+Na]+ : 442.19861; found: 442.19888.


Chromatographic resolution of rac-(1S,10R)-17: A solution of rac-
(1S,10R)-17 (500 mg, 1.19 mmol) in a 3:2 mixture of n-heptane and
CH2Cl2 (10 mL) was separated (injection volume: 0.2 mL) by semiprepar-
ative HPLC (Chiralpak IA, 250T20 mm, particle size: 5 mm, n-heptane/
CH2Cl2 78:22, flow: 18 mLmin�1; UV-detector: l =250 nm, Jasco-
module) to provide (�)-(1R,10S)-17 (tR=13.7 min) and (+)-(1S,10R)-17
(tR=17.9 min). The optical purity was determined by analytical HPLC
(Chiralpak IA, 250T4.6 mm, particle size: 10 mm, n-hexane/iPrOH 7:3,
flow: 0.8 mLmin�1; UV detector: l =250 nm, Kontron-module): (�)-
(1R,10S)-17: 91.4% ee (tR=5.2 min); [a]20D =�20.58(CHCl3, c=0.8); (+)-
(1S,10R)-17: 98.9% ee (tR=5.9 min); [a]20D =++22.58(CHCl3, c=0.5).


ACHTUNGTRENNUNG(1S,10R)-5-benzyloxy-3-(tert-butoxycarbonyl-1-(10-chloroethyl)-1,2-dihy-
dro-3H-benz[e]indole ((1S,10R)-9)):[6b] PPh3 (1.38 g, 5.24 mmol,
2.2 equiv) was added to a stirred solution of (1S,10R)-17 (1.00 g,
2.38 mmol, 1.0 equiv) in CCl4 (10 mL) and CH3CN (30 mL) at �18 8C.
After 30 min, the mixture was allowed to warm to 0 8C and stirring was
continued for another 3 h. The reaction was quenched by the addition of
silica gel (5 g) and evaporation of the solvent. Column chromatography
on silica gel (pentane/ethyl acetate 10:1) yielded a colourless solid
(905 mg, 87%). The optical purity was determined as described in the lit-
erature;[6b] [a]20D =++28.08 (CHCl3, c=0.8, 99.8% ee);[6b] [a]20D =++28.08
(CHCl3, c 0.8, 99.9% ee); 1H NMR (300 MHz, CDCl3): d=1.48–1.56 (m,
12H; C ACHTUNGTRENNUNG(CH3)3, 11-H3), 3.78 (mc, 1H; 1-H), 4.00 (mc, 1H; 2-Ha), 4.26 (mc,
1H; 2-Hb), 4.53 (mc, 1H; 10-H), 5.19 (s, 2H; OCH2Ph), 7.09–7.63 (m,
8H; 7-H, 8-H, 9-H, 5TPh-H), 7.78 (br s, 1H; 4-H), 8.23 ppm (d, J=


8.2 Hz, 1H; 6-H); 13C NMR (150 MHz, CDCl3): d=23.74 (C11), 28.50
(C ACHTUNGTRENNUNG(CH3)3), 46.09 (C1), 50.88 (C2), 60.20 (C10), 70.22 (OCH2), 80.79 (C-
ACHTUNGTRENNUNG(CH3)3), 96.24 (C4), 115.0 (C9b), 122.0 (C5a), 122.4, 122.8, 123.6 (C6, C7,
C9), 127.6, 127.9, 128.5 (5TPh-CH), 127.2 (C8), 130.4 (C9a), 136.9 (Ph-
Ci), 142.1 (C3a), 152.4 (C=O), 155.8 ppm (C5); m/z found [ESI]: 460
(100%, [M+Na]+). C26H28NO3Na requires 460.166.


Acknowledgements


This research was supported by the Deutsche Forschungsgemeinschaft
and the Fonds der chemischen Industrie. H.J.S. would like to thank the
Friedrich-Ebert-Stiftung for a PhD scholarship.


[1] a) L. J. Hanka, A. Dietz, S. A. Gerpheide, S. L. Kuentzel, D. G.
Martin, J. Antibiot. 1978, 31, 1211; b) D. G. Martin, C. Biles, S. A.
Gerpheide, L. J. Hanka, W. C. Krueger, J. P. McGovren, S. A.
Mizsak, G. L. Neil, J. C. Stewart, J. Visser, J. Antibiot. 1981, 34,
1119; c) M. Ichimura, T. Ogawa, K. Takahashi, E. Kobayashi, I. Ka-
wamoto, T. Yasuzawa, I. Takahashi, H. Nakano, J. Antibiot. 1990,
43, 1037; d) B. K. Bhuyan, K. A. Newell, S. L. Crampton, D. D.
von Hoff, Cancer Res. 1982, 42, 3532; e) D. G. Martin, C. G. Chidest-
er, D. J. Duchamp, S. A. Mizsak, J. Antibiot. 1980, 33, 902.


[2] a) D. L. Boger, D. L. Hertzog, B. Bollinger, D. S. Johnson, H. Cai, J.
Goldberg, P. Turnbull, J. Am. Chem. Soc. 1997, 119, 4977; b) D. L.
Boger, B. Bollinger, D. L. Hertzog, D. S. Johnson, H. Cai, P. MVsini,
R. M. Garbaccio, Q. Jin, P. A. Kitos, J. Am. Chem. Soc. 1997, 119,
4987.


[3] Reviews: a) W. A. Denny, Cancer Invest. 2004, 22, 604; b) L. F.
Tietze, T. Feuerstein, Curr. Pharm. Des. 2003, 9, 2155; c) L. F.
Tietze, T. Feuerstein, Aust. J. Chem. 2003, 56, 841; d) W. A. Denny,
Eur. J. Med. Chem. 2001, 36, 577; e) M. Jung, Mini-Rev. Med. Chem.
2001, 1, 399; f) G. Xu, H. L. McLeod, Clin. Cancer Res. 2001, 7,
3314; g) K. N. Syrigos, A. A. Epenetos, Anticancer Res. 1999, 19,
605; h) G. M. Dubowchik, M. A. Walker, Pharmacol. Ther. 1999, 83,
67; i) C. J. Springer, I. Niculescu-Duvaz, Adv. Drug Delivery Rev.
1997, 26, 151; j) L. N. Jungheim, T. A. Shepherd, Chem. Rev. 1994,
94, 1553; first publication of the ADEPT concept: k) K. D. Bag-
shawe, Br. J. Cancer 1987, 56, 531.


www.chemeurj.org I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 895 – 901900


L. F. Tietze et al.



http://dx.doi.org/10.1021/ja9637208

http://dx.doi.org/10.1021/ja9637210

http://dx.doi.org/10.1021/ja9637210

http://dx.doi.org/10.1081/CNV-200027148

http://dx.doi.org/10.2174/1381612033454072

http://dx.doi.org/10.1071/CH03036

http://dx.doi.org/10.1016/S0223-5234(01)01253-3

http://dx.doi.org/10.2174/1389557013406747

http://dx.doi.org/10.2174/1389557013406747

http://dx.doi.org/10.1016/S0163-7258(99)00018-2

http://dx.doi.org/10.1016/S0163-7258(99)00018-2

http://dx.doi.org/10.1021/cr00030a004

http://dx.doi.org/10.1021/cr00030a004

www.chemeurj.org





[4] a) L. F. Tietze, T. Herzig, A. Fecher, F. Haunert, I. Schuberth, Chem-
BioChem 2001, 2, 758; b) L. F. Tietze, T. Feuerstein, A. Fecher, F.
Haunert, O. Panknin, U. Borchers, I. Schuberth, F. Alves, Angew.
Chem. 2002, 114, 785; Angew. Chem. Int. Ed. 2002, 41, 759; c) L. F.
Tietze, B. Krewer, H. Frauendorf, F. Major, Angew. Chem. 2006,
118, 6720; Angew. Chem. Int. Ed. 2006, 45, 6570; d) L. F. Tietze, F.
Major, Eur. J. Org. Chem. 2006, 2314.


[5] J. B. J. Milbank, M. Tercel, G. Atwell, W. R. Wilson, A. Hogg, W. A.
Denny, J. Med. Chem. 1999, 42, 649.


[6] a) L. F. Tietze, F. Major, I. Schuberth, Angew. Chem. 2006, 118,
6724; Angew. Chem. Int. Ed. 2006, 45, 6574; b) L. F. Tietze, F.
Major, I. Schuberth, D. A. Spiegl, B. Krewer, K. Maksimenka, G.
Bringmann, J. Magull, Chem. Eur. J. 2007, 13, 4396.


[7] F. Alves, M. Zientkowska, F. Major, B. Krewer, H. J. Schuster, I.
Schuberth, L. F. Tietze, unpublished work.


[8] R. Appel, Angew. Chem. 1975, 87, 863.
[9] D. L. Boger, J. A. McKie, J. Org. Chem. 1995, 60, 1271.


[10] ACHTUNGTRENNUNG(2S,3S)-13 and -15 : a) J. D. White, P. Theramongkol, C. Kuroda, J. R.
Engebrecht, J. Org. Chem. 1988, 53, 5909; b) H.-C. Guo, X.-Y. Shi,
X. Wang, S.-Z. Liu, M. Wang, J. Org. Chem. 2004, 69, 2042;
(2R,3R)-13 and -15 : B. E. Rossiter, T. Katsuki, K. B. Sharpless, J.
Am. Chem. Soc. 1981, 103, 464; (2S,3S)- and (2R,3R)-13 and -15 : D.
Pons, M. Savignac, J.-P. Genet, Tetrahedron Lett. 1990, 31, 5023.


[11] a) S. T. Pickard, H. E. Smith, P. L. Polavarapu, T. M. Black, A.
Rauk, D. Yang, J. Am. Chem. Soc. 1981, 103, 464; b) S. T. Pickard,
H. E. Smith, P. L. Polavarapu, T. M. Black, A. Rauk, D. Yang, J.
Am. Chem. Soc. 1992, 114, 6850; c) R. M. Hanson, Chem. Rev. 1991,
91, 437.


[12] S. Muto, K. Mori, Biosci. Biotechnol. Biochem. 2003, 67, 1559.
[13] P. N. M. Botmann, J. Fraanje, K. Boubutz, R. Peschar, J. M. Verho-


even, J. H. van Maarseven, H. Hiemstra, Adv. Synth. Catal. 2004,
346, 743.


[14] a) G. B. Payne, J. Org. Chem. 1962, 27, 3819; b) P. C. Bulman Page,
C. M. Rayner, I. O. Sutherland, J. Chem. Soc. Perkin Trans. 1 1990,
1375.


[15] The determination of the rotational energy barrier of 10 and deriva-
tives is currently in progress.


[16] a) K. Shankaran and V. Snieckus, J. Org. Chem. 1984, 49, 5022;
b) K. L. Dhawan, B. D. Gowland, T. Durst, J. Org. Chem. 1980, 45,
924; c) T.-C. Wu, R. D. Rieke, Tetrahedron Lett. 1988, 29, 6753.


[17] a) D. Corbel, J. M. Descesare, T. Durst, Can. J. Chem. 1978, 56, 505;
b) D. Corbel, T. Durst, J. Org. Chem. 1976, 41, 3648.


[18] a) M. P. Cooke, I. N. Houpis, Tetrahedron Lett. 1985, 26, 3643;
b) J. H. Babler, W. E. Bauta, Tetrahedron Lett. 1984, 25, 4323.


[19] a) R. D. Rieke, D. E. Stack, B. T. Dawson, T.-C. Wu, J. Org. Chem.
1993, 58, 2483; b) M. S. Tichenor, J. D. Trzupek, D. B. Kastrinsky, F.
Shiga, I. Hwang, D. L. Boger, J. Am. Chem. Soc. 2006, 128, 15683.


[20] a) Y. Kondo, T. Matsudaira, J. Sato, N. Murata, T. Sakamoto,
Angew. Chem. 1996, 108, 818; Angew. Chem. Int. Ed. Engl. 1996, 35,
736; b) M. Uchiyama, M. Kameda, O. Mishima, N. Yokoyama, M.
Koike, Y. Kondo, T. Sakamoto, J. Am. Chem. Soc. 1998, 120, 4934.


[21] a) I. R. Hardcastle, P. Quayle and E. L. M. Ward, Tetrahedron Lett. ,
1994, 35, 1747; b) S. Mori, E. Nakamura, K. Morokuma, J. Am.
Chem. Soc. 2000, 122, 7294.


[22] a) N. Krause, Angew. Chem. 1999, 111, 83; Angew. Chem. Int. Ed.
1999, 38, 79; b) J. P. Snyder, D. P. Spangler, J. R. Behling, B. E. Ros-
siter, J. Org. Chem. 1994, 59, 2665; c) S. H. Bertz, G. Miao, M. Eriks-
son, Chem. Commun. 1996, 815; d) T. L. Stemmler, T. M. Barnhart,
J. E. Penner-Hahn, C. E. Tucker, P. Knochel, M. Behme, G. Frenk-
ing, J. Am. Chem. Soc. 1995, 117, 12489; e) E. Nakamura, S. Mori,
Angew. Chem. 2000, 112, 3902; Angew. Chem. Int. Ed. 2000, 39,
3750.


[23] E. Weiss, Angew. Chem. 1993, 105, 1565; Angew. Chem. Int. Ed.
Engl. 1993, 32, 1501.


[24] In contrast with the chloride anti-9, the separation was realised on a
Chirapak IA on a Kontron 322 system, a DAD 440 Kontron detec-
tor and with KromaSystem2000 as software. Despite an extensive
search, no conditions for a baseline separation were found.


[25] CCDC-652396 contains the supplementary crystallographic data for
this paper. The structure can be found in the ESI and was solved by
direct methods by using SHELXS-97[27] and was refined against F2


on all data by full-matrix least squares with SHELXL-97.[28] These
data can also be obtained free of charge from The Cambridge Crys-
tallographic Data Centre via ;www.ccddc.cam.ac.uk/data_request/cif.


[26] H. Paulsen, Angew. Chem. 1982, 94, 184; Angew. Chem. Int. Ed.
Engl. 1982, 21, 155.


[27] G. M. Sheldrick, SHELXS-97 Program for Crystal Structure Solu-
tion 1997, Gçttingen, Germany.


[28] G. M. Sheldrick, SHELXL-97 Program for Crystal Structure Refine-
ment 1997, Gçttingen, Germany.


Received: June 28, 2007
Revised: October 10, 2007


Published online: November 21, 2007


Chem. Eur. J. 2008, 14, 895 – 901 I 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 901


FULL PAPERSynthesis of Duocarmycine-Based Prodrugs



http://dx.doi.org/10.1002/1439-7633(20011001)2:10%3C758::AID-CBIC758%3E3.0.CO;2-G

http://dx.doi.org/10.1002/1439-7633(20011001)2:10%3C758::AID-CBIC758%3E3.0.CO;2-G

http://dx.doi.org/10.1002/1521-3757(20020301)114:5%3C785::AID-ANGE785%3E3.0.CO;2-S

http://dx.doi.org/10.1002/1521-3757(20020301)114:5%3C785::AID-ANGE785%3E3.0.CO;2-S

http://dx.doi.org/10.1002/1521-3773(20020301)41:5%3C759::AID-ANIE759%3E3.0.CO;2-7

http://dx.doi.org/10.1002/ange.200600935

http://dx.doi.org/10.1002/ange.200600935

http://dx.doi.org/10.1002/anie.200600935

http://dx.doi.org/10.1002/ejoc.200500060

http://dx.doi.org/10.1021/jm980545s

http://dx.doi.org/10.1002/ange.200600936

http://dx.doi.org/10.1002/ange.200600936

http://dx.doi.org/10.1002/anie.200600936

http://dx.doi.org/10.1002/chem.200700113

http://dx.doi.org/10.1002/ange.19750872403

http://dx.doi.org/10.1021/jo00260a020

http://dx.doi.org/10.1021/jo035818s

http://dx.doi.org/10.1016/S0040-4039(00)97795-5

http://dx.doi.org/10.1021/ja00043a033

http://dx.doi.org/10.1021/ja00043a033

http://dx.doi.org/10.1021/cr00004a001

http://dx.doi.org/10.1021/cr00004a001

http://dx.doi.org/10.1271/bbb.67.1559

http://dx.doi.org/10.1002/adsc.200303241

http://dx.doi.org/10.1002/adsc.200303241

http://dx.doi.org/10.1021/jo01058a015

http://dx.doi.org/10.1021/jo00199a061

http://dx.doi.org/10.1016/S0040-4039(00)82446-6

http://dx.doi.org/10.1139/v78-081

http://dx.doi.org/10.1021/jo00884a047

http://dx.doi.org/10.1016/S0040-4039(00)89212-6

http://dx.doi.org/10.1016/S0040-4039(01)81428-3

http://dx.doi.org/10.1021/jo00061a023

http://dx.doi.org/10.1021/jo00061a023

http://dx.doi.org/10.1021/ja064228j

http://dx.doi.org/10.1002/ange.19961080716

http://dx.doi.org/10.1002/anie.199607361

http://dx.doi.org/10.1002/anie.199607361

http://dx.doi.org/10.1021/ja973855t

http://dx.doi.org/10.1021/ja0002060

http://dx.doi.org/10.1021/ja0002060

http://dx.doi.org/10.1002/(SICI)1521-3757(19990115)111:1/2%3C83::AID-ANGE83%3E3.0.CO;2-R

http://dx.doi.org/10.1002/(SICI)1521-3773(19990115)38:1/2%3C79::AID-ANIE79%3E3.0.CO;2-T

http://dx.doi.org/10.1002/(SICI)1521-3773(19990115)38:1/2%3C79::AID-ANIE79%3E3.0.CO;2-T

http://dx.doi.org/10.1021/jo00089a001

http://dx.doi.org/10.1039/cc9960000815

http://dx.doi.org/10.1021/ja00155a013

http://dx.doi.org/10.1002/1521-3757(20001103)112:21%3C3902::AID-ANGE3902%3E3.0.CO;2-L

http://dx.doi.org/10.1002/1521-3773(20001103)39:21%3C3750::AID-ANIE3750%3E3.0.CO;2-L

http://dx.doi.org/10.1002/1521-3773(20001103)39:21%3C3750::AID-ANIE3750%3E3.0.CO;2-L

http://dx.doi.org/10.1002/ange.1761051102

http://dx.doi.org/10.1002/anie.199315013

http://dx.doi.org/10.1002/anie.199315013

http://dx.doi.org/10.1002/anie.198201553

http://dx.doi.org/10.1002/anie.198201553

www.chemeurj.org






DOI: 10.1002/chem.200701077


A Promising Method for Phosphinidene Generation: Complexes of
Phosphinidenes with N-Donor ligands


Zolt%n Benk(,[a] Dietrich Gudat,*[b] and L%szl1 Nyul%szi*[a]


Introduction


The synthetic and theoretical investigations of low coordi-
nated compounds have become an amazing and rapidly ex-
panding field of main group chemistry during the last few
decades. A large number of carbenes,[1] silylenes[2] and ger-
mylenes[3] have already been synthesised and their availabili-
ty has prompted structural and reactivity studies. Some of
them have been applied in a wide range of synthetic reac-
tions as the reagent or catalyst.[4]


Phosphinidenes (R�P) are phosphorus analogues of car-
benes. So far no stable free phosphinidenes have been syn-
thesised;[5] although, based on the diagonal relationship be-
tween carbon and phosphorus, it can be surmised that it is
possible to stabilise phosphinidenes as well. In our previous
work,[6] we have shown computationally that (Me3Si)2C=N-P
has a singlet ground state, and as it is stable against dimeri-


sation, it is a likely synthetic target. No facile synthetic
route has been found, however, to access this compound.[7]


For the generation of free phosphinidenes, several meth-
ods have been developed. The application of phosphi-
ACHTUNGTRENNUNGranes[5a–b] (three-membered rings containing phosphorus),
diphosphenes[8] (R’�P=P�R) or phosphanylidene–phosphor-
anes (R’�P=PR3)


[9] has remained quite limited. Two widely
applicable preparative methods are known, however, for the
in situ synthesis of phosphinidene complexes. The first of
them was reported by Marinetti, Mathey et al. in 1982,[10]


who generated a transient phosphinidene complex by ther-
mal decomposition of a phosphanorbornadiene complex
(Scheme 1A).[11] Later on, Lammertsma and co-workers ap-
plied (benzo)phosphepine as viable phosphinidene source,
which released the phosphinidene complex via a phospha-
norcaradiene intermediate (a bicyclic isomer of the seven-
membered-ring phosphepine; Scheme 1B).[12] The driving
force in both types of reactions is the formation of an aro-
matic ring. Recently, the generation of a stabilised amino-
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phosphinidene from triphosphabenzene and its trapping by
a second molecule of triphosphabenzene has also been re-
ported.[13]


A hitherto unexplored method for the generation of phos-
phinidenes is the decomposition of a five-membered diaza-
phospholene ring 1 by means of formation of a diazabuta-
diene as a byproduct (Scheme 2). The formal consideration


of 1 in this context as a diazabutadiene complex of a phos-
phinidene parallels a description that has been used for car-
benes and carbene analogues[14] and the fragmentation of 1
is further related to the known decomposition of N-hetero-
cyclic stannylenes to give a diazadiene and tin.[15] Although
1 is known as a stable compound,[16] it can be conceived that
by varying the substituent pattern of the complexing diaza-
butadiene moiety, appropriately substituted 1,3,2-diazaphos-
pholenes might be utilised as phosphinidene sources
(Scheme 2).


As a possible approach to this target, we wanted to con-
sider not only the dissociation of diazaphospholenes with an
isolated ring A (with Ri=H atoms), but also of their conge-
ners with fused ring systems, such as B and C shown in
Scheme 3.


The fused ring framework in heterocycles B was chosen in
such a way that the fission of the phosphinidene is accompa-
nied by the formation of 2,2’-bipyridine or 1,10-phenanthro-
line. These species are widely used bidentate chelating li-
gands in coordination chemistry[17] and supramolecular
chemistry[18] and are expectedly aromatic which ought to
contribute to the driving force for the dissociation shown in
Scheme 2. Fragmentation of the bicyclic 1,4,7-diazaphospha-
norbornadiene framework in compounds of type C is similar
to the currently used synthetic approaches of phosphinidene
complexes reported by Mathey[10] and Lammertsma.[12]


The aim of this study is to investigate computationally the
possible formation of phosphinidenes by means of decompo-


sition of the N-heterocyclic precursors mentioned above.
The influence of benzannelation pattern and substituent ef-
fects will be discussed in detail.


Calculations


DFT calculations were carried out with the Gaussian 03 pro-
gram package.[19] All structures were calculated with two dif-
ferent basis sets (B3LYP/3-21G(*) and B3LYP/6-
311+G**).[20] At each of the optimised structures, vibration-
al analysis was performed to check whether the stationary
point located is a minimum or a transition structure (TS)
characterised as a first-order saddle point of the potential
energy hypersurface. The Gibbs free energies were calculat-
ed by utilising the B3LYP/6-311+G** harmonic frequencies
at 298 K. The NICS values[21] were calculated at the B3LYP/
6-311+G** level at the ring centre (NICS(0)), and also at
1.0 N above the ring plane (NICS(1)). In case of any TS lo-
cated, IRC calculations were carried out to find the minima,
which are connected by the transition structures. The stabili-
ty of the wavefunction was tested for all the optimised struc-
tures. In certain cases, higher level calculations were also
performed to test the reliability of the results (see the Re-
sults and Discussion section). For the visualisation of the
molecules, the Molden program was used.[22]


Results and Discussion


The fragmentation reactions of the two types of ring men-
tioned above (Schemes 2 and 3) were studied for com-
pounds with different numbers of fused rings and R groups
(see Scheme 4). The complexes can be divided into two
groups: compounds 1–4 containing type B (including bipyri-
dine or phenanthroline derivatives) and compounds 5–7
with type C (pyrazine derivatives) ring systems.


Both dissociation energies and Gibbs free energies calcu-
lated at the B3LYP/6-311+G** level with different R sub-
stituents are listed in Table 1 (the two sets of values are in
excellent correlation: R2=0.999), whereas the results of
computations at the B3LYP/3-21G(*) level are given as Sup-
porting Information. The deviations between the two levels
of theory are rather large for all of the complexes. The
larger basis set gave systematically lower values (average
difference 19.2 kcalmol�1 with a standard deviation of
2.5 kcalmol�1); however, the trends of the values are the
same with respect to the number of ring annelations and R
substituents. The basis set superposition error (BSSE) was
calculated by using the counterpoise method,[23] and was
found to range between 19.1 and 22.6 kcalmol�1 for calcula-
tions performed with the smaller basis set (B3LYP/3-21G*)
and between 2.3 and 2.6 kcalmol�1 only for calculations per-
formed with the larger basis set (B3LYP/6-311+G**). This
indicates that the difference of the dissociation energies is
mainly attributable to the BSSE. To estimate the reliability
of our data, in the case of 1-R, CBS-QB3 energy calcula-


Scheme 2.


Scheme 3.
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tions were also performed. The differences are between
�2.1 and +3.0 kcalmol�1 with respect to B3LYP/6-
311+G**, indicating that this level is reasonably accurate.


The reliability of our computations can also be estimated
by comparison with available information from previous ex-
perimental studies: Derivatives of 1a and 1b with bulky tBu
and Mes* substituents at the ring nitrogens[24] as well as
analogous compounds with chlorine (R=Cl)[16c,25] and bro-
mine (R=Br)[26] substituents have been reported as stable
entities and the +82.5 and +81.0 kcalmol�1 dissociation
Gibbs free energy values computed for 1a and 1b, respec-
tively, are in good accordance with the stabilities of these
compounds (the energetic effect of the substituents at nitro-
gen should be far less than the computed stability discussed
above).


It should be noted that the dissociation reactions of 1a–
7a were calculated under the assumption that a singlet phos-
phinidene is formed, although the singlet in the case of the


parent PH phosphinidene is less
stable than the triplet[6,27] (by
30,1 kcalmol�1 at CCSD(T)/
aug-cc-pVTZ//B3LYP/6-
311+G**).[6] The dissociation
reactions for NH2-substituted
derivatives (1b–7b) were also
calculated with singlet phosphi-
nidene; however in this case,
the triplet is more stable than
the singlet[6,28] by only
2.3 kcalmol�1 at CCSD(T)/aug-
cc-pVTZ//B3LYP/6-311+G**.[6]


In our previous study,[6] we
have shown by using the isodes-
mic reaction (Scheme 5) that
the stability of the (singlet)
phosphinidenes is as follows:
P�H !P�NH2<P�N=CH2<


P�N=C ACHTUNGTRENNUNG(SiH3)2. A plot of the
energies of the isodesmic reac-
tion (DEisodesmic) against the dis-
sociation Gibbs free energies
(DGdissoc) of 1-R–7-R (Figure 1)
gives a good correlation for all
types of heterocycles studied,
and allows us to conclude
that—as expected—the more
stable the (singlet) phosphini-
dene is, the less stable the reac-
tant complex.


Comparing the two basic
routes of phosphinidene gener-
ation from type B (1-R–4-R)
and C (5-R–7-R, Scheme 3)
compounds revealed different
tendencies which are, however,


independent of the nature of R: With bipyridine- or phenan-
throline-like ligands (type B compounds, 1-R–4-R), the dis-
sociation Gibbs free energy decreases with increasing
number of fused rings in the direction from 1-R to 4-R.
Type C compounds with a pyrazine unit (5-R–7-R), howev-
er, show a different trend: here, 7-R compounds with phena-
zine ligands with two benzannelated rings exhibit the largest
stability, whereas the 1,4,7-diazaphosphanorbornadienes 5-R
are predicted to be unstable even when R=H (Figure 2).


To check further the reliability of our calculations, the
phosphinidene precursors reported in earlier studies have
also been computed with the substituent R: �N=C ACHTUNGTRENNUNG(SiH3)2,
which has the largest stabilising effect on the phosphini-
denes (compounds 8d–10d). Compounds 8d and 9d are the


Scheme 4. Reactions and complexes (nR, n=1–7) studied. R denotes the substituent R on the P atom: R=H
(a), NH2 (b), N=CH2 (c), and N=C ACHTUNGTRENNUNG(SiH3)2 (d); for example, 1a corresponds to compound 1 with R=H.


Table 1. Dissociation energies (DEdissoc(nR)) and Gibbs free energies (DGdissoc(nR)) at 298 K of the complexes
nR (n=1–7 see Scheme 4; in kcalmol�1, B3LYP/6-311+G**//B3LYP/6-311+G**).


R= H (a) NH2 (b) N=CH2 (c) N=CACHTUNGTRENNUNG(SiH3)2 (d)
DEdissoc DGdissoc DEdissoc DGdissoc DEdissoc DGdissoc DEdissoc DGdissoc


1-R 88.0 74.0 62.4 49.1 42.1 27.5 28.9 13.5
2-R 65.7 51.9 40.8 27.5 20.5 5.6 7.2 �8.4
3-R 43.3 31.0 20.8 8.3 �1.4 �16.0 �16.2 �29.4
4-R 40.8 28.7 18.3 6.1 �4.1 �17.5 �18.5 �33.8
5-R 7.5 �4.2 �15.1 �26.6 �39.3 �51.7 �52.7 �64.8
6-R 21.2 8.4 �2.1 �14.6 �26.1 �39.7 �39.9 �53.3
7-R 36.7 23.6 11.9 �0.7 �11.7 �25.7 �25.5 �41.2


Scheme 5.
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analogues of the norbornadiene and norcaradiene com-
pounds reported by Mathey[10] and Lammertsma,[12] 10d is
the �N=C ACHTUNGTRENNUNG(SiH3)2 analogue of the phosphirane 11 the de-
composition of which has afforded mesityl phosphinidene
previously.[5]


The quite negative B3LYP/6-311+G** dissociation Gibbs
free energies of 8d and 9d (�33.6 and �48.5 kcalmol�1, re-
spectively) suggest that the norbornadiene and norcaradiene
compounds can dissociate easily. For 10d (with R=


�N=C ACHTUNGTRENNUNG(SiH3)2), the dissociation Gibbs free energy is
�7.6 kcalmol�1, suggesting that the phosphirane compounds
are less prone to behave as phosphinidene sources than the
norbornadiene type precursors. trans-2,3-Dimethyl-1-mesi-
tylphosphirane (11) was reported to be stable at room tem-
perature and its decomposition could only be initiated by
photolysis or pyrolysis at 190 8C.[5a–b] The calculated Gibbs
free energy of the dissociation reaction (Mes-PC2H2Me2
(11)= 3


ACHTUNGTRENNUNG(Mes-P)+C2H2Me2) calculated at the B3LYP/6-
311+G** level (with triplet mesityl-phosphinidene) is
+20.9 kcalmol�1 at 298 K, which agrees with the former ex-
perimental observations.


To understand the different tendencies in the dissociation
energies, we have investigated possible factors leading to
the stabilisation of the starting materials by calculating the
energies of the isodesmic reactions shown in Scheme 6.


The energies of the similar isodesmic reactions were also
calculated for the bare ligands resulting after the cleavage
of the phosphinidene moiety (marked with L in Table 2),
and all isodesmic reaction energies are collected in Table 2.
The computed energies of reactions 2–1 (Scheme 6) are
around �25 kcalmol�1 for all R groups. This suggests that
compounds 2-R experience an extra destabilisation as com-
pared with 1-R. The second benzannelation (reactions 3–2)
results in a similar destabilisation to the first one (reac-
tions 2–1). The destabilisation is attributable to the loss of


aromaticity (which is present in
the reference compound pyri-
dine, but is significantly re-
duced in the annelated N-con-
taining ring of 2-R or 3-R with
7p electrons). A recent estima-
tion[29] of the aromatic stabilisa-


Figure 1. Relationship between the dissociation Gibbs free energies
(DGdissoc) and the energies of the isodesmic reaction (DEisodesmic)


[6] at the
B3LYP/6-311+G** level.


Figure 2. The dissociation Gibbs free energies (DGdissoc) with R=


�N=C ACHTUNGTRENNUNG(SiH3)2 substituents at 298 K (B3LYP/6-311+G**//B3LYP/6-311
+G**).


Scheme 6.
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tion in pyridine is 31–33 kcalmol�1, which is not far from the
25 kcalmol�1 obtained for reactions 2–1 and 3–2, respective-
ly. The NICS(0)[21,30] and NICS(1) values for the six-mem-
bered rings of 2a are +4.1 and +1.6 ppm, respectively.
These small positive values indicate non-aromaticity (at the
slight antiaromatic side). To the contrary, the corresponding
NICS(0) and NICS(1) values for the pyridine imine ob-
tained after the loss of the phosphinidene in reaction of 2-R
are �6.3 and �9.9 ppm which indicates—as expected—a sig-
nificant aromaticity in the pyridine ring.


In case of the reactions of 4-R, the increased aromatic sta-
bilisation of the product phenanthroline (in comparison to
bipyridine) shifts the dissociation energies and Gibbs free
energies even further to the negative direction, although the
difference is not substantial. It should be noted that phenan-
throline has a rigid structure and is not able to undergo con-
formational isomerisation, whereas in case of the 2,2’-bipyri-
dine, the cis–trans conformational change lowers the energy
by 7.7 kcalmol�1 at the B3LYP/6-311+G** level (for the
other two bipyridine-type ligands, similar conformational
energy changes of 7.5 and 5.4 kcalmol�1 have been comput-
ed).


For type C compounds (5-R–7-R), an opposite trend than
for type B compounds is observed: the dissociation energy
(and Gibbs free energy) increases with the number of ben-
zannelations. This suggests that the aromaticity of the li-
gands might decrease in the order pyrazine (in 5-R)>qui-
noxaline (in 6-R)>phenazine (in 7-R). The NICS(0) and
NICS(1) values for these compounds in Table 3 (in good ac-
cordance with former studies[30]) reveal that the central ring
of the phenazine system shows the largest and the pyrazine
the smallest aromaticity, although the differences are only
minor.


Nevertheless, the isodesmic reaction energies in Table 2
show that the stability of the quinoxaline ring is
8.5 kcalmol�1 less than that of pyrazine plus benzene (the
energy of the corresponding isodesmic reaction for naphtha-
lene and benzene is of similar value: 11.3 kcalmol�1), show-
ing that the NICS values estimate the aromaticity of the pyr-
azine moiety only and not that of the entire fused ring
system. While the stabilization of the ligands decreases
somewhat with benzannelation, the energy of the isodesmic
reactions 6–5 and 7–6 (Scheme 6), shows only a small stabili-
ty enhancement with increasing number of benzannelated
rings. This effect (which is again not sensitive to the sub-
stituent R) may be associated with the 0.01 N shorter C–N
bond lengths in case of benzannelated rings.


The activation energy of the phosphinidene loss was cal-
culated for compounds 3a–d and 5a–d, which could be the
most promising phosphinidene-generating targets, and 8a–d,
which are the analogues of the already applied phosphini-
dene sources (Table 4). Interestingly, in the case of com-
pounds 8c and 8d, concerted reaction paths could only be
found (see Figure 3 for 8c). For compounds 8a and 8b, a
stepwise mechanism with norcaradiene-type intermediates
was obtained. All the other compounds (with nitrogen het-


Table 2. Isodesmic reaction energies (IE(R) and IE(L)) in kcalmol�1


(B3LYP/6-311+G**). L denotes energies of isodesmic reactions in the
case of the bare “ligands” remaining after cleavage of P�R in Scheme 6;
note that in these cases, the double-bond positions differ from those
shown in Scheme 6.


Isodesmic
reaction


H
IE(a)


NH2


IE(b)
N=CH2


IE(c)
N=C ACHTUNGTRENNUNG(SiH3)2
IE(d)


Ligand
IE(L)


2–1 �23.6 �22.9 �22.9 �23.0 �1.3
3–2 �24.8 �22.4 �24.3 �25.8 �2.4
6–5 5.2 4.5 4.6 4.3 �8.5
7–6 3.2 1.6 2.0 3.0 �12.3


Table 4. Energies of the transition states (ETS1) and intermediates (EIM)
compared to the energies of complex compounds (3a–d, 5a–d, 8a–d) and
reaction energies in the phosphinidene elimination reactions (in kcal
mol�1, B3LYP/6-311+G**).


ETS1 EIM ETS1 EIM ETS1 EIM


3a 12.1 �2.9 5a 15.3 �50.3 8a 25.6 �17.4
3b 17.2 7.5 5b 6.9 �39.7 8b 15.8 �8.0
3c 15.8 �0.5[a] 5c 8.5 �49.9 8c 12.0 –[b]


3d 10.1 �13.8 5d 4.5 �52.8 8d 5.4 –[b]


[a] Following the intermediate, a second transition state was found with
an energy barrier of 1.7 kcalmol�1. [b] The reaction proceeds by a con-
certed mechanism, no intermediate was found.


Table 3. NICS(0) and NICS(1) values of benzene, pyrazine, quinoxaline
and phenazine (in ppm, at B3LYP/6-311+G** level on geometries opti-
mised at B3LYP/6-311+G**).


A B A B


NICS(0) �8.0 �5.3 �6.1 �8.8 �9.2 �7.4
NICS(1) �10.2 �10.2 �10.5 �10.9 �12.8 �10.0


Figure 3. Reaction path along the reaction coordinate for 8c. B3LYP/6-
311+G** energies and Gibbs free energies (in brackets) in kcalmol�1.
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eroatoms) eliminate the phosphinidene by means of a step-
wise mechanism (for an example, see Figure 4 for 3c). In
the latter case (compounds 3a–d and 5a–d), the intermedi-
ates formed (Figure 3) are best described as h1-adducts of
the phosphinidene (note that phosphinidenes are known to
be stabilised by nucleophiles[7b,9,11,13, 31]). Some h1-adducts are
similar in energy to the ligand+phosphinidene system; how-
ever, the entropy factor makes the dissociation reaction fa-
vourable. The phosphinidene loss from the h1-adducts (3a–d
and 5a–d) and the norcaradienes (8a and 8b) proceeds with
a remarkably small barrier (except for 3c). Examination of
the values of the barrier heights reveals that the dissociation
has no kinetic hindrance and the activation barriers of the
complexes with N-donor ligands are not higher than those
of the norbornadiene-type compounds.


Conclusion


1,3,2-Diazaphospholenes (A, Scheme 3) can be described as
phosphinidene complexes with N-donor ligands and as such
they may dissociate to form phosphinidenes. The dissocia-
tion Gibbs free energies for this fragmentation process were
calculated at different levels of theory for a wide range of
promising phosphinidene precursors which are distinguished
by the presence of different substituents R at phosphorus
and the embedding of the parent heterocycle into a bipyri-
dine-like (B, Scheme 3) or a pyrazine-like (C, Scheme 3)
fused ring system. The dissociation energy (and Gibbs free
energy) decreases with the increasing stability of the singlet
phosphinidene depending on R. A further systematic
change can be observed for species with the same substitu-
ent R: the most important factor here is the aromatic stabili-
sation of the N-donor ligand formed upon releasing the


phosphinidene, although stabili-
sation of the starting complex
may have some influence as
well. In type-B complexes, the
increasing number of benzanne-
lations promotes the dissocia-
tion, whereas in type-C com-
plexes, ring fusion renders the
dissociation thermodynamically
less favourable. The energies of
transition structures corre-
sponding to the loss of phosphi-
nidene for the different precur-
sors studied are reasonably
small, allowing the dissociation
kinetically.


On the basis of our calcula-
tions, the phosphinidene com-
plexes under study display a
wide spectrum of dissociation
Gibbs free energies and have
thus different phosphinidene-
generating power. The phosphi-


nidene complexes with negative dissociation Gibbs free en-
ergies seem to be promising precursors for experimental
studies directed to the generation of stable free phosphini-
denes.
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Paul A. Heiney[b]


Introduction


Molecular architectures capable of self-assembly in organic
solvents with subsequent self-organization to entrain the
bulk solvent are increasingly common in the pursuit of pro-
grammable organogelators.[1] Serendipity is the most fre-
quent design principle.[1,2] Advancement beyond the gelation
of organic liquids to the precision design of gel properties
remains more elusive.[1,2] Thixotropic gels, wherein the gel
recovers its elasticity after being subjected to shear, present
a self-healing character in the self-assembled and self-organ-
ized structures. As such, these materials eliminate the need


for heating and cooling to reconstitute thermotropic gels.
This makes thixotropic gels more amenable to processing
and manipulation.


Only a few recent organogel examples display thixotropic
behavior.[3] Self-assembled fibrillar networks are critical to
gelation phenomena,[3] while spherulitic networks facilitate
reorganization after shearing.[3e] Such criteria may be gener-
ally true for the mesoscopic structural origins of thixotropic
gels. We are investigating the relationship between bulk self-
organization of low-molecular-weight organogelators and
the properties of the resulting organogels. Design principles
for and the syntheses of twin-dendritic gelators are elaborat-
ed herein. We report the propensity of porous cylindrical
supramolecular dendrimers to form thixotropic organogels.
The self-assembling twin-dendritic gelators provide a modu-
lar scaffold through which we can match the gelator to a
broad range of solvent polarities. Relationships between the
self-assembly and self-organization events at the nanoscale
and the above-mentioned mesoscale structural features[3e]


are the subjects of further investigation.
The design and convergent synthesis of the twin-dendritic


organogelators are based upon our previously reported self-
assembling dendrons[4–8] and twin-dendritic and Janus-den-
dritic benzamides.[9] Amphiphilic, self-assembling dendrons
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with self-assembling dendrons by using
1,1’-carbonyldiimidazole (CDI). Subse-
quent modification of the APPDA
linker provided an additional degree of
structural diversity by which to tailor
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form either cylindrical[4,5] or spherical[6–8] supramolecular
dendrimers in bulk and solution. The supramolecular den-
drimers self-organize in periodic[4–8] and quasiperiodic[8]


arrays. Symmetric twin-dendritic benzamides and dissym-
metric Janus-dendritic benzamides undergo self-assembly to
form periodic lattices and superlattices.[9] Structural and ret-
rostructural analysis of self-organized arrays in bulk by
using a combination of techniques, including thermal optical
polarized microscopy (TOPM), differential scanning calo-
rimetry (DSC), X-ray diffraction (XRD), and electron den-
sity mapping, allows us to elucidate the mechanisms by
which self-assembly, self-organization, and subsequent func-
tions arise.[4–9] In solution, structural and retrostructural
analysis is achieved by using NMR, CD, and UV/Vis spec-
troscopies.[5]


Results and Discussion


Synthesis of the twin-dendritic organogelators : Twin-den-
dritic organogelators were designed by using N-(3-amino-
propyl)-1,3-propanediamine (APPDA) and self-assembling
monodendritic carboxylic acids. Selective condensation of
the primary amines with the dendritic carboxylic acids was
desired. Conditions were optimized for 4-dodecyloxybenzoic
acid (1a) and APPDA. The use of 2-chloro-4,6-dimethoxy-
1,3,5-triazine (CDMT) in N-methylmorpholine (NMM) as
the carboxylate activating agent in a one-pot, two-step pro-


tocol[10] provided a complex mixture of mono-, di-, and tria-
cylated products. When an excess of activated ester was
used, the principle product was the triacylated species. By
contrast, the use of 1,1’-carbonyldiimidazole (CDI)[11] led to
products acylated only on the primary amines. This had pre-
viously been reported as only possible for aliphatic carboxyl-
ic acids.[11c,d] The selectivity we observe is likely due to the
lower temperatures employed in our reactions. For both re-
actions, the activated acyl intermediate was isolated and
characterized by 1H and 13C NMR spectroscopy and by
MALDI-TOF mass spectrometry, while the reaction prod-
ucts were monitored by TLC and 1H NMR spectroscopy.


The synthetic strategy and corresponding library of twin-
dendritic supramolecular building blocks is summarized in
Scheme 1. Dendritic imidazoles 2a–h were prepared from
the corresponding dendritic carboxylic acids by using an
excess of CDI. The dendritic imidazoles are readily purified
by recrystallization from acetone and can be stored for days
in the absence of moisture. Twin-dendritic APPDA deriva-
tives 3a–h were prepared in 75–93 % yields by the reaction
of the dendritic imidazoles with APPDA. Recrystallization
was often sufficient to purify the twin-dendritic APPDA de-
rivatives, although they are amenable to column chromatog-
raphy if needed.


Polar and nonpolar derivatives of the twin-dendritic
APPDA compounds were prepared by reactions with the
secondary amine functionality. Succinimide derivatives 4a,
4b, and 4d–f were prepared by the reaction of 3a, 3b, and


Scheme 1. Synthesis of twin-dendritic organogelators. i) 1,1-carbodiimidazole (CDI), CH2Cl2; ii) N-(3-aminopropyl)-1,3-propanediamine (APPDA), THF;
iii) succinic anhydride, NEt3, THF, 60 8C; iv) CDI, THF; v) 3, THF.
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3d–f with succinic anhydride. The reactions proceeded with
high yields and the resulting twin-dendritic carboxylic acids
4a, 4b, and 4d–f were purified by recrystallization from ace-
tone. Gelators containing chiral, branched alkyl moieties ex-
hibit a high propensity to form thixotropic gels.[12] Mixed
ureas were prepared by CDI coupling of racemic 2-amino-6-
methylheptane and the twin-dendritic APPDA derivatives
3b, 3d, and 3 f. The resulting twin-dendritic ureas 5b, 5d,
and 5 f were obtained in 87–89 % yields. All new materials
were found to be greater than 99 % pure by a combination
of 1H NMR spectroscopy, HPLC, TLC, and MALDI-TOF
mass spectrometry.


Gelation of organic solvents : Solutions of the twin-dendritic
APPDA derivatives 3a–h, succinimide derivatives 4a, 4b,
and 4d–f, and ureas 5b, 5d, and 5 f were prepared by heat-
ing in various organic solvents with a range of polarities.
The formation of a stable gel upon cooling was identified
visually. Similarly, the presence of thixotropic behavior was
confirmed by the visual observation that the gel reforms
upon standing after being shaken. The results are detailed in
Table 1.


Most of the twin-dendritic compounds are able to form
gels in at least one organic solvent. The more polar solvents,
dichloromethane and THF, are the most difficult to gel. Sim-
ilarly, we less frequently found thixotropic gels for the more
polar solvents. Nonetheless, thixotropic gels of BuOAc and
dichloromethane were obtained.


Evaluation of the gelation properties of the twin-dendritic
APPDA derivatives revealed that 3,4 branching of the aryl
amide moiety was necessary to ensure that gels would form
and were likely to exhibit thixotropic behavior in the less
polar solvents, CyH and PhMe. The incorporation of strong
hydrogen bonding in the succinimide derivatives decreased
the propensity for organogel formation, as indicated by the
lower number of gels obtained. A higher minimum concen-


tration for the formation of a gel was found for those succi-
nimide derivatives than for the corresponding twin-dendritic
APPDA compounds in the same organic solvents. By con-
trast, the chiral alkyl urea derivatives showed enhanced pro-
pensity and efficiency in the gelation of organic solvents. Fi-
nally, we noted that higher generation dendrons carrying an
appropriate number of peripheral alkyl chains were able to
gel the more polar solvents and impart thixotropic behavior
in some cases.


Low-molecular-weight gelators of organic solvents func-
tion by self-assembly to form fibrillar networks.[3] Self-as-
sembly of amphiphilic dendritic dipeptides in solution to
form elongated supramolecules has been previously report-
ed.[5] Other dendritic organogelators have been shown to
self-assemble into bundles of wormlike aggregates.[13] We en-
vision that the twin-dendritic organogelators reported
herein self-assemble into elongated supramolecules similar
to the self-assembling dendritic dipeptides previously report-
ed by our group.[5] Subsequent self-organization of the elon-
gated supramolecules promotes the formation of stable ther-
moreversible and thixotropic gels of organic solvents. This
self-organization is likely manifested as the formation of fi-
brillar bundles in the gel state.


Structural and retrostructural analysis of the twin-dendritic
gelators in bulk : Phase transitions of the twin-dendritic gela-
tors were identified in bulk by using a combination of DSC
and TOPM. Tentative phase assignments were made on the
basis of the diagnostic textures observed by TOPM. The
phase assignments were confirmed by XRD. Table 2 reports
the phase sequences, transition temperatures, and corre-
sponding enthalpy changes observed. Table 3 presents the
structural and retrostructural analysis of the self-organized
lattices, along with the XRD results.


Significantly greater structural diversity has been obtained
from the present libraries of twin-dendritic gelators than


from previously reported twin-
dendritic and Janus-dendritic
benzamides.[9] The greater flex-
ibility of the spacer between
the dendrons, as well as the
structural variety of the den-
drons in the library, facilitates
diversity at the self-organized
level through hierarchical self-
assembly. Examples of ther-
moreversible shape change ac-
companied by dramatic differ-
ences in the transmission of
polarized light are found for
3 f, 3g, and 4e. The columnar
lattice is comprised of flat-
taper dendrons, while the cubic
phase is composed of dendrons
adopting a conical shape. The
columnar lattice is optically
anisotropic and therefore bire-


Table 1. Gelation properties of twin-dendritic compounds in various organic solvents.[a]


Compound CyH PhMe nBuOAc EtOAc CH2Cl2 THF


(4)12G0-APPDA (3a) 10[b] P P P S P
ACHTUNGTRENNUNG(3,4)12G1-APPDA (3b) 13[c] S 10[c] 5[c] S S
ACHTUNGTRENNUNG(3,4,5)12G1-APPDA (3c) S S P P S S
ACHTUNGTRENNUNG(4-3,4)12G1-APPDA (3d) 15, T 10, T 4[c] P 30 40
ACHTUNGTRENNUNG(4-3,4,5)12G1-APPDA (3e) 20, T P P P S S
ACHTUNGTRENNUNG(3,4-3,4)12G2-APPDA (3 f) S 20, T 6[c] 4[c] 80 40[d]


ACHTUNGTRENNUNG(3,4-3,5)12G2-APPDA (3g) P S P P S S
(3,4,5-3,4)12G2-APPDA (3h) S S P 10[c] S S
(4)12G0-APPDA-Suc (4a) I P P P S S
ACHTUNGTRENNUNG(3,4)12G1-APPDA-Suc (4b) 10 10 P 10[c] S S
ACHTUNGTRENNUNG(4-3,4)12G1-APPDA-Suc (4d) 40, T 30, T 5[c] P S S
ACHTUNGTRENNUNG(4-3,4,5)12G1-APPDA-Suc (4e) S S P P S S
ACHTUNGTRENNUNG(3,4-3,4)12G2-APPDA-Suc (4 f) S S P P 80, T S
ACHTUNGTRENNUNG(3,4)12G1-APPDA-U (5b) S – S S S S
ACHTUNGTRENNUNG(4-3,4)12G1-APPDA-U (5d) 5, T – 15[d] , T 15[c] S S
ACHTUNGTRENNUNG(3,4-3,4)12G2-APPDA-U (5 f) 2.5, T – 2.5[c] , T 2.5[c] S S


[a] CyH: cyclohexane; P: precipitate forms upon cooling; S: solution persists even after cooling; T: thixotropic
gel; I: compound is insoluble at all temperatures. Values indicate the minimum concentraion [mg mL�1] of
twin-dendritic compound required to gel the solvent. [b] Gel forms a precipitate upon standing. [c]Opaque gel
is formed. [d] First a transparent gel is formed, which turns opaque after 2–3 h.


Chem. Eur. J. 2008, 14, 909 – 918 D 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 911


FULL PAPERTwin-Dendritic Organogelators



www.chemeurj.org





fringent under polarized light, while the cubic mesophase is
optically isotropic. Very few examples of reversible shape
change have been reported for self-assembling dendrons.[6e]


The reversible shape change reveals new conformations
available to the constituent self-assembling dendrons in 3 f,
3g, and 4e that have been elusive in previous libraries of
self-assembling dendrons.[4–8]


Examination of the self-assembled structure as the core
functionality changes provides further insight into the self-
assembly process. Twin-dendritic compounds 3d, 4d, and 5d
contain ACHTUNGTRENNUNG(4-3,4)12G1-X self-assembling dendrons while 3 f,
4 f, and 5 f contain ACHTUNGTRENNUNG(3,4-3,4)12G2-X self-assembling den-
drons (Scheme 1). As noted above, 3,4-substituted apical
branching units provide highly efficient gelators for organic
solvents. Furthermore, 3d, 3 f, 4d, 4 f, 5d, and 5 f form thixo-
tropic gels in at least one solvent. The incorporation of the
carboxylic acid functionality in 4d and 4 f decreases the pro-
pensity to form thixotropic gels. By contrast, the alkyl urea
functionalized twin-dendritic gelators 5d and 5 f form thixo-
tropic gels at low concentrations in multiple solvents.


The twin-dendritic gelators containing ACHTUNGTRENNUNG(4-3,4)12G1-X
self-assembling dendrons self-organize into a hexagonal col-
umnar (Fh) lattice. Gelators 3d and 4d possess internal
order within the columnar lattice (Fio


h ). The internal order is


likely due to facile hydrogen bonding which creates a seam
within the columnar object, as has been found for porous
columnar structures formed by dendritic dipeptides.[5] By
contrast, 5d lacks internal order in the Fh phase. If the un-
symmetric urea functionality forms any hydrogen bonds,
they appear unable to form a well-defined arrangement
within the columnar object. The decreased thermodynamic
stability of 5d relative to that of 3d and 4d is further indi-
cated by the fact that 5d forms only a monotropic meso-
phase.


Twin-dendritic gelators containing ACHTUNGTRENNUNG(3,4-3,4)12G2-X self-
assembling dendrons reveal a different criterion for efficacy
in the gel state. ACHTUNGTRENNUNG(3,4-3,4)12G2-X dendrons prefer to adopt a
conical shape, which self-assembles into spheres. Spherical
assemblies are not expected to gel organic solvents.[1,3] The
phase behavior of 3 f, which exhibits both Fh and Pm3̄n
phases, reflects quasiequivalence[14] of the self-assembling
dendron. It is capable of adopting both flat-taper and coni-
cal shapes. Additionally, we can refer to the observed iso-
tropization temperatures, which reinforce the stability trend
observed for 3d, 4d, and 5d. Gelator 5 f exhibits the small-
est range of temperatures over which the mesophase exists.
The least efficient of these gelators, 4 f, has the most ubiqui-
tous mesophase.


Table 2. Thermal transitions [8C] and corresponding enthalpy changes [kcal mol�1] for the twin-dendritic compounds.[a]


Compound First and second heating scans First cooling scans


3a S 115 (24.5) i i 101 (19.0) S
S 113 (18.9) i


3b Fr-c 120 (28.4) i i 67 (11.8) Fr-c


Fr-c 96 (2.0) x 98 (�1.0) x 106 (8.5) i
3c k 52 (20.5) Fr-s 102 (12.3) i i 64 (9.4) Fr-s 19 (4.0) k


k 29 (1.8) Fr-s 102 (12.7) i
3d Fio


h 175 (20.6) i i 156 (0.3) Fio
h 149 (15.1) Fio


h


Fio
h 175 (21.1) i


3e S(bilayer) 99 (20.5) Fr-c 145 (13.0) i i 123 (12.3) Fr-s


k 36 (7.4) Fr-c 144 (13.3) i
3 f Fh 105 (2.8) x 120 (7.5) x 137 (7.4) Cub 168 (0.9) i i 166 (0.8) Cub 84 (21.9) Fh


Fh 131 (32.2) Cub 168 (0.9) i
3g Fh 95 (34.4) Tet Tet 36 (2.9) Fh


Fh 84 (5.7) Tet
3h k 63 (11.1) Cub 130 (0.6) i i 124 (0.5) Cub


Cub 129 (0.6) i
4a S 82 (1.6) Fr-s 113 (0.8) x 116 (0.9) x 123 (�7.6) k 131 (8.1) Fr-s 135 (1.0) i i 128 (0.4) Fr-s


g 36 Fr-s 106 (0.3) Fr-s 116 ACHTUNGTRENNUNG(0.8) Fr-s 130ACHTUNGTRENNUNG(1.0) i
4b k 76 (4.5) Fh 101 (3.5) Fh 109 (2.0) Fh 140 (0.3) i i 137 (0.3) Fh


Fh 140 (0.3) i
4d Fio


h 157 (12.0) Fio
h 206 (0.4) dec


4e Fh 94 (3.5) Tet 151 (0.3) i i 145 (0.2) Tet
4 f k 59 (3.7) k 110 (19.4) Cub Cub


Cub
5b k 57 (18.7) Fr-c 73 (�0.3) x 88 (18.2) i i


k 38 (�8.7) Fr-c 75 (�2.5) x 88 (15.5) i
5d k 109 (10.9) i i 106 (2.7) Fh 73 (5.1) k


k 109 (9.6) i
5 f k 90 (22.7) Cub 127 (0.8) i i 120 (0.7) Cub


Cub 128 (0.8) i


[a] Values were determined by DSC (10 8C min�1). Enthalpy changes [kcal mol�1] are given in parentheses. Data from first heating and cooling scans are
on the first line, and data from the second heating scans are on the second line. S : smectic phase; i : isotropic liquid phase; Fr-c : c2mm centered rectangu-
lar columnar lattice; x : unidentified phase; k : crystalline phase; Fr-s : p2mm simple rectangular columnar latice; Fio


h : hexagonal columnar lattice with in-
ternal order; S(bilayer): smectic bilayer phase; Fh: p6mm hexagonal columnar lattice; Cub: Pm3̄n cubic lattice; Tet: P42/mnm tetragonal lattice; g : glass;
dec: sample decomposes.
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As 5d exhibits only a monotropic mesophase, we were
limited to further structural interrogation of 3d and 4d.
Figure 1 presents plots of the XRD intensity from the Fio


h


lattice, relative electron-density plots, and reconstructed
electron-density maps for the two twin-dendritic gelators.
The q11 and q20 reflections of the Fio


h lattice (Figure 1 a) are
more prominent for 3d than for 4d. We have previously
demonstrated this feature to be indicative of porous colum-
nar structures.[5] The relative electron-density profile and re-
constructed electron-density map (Figure 1 b and c) confirm
that the self-organized lattice of 3d is comprised of porous
columns. We infer that hydrogen bonding between the car-
boxylic acid functionalities of 4d within the column interacts
laterally with adjacent twin-dendritic gelators within a
column stratum. Such interactions occur at the core of the
column and prevent a hollow structure from forming (Fig-
ure 1 d). On the other hand, hydrogen bonding between the
secondary amines must occur along the length of the
column to create a seam that supports the pore through the


column. In both 3d and 4d,
the hydrogen bonding of the
amides can occur laterally in
the column.


Figure 2 presents the wide-
angle XRD patterns and plots
of their relative intensities.
Stacking features and features
indicating helical order within
the columns of 3d and 4d are
noted in the figure. Both pat-
terns can be indexed to a 21-
helical packing. Nonetheless,
significantly more order is
found in the columns of 3d
than those of 4d. Figure 3 illus-
trates models constructed to fit
the XRD results for 3d and
4d. The models support the
structural interactions inferred
above. Here we can appreciate
the role of the lateral amide
hydrogen bonds (that is, those
within a column stratum). A
reduction in the number of lat-
eral contacts in bulk correlates
with a higher propensity to
form gels with thixotropic be-
havior. We can reason that the
alkyl urea groups (for example,
in 5d) strain the lateral hydro-
gen bonding within the column
strata while providing some
mechanism for strong associa-
tion along the length of the
column (for example, hydrogen
bonding or van der Waals in-
teractions).


Conclusion


We have demonstrated a novel design for dendritic organo-
gelators. The unique hierarchical assembly of the twin-den-
dritic organogelators promotes the formation of thixotropic
gels. We have subjected these gelators to structural and ret-
rostructural analysis in bulk to correlate with their ability to
gel organic solvents. A diverse set of self-assembled structur-
al motifs and resulting self-organized arrays were obtained
from libraries of twin-dendritic gelators. While extended fi-
brillar structures are implicated in gel formation, gels were
obtained from compounds that self-assemble into lamellar,
columnar, and spherical objects. We attribute this to quasie-
quivalence[14] of the self-assembling dendrons.


The formation of cylindrical objects in bulk and solution
is attributed to lateral hydrogen bonding within the column
strata. Dendrons with 3,4-disubstituted apical branching


Table 3. Structural and retrostructural analysis of the twin-dendritic libraries.


Compound T Phase a[a,b,d] d10, d20, d30, d40
[a] m[g]


[8C] a, b[c,f] d10, d11, d20, d21, d30
[b]


a, c[e] d20, d11, d02, d22, d13, d40, d31, d42, d24
[c]


[M] d110, d200, d210, d211, d220, d310, d321, d400
[d]


d002, d410, d330, d202, d212, d411, d312
[e]


d10, d11, d02, d12, d20, d21, d40
[f]


[M]


3a 25 S 39.5 39.5, 19.8[a]


3b 110 Fr-c 84.8, 36.5 42.5, 33.6, –, –, –, 21.2, 22.4[c]


3c 100 Fr-s 44.4, 73.9 44.5, 38.3, 37.0, 28.5, 22.2, 21.1[f]


3d 25 Fio
h 43.4 37.6, 21.7, 18.8[b] 2.0


150 Fio
h 43.3 37.5, 21.5, 18.7[b]


3e 65 S(bilayer) 69.4 69.3, 34.6, 23.0, 17.3[a]


95 Fr-c 77.9, 73.9 39.0, –, 37.3, 27.0, 23.7, 19.5[c]


3 f 40 Fh 52.2 45.4, 26.1, 22.6, 17.1, 15.1[b]


145 Pm3̄n 93.9 66.4, 47.0, 41.9, 38.3, 33.2, 29.6, 25.1, 23.4[d]


3g 35 Fh 49.2 42.7, 24.6, 21.3[b]


65 P42/mnm 164.9, 87.3 43.7, 40.0, –, –, 37.6, –, 33.5[e]


3h 120 Pm3̄n 80.9 57.2, 40.5, 36.2, 33.0, 28.6, 25.6, 21.6, 20.2[d]


4a 20 Fr-s 98.5, 41.5 –, 38.2, –, –, 49.4, 24.6[f]


4b 90 Fh 45.2 39.2, 22.6, 19.6[b]


4d 25 Fio
h 57.2 49.5, 28.6, 24.7[b] 3.0


140 Fio
h 55.5 48.1, 27.7, 24.0[b]


4e 25 Fh 47.6 41.3, 23.8, 20.6[b]


140 P42/mnm 168.8, 88.9 44.5, 40.9, 39.8, 39.3, 38.3, 37.2, 34.2[e]


4 f 100 Pm3̄n 112.9 –, 56.5, 50.3, 45.9[d]


5b 85 Fr-c 129.2, 69.8 65.2, 61.5, –, 30.7, –, 32.4[c]


5d 100 Fh 61.2 52.9, 30.6, 26.5, 20.0[b]


5 f 20 Pm3̄n 113.1 –, 56.6, 50.5, 46.2, –, –, 30.3[d]


110 Pm3̄n 102.9 –, 51.4, 45.9, 42.1, –, –, 27.4, 25.7[d]


[a] Lattice parameter a=0.25(d10+2d20+3d30+4d40) and d-spacings in the ratio d10 :d20 :d30:d40 =1:2:3:4 for the
smectic phases. [b] Lattice parameter a=0.5(d10+30.5d11+2d20+70.5d21)3�0.5 and d-spacings in the ratio
d10:d11:d20 :d21 = 1:30.5 :2:70.5 for columnar hexagonal phases. [c] Lattice parameters a and b and d-spacings for
centered rectangular columnar phases. In general, a=d10 and b=d01. The ratio of the d-spacings can be calcu-
lated from the general equation dhk= ((ha�1)2+ ACHTUNGTRENNUNG(kb�1)2)�0.5. [d] Lattice parameter a and d-spacing for the Pm3̄n
cubic phases. [e] Lattice parameters a=b,c and d-spacings for the P42/mnm tetragonal phases. The ratio of the
d-spacings can be calculated from the general equation dhkl= ((h2+k2)a�2+ACHTUNGTRENNUNG(l2c�2))�0.5. [f] Lattice parameters a
and b and d-spacings for the simple rectangular columnar phases. In general a=d10 and b=d01. The ratio of
the d-spacings can be calculated from the general equation dhk= ((ha�1)2+ACHTUNGTRENNUNG(kb�1)2)�0.5. [g] Number of dendrons
per column stratum= (30.5NA1)ACHTUNGTRENNUNG(2M)�1, in which AvogadroNs number NA =6.0220455O 1023, 1 is the density of
the twin-dendron (assumed to be 1 gcm�3), and M is the molecular weight of the compound. [h] Smectic phase
observed only in the as-prepared first heating.
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Figure 1. Comparison of 3d (X=APPDA) and 4d (X =APPDA-Suc):
a) XRD plots of the columnar hexagonal phase; b) relative electron-den-
sity profiles indicating a lower electron-density region at the center of
the self-assembled supramolecular columns with X= APPDA; recon-
structed electron-density maps for c) 3d (X=APPDA) and d) 4d (X=


APPDA-Suc) suggesting a different packing at the apex region of the
two dendrons.


Figure 2. a) Wide-angle XRD results from oriented fiber patterns collect-
ed at 25 8C and indexed to a 21-helical packing; b) the corresponding
meridional q plots. s : 4.4 M stacking feature (also the maxima of the
second helical layer line); h1, h1’, and h1’’: various maxima observed on
the first helical layer line; h2 : helical features observed for 3d ; L : helical
layer line order (position indicated by the dotted horizontal lines).


Figure 3. a) Top (a, e) and side (b) views of the molecular model constructed for 3d. Top (c,f) and side (d) views of the molecular model constructed for
4d. The models both show the lateral hydrogen bonds with a column stratum and the helical arrangement of the dendrons.
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units exhibit the greatest propensity to form gels and to
impart thixotropic behavior to the gel. Thixotropic gels
appear to result from twin-dendritic gelators that have com-
paratively weak lateral interactions in bulk. One strategy to
prepare thixotropic gels is to employ gelators that form
porous columnar mesophases in bulk. The seam of hydrogen
bonds that reinforce the pore wall in bulk appears to play a
critical role in the emergence of gel properties. These design
principles expand upon those of earlier dendritic organoge-
lators[13] and compliment the growing understanding of thix-
otropic organogels.[3]


Experimental Section


Materials : 1,1’-Carbonyldiimidazole (CDI; Acros, 97 %) was used as re-
ceived. Its purity was assessed by a melting-point measurement and
1H NMR spectroscopy. Succinic anhydride (Aldrich, 99+ %) was used as
received. N-(3-aminopropyl)-1,3-propanediamine (APPDA) was also pur-
chased from Aldrich (99 + %) and used as received. THF was refluxed
over sodium ketyl until the solution turned purple and was then distilled
before use. CH2Cl2 was freshly distilled from CaH2. 2-Amino-6-methyl-
heptane (Acros, 99 %) was used as received. N-methylmorpholine
(NMM; Aldrich, 99 %) was used without purification. 2-chloro-4,6-dime-
thoxy-1,3,5-triazine (CDMT) was prepared according to the procedure
reported previously.[10c]


Techniques : All 1H and 13C NMR spectra were recorded on Bruker
DRX-500 (500 MHz) machine at 20 8C with CDCl3 as the solvent (with
tetramethylsilane (TMS) as an internal standard). DSC was performed
on a Differential Scanning Calorimeter 2920 (TA Instruments) at rates of
5 8C min�1. A polarized optical microscope (Olympus BX-60) equipped
with a Mettler FP 82 hot stage was used to investigate the bulk properties
of the synthesized compounds. All MALDI-TOF spectra were recorded
on a Voyager-DE mass spectrometer (Perceptive Biosystems) with dihy-
droxybenzoic acid (Aldrich, 97%; recrystallized from water before use)
as a matrix. The purity of products was determined by a combination of
techniques including TLC on silica gel plates (Kodak) with fluorescent
indicator and HPLC on a Perkin–Elmer Series 10 high-pressure liquid
chromatograph equipped with an LC-100 column oven, Nelson Analyti-
cal 900 Series integrator data station, and two Perkin–Elmer PL gel col-
umns. Melting points were measured by using a Unimelt capillary melt-
ing-point apparatus (Arthur H. Thomas Company, Philadelphia, USA).
XRD measurements were performed by using CuKa1 radiation (l=
1.54178 M) from a Bruker–Nonius FR-591 rotating anode X-ray source
equipped with a 0.2 O 0.2 mm2 filament operated at 3.4 kW. The Cu radia-
tion beam was collimated and focused by a single bent mirror and sagital-
ly focused through a Si ACHTUNGTRENNUNG(111) monochromator, thereby generating a 0.3O
0.4 mm2 spot on a Bruker-AXS Hi-Star multiwire area detector. To mini-
mize attenuation and background scattering, an integral vacuum was
maintained along the length of the flight tube and within the sample
chamber. Samples were held in quartz capillaries (0.7–1.0 mm in diame-
ter) mounted in a temperature-controlled oven (temperature precision:
�0.1 8C; temperature range: �120 to 270 8C). The distance between the
sample and the detector was 12.0 cm for wide-angle diffraction experi-
ments and 54.0 cm for intermediate-angle diffraction experiments.
Aligned samples for fiber XRD experiments were prepared by using a
custom-made extrusion device. Thus, powdered sample (�10 mg) was
heated inside the extrusion device above the melting temperature. The
fiber was extruded in the mesophase and cooled to 23 8C. Typically, the
aligned samples have a thickness of �0.3–0.7 mm and a length of �3–
7 mm. All XRD measurements were done with the aligned sample axis
perpendicular to the beam direction. The XRD peak position and inten-
sity analysis was performed with Datasqueeze Software (version 2.01)
that allows background elimination and Gaussian, Lorentzian, Lorent-
zian-squared, or Voigt peak-shape fitting.


Synthesis of 4-(4,6-dimethoxy-1,3,5-triazine-2-yl)-4-methyl-morpholinium
chloride (DMT-NMM+Cl�): CDMT (1.58 g, 9 mmol) was dissolved in
THF (30 mL). NMM (0.9 mL , 9 mmol) was added dropwise to the solu-
tion, thereby generating a thick white slurry. The reaction mixture was
stirred for 30 min at 23 8C, after which the white solid was filtered off and
washed with THF several times to provide a colorless solid (97 % yield).
M.p. 116–117 8C (literature value:[10c 116–117 8C).]


Synthesis of the 4,6-dimethoxy-1,3,5-triazine (DMT) ester of carboxylic
acid 1a : DMT-NMM+Cl� (8.28 g, 30 mmol) was dissolved in anhydrous
THF (30 mL) that had been previously chilled in an ice-bath. A solution
of acid 1a (3 g, 10 mmol) and NMM (2 mL, 20 mmol) in anhydrous THF
(5 mL) were added dropwise to this mixture. After 2 h, the reaction was
diluted with dichloromethane (50 mL) and poured into cold water (10 8C;
50 mL). The reaction was then partitioned between the organic and aque-
ous phases. The water layer was washed three times with small amounts
of CH2Cl2. All of the organic extracts were combined and washed with
1n HCl (50 mL), sat. NaHCO3 (50 mL), water (50 mL), brine (50 mL),
and water (50 mL) again. All aqueous solutions were previously chilled
in a refrigerator (10 8C). The organic phase was dried over anhydrous
MgSO4. The solvent was evaporated under vacuum at room temperature.
The resulting colorless solid was purified by flash chromatography on a
silica-gel column, with CH2Cl2 employed as the eluting solvent. 1H NMR
(CDCl3, TMS): d= 8.10 (d, 2 H), 6.93 (d, 2H), 4.14–4.00 (overlapped
peaks, m, 8 H), 1.81 (m, 2 H), 1.43 (m, 2H), 1.22 (m, 18H), 0.88 ppm (t,
3H); 13C NMR (CDCl3, TMS): d=174.57, 171.47, 164.69, 162.57, 133.37,
120.36, 114.53, 68.81, 56.22, 32.30, 30.03, 30.02, 29.96, 29.93, 29.73, 29.44,
26.35, 23.07, 14.49 ppm; MALDI-TOF MS: m/z : 484.97 [M+K+], 469.04
[M+Na+].


Acylation of N-(3-aminopropyl)-1,3-propanediamine (APPDA) by the
DMT ester of 1a : An excess of the DMT ester of acid 1a (2.32 g,
4.8 mmol) was added to a solution of APPDA (0.17 mL, 1.18 mmol) in
THF (25 mL). The solution was stirred at 23 8C under an argon atmos-
phere for 2 h. A precipitate formed upon completion of the reaction. The
reaction mixture was taken into methanol and filtered. The resulting
solid was recrystallized from acetone to afford the triacylated product as
a colorless solid (1.11 g, 95 % yield). The resulting compound was found
to have very low solubility in all solvents that were tried; therefore, a sat-
isfactory 13C NMR spectrum could not be obtained. 1H NMR (CDCl3,
TMS): d=7.86 (m, 2 H), 7.67 (m, 1H), 7.52 (m, 2 H), 7.32 (d, 2H), 6.88–
6.83 (overlapped peaks, m, 6H), 5.91 (m, 1H), 3.98 (t, 4H), 3.83 (t, 2H),
3.66 (m, 2 H), 3.45 (m, 4H), 3.31 (m, 2 H), 1.88 (m, 4H), 1.76 (m, 6H),
1.44 (m, 6H), 1.27 (m, 48H), 0.88 ppm (t, 9 H); MALDI-TOF MS: m/z :
1035.98 [M+K+], 1018.95 [M+Na+], 997.03 [M+2 H+].


Typical procedure of imidazolide synthesis: Synthesis of 4-(dodecan-1-
yloxy)benzoyl imidazole (2a): CDI (1.459 g, 9.0 mmol) was placed into a
round-bottomed flask under argon. Acid 1a (0.918 g, 3 mmol) was dis-
solved in anhydrous dichloromethane (50 mL) and added to the flask by
syringe. The reaction was stirred at room temperature for 1 h while argon
was bubbled through. The progress of the reaction was monitored by
TLC, MALDI mass spectrometry, and 1H NMR spectroscopy. Upon com-
pletion of the reaction, the reaction mixture was cooled in a refrigerator,
washed 4–5 times with cold water (5 8C), and dried over anhydrous
MgSO4. The solvent was evaporated under reduced pressure and the
product was recrystallized from acetone to afford a colorless powder
(1.003 g, 95% yield). M.p. 67–69 8C; 1H NMR (CDCl3, TMS): d=8.02 (s,
1H), 7.73 (d, 2H), 7.47 (s, 1 H), 7.09 (s, 1 H), 6.95 (d, 2H), 3.98 (t, 2H),
1.73 (m, 2H), 1.40 (m, 2 H), 1.19 (m, 16H), 0.81 ppm (t, 3H); 13C NMR
(CDCl3, TMS): d= 165.86, 164.12, 138.54, 132.78, 131.03, 123.98, 118.64,
115.14, 68.95, 32.31, 30.05, 30.03, 29.98, 29.95, 29.73, 29.43, 26.36, 23.08,
14.51 ppm.


3,4-Bis(dodecan-1-yloxy)benzoyl imidazole (2b): A synthetic procedure
analogous to the synthesis of 2a was used. Aqueous workup and recrys-
tallization from acetone afforded 2b as a colorless solid (88 % yield).
M.p. 72–74 8C; 1H NMR (CDCl3, TMS): d=8.09 (s, 1 H), 7.54 (s, 1H),
7.36 (d, 1H), 7.34 (s, 1 H), 7.15 (s, 1H), 6.94 (d, 1H), 4.09 (t, 2 H), 4.04 (t,
2H), 1.85 (m, 4 H), 1.48 (m, 4 H), 1.36–1.27 (overlapped peaks, m, 32H),
0.88 ppm (t, 6H); 13C NMR (CDCl3, TMS): d=165.94, 154.55, 149.63,
138.63, 130.99, 124.83, 124.04, 118.72, 115.13, 112.35, 69.90, 69.64, 32.32,
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30.08, 30.05, 30.00, 29.77, 29.75, 29.53, 29.41, 26.39, 26.36, 23.08,
14.49 ppm; MALDI-TOF MS: m/z : 580.44 [M+K+], 564.23 [M+Na+],
541.82 [M+H+].


3,4,5-Tris(dodecan-1-yloxy)benzoyl imidazole (2c): A synthetic procedure
analogous to the synthesis of 2a was used. Aqueous workup and recrys-
tallization from acetone afforded the corresponding imidazolide as a col-
orless powder (92 % yield). M.p. 61–62 8C; 1H NMR (CDCl3, TMS): d=


8.10 (s, 1 H), 7,46 (s, 1 H), 7.16 (s, 1H), 6.98 (s, 2H), 4.07 (t, 2 H), 3.99 (t,
4H), 1.80 (overlapped peaks, m, 6H), 1.46 (m, 6H), 1.26 (m, 48H),
0.88 ppm (t, 9H); 13C NMR (CDCl3, TMS): d=166.16, 153.66, 143.63,
138.67, 131.16, 126.47, 118.66, 109.10, 74.14, 69.92, 32.33, 32.32, 30.76,
30.14, 30.12, 30.09, 30.05, 30.01, 29.95, 29.76, 29.67, 26.45, 23.08,
14.49 ppm; MALDI-TOF MS: m/z : 764.22 [M+K+], 748.61 [M+Na+],
726.44 [M+H+].


3,4-Bis[(4’-dodecan-1-yloxy)benzyloxy]benzoyl imidazole (2d): A syn-
thetic procedure analogous to the synthesis of 2a was used. Aqueous
workup and recrystallization from acetone afforded the corresponding
imidazolide as a colorless powder (90 % yield). M.p. 93–95 8C; 1H NMR
(CDCl3, TMS): d =7.96 (s, 1H), 7.27 (overlapped peaks, m, 7H), 7.05 (s,
1H), 6.94 (d, 1 H), 6.82 (overlapped peaks, m, 4 H), 5.11 (s, 2H), 5.05 (s,
2H), 3.88 (t, 4H), 1.70 (m, 4H), 1.37 (m, 4 H), 1.19 (m, 32H), 0.81 ppm
(t, 6H); 13C NMR (CDCl3, TMS): d=165.76, 159.63, 154.39, 149.07,
138.54, 130.97, 129.51, 129.33, 128.49, 128.23, 125.24, 124.39, 118.71,
116.87, 115.07, 115.04, 113.84, 71.64, 71.30, 68.50, 32.32, 30.07, 30.04,
30.01, 29.99, 29.82, 29.75, 29.68, 26.47, 23.09, 14.52 ppm; MALDI-TOF
MS: m/z : 792.27 [M+K+], 776.25 [M+Na+], 754.22 [M+H+].


3,4,5-Tris[(4’-dodecan-1-yloxy)benzyloxy]benzoyl imidazole (2e): A syn-
thetic procedure analogous to the synthesis of 2a was used. In this case,
an excess of CDI (3.0 equiv) was necessary to convert all of the acid into
imidazolide. Aqueous workup afforded the corresponding imidazolide as
a colorless powder (90 % yield). M.p. 78–79 8C; 1H NMR (CDCl3, TMS):
d=8.00 (s, 1H), 7.28 (overlapped peaks, d, 7 H), 7.10 (s, 1 H), 7.03 (s,
2H), 6.81 (d, 4H), 6.76 (d, 2H), 5.08 (s, 2H), 5.05 (s, 4H), 3.92 (m, 6H),
1.78 (m, 6H), 1.45 (m, 6 H), 1.26 (m, 48H), 0.87 ppm (t, 9H); 13C NMR
(CDCl3, TMS): d=165.892, 159.65, 159.59, 153.23, 143.80, 138.51, 131.10,
130.70, 129.64, 129.52, 128.38, 126.55, 118.70, 115.04, 114.62, 110.61, 75.30,
71.72, 68.52, 68.44, 32.34, 30.09, 30.06, 30.03, 30.01, 29.87, 29.77, 29.73,
29.70, 26.49, 23.11, 14.53 ppm; MALDI-TOF MS: m/z : 1087.93 [M+K+],
1066.84 [M+Na+], 1044.83 [M+H+].


3,4-Bis(3’,4’-bis(dodecan-1-yloxy)benzyloxy)benzoyl imidazole (2 f): A
synthetic procedure analogous to the synthesis of 2a was used. Aqueous
workup and recrystallization from acetone afforded 2 f as a colorless
solid (91 % yield). M.p. 95–97 8C; 1H NMR (CDCl3, TMS): d=8.04 (s,
1H), 7.40 (overlapped peaks, m, 3 H), 7.12 (s, 1H), 6.98 (d, 1H), 6.96 (d,
2H), 6.93–6.90 (overlapped peaks, m, 2 H), 6.84 (overlapped peaks, m,
2H), 5.16 (s, 2H), 5.11 (s, 2H), 3.96 (overlapped peaks, m, 8H), 1.81 (m,
8H), 1.45 (m, 8 H), 1.26 (m, 64H), 0.87 ppm (t, 12 H); 13C NMR (CDCl3,
TMS): d=165.74, 154.308, 149.80, 149.79, 149.66, 149.58, 149.07, 138.53,
131.00, 129.18, 128.94, 125.23, 124.44, 120.63, 120.46, 118.71, 116.65,
114.09, 113.76, 113.69, 113.60, 71.77, 71.49, 69.74, 69.76, 32.34, 30.14,
30.12, 30.08, 30.06, 29.91, 29.87, 29.78, 29.74, 26.51, 26.48, 23.10,
14.52 ppm; MALDI-TOF MS: m/z : 1161.7 [M+K+], 1145.2 [M+Na+],
1123.4 [M+2H+].


3,5-Bis(3’,4’-bis(dodecan-1-yloxy)benzyloxy)benzoyl imidazole (2g): A
synthetic procedure analogous to the synthesis of 2a was used. Aqueous
workup and recrystallization from acetone afforded 2g as a colorless
solid (82 % yield). M.p. 72–73 8C; 1H NMR (CDCl3, TMS): d=8.08 (s,
1H), 7.45 (s, 1 H), 7.13 (s, 1H), 6.97–6.86 (overlapped peaks, m, 9H), 4.97
(s, 4H), 3.99 (m, 8 H), 1.81 (m, 8 H), 1.45 (m, 8 H), 1.26 (m, 64H),
0.87 ppm (t, 12H); 13C NMR (CDCl3, TMS): d= 160.52, 149.86, 149.80,
138.60, 133,89, 131.30, 128.80, 120.99, 118.45, 114.20, 114.03, 109.11,
107.82, 71.05, 69.78, 32.34, 30.11, 30.07, 30.05, 29.86, 29.84, 29.77, 29.74,
29.70, 26.47, 26.46, 23.10, 14.51 ppm; MALDI-TOF MS: m/z : 1126.47
[M+5H+].


3,4-Bis(3’,4’,5’-tris(dodecan-1-yloxy)benzyloxy)benzoyl imidazole (2h): A
synthetic procedure analogous to the synthesis of 2a was used. Aqueous
workup and recrystallization from acetone afforded 2h as a waxy color-
less solid (83 % yield). M.p. 64–66 8C; 1H NMR (CDCl3, TMS): d=8.07


(s, 1 H), 7.40 (overlapped peaks, m, 3H), 7.13 (s, 1H), 7.02 (d, 1 H), 6.62
(d, 4 H), 5.15 (s, 2 H), 5.09 (s, 2 H), 3.92 (overlapped peaks, m, 12 H), 1.75
(m, 12H), 1.45 (m, 12H), 1.26 (m, 96 H), 0.87 ppm (t, 18H); 13C NMR
(CDCl3, TMS): d= 165.68, 154.22, 153.85, 153.81, 149.11, 138.62, 138.51,
131.58, 131.39, 131.05, 125.30, 124.61, 118.76, 116.55, 113.80, 106.23,
106.15, 73.85, 72.07, 71.82, 69.63, 69.56, 32.34, 30.80, 30.18, 30.14, 30.09,
30.06, 29.90, 29.85, 29.81, 29.79, 26.57, 23.10, 14.52 ppm; MALDI-TOF
MS: m/z : 1531.5 [M+K+], 1516.2 [M+Na+], 1492.4 [M+2 H+].


Typical procedure for coupling of imidazolides with APPDA: Synthesis
of N,N-bis(3-(4-(dodecan-1-yloxy)benzamido)propyl)amine (3a):
APPDA (0.7 mL, 5 mmol) was placed into a round-bottomed flask under
argon. 2a (3.52 g, 10 mmol) dissolved in anhydrous THF was added to
the flask gradually over a period of 20 min. The reaction was kept under
argon and the mixture was stirred in an ice-bath at 0 8C for 4 h. Upon
completion of the reaction, the mixture was poured into methanol; this
resulted in a white precipitate, which was filtered off, washed repeatedly
with water, recrystallized from acetone and/or ethyl acetate, and dried
under vacuum to provide a colorless solid (3.31 g, 93 % yield). 1H NMR
(CDCl3, TMS): d =7.74 (d, 4H), 7.19 (t, 2H), 6.89 (d, 4H), 3.98 (t, 4H),
3.59 (q, 4 H), 2.74 (t, 4H), 1.70 (m, 9 H), 1.43 (m, 4H), 1.19 (m, 32H),
0.81 ppm (t, 6H); 13C NMR (CDCl3, TMS): d=167.63, 162.08, 129.07,
127.13, 114.57, 68.58, 48.23, 39.09, 32.32, 30.07, 30.04, 30.01, 29.98, 29.81,
29.75, 29.58, 26.42, 23.09, 14.51 ppm; MS (ESI): m/z : 708.32 [M+H+].


N,N-Bis(3- ACHTUNGTRENNUNG(3,4-bis(dodecan-1-yloxy)benzamido)propyl)amine (3b): A
synthetic procedure analogous to the synthesis of 3a was used. Upon
completion of the reaction, the mixture was poured into methanol and
filtered. The product was recrystallized from acetone to yield a colorless
powder (89 % yield). 1H NMR (CDCl3, TMS): d=7.43 (s, 2 H), 7.25–7.24
(overlapped peaks, m, 4 H), 6.82 (d, 4H), 4.01 (t, 8H), 3.56 (q, 4H), 2.77
(t, 4H), 1.82 (m, 12H), 1.48 (m, 8 H), 1.35 (m, 64 H), 0.91 ppm (t, 12H);
13C NMR (CDCl3, TMS): d=167.72, 152.33, 149.35, 127.59, 119.97,
113.52, 112.77, 69.86, 69.55, 48.20, 39.14, 32.33, 30.11, 30.06, 30.05, 29.85,
29.77, 29.70, 29.62, 29.57,26.43, 23.08, 14.49 ppm; MALDI-TOF MS: m/z :
1118.51 [M+2H++K+], 1102.23 [M+2H++Na+], 1078.94 [M+2H+].


N,N-Bis(3-(3,4,5-tris(dodecan-1-yloxy)benzamido)propyl)amine (3c): A
synthetic procedure analogous to the synthesis of 3a was used. After 4 h
of stirring under argon, the reaction mixture was poured into methanol
and filtered. The solid was recrystallized twice from acetone to afford a
pure colorless solid (89 % yield). 1H NMR (CDCl3, TMS): d=7.13 (t,
2H), 6.97 (s, 4 H), 3.95 (t, 12 H), 3.52 (q, 4 H), 2.73 (t, 4 H), 1.77–1.71
(overlapped peaks, m, 16H), 1.43 (m, 12 H), 1.26 (m, 96 H), 0.88 ppm (t,
18H); 13C NMR (CDCl3, TMS): d=167.87, 153.46, 141.70, 129.98, 106.41,
73.90, 69.88, 48.09, 39.18, 32.33, 30.76, 30.16, 30.12, 30.10, 30.07, 30.02,
29.85, 29.79, 29.77, 29.63, 26.52, 23.09, 14.49 ppm; MALDI-TOF MS:
m/z : 1485.74 [M+K+], 1470.23 [M+Na+], 1446.67 [M+H+].


N,N-Bis(3- ACHTUNGTRENNUNG(3,4-bis[(4’-dodecan-1-yloxy)benzyloxy]benzamido)propyl)-
amine (3d): When an analogous procedure to that described above was
used in dichloromethane or THF, the reaction mixture resulted in a gel.
The gel/precipitate was filtered to afford fibrous colorless waxy solid
(85 % yield). The product obtained by this method is usually pure; how-
ever, additional recrystallization from a dichloromethane/EtOAc mixture
was sometimes used. 1H NMR (CDCl3, TMS): d=7.47 (d, 2 H), 7.28
(overlapped peaks, m, 12 H), 6.82 (overlapped peaks, m, 8 H), 5.10 (s,
4H), 5.01 (s, 4H), 3.90 (t, 8H), 3.50 (q, 4 H), 2.75 (t, 4H), 1.75 (m, 13 H),
1.41 (m, 8H), 1.26 (m, 64H), 0.87 ppm (t, 12H); 13C NMR (CDCl3,
TMS): d=167.45, 167.12, 159.34, 152.23, 149.18, 129.62, 129.54, 129.34,
129.24, 129.15, 128.98, 128.82, 127.68, 127.45, 120.88, 114.84, 114.84,
114.62, 114.21, 71.54, 71.23, 68.49, 48.15, 39.34, 32.31, 30.10, 30.07, 29.83,
29.73, 29.71, 29.43, 28.24, 27.75, 26.48, 23.08, 14.52 ppm; MALDI-TOF
MS: m/z : 1543.54 [M+3H++K+], 1522.71 [M+Na+], 1501.52 [M+].


N,N-Bis(3-(3,4,5-tris[(4’-dodecan-1-yloxy)benzyloxy]benzamido)propyl)-
amine (3e): A synthetic procedure analogous to the synthesis of 3a was
used. The reaction was left to stir under argon for 2 h. The reaction mix-
ture was then poured into methanol and the precipitate was filtered off.
Recrystallization from BuOAc (or alternatively column chromatography
on silica gel, with first a dichloromethane/EtOAC mixture and then a
CHCl3/MeOH mixture employed as the eluting solvent, with subsequent
evaporation of the solvent) afforded a colorless solid (1.04 g, 81 % yield).
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1H NMR (CDCl3, TMS): d =7.27 (d, 8 H), 7.20 (d, 4H), 6.84 (d, 8 H), 6.70
(d, 4 H), 4.92 (s, 4H), 4.89 (s, 8 H), 3.89 (m, 12H), 3.50 (q, 4H), 2.74 (t,
4H), 1.84 (m, 17H), 1.44 (m, 12H), 1.26 (m, 96H), 0.83 ppm (t, 18H);
13C NMR (CDCl3, TMS): d=167.66, 159.44, 159.36, 153.24, 141.90,
130.59, 130.31, 129.93, 129.71, 129.02, 114.82, 114.50, 107.76, 75.17, 71.79,
68.47, 68.38, 48.20, 39.24, 32.34, 30.10, 30.06, 30.03, 29.89, 29.77, 29.74,
29.57, 26.50, 23.10, 14.52 ppm; MALDI-TOF MS: m/z : 2123.92 [M+3 H+


+K+], 2107.79 [M+3 H++Na+], 2085.60 [M+3H+].


N,N-Bis(3- ACHTUNGTRENNUNG(3,4-bis(3’,4’-bis(dodecan-1-yloxy)benzyloxy)benzamido)pro-
pyl)amine (3 f): A synthetic procedure analogous to the synthesis of 3a
was used. Upon completion, the reaction mixture was poured into metha-
nol and filtered. The resulting product was recrystallized from acetone
several times. A colorless solid was obtained (92 % yield). 1H NMR
(CDCl3, TMS): d= 7.50 (s, 2H), 7.22 (m, 2H), 6.95 (d, 4H), 6.87 (over-
lapped peaks, m, 6H), 6.79 (d, 4 H), 5.01 (s, 8H), 3.94 (t, 8 H), 3.88 (t,
8H), 3.49 (q, 4 H), 2.72 (t, 4H), 1.76 (m, 20 H), 1.44 (m, 16H), 1.26 (m,
128 H), 0.87 ppm (t, 24H); 13C NMR (CDCl3, TMS): d=167.42, 152.16,
149.75, 149.71, 149.44, 149.42, 149.21, 129.36, 129.95, 129.72, 128.27,
120.72, 120.61, 120.49, 114.86, 114.22, 114.14, 113.96, 113.73, 71.91, 71.48,
69.79, 69.66, 69.65, 48.30, 39.27, 32.35, 30.11, 30.09, 29.95, 29.81, 29.58,
26.55, 26.51, 23.10, 14.50 ppm; MALDI-TOF MS: m/z : 2275.51 [M+K+],
2260.23 [M+Na+], 2237.94 [M+].


N,N-Bis(3- ACHTUNGTRENNUNG(3,5-bis(3’,4’-bis(dodecan-1-yloxy)benzyloxy)benzamido)pro-
pyl)amine (3g): A synthetic procedure analogous to the synthesis of 3a
was used. Upon completion, the reaction mixture was poured into metha-
nol and filtered. The resulting product was purified by column chroma-
tography as described for 3c. A colorless solid was obtained (78 % yield).
1H NMR (CDCl3, TMS): d=7.48 (s, 2 H), 7.02–6.81 (overlapped peaks,
m, 7H), 6.66 (s, 2 H), 4.87 (s, 8H), 3.95 (t, 16H), 3.46 (q, 4 H), 2.76 (t,
4H), 1.81 (m, 16H), 1.45 (m, 16H), 1.26 (m, 128 H), 0.87 ppm (t, 24H);
13C NMR (CDCl3, TMS): d=167.72, 160.42, 149.75, 149.64, 137.16,
129.36, 125.92, 121.08, 114.96, 106.48, 105.31, 70.81, 69.77, 48.15, 39.17,
32.35, 30.73, 30.13, 30.08, 29.90, 29.89, 29.79, 29.75, 26.51, 26.48, 23.11,
14.52 ppm; MALDI-TOF MS: m/z : 2277.35 [M+K+], 2261.79 [M+Na+],
2241.56 [M+3H+].


N,N-Bis(3- ACHTUNGTRENNUNG(3,4-Bis(3’,4’,5’-tris(dodecan-1-yloxy)benzyloxy)benzamido)-
propyl)amine (3h): A synthetic procedure analogous to the synthesis of
3a was used. Upon completion, the reaction mixture was poured into
methanol and filtered. The resulting product was purified by column
chromatography as described for 3c. A colorless solid was obtained
(75 % yield). 1H NMR (CDCl3, TMS): d=7.53 (s, 2H), 7.31 (d, 4H), 6.88
(d, 1 H), 6.59 (d, 8H), 5.02 (s, 8H), 3.92–3.86 (overlapped peaks, m,
24H), 3.49 (q, 4 H), 2.76 (t, 4H), 1.74 (m, 28H), 1.45 (m, 24H), 1.26 (m,
192 H), 0.87 ppm (t, 36H); 13C NMR (CDCl3, TMS): d=167.68, 153.72,
153.66, 152.19, 138.35, 132.27, 132.07, 128.09, 120.80, 114.82, 114.31,
106.39, 106.12, 73.82, 72.17, 71.80, 69.54, 47.66, 38.68, 32.35, 30.83, 30.19,
30.16, 30.11, 29.94, 29.91, 29.80, 28.99, 26.60, 23.10, 14.49 ppm; MALDI-
TOF MS: m/z : 3008.8 [M+K+], 2992.3 [M+Na+], 2971.0 [M+].


Typical procedure for coupling of amido amines with succinic anhydride:
Synthesis of N,N-bis(3- ACHTUNGTRENNUNG(3,4-bis[(4’-dodecan-1-yloxy)benzyloxy]benzami-
do)propyl)amino-4-oxo-butanoic acid (4d): Amido amine 3d (1.502 g,
1 mmol) was mixed with succinic anhydride (0.110 g, 1.1 mmol). The mix-
ture was dissolved in hot anhydrous THF and refluxed overnight under
argon. The mixture was then poured into water; this resulted in a white
precipitate, which was filtered, washed with water, and recrystallized
from acetone. This procedure provided a colorless solid product (1.329 g,
83% yield). 1H NMR (CDCl3, TMS): d =7.57 (d, 2H), 7.32 (overlapped
peaks, m, 12 H), 6.80 (overlapped peaks, m, 8 H), 4.99 (m, 8 H), 3.87 (t,
8H), 3.38 (m, 4H), 3.28 (m, 4 H), 2.60 (m, 2H), 2.53 (m, 4H), 1.84 (m,
2H), 1.65 (m, 10H), 1.43 (m, 8H), 1.26 (m, 64H), 0.87 ppm (t, 12H);
13C NMR (CDCl3, TMS): d=177.58, 173.25, 167.80, 167.23, 159.37,
152.31, 152.07, 149.24, 149.12, 129.66, 129.58, 129.38, 129.23, 129.13,
128.96, 128.86, 127.67, 127.48, 120.86, 114.86, 114.81, 114.60, 114.0, 71.56,
71.28, 68.47, 46.17, 43.00, 37.99, 36.10, 32.33, 30.09, 30.05, 29.86, 29.76,
29.73, 29.43, 28.24, 27.78, 26.48, 23.09, 14.52 ppm; MALDI-TOF MS: m/z :
1643.20 [M+3H++K+], 1627.27 [M+3H++Na+], 1604.99 [M+3H+].


N,N-Bis(3-(4-(dodecan-1-yloxy)benzamido)propyl)amino-4-oxo-butanoic
acid (4a): A synthetic procedure analogous to the synthesis of 4d was


used, to afford a colorless powder (92 % yield). 1H NMR (CDCl3, TMS):
d=7.78 (overlapped peaks, d, 4H), 7.55 (t, 1 H), 6.95 (t, 1H), 6.86 (dd,
4H), 3.96 (t, 4 H), 3.47 (m, 4H), 3.38 (t, 2H), 3.31 (q, 4H), 2.67–2.58 (m,
4H), 1.96 (m, 2H), 1.78–1.75 (two overlapped peaks, m, 6 H), 1.43 (m,
4H), 1.26 (m, 32H), 0.87 ppm (t, 6 H); 13C NMR (CDCl3, TMS): d=


176.75, 173.27, 168.03, 167.50, 162.29, 162.17, 129.26, 126.65, 126.49,
114.62, 68.62, 46.22, 43.17, 37.87, 36.19, 32.32, 30.07, 30.04, 30.02, 29.99,
29.82, 29.75, 29.59, 28.13, 27.88, 26.42, 23.09, 14.51 ppm; MS (ESI): m/z :
808.43 [M+H+].


N,N-Bis(3- ACHTUNGTRENNUNG(3,4-bis(dodecan-1-yloxy)benzamido)propyl)amino-4-oxo-buta-
noic acid (4b): A synthetic procedure analogous to the synthesis of 4d
was used, to afford a colorless powder in 93% yield. 1H NMR (CDCl3,
TMS): d=8.06 (t, 1 H), 7.46 (d, 2 H), 7.38 (m, 2 H), 7.28 (t, 1H), 6.81
(overlapped peaks, m, 2 H), 3.99 (overlapped peaks, m, 8 H), 3.45 (m,
4H), 3.32 (m, 2H), 3.29 (m, 2 H), 2.60 (m, 2H), 2.57 (m, 2H), 1.95 (m,
2H), 1.81 (m, 8H), 1.69 (m, 2H), 1.43 (m, 8 H), 1.26 (m, 64 H), 0.87 ppm
(t, 12H); 13C NMR (CDCl3, TMS): d=173.19, 168.03, 167.48, 152.40,
152.19, 149.28, 149.17, 126.99, 126.82, 120.39, 120.25, 113.15, 112.82,
112.73, 112.55, 69.70, 69.50, 46.22, 43.06, 37.94, 35.99, 32.35, 30.09. 29.88,
29.80, 29.67, 29.58, 28.15, 27.80, 26.45, 23.12, 14.54 ppm; MALDI-TOF
MS: m/z : 1203.43 [M+3H++Na+], 1180.13 [M+3H+].


N,N-Bis(3-(3,4,5-tris[(4’-dodecan-1-yloxy)benzyloxy]benzamido)propyl)-
amino-4-oxo-butanoic acid (4e): A synthetic procedure analogous to the
synthesis of 4d was used and resulted in a white solid as the final product
(87 % yield). 1H NMR (CDCl3, TMS): d=7.28 (d, 8 H), 7.20 (d, 4 H), 6.82
(d, 8H), 6.70 (d, 4H), 4.92 (s, 4 H), 4.89 (s, 8 H), 3.87 (m, 12H), 3.45 (m,
4H), 3.32 (m, 84 H), 2.57 (m, 2H), 2.53 (m, 2 H), 1.92 (m, 2H), 1.76 (m,
12H), 1.72 (m, 2H), 1.43 (m, 12H), 1.26 (m, 96H), 0.87 ppm (t, 18H);
13C NMR (CDCl3, TMS): d=177.58, 173.25, 167.77, 167.18, 159.43,
159.36, 159.32, 153.29, 153.24, 141.77, 141.41, 130.55, 130.09, 129.98,
129.75, 129.66, 129.51, 129.18, 129.03, 114.82, 114.78, 114.49, 107.48,
106.81, 75.17, 71.50, 71.20, 68.48, 68.45, 68.39, 46.44 ppm; MALDI-TOF
MS: m/z : 2224.43 [M+3H++Na+].


N,N-Bis(3-ACHTUNGTRENNUNG(3,4-bis(3’,4’-bis(dodecan-1-yloxy)benzyloxy)benzamido)propyl)-
amino-4-oxo-butanoic acid (4 f): A synthetic procedure analogous to the
synthesis of 4d was used, to afford a colorless powder (91 % yield).
1H NMR (CDCl3, TMS): d= 7.60–7.59 (overlapped peaks, m, 3H), 7.41
(m, 1H), 7.00–6.79 (overlapped peaks, m, 16H), 5.05 (s, 4H), 5.04 (s,
4H), 3.94 (t, 8 H), 3.88 (t, 8 H), 3.48 (m, 2 H), 3.45 (m, 2H), 3.38 (m, 2H),
3.32 (m, 2H), 2.67 (m, 2 H), 2.63 (m, 2H), 1.94 (m, 2H), 1.76 (m, 18 H),
1.43 (m, 16 H), 1.26 (m, 128 H), 0.88 ppm (t, 24 H); 13C NMR (CDCl3,
TMS): d=167.70, 167.21, 152.32, 152.11, 149.71, 149.45, 149.40, 149.34,
149.25, 149.15, 129.92, 129.62, 127.77, 127.49, 120.75, 120.65, 120.52,
114.50, 114.10, 113.91, 113.74, 71.53, 71.42, 69.77, 69.63, 46.12, 43.10,
37.98, 36.29, 32.35, 30.11, 29.98, 29.95, 29.84, 29.80, 29.50, 27.87, 26.58,
26.53, 23.09, 14.49 ppm; MALDI-TOF MS: m/z : 2375.40 [M+K+],
2359.54 [M+Na+]


Typical procedure for the synthesis of ureas: Synthesis of 1,1-bis(3- ACHTUNGTRENNUNG(3,4-
bis[(4’-dodecan-1-yloxy)benzyloxy]benzamido)propyl)-3-(6-methylhep-
tan-2-yl)urea (5d): CDI (0.13 g, 0.79 mmol) was dissolved in anhydrous
THF (25 mL). 2-Amino-6-methylheptane (0.13 mL, 0.79 mmol) was
added to that mixture dropwise. The reaction was left to stir for 1 h at
23 8C. Upon completion of this step (as monitored by TLC), compound
3d (0.79 g, 0.53 mmol) was added to the mixture; the mixture was then
refluxed for 6 h. The solvent was evaporated and the resulting solid was
recrystallized twice from acetone to afford a colorless solid (87 % yield).
1H NMR (CDCl3, TMS): d=7.58 (s, 2 H), 7.36–7.30 (overlapped peaks,
m, 12H), 6.90 (d, 2H), 6.85 (d, 8 H), 5.09 (s, 4 H), 5.08 (s, 4H), 4.80 (d,
1H), 3.94 (t, 8H), 3.89 (m, 1H), 3.41 (m, 4 H), 3.34 (m, 4H), 1.77 (m,
12H), 1.43 (m, 10 H), 1.29–1.26 (overlapped peaks, m, 67 H), 1.10 (m,
5H), 0.87 (t, 12H), 0.79 ppm (d, 6 H); 13C NMR (CDCl3, TMS): d=


167.43, 159.40, 158.60, 152.16, 149.30, 129.61, 129.31, 129.25, 129.02,
127.84, 120.66, 114.92, 114.87, 114.50, 71.51, 71.37, 68.48, 47.13, 44.35,
39.23, 38.07, 37.12, 32.32, 30.07, 30.01, 29.83, 29.75, 29.72, 28.92, 28.27,
26.48, 24.43, 23.09, 22.94, 22.00, 14.50 ppm; MALDI-TOF MS: m/z :
1697.10 [M+H++K+], 1680.53 [M+H++Na+], 1657.78 [M+H+].


1,1-Bis(3-ACHTUNGTRENNUNG(3,4-bis(dodecan-1-yloxy)benzamido)propyl)-3-(6-methylhep-
tan-2-yl)urea (5b): A synthetic procedure analogous to the synthesis of
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5d was used. A colorless solid was obtained (89 % yield). 1H NMR
(CDCl3, TMS): d =7.65 (s, 2H), 7.64 (m, 2 H), 7.42 (d, 2 H), 6.84 (d, 2H),
4.91 (d, 1H), 4.04 (t, 4 H), 4.01 (t, 2H), 3.85 (m, 1 H), 3.41–3.34 (overlap-
ped peaks, m, 8H), 1.79 (m, 12H), 1.45 (m, 10 H), 1.31–1.26 (overlapped
peaks, m, 67H), 1.11 (m, 5H), 0.88 (t, 12H), 0.81 ppm (d, 6H); 13C NMR
(CDCl3, TMS): d= 167.74, 158.59, 152.31, 149.33, 127.20, 120.22, 113.16,
112.84, 69.68, 69.56, 47.12, 44.35, 39.23, 38.04, 37.13, 32.32, 31.28, 30.09,
30.04, 29.85, 29.81, 29.75, 29.67, 29.56, 28.87, 26.45, 26.40, 24.45, 23.07,
22.92, 21.95, 14.48 ppm; MALDI-TOF MS: m/z : 1271.50 [M+H++K+],
1256.83 [M+H++Na+], 1232.78 [M+H+].


1,1-Bis(3-ACHTUNGTRENNUNG(3,4-bis(3’,4’-bis(dodecan-1-yloxy)benzyloxy)benzamido)prop-
yl)-3-(6-methylheptan-2-yl)urea (5 f): A synthetic procedure analogous to
the synthesis of 5d was used. A colorless solid was obtained (87 % yield).
1H NMR (CDCl3, TMS): d=7.60 (s, 2H), 7.37 (d, 2H), 7.27 (m, 2H),
7.00–6.81 (overlapped peaks, m, 14 H), 5.09 (s, 4H), 5.07 (s, 4H), 4.83 (d,
1H), 3.96 (t, 8 H), 3.91 (t, 8H), 3.44–3.34 (overlapped peaks, m, 8H), 1.77
(m, 20H), 1.44 (m, 18 H), 1.32–1.26 (overlapped peaks, m, 131 H), 1.11
(d, 5 H), 0.88 (t, 24 H), 0.79 ppm (d, 6H); 13C NMR (CDCl3, TMS): d=


167.40, 158.62, 152.15, 149.78, 149.74, 149.42, 149.40, 149.29, 130.02,
129.81, 127.91, 120.70, 120.64, 120.39, 114.37, 114.20, 113.95, 113.66, 71.64,
71.55, 69.81, 69.64, 47.14, 44.31, 39.24, 38.08, 37.10, 32.34, 30.09, 29.92,
29.89, 29.79, 28.93, 28.27, 26.53, 26.49, 24.43, 23.09, 22.98, 22.95, 22.02,
14.50 ppm; MALDI-TOF MS: m/z : 2433.90 [M+H++K+], 2418.02
[M+H++Na+], 2394.78 [M+H+].


Typical procedure for gelation experiments : A carefully measured
amount of solid (4–60 mg) was put into an NMR tube with a tight-fit
twist cap and organic solvent (0.5 or 1 mL) was added. The mixture was
carefully heated in an oil bath. Upon dissolution, the solution was slowly
cooled to 23 8C. If the tube was inverted and the liquid did not flow, it
was considered to be a gel. The tube was left for observation for 2 days
at 23 8C.
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Complexation of the Vulcanization Accelerator Tetramethylthiuram
Disulfide and Related Molecules with Zinc Compounds Including Zinc Oxide
Clusters (Zn4O4)


Ralf Steudel,*[a] Yana Steudel,[a] and Ming Wah Wong*[b]


Introduction


Vulcanization of unsaturated organic polymers to produce
rubber is one of the key technologies of modern society.
The annual production of rubber exceeds 17 million tons
worldwide. In this process, natural or synthetic polyolefins
react with sulfur compounds to generate sulfidic and poly-
sulfidic cross-links between the carbon chains and give an
elastic material. Tetramethylthiuram disulfide (TMTD) is
one of the most important accelerators for this type of
sulfur vulcanization.


Tetramethylthiuram disulfide is usually applied together
with zinc oxide,[1] and the function of the latter in this con-


Abstract: Zinc chemicals are used as
activators in the vulcanization of or-
ganic polymers with sulfur to produce
elastic rubbers. In this work, the reac-
tions of Zn2+ , ZnMe2, Zn ACHTUNGTRENNUNG(OMe)2, Zn-
ACHTUNGTRENNUNG(OOCMe)2, and the heterocubane clus-
ter Zn4O4 with the vulcanization accel-
erator tetramethylthiuram disulfide
(TMTD) and with the related radicals
and anions Me2NCS2C, Me2NCS3C,
Me2NCS2


�, and Me2NCS3
� have been


studied by quantum chemical methods
at the MP2/6-31+GACHTUNGTRENNUNG(2df,p)//B3LYP/6-
31+G* level of theory. More than 35
zinc complexes have been structurally
characterized and the energies of for-
mation from their components calculat-
ed for the first time. The binding
energy of TMTD as a bidendate ligand
increases in the order ZnMe2<Zn-
ACHTUNGTRENNUNG(OOCMe)2<ZnACHTUNGTRENNUNG(OMe)2<Zn4O4<


Zn2+ . The last two zinc species also
form very stable complexes with the
radicals Me2NCS2C and Me2NCS3C. Dis-
sociation of the TMTD molecule at the
S�S bond on reaction with the Zn4O4


cluster is predicted to be strongly exo-
thermic, in sharp contrast to the endo-
thermic S�S bond dissociation of the
free molecule. The same holds for tet-
ramethylthiuram trisulfide (TMTT).
Surprisingly, the resulting complexes
contain Zn�S as well as S�O bonds.
The Zn4O4 nanocluster serves here as a
model for bulk zinc oxide used as an
activator in rubber vulcanization by
sulfur. The further uptake of sulfur


atoms by the various complexes from
S8 or TMTD with formation of species
derived from the radical Me2NCS3C or
the trithiocarbamate anion Me2NCS3


�


is endothermic for mono- and dinu-
clear zinc dithiocarbamate (dtc) com-
plexes such as [Zn ACHTUNGTRENNUNG(dtc)2] and [Zn2-
ACHTUNGTRENNUNG(dtc)4], but exothermic in the case of
polynuclear zinc oxide species contain-
ing bridging ligands as in [Zn4O4(m-
S2CNMe2)] and [Zn4O4ACHTUNGTRENNUNG(m-dtc)]. There-
fore, zinc oxide as a polynuclear spe-
cies is predicted to promote the forma-
tion of trisulfido complexes, which are
generally assumed to serve as catalysts
for the transfer of sulfur atoms during
rubber vulcanization. This prediction is
in accord with the empirical knowledge
that ZnO is a better activator in
TMTD-accelerated rubber vulcaniza-
tion than zinc dithiocarbamate.
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text has recently been studied extensively.[2] The formation
of zinc thiolate complexes such as bis-dithiocarbamato zinc
[Zn ACHTUNGTRENNUNG(S2CNMe2)2] has been postulated, which are believed to
take up more sulfur atoms from TMTD or from added ele-
mental sulfur. The resulting polysulfido complexes are as-
sumed to attack the natural or synthetic polyolefins with
eventual generation of cross-links between the polymeric
chain molecules and formation of a useful rubber material.[3]


However, a detailed and realistic reaction mechanism is not
known and, in particular, the fate of the oxygen atoms of
ZnO in the rubber mixture is unclear. A recent review
stated “even today, a clear notation of the exact mechanism
in accelerated sulfur vulcanization is still absent and the role
of zinc oxide or zinc complexes is rather ill-understood”.[2]


Typically, a vulcanization mixture consists of a natural or
synthetic polyolefin (100), carbon black (50), elemental
sulfur (0.5–4), zinc oxide (2–4), stearic acid (1–4), organic
accelerators (0.5–2), and small amounts of antioxidants, re-
tarders, and other chemicals (quantities given in parts per
hundred of rubber).[4] The vulcanization reaction takes place
between 130 and 160 8C. Thus, in the case of TMTD acceler-
ation the first step may be homolytic dissociation of the
TMTD molecule. Previously, we have shown that the disso-
ciation of TMTD at the sulfur–sulfur bond requires an en-
thalpy of only 150 kJmol�1.[5] This rather low value is ex-
plained by resonance stabilization of the formed thiuram
radicals Me2NCS2C, which are of C2v symmetry. In other
words, TMTD-accelerated vulcanization may be a radical
chain reaction. However, in the presence of lithium cations
TMTD dissociates with formation of lithium complexes with
the thiuram radicals as ligands. The reaction enthalpy of this
process is even lower than 150 kJmol�1.[5] Zinc ions as pres-
ent in zinc oxide may have a similar effect.


The reaction of TMTD with bulk ZnO has been studied
several times experimentally but with conflicting results.[6]


The most recent and most reliable study showed that heat-
ing of a TMTD/ZnO (2/1) mixture for 16 h to 140 8C results
in the following main products: zinc dithiocarbamate [Zn-
ACHTUNGTRENNUNG(dtc)2], ZnSO4, tetramethylthiourea (Me2N)2CS, S8, CS2, and
COS.[7] Evidently, the products (Me2N)2CS, S8, and CS2


result from simple thermal decomposition of TMTD. How-
ever, formation of the dithiocarbamate (dtc) anions requires
two-electron reduction of TMTD.[8,9] Since both the original
mixture and conventional vulcanization mixtures do not
contain any common reductant, the formation of [Zn ACHTUNGTRENNUNG(dtc)2]
in the TMTD/ZnO reaction has been explained by simulta-
neous oxidation of sulfur to sulfate, recovered as ZnSO4.


[10]


Note that the actual vulcanization reaction starts at temper-
atures well below 100 8C, is usually performed at 140 8C, and
is completed in much less than the 16 h used in the above
experiments. Therefore, the question arises which are the
primary products of the reaction of the Lewis base TMTD
with the Lewis acidic atoms on the surface of ZnO crystals
and whether these products are able to initiate the cross-
linking reaction. It has long been suspected that such inter-
mediates of unknown structure exist.[11]


In the present work, we have studied the interaction of
TMTD with a number of zinc species such as Zn2+ , ZnMe2,
ZnACHTUNGTRENNUNG(OMe)2, ZnACHTUNGTRENNUNG(OOCMe)2, and the cubelike cluster Zn4O4


using quantum chemical methods. The last-named species is
a model for the surface atoms of bulk zinc oxide since it
contains only three-coordinate atoms. In the bulk material
the coordination number of the zinc atoms is four. The reac-
tions of the Zn4O4 cluster with a number of small molecules
have already been studied by a similar theoretical ap-
proach.[12] Since vulcanization is often performed with addi-
tion of elemental sulfur, we have also investigated a number
of more sulfur-rich complexes formally derived by uptake of
single sulfur atoms from elemental sulfur or from TMTD.


Results and Discussion


Reference calculations : We describe below a number of hy-
pothetical gas-phase reactions of the zinc species Zn2+ ,
ZnMe2, ZnACHTUNGTRENNUNG(OMe)2, Zn ACHTUNGTRENNUNG(OOCMe)2, and Zn4O4 with TMTD
and derivatives of TMTD such as the radicals Me2NCS2C and
Me2NCS3C and the anions Me2NCS2


� and Me2NCS3
�. The


binding energies of these S-donor ligands to the zinc species
were calculated at the MP2/6-31+G ACHTUNGTRENNUNG(2df,p)//B3LYP/6-31+


G* level of theory without any further corrections. This
method was chosen on the basis of two sets of benchmark
calculations with a hierarchy of basis sets, namely, 6-31+


G*, 6-311+G**, 6-31+ (2df,p) and 6-311+GACHTUNGTRENNUNG(3df,2p). To
simulate the coordination of a thione sulfur atom to a posi-
tively charged zinc center, the binding energy of the hypo-
thetical model complex [(CS2)ZnO], shown in Scheme 1,


was calculated at various levels of theory. At the B3LYP/6-
31+G* level of theory, this molecule is planar and has a
Zn�S bond of length 242.2 pm (Cs symmetry); the bond
angles are C-S-Zn 98.1, S-C-S 178.9, and S-Zn-O 175.78
(dipole moment: 9.66 D).


From this geometry it can be concluded that the positively
charged zinc atom (+1.16) is coordinated to one of the
sulfur 3p lone pairs. The results of the various single-point
energy calculations in Table 1 demonstrate that the conver-
gence of Møller–Plesset perturbation theory, that is, HF,
MP2, MP3, to MP4, is somewhat unsatisfactory. Both
B3LYP and MP2 yield comparable results. Our best level of
theory corresponds to the CCSD(T) method. The B3LYP
method underestimates the binding energy compared to the
best CCSD(T) result, while the MP2 theory overestimates
it.


The homolytic dissociation energy of sulfur–sulfur bonds
as in TMTD is an important factor to consider in this work.


Scheme 1. Hypothetical model complex [(CS2)ZnO].
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To study the dependence of this energy on the theoretical
method chosen, the hypothetical model disulfide HC(=S)S�
SC(=S)H was calculated at several levels of theory. The data
in Table 2 clearly demonstrate that the B3LYP method con-


siderably underestimates the S�S bond dissociation energy,
while the MP2 results are in closer agreement with the
CCSD(T) values. The effect of the basis set is rather small
in this case. In both sets of benchmark calculations, the 6-
31+G ACHTUNGTRENNUNG(2df,p) results are close to those with the larger 6-
311+G ACHTUNGTRENNUNG(3df,2p) basis. Hence, the affordable MP2/6-31+G-
ACHTUNGTRENNUNG(2df,p)//B3LYP/6-31+G* level of theory was eventually
chosen as a compromise for all zinc complexes examined in
this work. At this level of theory, the S�S bond dissociation
energy of TMTD (157 kJmol�1) is in very good agreement
with the higher level G3X ACHTUNGTRENNUNG(MP2) value of 150 kJmol�1.[5]


The absolute energies and dipole moments of all investigat-
ed species are presented in Table S1 in the Supporting Infor-
mation.


Reactions of TMTD with Zn2+ : Tetraalkylthiuram disulfides
R2NC(=S)S�SC(=S)NR2 are excellent bidentate ligands to-
wards metal ions[5,13] since the thione sulfur atoms are nega-
tively charged and act as strong Lewis basic centers.[5] Ac-
cordingly, the interaction energy of TMTD with Zn2+ cat-
ions is quite large [Eq. (1)].


Zn2þ þ TMTD! ½ZnðTMTDÞ�2þ ð1Þ
DE ¼ �1230:8 kJmol�1


ð1Þ


Due to the higher negative charge on the thione sulfur
atoms, the reaction energy is much larger than in the case of
the related complex between H2S and Zn2+


(�525.1 kJmol�1, calculated at the B3LYP/6-311+G ACHTUNGTRENNUNG(d,p)
level).[14] The complex cation 1 is of C2 symmetry with ZnS
bonds of length 222.4 pm and an S-Zn-S bond angle of
159.58 (Figure 1). On complex formation, the CSSC torsion


angle of TMTD changes from 	88.08 in the free ligand to
�120.78 in 1, and the S�S bond length increases from
203.9 pm in TMTD to 212.2 pm in 1. Therefore, one would
expect the homolytic dissociation energy of this bond to be
smaller than that in the free TMTD molecule (see below).
The largest structural changes on complex formation occur
at the C=S bonds, which increase in length from 165.7 pm in
TMTD to 174.4 pm in 1. The structure of 1 differs from that
of the analogous complex [Li ACHTUNGTRENNUNG(TMTD)]+ insofar as the metal
atom in the latter is coordinated to three sulfur atoms,[5]


while in 1 the larger zinc atom is two-coordinate.
The energy liberated in the reaction shown in Equa-


tion (1) is substantially larger than that required for dissoci-
ation of TMTD with homolytic cleavage of the sulfur–sulfur
bond, calculated at the same level of theory [Eq. (2)].


TMTD! 2Me2NCS2
C DE ¼ þ156:6 kJmol�1 ð2Þ


Therefore, the question arises whether complex 1 immedi-
ately rearranges to four-coordinate species 2 containing two


Table 1. Calculated reaction energies [kJmol�1] for the coordination of
CS2 to monomeric ZnO in [(CS2)ZnO], based on the B3LYP/6-31+G*
geometry.


Level 6-31+G* 6-311+G** 6-31+G ACHTUNGTRENNUNG(2df,p) 6-311+G ACHTUNGTRENNUNG(3df,2p)


B3LYP �51.0 �50.8 �56.3 �55.7
HF �32.0 �30.5 �37.0 �35.3
MP2 �77.9 �70.3 �72.7 �67.9
MP3 �53.4 �43.2 �47.3
MP4SDQ �82.2 �73.3 �76.2
MP4SDTQ �99.3 �91.5 �94.0
CCSD �61.1 �52.4 �56.0
CCSD(T) �66.5 �58.2 �61.7


Table 2. Calculated S�S bond dissociation energies [kJmol�1] of HC(=
S)S�SC(=S)H at various levels of theory, based on the B3LYP/6-31+G*
geometry.


Level 6-31+G* 6-311+G** 6-31+G ACHTUNGTRENNUNG(2df,p) 6-311+G ACHTUNGTRENNUNG(3df,2p)


B3LYP 150.3 147.0 165.4 165.5
HF 175.5 175.3 188.7 186.7
MP2 202.9 207.3 236.6 235.7
MP3 199.3 202.9 223.7
MP4SDQ 198.6 201.3 225.4
MP4SDTQ 186.9 190.0 216.3
CCSD 197.4 200.0 223.5
CCSD(T) 184.3 187.0 211.5


Figure 1. Structures of the complexes [ZnACHTUNGTRENNUNG(TMTD)]2+ (1), singlet [Zn-
ACHTUNGTRENNUNG(S2CNMe2)2]


2+ (2), and triplet [Zn ACHTUNGTRENNUNG(S2CNMe2)2]
2+ (2a), calculated at the


B3LYP/6-31+G* level. Bond lengths in picometers.
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thiuram radical ligands Me2NCS2C. Due to its large dipole
moment of 5.07 D (see Table S1 in the Supporting Informa-
tion) this radical should be a good ligand. The correspond-
ing reaction is in fact strongly exothermic regardless of
whether the novel complex is formed in the singlet ground
state (2) or in the sligthly less stable triplet state (2a); see
Equation (3).


Zn2þ þ TMTD! ½ZnðS2CNMe2Þ2�2þ ð2Þ
DE ¼ �1157:0 kJmol�1


ð3Þ


The energy difference between 2 and 2a is 22.6 kJmol�1.
The structures of these two complexes are presented in
Figure 1. They differ mainly by the coordination geometry
at the zinc atom. The more stable species 2 is of D2h symme-
try with a planar ZnS4 skeleton, while 2a, containing a dis-
torted tetrahedral ZnS4 unit, is of C2 symmetry.


The results given in Equations (1)–(3) are of considerable
significance for the vulcanization process, since they show
that zinc atoms bearing a sufficiently high positive charge fa-
cilitate cleavage of the S�S bond of the accelerator molecule
TMTD on heating, as the isomerization reaction 1!2 re-
quires only 73.8 kJmol�1, as opposed to the 156.6 kJmol�1


needed to dissociate the free TMTD molecule.[5]


From the above data it follows that the addition of thiur-
am radicals to Zn2+ is strongly exothermic [Eq. (4)].


Zn2þ þ 2Me2NCS2
C ! ½ZnðS2CNMe2Þ2�2þ ð2Þ


DE ¼ �1313:5 kJmol�1
ð4Þ


For comparison purposes, we also calculated the thermo-
dynamics of the reaction of Zn2+ with two dimethyldithio-
carbamate anions Me2NCS2


� (dtc), derived from TMTD by
two-electron reduction [Eq. (5)]. This anion is also of C2v


symmetry with an S�S distance of 302.8 pm and a S-C-S
bond angle of only 122.58 compared to 108.18 in the
Me2NCS2C radical.


Zn2þ þ 2Me2NCS2
� ! ½ZnðS2CNMe2Þ2� ð3Þ


DE ¼ �2667:7 kJmol�1
ð5Þ


The enormous reaction energy liberated in the reaction
shown in Equation (5) is still smaller than the lattice energy
of ZnO (�4033 kJmol�1[15]). The structure of complex 3 is
shown in Figure 2. The coordination at the metal atom is ap-
proximately tetrahedral, in agreement with previous DFT
calculations (C2 symmetry).[3a] However, in the solid state,
zinc bis-dithiocarbamate is dimeric with two bridging and
two terminal chelating Me2NCS2


� ligands.[16] For the two ter-
minal ligands the average observed bond lengths are Zn�S
238.1, C�S 172.4, and C�NMe2 132.5 pm,[16] in good agree-
ment with our calculated data (Figure 2). Despite the stron-
ger interaction of dtc anions with Zn2+ compared to thiuram
radicals, the Zn�S bonds of 3 are longer than those in 2.


Reaction of TMTD with dimethylzinc : TMTD is known to
react with Me2Zn at 0 8C as shown in Equation (6).[17] For
the first time, we have obtained thermodynamic data of this
reaction.


ZnMe2 þ 2TMTD! ½ZnðS2CNMe2Þ2� ð3Þ
þ 2Me2NCð¼SÞSMe ð4Þ


DE ¼ �364:4 kJmol�1
ð6Þ


In this process, the S�S bonds of the two TMTD mole-
cules are formally cleaved heterolytically and the resulting
thiolate anions add to the formal Zn2+ center of ZnMe2,
while the sulfonium ions Me2NCS2


+ combine with the
formal methyl anions of ZnMe2 with formation of 4. The
hitherto-unknown structure of 4 does not show any unusual
geometrical features. The symmetry is Cs and the SCSC tor-
sion angle is 08 (atomic coordinates are given in the Sup-
porting Information).


The first step in the reaction shown in Equation (6) is
probably exothermic coordination of TMTD to ZnMe2
[Eq. (7)].


ZnMe2 þ TMTD! ½ZnMe2ðTMTDÞ� ð5Þ
DE ¼ �58:5 kJmol�1


ð7Þ


Complex 5 is of C2 symmetry and has two rather long
Zn�S bonds of 327 pm (Figure 2). The C-Zn-C bond angle
has decreased from 1808 in dimethylzinc to 167.38 in 5.
Thus, the interaction can best be described as an ion–dipole
attraction (NBO charge on Zn in Me2Zn: +1.22; on the


Figure 2. Structures of [ZnACHTUNGTRENNUNG(dtc)2] (3) and [Me2ZnACHTUNGTRENNUNG(TMTD)] (5), calculated
at the B3LYP/6-31+G* level. Bond lengths in picometers.
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thione sulfur atoms of TMTD: �0.12). The C-S-Zn bond
angles of 5 are 99.18.


Reaction of TMTD with dimethoxyzinc : In the rubber vul-
canization mixture, the added stearic acid is assumed to
react on heating with zinc oxide to give zinc stearate, which
in turn may interact with the accelerator molecules.[6b] For
this reason, we have studied the reactions of TMTD with
various Zn–O compounds to find out which type of zinc salt
is powerful enough to cleave the TMTD molecule into two
radicals Me2NCS2C. Dimethoxyzinc serves here as a first
simple model species. Its donor–acceptor interaction with
TMTD is more exothermic than that of ZnMe2 [Eq. (8)].


ZnðOMeÞ2 þ TMTD! ½ZnðOMeÞ2ðTMTDÞ� ð6Þ
DE ¼ �127:7 kJmol�1


ð8Þ


Complex 6 is of C2 symmetry with distorted tetrahedral
coordination of the zinc atom and Zn�S bonds of length
270.6 pm (Figure 3). The Zn�O bond lengths have increased
from 177.0 pm in Zn ACHTUNGTRENNUNG(OMe)2 to 185.0 pm in 6, while the
OZnO bond angle decreased simultaneously from 172.58 to
151.28 in 6. The C-S-Zn bond angles are 93.78. The TMTD
ligand slightly changed its conformation, as can be seen
from the CSSC torsion angles of 	88.08 in the free TMTD
molecule and �78.58 in 6. The energy released on coordina-
tion of TMTD to Zn ACHTUNGTRENNUNG(MeO)2 is more than twice the reaction


energy in the case of ZnMe2, most probably as the result of
the higher positive charge on the zinc atom. The NBO
atomic charges on Zn are +1.51 in ZnACHTUNGTRENNUNG(OMe)2 and +1.54 in
6.


As shown above and in our previous work,[5] the thiuram
radicals produced in Equation (2) may also serve as biden-
tate ligands in metal complexes. To cleave a TMTD mole-
cule homolytically on reaction with a zinc compound re-
quires that two thiuram radicals release a considerably
higher binding energy on coordination to the zinc center
than TMTD itself. To predict the interaction energy for
these radical ligands with a zinc atom linked to two oxygen
atoms, we studied the reaction shown in Equation (9),
during which zinc acquires the normal coordination number
of four (see Figure 3).


ZnðOMeÞ2 þMe2NCS2
C ! ½ZnðOMeÞ2ðS2CNMe2Þ�C ð7Þ


DE ¼ �57:7 kJmol�1
ð9Þ


From the data in Equations (2) and (9), it follows that the
reaction given in Equation (10) is slightly endothermic; in
addition, it is disfavored at higher temperatures by a de-
crease in entropy.


2 ZnðOMeÞ2þ TMTD! 2 ½ZnðOMeÞ2ðS2CNMe2Þ�C ð7Þ
DE ¼ þ41:1 kJmol�1


ð10Þ


Evidently, a stronger Lewis acid than Zn ACHTUNGTRENNUNG(OMe)2 is
needed to cleave the TMTD molecule on coordination to a
zinc center.


Reaction of TMTD with zinc acetate : Zinc acetate is used
here as a model compound for zinc stearate, which has often
been discussed as a component of rubber vulcanization mix-
tures.[2] The crystal and molecular structure of zinc diacetate
are unknown, but the related oxo acetate [Zn4OACHTUNGTRENNUNG(OOCMe)6]
has been characterized by X-ray crystallography.[18] In this
structure the shortest Zn�O(ac) bond length is 197.6 pm, in
good agreement with our calculations on the hypothetical
mononuclear acetate [ZnACHTUNGTRENNUNG(OOCMe)2] (8), in which the coor-
dination number of Zn is four, with a distorted tetrahedral
geometry of symmetry C2 and an atomic charge on the Zn
atom of +1.56 (Figure 4). The atoms CCZnCC are collinear.
The two independent ZnO distances are 203.5 and 204.6 pm,
and the O-Zn-O angle is 65.28.


Coordination of TMTD to the acetate 8 is exothermic
[Eq. (11)]. Two distinct isomers of the resulting complex
[Zn ACHTUNGTRENNUNG(OOCMe)2ACHTUNGTRENNUNG(TMTD)] have been found (9 and 9a), with a
slight preference for isomer 9 (by 2.6 kJmol�1).


½ZnðOOCMeÞ2� ð8Þ þ TMTD


! ½ZnðOOCMeÞ2ðTMTDÞ� ð9Þ
DE ¼ �93:4 kJmol�1


ð11Þ


Both 9 and 9a have a quite unusual distorted trigonal-bi-
pyramidal coordination sphere at the zinc atom (Figures 4


Figure 3. Structures of [Zn ACHTUNGTRENNUNG(OMe)2 ACHTUNGTRENNUNG(TMTD)] (6) and [ZnACHTUNGTRENNUNG(OMe)2-
ACHTUNGTRENNUNG(S2CNMe2)]C (7), calculated at the B3LYP/6-31+G* level. Bond lengths
in picometers.
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and 5). TMTD serves as a monodentate ligand in 9 but as a
bidentate ligand in 9a. Accordingly, both acetate anions are
bidentate in 9, while one of the acetate anions is monoden-
tate in 9a. We were unable to locate a local energy mini-
mum of [Zn ACHTUNGTRENNUNG(OOCMe)2ACHTUNGTRENNUNG(TMTD)] with a six-coordinate zinc
center. In the structure of 9 the Zn�O bond lengths range
from 204.1 to 223.1 pm. The Zn�S distance (244.5 pm), the
ZnSC bond angle (110.18), and the CSSC torsion angle
(�79.78) all have normal values. On the other hand, the bi-
dentate TMTD ligand in the structure of 9a occupies two
sites at the zinc atom with Zn�S distances of 247.3 pm (eq)
and 281.7 pm (ax). One of the acetate anions is linked to
the metal atom by just one Zn�O bond (190.1 pm), while
the other ligand is bidentate but with two differing Zn�O
distances of 205.2 pm (eq) and 220.9 pm (ax). Thus, the
TMTD ligand has pushed one oxygen atom out of the coor-
dination sphere of the central atom to keep the coordination
number lower than six. This may be the reason for the mod-
erate interaction energy. The TMTD ligand of 9a has C1


symmetry with an S�S bond length of 204.8 pm and a CSSC
torsion angle of �81.78.


Addition of a thiuram radical to zinc acetate complex 8 is
also moderately exothermic [Eq. (12)].


½ZnðOOCMeÞ2� ð8Þ þMe2NCS2
C


! ½ZnðOOCMeÞ2ðS2CNMe2Þ�C ð10Þ
DE ¼ �57:2 kJmol�1


ð12Þ


As in the case of 9, the radical enters as a monodentate
ligand and the coordination number of zinc increases from
four to five with a distorted square-pyramidal geometry and
Zn�O bond lengths in the range of 199.3–229.4 pm in 10
(Figure 5). The torsion angle ZnSCS at the h1 ligand is
108.68. Due to the relatively small binding energy [Eq. (12)],
the hypothetical cleavage reaction of TMTD by two mole-
cules of the acetate 8 is predicted to be endothermic
[Eq. (13)].


2 ½ZnðOOCMeÞ2� ð8Þ þ TMTD


! 2 ½ZnðOOCMeÞ2ðS2CNMe2Þ�C ð10Þ
DE ¼ þ42:3 kJmol�1


ð13Þ


This result is of considerable importance since it demon-
strates that zinc carboxylates are not equally active substi-
tutes for zinc oxide as vulcanization activators. The main
reason for this finding is the fourfold coordination of the
zinc atoms in conjunction with the strong Zn�O bonds. The
same situation is expected for di-, tri-, and tetranuclear zinc
carboxylate complexes and similar species such as zinc glyc-
erolate. Below we will show that the surface atoms of solid
zinc oxide, on the other hand, can cleave TMTD easily due
to their lower coordination number of three.


Figure 4. Structures of [Zn ACHTUNGTRENNUNG(OOCMe)2] (8) and [ZnACHTUNGTRENNUNG(OOCMe)2ACHTUNGTRENNUNG(TMTD)]
(9), calculated at the B3LYP/6-31+G* level. Bond lengths in picometers.


Figure 5. Structures of [Zn ACHTUNGTRENNUNG(OOCMe)2 ACHTUNGTRENNUNG(TMTD)] (9a) and of the radical
[Zn ACHTUNGTRENNUNG(OOCMe)2 ACHTUNGTRENNUNG(S2CNMe2)]C (10), calculated at the B3LYP/6-31+G*
level. Bond lengths in picometers.
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Reaction of TMTD with zinc oxide : To simulate the situa-
tion of the atoms on the surface of zinc oxide particles, we
used a small cluster of zinc oxide, namely, the heterocubane
Zn4O4. The coordination chemistry of similar M4O4 cubanes
(M=Co, Ni) has recently been reviewed.[19] In the highly
symmetrical Zn4O4 cluster, all zinc atoms are equivalent and
coordinated to three oxygen atoms, as is expected for the
surface atoms of bulk crystalline zinc oxide. This structure is
a local energy minimum on the potential-energy hypersur-
face (PES) of Zn4O4.


[20] The Zn4O4 cluster has already been
successfully used to study the interaction of other vulcaniza-
tion-related molecules with zinc oxide, for example, the ac-
celerator mercaptobenzothiazole (MBT).[12] The NBO
atomic charges on the zinc atoms of Zn4O4 are +1.60; the
Zn�O and Zn�Zn internuclear distances are 199 and
263 pm, respectively. In the ideal tetrahedral wurtzite struc-
ture of bulk ZnO these distances are 198 and 323 pm.


On coordination of TMTD to the Zn4O4 molecule, two
zinc atoms increase their coordination number from three to
four while the cubelike cluster remains intact (Figure 6).
This complexation reaction is fairly strongly exothermic
[Eq. (14)].


Zn4O4 þ TMTD! ½Zn4O4ðTMTDÞ� ð11Þ
DE ¼ �238:8 kJmol�1


ð14Þ


The structure of 11 is of C1 symmetry with Zn�S bond
lengths of 242.0 and 244.3 pm and Zn�O bond lengths in
the range 194.8–207.4 pm. Two zinc atoms acquire a distort-
ed tetrahedral coordination sphere. The Zn-S-C bond angles
are 91.7 and 95.98. The conformation of the TMTD ligand
with a torsion angle tACHTUNGTRENNUNG(CSSC) of �80.58 is almost the same
as calculated for the free molecule (t=	88.08).[5]


One might argue that the surface of commercial zinc
oxide is covered by water molecules and that there are no
three-coordinate zinc atoms. In fact, Zn4O4 clusters react
exothermically with water to give the oxide hydroxide
Zn4O3(OH)2.


[12] However, the interaction of TMTD with
Zn4O4 according to Equation (14) is much stronger than the
chemisorption of H2O molecules, which liberates only
�176.7 kJmol�1, calculated at the present MP2 level. There-
fore, should H2O be adsorbed on the surface of zinc oxide it
is expected to be replaced by TMTD during rubber vulcani-
zation.


As a result of the high thermodynamic stability of the
complex [Zn4O4ACHTUNGTRENNUNG(TMTD)], zinc oxide in the form of Zn4O4


is predicted to strip off the TMTD ligand from the carboxyl-
ate complexes 9 and 9a discussed above [Eqs. (15) and
(15a)].


½ZnðOOCMeÞ2ðTMTDÞ� ð9Þ þ Zn4O4


! ½Zn4O4ðTMTDÞ� ð11Þ þ ½ZnðOOCMeÞ2� ð8Þ
DE ¼ �150:6 kJmol�1


ð15Þ


½ZnðOOCMeÞ2ðTMTDÞ� ð9 aÞ þ Zn4O4


! ½Zn4O4ðTMTDÞ� ð11Þ þ ½ZnðOOCMeÞ2� ð8Þ
DE ¼ �148:0 kJmol�1


ð15aÞ


The interaction between Zn4O4 and the radical Me2NCS2C


is also exothermic [Eq. (16)]. Three isomers of the corre-
sponding adduct have been located on the PES. In the most
stable form 12, the radical binds to two zinc atoms through
both sulfur atoms (Figure 6).


Zn4O4 þMe2NCS2
C ! ½Zn4O4ðm-S2CNMe2Þ�C ð12Þ


DE ¼ �102:7 kJmol�1
ð16Þ


The isomer with the Me2NCS2C ligand attached to one zinc
atom (12a) is 14.8 kJmol�1 less stable than 12. In the struc-
tures of 12 and 12a, the Zn4O4 cube has opened up to a
more basketlike conformation on coordination of Me2NCS2C


(Figure 6).
In the least stable isomer 12b the Me2NCS2C ligand is also


bidentate but is connected to one zinc and one oxygen atom
with a rather long S�O bond of length of 241.5 pm
(Figure 7). This structure is 35.9 kJmol�1 less stable than
isomer 12. Similar “expanded” ligand geometries have been


Figure 6. Structures of [Zn4O4ACHTUNGTRENNUNG(TMTD)] (11), [Zn4O4 ACHTUNGTRENNUNG(S2CNMe2)]C (12),
and its isomer 12a, calculated at the B3LYP/6-31+G* level. Bond
lengths in picometers.
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observed for oxidized dithiocarbamate ligands, for example,
in the structure of the hexacoordinate chromium ACHTUNGTRENNUNG(III) com-
plex [Cr ACHTUNGTRENNUNG(S2CNR2)2 ACHTUNGTRENNUNG(OS2CNR2)], prepared by dichromate oxi-
dation of [Cr ACHTUNGTRENNUNG(dtc)3] and containing two four- and one five-
membered metallacycles (R=Me, Et). The S�O bond
length was determined by X-ray crystallography as
126(2) pm.[21] The S,O-bound ligand R2NCS2O


� is also pres-
ent in the dinuclear zinc complexes [{Zn ACHTUNGTRENNUNG(OS2CNBu2)2}2]


[22]


and [{Zn ACHTUNGTRENNUNG(OS2CNEt2)2}2].
[23] However, in the last three com-


pounds the ligands are anions, not radicals as in 12a.
Another difference between the two doublet structures


12a and 12b is the coordination number of the zinc and
oxygen atoms. In 12b all atoms of the Zn4O4 unit are three-
coordinate, while 12a has a four-coordinate zinc atom and,
as a consequence, a two-coordinate oxygen atom. The two
binding schemes observed in the structures of 12a and 12b
are also found in the reaction products 13 and 13a formed
between Zn4O4 and two Me2NCS2C radicals [Eqs. (17) and
(17a)].


Zn4O4 þ 2Me2NCS2
C ! ½Zn4O4ðS2CNMe2Þ2� ð13Þ


DE ¼ �560:0 kJmol�1
ð17Þ


Zn4O4 þ 2Me2NCS2
C ! ½Zn4O4ðS2CNMe2Þ2� ð13 aÞ


DE ¼ �530:4 kJmol�1
ð17aÞ


Unexpectedly, the ground state of [Zn4O4ACHTUNGTRENNUNG(S2CNMe2)2] is a
singlet structure with two bridging ligands (13). The corre-
sponding triplet state (13b) is much higher in energy (see
Table S1 in the Supporting Information).


Complexes 13 and 13a are remarkably stable and exhibit
several extraordinary structural features (Figure 7). The two
ligands are bound in differing ways, resembling the coordi-
nation patterns of the complexes 12a and 12b. The most re-
markable feature, which is probably responsible for the
rather high binding energies, are the sulfur–oxygen bonds of
lengths 159.9 (13) and 161.2 pm (13a) involving an oxygen
atom which is still linked to one (13) or two (13a) zinc
atoms. The formation of this S�O bond may be the first step
towards sulfate production, which has been observed on
heating of TMTD with bulk ZnO (see Introduction). The
formerly cubelike Zn4O4 cluster has opened up to a basket-
like structure in both 13 and 13a. Major differences between
these two isomers are the coordination numbers at zinc and
oxygen. In 13 one Zn atom is four-coordinate and three are
three-coordinate, while 13a has two four-coordinate and two
three-coordinate zinc atoms.


As a result of the high stability of 13, the isomerization
reaction [Zn4O4ACHTUNGTRENNUNG(TMTD)] (11)! ACHTUNGTRENNUNG[Zn4O4 ACHTUNGTRENNUNG(S2CNMe2)2] (13) is
exothermic, by �164.7 kJmol�1. Thus, complexes analogous
to 13 and 13a are predicted to be key intermediates in vul-
canization mixtures containing ZnO and TMTD. This state-
ment also holds for other diorganylthiuram disulfides since
the homolytic S�S dissociation energy decreases with larger
alkyl groups on the nitrogen atom.[5]


In addition to the singlet species 13 and 13a, we identified
four triplet isomers of composition [Zn4O4ACHTUNGTRENNUNG(S2CNMe2)2]
(13b–e) which are considerably less stable than 13 (see
Table S1 and Figure S1 in the Supporting Information). The
relative energies of these complexes with respect to the sin-
glet ground state 13 are 201.6 (13b), 326.4 (13c), and
324.2 kJmol�1 (13d), respectively (we did not obtain the
MP2 energy for the least stable adduct 13e). Only in the
two least stable of these structures, 13d and 13e, is the
Zn4O4 cube preserved (see Figure S1 in the Supporting In-
formation).


As a consequence of the high stability of species 13, disso-
ciation of TMTD on reaction with the Zn4O4 cluster is pre-
dicted to be more exothermic than the simple adduct forma-
tion shown in Equation (14); see Equation (18).


Zn4O4 þ TMTD! ½Zn4O4ðS2CNMe2Þ2� ðsingletÞ ð13Þ
DE ¼ �403:5 kJmol�1


ð18Þ


½Zn4O4ðTMTDÞ� ð11Þ
! ½Zn4O4ðS2CNMe2Þ2� ðtripletÞ ð13 bÞ


DE ¼ 36:9 kJmol�1
ð18aÞ


Figure 7. Structures of [Zn4O4 ACHTUNGTRENNUNG(S2CNMe2)]C (12b) and of two isomeric sin-
glet species of composition [Zn4O4 ACHTUNGTRENNUNG(S2CNMe2)2] (13 and 13a), calculated
at the B3LYP/6-31+G* level. Bond lengths in picometers.
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When TMTD is coordinated to Zn4O4, homolytic cleavage
of the S�S bond to form two thiuram radicals [Eq. (18a)] re-
quires 36.9 kJmol�1, considerably less than in the case of
free TMTD [Eq. (2)]. We also examined the kinetic require-
ments of the homolytic process in 11. For homolytic fission
of the S�S single bond in 11, one would expect a large
degree of diradical character in the transition state. There-
fore, unrestricted methods (i.e. , UB3LYP and UMP2) were
employed for the transition-state calculations. The identity
of this transition state for S�S bond dissociation (TS) was
confirmed by intrinsic reaction coordinate (IRC) calcula-
tions. We note that the UMP2 wave function of the calculat-
ed transition state is severely spin contaminated, with hS2i=
0.70. This suggests that the UMP2 barrier may not be relia-
ble.[24] Hence, a significantly improved barrier height was
obtained by using the projected Møller–Plesset (PMP2)
theory.[25] The calculated transition state TS is characterized
by an S···S distance of 301.8 pm (Figure 8). With respect to
11, the calculated barrier is 138.9 kJmol�1. For comparison,
the energy barrier associated with the S�S bond dissociation
of free TMTD is significantly higher (156.0 kJmol�1) Hence,
Zn4O4 appears to promote the dissociation of TMTD kineti-
cally as well as thermodynamically.


The interaction between a dithiocarbamate anion and the
Zn4O4 cluster [Eq. (19)] is expectedly more exothermic than
the analogous reaction shown in Equation (16).


Zn4O4 þMe2NCS2
� ! ½Zn4O4ðS2CNMe2Þ�� ð14Þ


DE ¼ �261:3 kJmol�1
ð19Þ


The structure of complex 14 depicted in Figure 8 is very
similar to that of the neutral species 12 shown in Figure 6.
An isomeric complex 14a with the dtc anion attached to
two zinc atoms is of C2v symmetry with the Zn4O4 cluster
intact (Figure 8). However, this species is slightly less stable
than 14, by 2.5 kJmol�1. This small energy difference indi-
cates that dtc anions can thermally “walk” over the surface
of ZnO particles by coordinating alternatingly to either one
or two neighboring zinc atoms. However, the above-men-
tioned energy difference probably depends on the internu-
clear distance of the closest zinc atoms. Since this distance is
somewhat larger in the wurtzite structure of ZnO than in
our Zn4O4 cluster, the isomer analogous to 14 may be slight-
ly more stable than that analogous to 14a. On the other
hand, these Zn�Zn distances are modified by the incoming
ligands, as can be seen in the structures of many of the com-
plexes described in this work.


Sulfurization reactions : Rubber vulcanization accelerated by
TMTD and activated by ZnO is usually performed in the
presence of elemental sulfur. Therefore, we have studied the
uptake of a single sulfur atom from S8 by various complexes
resulting in ligands of the type Me2NCS3C and Me2NCS3


�


(ttc). The different ligand properties may be judged by com-
paring the NBO atomic charges of the terminal sulfur atoms
and the nonbonding distances between them (Scheme 2).


The data in Scheme 2 reveal considerable differences be-
tween the neutral and anionic species. In all cases the CSn
groups are practically planar. The higher negative charge on
the terminal S atoms favors the anions over the neutral spe-
cies as ligands, but the two anions differ considerably in
their bite angles, that is, the distance between these terminal
atoms. These bidentate ligands can form five-membered
rings with a single metal atom or can be attached to two
neighboring metal atoms of the Zn4O4 cluster to give seven-


Figure 8. Structures of transition state TS for dissociation of TMTD coor-
dinated to Zn4O4 and of the two isomeric complexes [Zn4O4 ACHTUNGTRENNUNG(dtc)] (14
and 14a), calculated at the B3LYP/6-31+G* level. Bond lengths in pic-
ometers.


Scheme 2. NBO atomic charges on terminal S atoms and nonbonding
S···S distances [pm] in neutral and anionic ligands.
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membered rings (Figures 9 and 10). One would expect that
dtc prefers the former case, while ttc would favor formation
of a bridge between two metal atoms. However, our calcula-
tions show that the trithiocarbamate anion is an excellent
ligand even towards a single zinc atom, while the neutral


Me2NCS3C radical is not, since its reaction with Zn4O4 is cal-
culated to be slightly endothermic [Eqs. (20) and (21)].


Zn4O4 þMe2NCS3
C ! ½Zn4O4ðS3CNMe2Þ�C ð15Þ


DE ¼ 19:5 kJmol�1
ð20Þ


Zn4O4 þMe2NCS3
� ! ½Zn4O4ðS3CNMe2Þ�� ð16Þ


DE ¼ �269:5 kJmol�1
ð21


The seemingly poor ligand properties of the radical
Me2NCS3C towards a single metal atom may be the result of
the strain in the almost planar five-membered ring of 15, as
reflected in the unfavorable torsion angle of �24.38 at the
S�S bond (see Figure 9). In addition, the weak bonding in-
teraction between the terminal S atoms in the free ligand[5]


must be dissolved on complex formation. Furthermore, the
basketlike structure of the Zn4O4 unit of 15 with one “miss-
ing” ZnO bond lowers the reaction energy. If the ring size is
increased by linking the ligand to two metal centers, as in
15a and similarly in 16a, the thermodynamics change con-
siderably [Eqs. (20a) and (21a)].


Zn4O4 þMe2NCS3
C ! ½Zn4O4ðm-S3CNMe2Þ�C ð15 aÞ


DE ¼ �171:1 kJmol�1
ð20aÞ


Zn4O4 þMe2NCS3
� ! ½Zn4O4ðm-S3CNMe2Þ�� ð16 aÞ


DE ¼ �399:2 kJmol�1
ð21aÞ


Isomer 15a has an intact Zn4O4 cube and the Me2NCS3C


ligand bridges two metal atoms to form a chair-shaped
Zn2OCS3 ring with an S�S torsion angle of �68.28
(Figure 9). As a free radical, species 15a is expected to be
highly reactive.


Formation of the Me2NCS3C radical from Me2NCS2C and
1=8 S8 is known to be endothermic,[5] by 45.6 kJmol�1 at the
MP2 level used in this work. Similarly, formation of the tri-
thiocarbamate anion (ttc) from dtc and 1=8 S8 is calculated to
be endothermic by 14.9 kJmol�1 in the gas phase. At the
B3LYP level, these two sulfurization reactions are even
more endothermic.


The reaction of the singlet complex [Zn ACHTUNGTRENNUNG(S2CNMe2)2]
2+


with sulfur does not produce the expected cation [Zn-
ACHTUNGTRENNUNG(S2CNMe2) ACHTUNGTRENNUNG(S3CNMe2)]


2+ ; instead the isomeric tetrame-
thylthiuram trisulfide (TMTT) complex 17 is formed. In
other words, the two ligands have combined to give TMTT
[Eq. (22)].


½ZnðS2CNMe2Þ2�2þ ð2 aÞþ 1=8 S8 ! ½ZnðTMTTÞ�2þ ð17Þ
DE ¼ �121:7 kJmol�1


ð22Þ


In the triplet state the cation [Zn ACHTUNGTRENNUNG(S2CNMe2) ACHTUNGTRENNUNG(S3CNMe2)]
2+


with two separate ligands (17a) is a local minimum on the
PES. However, 17a is 78.4 kJmol�1 less stable than 17. The
structures of 17 and 17a are shown in Figure 11. The zinc
ion is three-coordinate in 17 but four-coordinate in 17a.


Figure 9. Structures of the isomeric doublet complexes [Zn4O4-
ACHTUNGTRENNUNG(S3CNMe2)] (15 and 15a), calculated at the B3LYP/6-31+G* level. Bond
lengths in picometers.


Figure 10. Structures of the isomeric singlet complexes [Zn4O4 ACHTUNGTRENNUNG(ttc)] (16
and 16a), calculated at the B3LYP/6-31+G* level. Bond lengths in pic-
ometers.
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The following isodesmic sulfurization reactions leading to
the most stable isomers of the corresponding compositions
are predicted to be partly endothermic and partly exother-
mic [Eqs. (23)–(26)].


½ZnðdtcÞ2� ð3Þ þ 1=8 S8 ! ½ZnðdtcÞðttcÞ� ð18Þ
DE ¼ þ8:8 kJmol�1


ð23Þ


½Zn4O4ðS2CNMe2Þ�C ð12Þ þ 1=8 S8 ! ½Zn4O4ðS3CNMe2Þ�C ð15 aÞ
DE ¼ �22:8 kJmol�1


ð24Þ


½Zn4O4ðdtcÞ�� ð14Þ þ 1=8 S8 ! ½Zn4O4ðttcÞ�� ð16 aÞ
DE ¼ �62:9 kJmol�1


ð25Þ


½Zn4O4ðS2CNMe2Þ2� ð13Þ þ 1=8 S8


! ½Zn4O4ðS2CNMe2ÞðS3CNMe2Þ� ð19Þ
DE ¼ þ0:3 kJmol�1


ð26Þ


A complex of composition [Zn4O4ACHTUNGTRENNUNG(S2CNMe2)ACHTUNGTRENNUNG(S3CNMe2)]
as shown in Equation (26) may exist as several isomers. We
have located four additional connectivities in singlet state
(19a–d) and one in triplet state (19e). At the B3LYP/6-31+


G* level, structure 19 shown in Figure 12 is the most stable
form, while the other five isomers 19a–e (see Figures S2 and
S2a in the Supporting Information) are at least 32.0 kJmol�1


less stable. All six isomers are characterized by a basket-
shaped Zn4O4 cluster and two separate ligands. In the less
stable isomers one ligand is always connected to one zinc
atom, while the other is attached to one zinc and one
oxygen atom, that is, there is always one sulfur–oxygen
bond, similar to complexes 12a and 13a discussed above. In
the most stable form 19 both ligands are bridging but in dif-
fering manners, as indicated by the formula [Zn4O3(m-
OS2CNMe2)(m-S3CNMe2)]. The corresponding triplet state
19e is 152 kJmol�1 less stable than the related singlet
isomer 19a (B3LYP/6-31+G* level). Atomic coordinates of
all six isomers are given in the Supporting Information.


The hypothetical isomerization of 19 to the trisulfido com-
plex [Zn4O4ACHTUNGTRENNUNG(TMTT)] (20) is strongly endothermic. There-
fore, we predict that TMTT dissociates at one of the S�S
bonds on contact with zinc oxide according to Equa-
tions (27) and (28).


Figure 11. Structures of the two isomeric cationic complexes [Zn-
ACHTUNGTRENNUNG(S2CNMe2) ACHTUNGTRENNUNG(S3CNMe2)]


2+ (17 and 17a) and of the neutral species [Zn-
ACHTUNGTRENNUNG(S2CNMe2) ACHTUNGTRENNUNG(S3CNMe2)] (18), calculated at the B3LYP/6-31+G* level.
Bond lengths in picometers.


Figure 12. Structures of the isomeric complexes [Zn4O4 ACHTUNGTRENNUNG(S2CNMe2)-
ACHTUNGTRENNUNG(S3CNMe2)] (19) and [Zn4O4ACHTUNGTRENNUNG(TMTT)] (20), calculated at the B3LYP/6-
31+G* level. Bond lengths in picometers.
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Zn4O4 þ TMTT! ½Zn4O4ðTMTTÞ� ð20Þ
DE ¼ �251:3 kJmol�1


ð27Þ


½Zn4O4ðTMTTÞ� ð20Þ ! ½Zn4O4ðS2CNMe2ÞðS3CNMe2Þ� ð19Þ
DE ¼ �156:1 kJmol�1


ð28Þ


The structure of 20 is analogous to that of [Zn4O4-
ACHTUNGTRENNUNG(TMTD)] (11) with CSSS torsion angles of +92.78 and
�116.28 (Figure 12).


Sulfurization of dithiocarbamato complexes and their rad-
ical derivatives may not only occur by reaction with elemen-
tal sulfur but TMTD itself may function as a sulfurizing
agent which then is turned into the monosulfide TMTM.
The corresponding reactions are either slightly endothermic
or exothermic, as the examples in Equations (29)–(31) show.


½ZnðdtcÞ2� ð3ÞþTMTD! ½ZnðdtcÞðttcÞ� ð18ÞþTMTM


DE ¼ þ17:1 kJmol�1
ð29Þ


½Zn4O4ðdtcÞ�� ð14Þ þ TMTD


! ½Zn4O4ðttcÞ�� ð16 aÞ þ TMTM


DE ¼ �54:6 kJmol�1
ð30Þ


½Zn4O4ðS2CNMe2Þ2� ð13Þ þ TMTD


! ½Zn4O4ðS2CNMe2ÞðS3CNMe2Þ� ð19Þ þ TMTM


DE ¼ þ8:6 kJmol�1
ð31Þ


On the basis of the results presented in Equations (23)–
(31), we predict that polynuclear trisulfido zinc complexes
will be formed under the equilibrium conditions to be ex-
pected during rubber vulcanization at temperatures near
150 8C, even though the decrease in entropy makes the
Gibbs energies of some of these reactions slightly more pos-
itive than the reported reaction energies. On the other hand,
the formation of mononuclear trisulfido complexes such as
18 is predicted to be endothermic, and therefore such spe-
cies are not expected to form in noticeable concentrations
during rubber vulcanization. Zinc complexes with the sulfur-
rich ligands Me2NCS3C and Me2NCS3


� have never been pre-
pared as pure materials. The only experimental evidence for
their existence comes from MALDI-MS studies. In a laser-
desorption mass spectrometry experiment, mixtures of [Zn2-
ACHTUNGTRENNUNG(dtc)4] with S8 produced positive ions which in some cases
contained more than four sulfur atoms per zinc atom.[3a]


However, The connectivity of these cations is unknown, and
the energy of the laser may trigger even highly endothermic
reactions. On the other hand, bridging trithiocarbamate (ttc)
ligands have been found in the structure of a dinuclear
osmium complex (Scheme 3). This species was prepared by
refluxing [Os ACHTUNGTRENNUNG(dtc)3] with S8 in dimethylformamide.[26]


Bridging and terminal dithiocarbamato ligands are pres-
ent in commercial [Zn2 ACHTUNGTRENNUNG(dtc)4] and they may behave differ-
ently on sulfurization. Therefore, we optimized the struc-
tures of [Zn2 ACHTUNGTRENNUNG(dtc)4] (21) and [Zn2ACHTUNGTRENNUNG(dtc)3ACHTUNGTRENNUNG(ttc)] . In the latter


the ttc ligand may be bridging (22) or terminal (22a). Ac-
cording to the results presented above, terminal ttc ligands
are less favorable thermodynamically than dtc ligands.
Hence, we investigated only the complexes 21 and 22 (see
Figure 13). The C2-symmetric structure of 21 is in good
agreement with the X-ray diffraction analysis of zinc bis-di-
thiocarbamate.[16] The dimerization reaction 2 [ZnACHTUNGTRENNUNG(dtc)2]
(3)! ACHTUNGTRENNUNG[Zn2ACHTUNGTRENNUNG(dtc)4] (21) is predicted to be exothermic, by
�81.7 kJmol�1, but the isodesmic sulfurization of 21 by
either S8 or TMTD to give 22 is clearly endothermic
[Eqs. (32) and (33)].


½Zn2ðdtcÞ4� ð21Þ þ 1=8 S8 ! ½Zn2ðdtcÞ3ðttcÞ� ð22Þ
DE ¼ þ50:9 kJmol�1


ð32Þ


½Zn2ðdtcÞ4� ð21Þ þ TMTD


! ½Zn2ðdtcÞ3ðttcÞ� ð22Þ þ TMTM


DE ¼ þ59:2 kJmol�1
ð33Þ


Complex 22 is rather unsymmetrical and contains a puck-
ered nine-membered ring with five sulfur atoms. The two
terminal ZnS2CNMe2 units are of Cs symmetry with stag-
gered methyl groups. In contrast to the structure of 21, the
bridging S2CNMe2 groups of 22 are no longer of Cs symme-
try. The S�S torsion angle of 22 is 114.28. The Zn�S bonds
to the terminal ligands are considerably longer than those to
the bridging ligands (av 242.7 vs. 237.1 pm). Thus, there
seems to be a certain amount of strain in the four-mem-
bered ZnS2C rings, also in the structure of 21, as can also be
seen in the S-Zn-S bond angles of 75.58 in the four-mem-
bered ring and 114.38 in the eight-membered ring. This
strain probably produces the driving force for the spontane-
ous dimerization 23!21.


Conclusion


We have shown for the first time that tetramethylthiuram di-
sulfide (TMTD) reacts with a variety of zinc species to give
chelate complexes with strong Zn�S bonds. In the case of
Zn2+ and Zn4O4 as a model for solid zinc oxide, the initially
formed adducts are predicted to isomerize exothermically to
the more stable complexes with dimethylthiuram radical li-
gands resulting from dissociation of TMTD at the sulfur–


Scheme 3. Structure of osmium complex.
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sulfur bond. Thus, for the first time it has been shown that
ZnO functions not only as a reinforcing filler and a trap for
acids formed during rubber vulcanization, but it also acti-
vates the TMTD accelerator by a true chemical reaction.
The same holds for the corresponding trisulfide TMTT.
During complex formation, the ZnO structure is partly dis-
solved and disintegrated by the incoming ligands, that is,
Zn�O bonds are broken. In this way, more Zn centers
become available for reactions with TMTD or its deriva-
tives. Surprisingly, in some cases the ligands form additional
S�O bonds with the Zn4O4 cluster. In the presence of ele-
mental sulfur or an excess of TMTD as sulfur donor trithio-
carbamato complexes are predicted to form, but only the
corresponding polynuclear complexes derived from ZnO are
formed exothermically, while the sulfurization of mono- and
dinuclear zinc dithiocarbamato complexes such as [ZnACHTUNGTRENNUNG(dtc)2]
and [Zn2ACHTUNGTRENNUNG(dtc)4] to produce [Zn ACHTUNGTRENNUNG(dtc)ACHTUNGTRENNUNG(ttc)] and [Zn2ACHTUNGTRENNUNG(dtc)3-
ACHTUNGTRENNUNG(ttc)], respectively, is definitely endothermic.


Computational Details


Ab initio and density functional theory (DFT) calculations were per-
formed with the Gaussian03 series of programs.[27] The geometries of the
various complexes and their components were examined by using the
hybrid functional B3LYP[28] together with the 6-31+G* basis set. The
B3LYP/6-31+G* level of theory has previously been shown to reproduce
the structures of similar zinc compounds very well.[29] Full geometry opti-
mizations were carried out without any geometrical constraint. The Car-
tesian coordinates of the investigated complexes are given in the Sup-
porting Information. To obtain improved energies, single-point calcula-
tions at the MP2/6-31+G ACHTUNGTRENNUNG(2df,p) level were performed for all species.
Thus, all thermodynamic data are related to the MP2/6-31+G ACHTUNGTRENNUNG(2df,p)//
B3LYP/6-31+G* level of theory unless noted otherwise. The reaction
and binding energies are given as DE at the potential-energy minimum.
The absolute energies and dipole moments of all investigated species are
presented in Table S1 in the Supporting Information, which also contains
the Cartesian coordinates of all complexes. Harmonic fundamental fre-
quencies were calculated at the same level as the corresponding geome-
try to characterize stationary points as equilibrium structures, with all fre-
quencies real. Since the rubber matrix is rather unpolar, the gas-phase re-
action energies obtained in this work should provide a realistic approxi-
mation to the “real world”. For all investigated molecules a charge densi-
ty analysis at the B3LYP/6-31+G* level was carried out by using the
natural bond orbital (NBO) approach.[30] NBO atomic charges of small
molecules have been demonstrated to agree well with experimental
values obtained from X-ray diffraction data.[31] The benchmark calcula-
tions on [(CS2)ZnO] and HC(=S)S�SCH(=S) were performed with
Møller–Plesset perturbation theory (MP2, MP3, and MP4) and coupled-
cluster theory (CCSD and CCSD(T)).[32]
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Abstract:We report the synthesis, char-
acterisation, photophysical and electro-
chemical properties of a series of cat-
ionic cyclometallated IrIII complexes of
general formula [IrACHTUNGTRENNUNG(ppy)2ACHTUNGTRENNUNG(phen)]PF6


(ppy=2-phenylpyridine, phen=a sub-
stituted phenanthroline). A feature of
these complexes is that the phen li-
gands are substituted with one or two
9,9-dihexylfluorenyl substituents to
provide extended p conjugation, for ex-
ample, the 3-[2-(9,9-dihexylfluorenyl)]-
phenanthroline and 3,8-bis[2-(9,9-di-
hexylfluorenyl)]phenanthroline ligands
afford complexes 6 and 9, respectively.
A single-crystal X-ray diffraction study
of a related complex 18 containing the
3,8-bis(4-iodophenyl)phenanthroline
ligand, revealed an octahedral coordi-
nation of the Ir atom, in which the
metallated C atoms of the ppy ligands
occupy cis positions. The complexes 6
and 9 displayed reversible oxidation
waves in cyclic voltammetric studies
(Eox


1=2=++1.18 and +1.20 V, respectively,
versus Ag/Ag+ in CH2Cl2) assigned to
the metal-centred IrIII/IrIV couple. The


complexes exhibit strong absorption in
the UV region in solution spectra, due
to spin-allowed ligand-centred (LC)
1p–p* transitions; moderately intense
bands occur at approximately 360–
390 nm which are red-shifted with in-
creased ligand length. The photolumi-
nescence spectra of all the complexes
were characterised by a broad band at
lmax�595 nm assigned to a combina-
tion of 3MLCT and 3p!p* states. The
long emission lifetimes (in the micro-
second time-scale) are indicative of
phosphorescence: the increased ligand
conjugation length in complexes 9 and
17 leads to increased lifetimes for the
complexes (t=2.56 and 2.57 ms in
MeCN, respectively) compared to mon-
ofluorenyl analogues 6 and 15 (t=1.43
and 1.39 ms, respectively). DFT calcula-
tions of the geometries and electronic


structures of complexes 6’, 9’ (for both
singlet ground state (S0) and triplet
first excited (T1) states) and 18 have
been performed. In the singlet ground
state (S0) HOMO orbitals in the com-
plexes are spread between the Ir atom
and benzene rings of the phenylpyri-
dine ligand, whereas the LUMO is
mainly located on the phenanthroline
ligand. Analysis of orbital localisations
for the first excited (T1) state have
been performed and compared with
spectroscopic data. Spin-coated light-
emitting cells (LECs) have been fabri-
cated with the device structures ITO/
PEDOT:PSS/Ir complex/Al, or Ba
capped with Al (ITO= indium tin
oxide, PEDOT=poly(3,4-ethylene-
dioxythiophene), PSS=poly ACHTUNGTRENNUNG(styrene)
sulfonate). A maximum brightness effi-
ciency of 9 cdA�1 has been attained at
a bias of 9 V for 17 with a Ba/Al cath-
ode. The devices operated in air with
no reduction in efficiency after storage
for one week in air.
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cyclometalation · iridium · lumines-
cence · organic light-emitting
devices
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Introduction


Luminescent transition-metal complexes are of great inter-
est as multifunctional chromophores for advanced optoelec-
tronic applications.[1] In particular, a broad selection of li-
gands, principally based upon 2-phenylpyridine (ppy),[2]


have been utilised to form phosphorescent bis-[3] and tris-cy-
clometallated[4] neutral iridium ACHTUNGTRENNUNG(III) complexes. The photo-
physical properties of these phosphors can be tuned by vary-
ing the ligand[5] or its substituent groups and by the use of
additional ancillary ligands.[6] Complexes of this type are
components in electrophosphorescent organic/polymer light-
emitting devices (O/PLEDs) where they generally function
as an emitting guest in a blend with a host material.[7] The
electrogenerated singlet and triplet excited states mix by
spin–orbit coupling and all the triplet excited states contrib-
ute to light emission. Additionally, the triplet state lifetime
is usually shortened, which helps to suppress triplet–triplet
annihilation. The key properties of transition-metal com-
plexes are their high stability, high luminescence quantum
yields, short excited state lifetime and tuneable emission
energy.
Ionic chromophores have attracted attention recently as


structural variants of the more widely studied neutral com-
plexes. A selection of heteroleptic charged Ir species com-


prising two cyclometallating
ppy ligands and a neutral di-
imine ligand (usually 2,2-bipyri-
dine) of generic formula
(C^N)2Ir ACHTUNGTRENNUNG(N^N)


+X� (typically
X=PF6) 1 have been studied.[8]


Analogues with different cyclo-
metallating ligands (e.g., 1-phe-
nylpyrazole, benzoquinoline, 2-


thienylpyridine and 1-phenylisoquinoline) are also known.[9]


The N^N ligand can serve to improve complex stability
compared to tris-cyclometallated systems and the presence
of counterions may be beneficial for device applications.
These counterions are mobile under the influence of an ap-
plied bias leading to accumula-
tion of negative ionic charge
near one electrode and deple-
tion near the other electrode.
This ionic space charge creates
high electric fields at the elec-
trodes which increases electron-
ic charge injection into the
metal complexes. Thus operat-
ing voltages can be quite low
and air-stable electrodes can be
used.
The effect on the redox and


optoelectronic properties of
changing the structure of the li-
gands (especially the N^N
ligand) around a charged Ir
centre remains largely unex-


plored.[10] From this viewpoint, we now describe the synthe-
sis and photophysical properties of the new cationic iridium
complexes 6, 9, 15 and 17 (Schemes 1–4, respectively),
which comprise two cyclometallating C^N ppy ligands and
one N^N phenanthroline ligand. Phenanthroline was chosen
as a variant to 2,2-bipyridine as it is known to form stable
complexes with iridium.[8d,9c,11] 9,9-Dihexylfluorene units
were attached to the phenanthroline unit to enhance organic
solubility and hydrophobicity and to extend the ligand p


system, which should be beneficial in reducing non-radiative
intermolecular charge recombination due to steric effects, as
recently noted by Bolink and co-workers for an analogous
4,7-diphenylphenanthroline complex.[11d] Additionally, in
complexes 15 and 17 carbazole units were attached because
of their known high stability, processability and hole-trans-
porting properties.[12] We[13] and others[14] have recently re-
ported the photophysical properties of neutral cyclometal-
lated IrIII complexes which incorporate fluorene units into
the ligands. A charged complex has been used by Wong and
co-workers as a phosphorescent dopant in a multilayer
OLED.[14d]


Results and Discussion


Synthesis of ligands and their iridium complexes : The syn-
thesis of complexes 6 and 9 is shown in Schemes 1 and 2, re-
spectively.
3-Bromo- and 3,8-dibromo-1,10-phenanthroline,[15] 2 and


7, respectively, were the precursors to the new substituted li-
gands. For the first series of complexes, the Suzuki–Miyaura
cross-coupling reactions[16] with the fluorenylboronic ester
3[17] proceeded in good yields under standard conditions
([Pd ACHTUNGTRENNUNG(PPh3)4], Na2CO3 (aq), toluene, 88 8C) to give the phe-
nanthroline–fluorene conjugates 4 and 8, respectively. The
charged complexes 6 and 9 were then obtained by reaction
of these ligands with the dimeric species [{Ir ACHTUNGTRENNUNG(ppy)2Cl}2] 5,
followed by anion exchange by using KPF6, based on litera-
ture precedents.[18]


Scheme 1. Reagents and conditions: i) compounds 2+3, [Pd ACHTUNGTRENNUNG(PPh3)4], 1m Na2CO3 (aq), toluene, 88 8C, 72 h
(77% yield); ii) compounds 4+5, CH2Cl2, MeOH, reflux, 24 h; then KPF6, 20 8C, 1 h (73% yield).
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The second series of ligands 14 and 16 and their com-
plexes 15 and 17 (Schemes 3 and 4) have pendant carbazole
units which were attached to the fluorene unit by twofold al-
kylation at the C9 position of 2-iodofluorene 10 by using N-
(6-bromohexyl)carbazole 11 under basic conditions to afford
12 in 88% yield. Compound 12 was then converted to the
boronic ester derivative 13 in 71% yield. The phenanthro-


line ligands 14 and 16 were sub-
sequently obtained from 13, by
analogy with reactions of 3
shown in Schemes 1 and 2.


Crystal structure of complex
18 : None of the complexes 6, 9,
15 or 17 gave crystals suitable
for X-ray structure analysis.
However, the crystal structure
of the related complex 18 was
determined to confirm the
mode of coordination of the
phenylpyridine and phenan-
throline ligands in this series.
The synthesis of 18 is described
in the Supporting Information.


The asymmetric unit compris-
es one complex cation, one-
hexafluorophosphate anion
(Figure 1) and two acetone
molecules (not shown), one of
which forms a short O1···I1 con-
tact of 3.27(1) R and the other
is chaotically disordered. The
coordination geometry of iridi-
um is similar to that found in
previously studied diamino-
bis(phenylpyridine)iridiumACHTUNGTRENNUNG(III)


type cations, where the diamino
ligands were various bipyridine
derivatives[8c,e,19, 20] and dipyri-
do[3,2-a :2’,3’-c]phenazine
(dppz).[21] To our knowledge, no
1,10-phenanthroline complex of
this type has been characterised
crystallographically. The Ir
atom in 18 adopts a distorted
octahedral coordination. As
usual, the two Ir�C bonds are
cis to each other and trans to
the Ir�N ACHTUNGTRENNUNG(phen) bonds, which
are longer than the mutually
trans Ir�N ACHTUNGTRENNUNG(ppy) bonds by more
than 0.1 R, due to a trans influ-
ence. In bipyridine-bis(phenyl-


Scheme 2. Reagents and conditions: i) compounds 7 (1 equiv), 3 (2.0 equiv), [PdACHTUNGTRENNUNG(PPh3)4], 1m Na2CO3 (aq), tol-
uene, 88 8C, 48 h (77% yield); ii) compounds 8 (0.1 equiv), 5 (0.05 equiv), CH2Cl2, MeOH, reflux, 24 h; then
KPF6, 20 8C, 1 h (90% yield).


Scheme 3. Reagents and conditions: i) compounds 10+11, NaOH (aq), THF, [18]crown-6, reflux, 36 h (88%
yield); ii) compound 12, nBuLi, THF, �78 8C, 5 h; then B ACHTUNGTRENNUNG(OMe)3, �78!20 8C, 16 h (71% yield); iii) com-
pounds 13+7, [Pd ACHTUNGTRENNUNG(PPh3)4], 1m Na2CO3 (aq), THF, toluene, 88 8C, 72 h (79% yield); iv) compounds 14+5,
CH2Cl2, MeOH, reflux, 24 h; then KPF6, 20 8C, 1 h (81% yield).
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pyridine) complexes the Ir�C distances of 1.99–2.04 and Ir�
N ACHTUNGTRENNUNG(ppy) distances of 2.04–2.06 R are similar, whereas the Ir�
N ACHTUNGTRENNUNG(bpy) distances are 2.12–2.16 R in sterically unhindered
complexes, but may increase to 2.22–2.26 R for 2,9-substitut-
ed bpy ligands. Interestingly, the dppz complex[21] shows a
uniform lengthening of Ir�C, Ir�N ACHTUNGTRENNUNG(ppy) and Ir�N ACHTUNGTRENNUNG(dppz)
bonds, averaging 2.07(2), 2.10(2) and 2.17(2) R, respectively,
although the precision of the latter structure is not high. The
bpy ligand has substantial conformational flexibility;[22] in
the complexes mentioned above it is twisted around the cen-


tral C�C bond by up to 108 (and in the case of 2,9-diphenyl-
4,7-di-tert-butylbipyridine ligand,[8c] by as much as 338).
Clearly, phenanthroline (and dppz) ligands lack this flexibili-
ty. Possibly for this reason, the phenanthroline ligand “bite”
angle (N-Ir-N) in 18 is somewhat wider than those typical
for bpy ligands (75.2–76.78), although it remains smaller
than the N-Ir-C “bite” angles of the ppy ligands.


Solution electrochemical studies : Cyclic voltammetric (CV)
studies of iridium complexes were carried out in dichloro-
methane solution with 0.1m tetra-n-butylammonium hexa-
fluorophosphate (Bu4NPF6) as the supporting electrolyte.
The oxidation potentials of the complexes 6, 9, 15 and 17
and ferrocene as an internal reference (Fc/Fc+ couple:
Eox


1=2=++0.46 V versus SCE[23]) versus Ag/Ag+ are summar-
ised in Table 1 and the CV traces are shown in Figure 2. The


CV traces of the complexes 6 and 9 both displayed chemi-
cally reversible oxidation waves (at Eox


1=2=++1.18 and
+1.20 V, respectively). The increase in the ligand length by
one fluorene unit (from 6 to 9) produced only a small effect
(20 mV positive shift) on the oxidation potential of 9 which
is understandable from DFT calculations, according to
which the HOMO energies of both complexes are close, and
HOMO orbitals are spread between the iridium atom and
benzene rings of ppy ligands, with no coefficients on the flu-
orene-phenathroline ligand (see theoretical section below).


Scheme 4. Reagents and conditions: i) compounds 7+13 (2 equiv), [Pd-
ACHTUNGTRENNUNG(PPh3)4], 1m Na2CO3 (aq), THF, toluene, 88 8C, 48 h (84% yield); ii) com-
pounds 16+5, CH2Cl2, MeOH, reflux, 24 h; then KPF6, 20 8C, 1 h (92%
yield).


Figure 1. Cation and anion in the crystal of 18·2Me2CO (50% probability
thermal ellipsoids).


Table 1. Summary of the half-wave oxidation potentials (Eox
1=2 [V]) ob-


tained by cyclic voltammetry for complexes 6, 9, 15, 17, N-hexylcarbazole
and ferrocene versus Ag/Ag+ .[a]


Compound Eox
1=2 {E


ox
pa, E


ox
pc} [DE, mV] versus Ag/Ag+


6 +1.18 [75]
9 +1.20 [76]
15 {1.06, 0.98}
17 1) {1.06, 0.57} 2) 1.08[94]
N-hexylcarbazole {1.05, 0.67}
ferrocene 0.28 [65]


[a] 0.1m Bu4NPF6 in dichloromethane, scan rate=100 mVs�1.


Figure 2. Cyclic voltammograms of complexes 6, 9, 15, 17 and N-hexylcar-
bazole in a solution of 0.1m Bu4NPF6 dichloromethane, scan rate
100 mVs�1, with ferrocene (Fc) as an internal reference.
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Only a minor effect of the structure of the phenanthroline
ligand on the oxidation potentials of its iridium complexes
has been observed before,[9a] which is understandable as the
oxidation processes are mostly associated with the bis-cyclo-
metallated phenyl-Ir moiety and therefore are assigned to
the pure metal-centred IrIII/IrIV couple.[24] The CVs of the
carbazole-containing complexes 15 and 17 are different
from complexes 6 and 9 and more complicated. They exhibit
irreversible oxidation waves in which the anodic peaks are
dominated by the Epa of the N-hexylcarbazole unit which
occurs at +1.05 V. Carbazoles, such as 1,4-bis(carbazolyl)-
benzene (Eox


pa=++1.04 V)[25] are known to have irreversible
oxidation potentials. This irreversibility would explain the
re-reduction cathodic peak (Eox


pc) observed at +0.67 V for N-
hexylcarbazole and at +0.57 V for 17. This process overlaps
the second quasi-reversible oxidation process in 15 and 17,
which is assigned to a metal-centred IrIII/IrIV couple.


Solution-state photophysical properties


Absorption : The absorption spectra of ligands 4, 8, 14 and
16 in toluene show a red shift for the bifluorene derivatives
8 and 16 (lmax=347 nm) compared to the monofluorene an-
alogues 4 and 14 (lmax=330 nm) (see Supporting Informa-
tion, Figure S1). The absorption spectra of complexes 6, 9,
15 and 17 were recorded both in toluene (Figure 3) and in


acetonitrile solution (see Supporting Information, Fig-
ure S2). In acetonitrile all of these complexes showed in-
tense peaks below l=300 nm, which are hidden in toluene
by the solvent cut-off, and are assigned to spin-allowed 1p–
p* intraligand (1IL, C^N and N^N) transitions. At l>


300 nm, both in toluene and acetonitrile, less intense absorp-
tion features were seen. First, at around l=340 nm two
well-resolved absorption peaks were observed in complexes
15 and 17, and were attributed to the presence of the carba-
zole units. Second, broad absorption bands at l�360 nm
were observed for complexes 6 and 15, and were shifted to


the red (ca. 390 nm) in complexes 9 and 17 with the increase
in the ligand length. This red shift is similar to the absorp-
tion of charged iridium complexes containing poly(9,9-dio-
ctylfluorene)[26] and also the increase in the extinction coeffi-
cients with increased conjugation length indicates that this
region (from 360 to 450 nm) is mainly dominated by the
ligand S1


!S0 transitions. This absorption region shows a
minor solvatochromic shift to shorter wavelengths with in-
creased solvent polarity, for example, lmax for complexes 9
and 17 are 387 and 390 nm, respectively (in toluene) and
380 nm (in acetonitrile). Finally, as evident from their low
energy and low extinction coefficients, the weak bands at
around 400 nm and those extending towards the red are as-
signed to both spin-allowed metal-to-ligand charge-transfer
(1MLCT) transitions (e� (1–2)U104m


�1 cm�1) and spin–
orbit-coupling-enhanced 3LC and 3MLCT transitions
(shoulders at 468 nm, with e� (1–2)U103m


�1 cm�1). These
features are consistent with the literature data for related
iridium complexes.[19] It is also noteworthy that extinction
coefficients increased as the conjugation length increased.
However, the increase for the carbazole-containing com-
plexes (e.g., from 15 to 17) was less pronounced than the in-
crease from 6 to 9.


Emission : The photoluminescence (PL) spectra of com-
plexes 6, 9, 15 and 17 obtained from degassed solutions in
toluene at room temperature (excitation at 390 nm) are
shown in Figure 4. The increase in the emission intensities


upon degassing, even though spectral profiles remained un-
changed, indicated the presence of long-lived phosphores-
cent species which are susceptible to oxygen quenching.[4,14a]


The PL spectra of all complexes are characterised by a
broad and structureless emission spectrum centred around
lmax�595 nm. An increase in conjugation length of the phe-
nanthroline ligand from one fluorene unit in 6 and 15 to two
in 9 and 17 shifted the emission maximum to the red (by
only 5 nm). A similar effect has been previously reporte-


Figure 3. The absorption spectra for complexes 6, 9, 15 and 17 in toluene.
Inset: expansion of the 450–600 nm region.


Figure 4. Normalised photoluminescence (PL) spectra for complexes 6, 9,
15 and 17 in degassed toluene, excited at 390 nm.
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d[13a,c,14c] as the conjugation length increased. However, when
compared with the parent complex, (ppy)2IrACHTUNGTRENNUNG(phen)


+ (lPL
max=


579 nm, ppy=2-phenylpyridine, phen=1,10-phenanthro-
line)[8d] significant red shifts were observed (15 nm for 6 and
15, 20 nm for 9 and 17, respectively) consistent with extend-
ed conjugation involving the p systems of the phenanthro-
line and fluorene units. Red shifts in emission maxima were
also observed by Zhao and co-workers[9b] with increasing
conjugation length of diimine ligands. The PL spectra of the
complexes in degassed acetonitrile solutions were also inves-
tigated (see Supporting Information, Figure S2) and a blue
shift (7–10 nm) in the emission maxima (586 nm) was ob-
served for 9 and 17, compared to those of 6 and 15, respec-
tively.
A red shift (15–20 nm) in emission and also a large


StokesV shift (125 nm)[7b] between lmax for
3MLCT absorption


and emission spectra may indicate that the intraligand (3IL)
3p!p* state contributes to the emission. Given the broad
and structureless characteristics of the emission spectra, the
sensitivity to the medium and the relatively long lifetimes
observed (in the microsecond time scale; see below),
3MLCT states also contribute to the emission. Hence it can
be concluded that the emission originates from mixed
3MLCT/3p!p* states. This is in agreement with an observa-
tion by Lowry and co-workers[9c] that a library of iridium
complexes containing both cyclometallating and aromatic
diimine ligands had emissions from mixed excited states.


Phosphorescence lifetimes and
photoluminescence quantum
yields : Time-resolved lumines-
cence decay measurements for
all complexes were performed
at 298 K in degassed solutions
in acetonitrile (OD<0.7 at
lex=355 nm). The phosphores-
cence decays collected at the
emission maximum for each
complex show first-order kinet-
ics, with decay times of t=1.34
(6), 2.56 (9), 1.39 (15) and
2.76 ms (17). The increase in the
ligand conjugation length in
complexes 9 and 17 clearly in-
duces an increased phosphores-
cence lifetime of the complexes.
Phosphorescent quantum


yields (FPL) were measured at
room temperature in thorough-
ly degassed toluene solutions
(OD�0.1)[27] by using IrACHTUNGTRENNUNG(ppy)3
(FPL=0.40 in toluene)[28] as the
standard. The FPL for the com-
plexes also show a modest in-
crease with the ligand conjuga-
tion length from 0.08 (6 and 15)
to 0.11 (9 and 17).


Theoretical studies : The geometries and electronic struc-
tures of complexes 6, 9 and 18 were calculated by using the
density functional theory (DFT) method at the B3LYP/ ACHTUNGTRENNUNG(6-
31GACHTUNGTRENNUNG(d,p)+LANL2DZ) level. To decrease the computation
time calculations were performed for analogues of 6 and 9,
in which CH3 substituents replaced the C6H13 chains (de-
noted as 6’ and 9’, respectively). The geometries of both the
singlet ground state (S0) and the lowest triplet state (T1)
were fully optimised without imposing any symmetry restric-
tion and constraints. Selected bond lengths and angles in-
volving the Ir atom are given in Table 2, together with X-ray
diffraction data for 18. DFT calculations for a gas-phase
structure correspond well with the Ir�C bond lengths ob-
served in a crystal of solvate 18·2Me2CO, whereas the calcu-
lated Ir�N lengths are somewhat longer (by �0.03–0.04 R
for Ir�N ACHTUNGTRENNUNG(3,4) and �0.07 R for Ir�CN ACHTUNGTRENNUNG(1,2) Table 2). All
compounds adopt a geometry with orthogonal bonds be-
tween the Ir atom and the carbon atoms of ppy ligands (C3-
Ir-C4 close to 908), whereas C�N bonds between the Ir and
nitrogen atoms of the ppy ligands form N3-Ir-N4 angles
close to 1808 (Table 2).
When the geometries of the ground state (S0) and the


lowest excited state (T1) are compared, relatively small ge-
ometry changes are observed. In the T1 state, slight shorten-
ing of Ir�N distances is observed, compared to the singlet
ground state (S0), whereas Ir�C bond lengths and C-Ir-C
and N-Ir-N angles remain almost unchanged. The benzene


Table 2. Selected bond lengths and angles for complexes 6’, 9’, and 18 from DFT B3LYP/ ACHTUNGTRENNUNG(6-31G ACHTUNGTRENNUNG(d,p)+


LANL2DZ) calculations and from X-ray crystallography (for 18).


Compound
ACHTUNGTRENNUNG(state)[a]


Bond length [R]


Ir�N1 Ir�N2 Ir�N3 Ir�N4 Ir�C3 Ir�C4
18, X-ray 2.153(6) 2.153(7) 2.051(7) 2.044(6) 2.013(8) 1.995(8)
18 (S0) 2.228 2.228 2.084 2.083 2.021 2.021
6’ (S0) 2.226 2.227 2.082 2.084 2.021 2.021
9’ (S0) 2.227 2.227 2.082 2.082 2.021 2.021
6’ (T1) 2.214 2.210 2.080 2.079 2.023 2.021
9’ (T1) 2.208 2.208 2.078 2.078 2.020 2.020


Compound
ACHTUNGTRENNUNG(state)[a]


Angles [8] Dihedral angles in
ppy ligand [8]


C3-Ir-C4 N3-Ir-N4 N1-Ir-N2 C3-C-C-N3 C4-C-C-N4


18, X-ray 91.0(3) 172.4(3) 77.5(3) 2(1) 6(1)
18 (S0) 90.4 173.6 75.6 1.3 1.5
6’ (S0) 90.5 173.6 75.6 �1.3 �1.4
9’ (S0) 90.7 173.6 75.7 �1.3 �1.3
6’ (T1) 90.7 174.1 76.4 �0.7 �1.5
9’ (T1) 91.2 174.5 76.5 �1.2 �1.2


[a] The geometries of complexes 6’ and 9’ were optimised at both the singlet ground state (S0) and the lowest
triplet state (T1). The S0 state was more stable in both cases.
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and pyridine rings in the ppy ligands are essentially coplanar
in both S0 and T1 states (Table 2).
Figure 5 shows the atomic orbital composition calculated


for the frontier molecular orbitals of complexes 6’ and 9’ in
the S0 state. For both complexes the HOMOs (that is, the or-


bitals into which holes are injected, and which are involved
in the hole transport process in light-emitting electrochemi-
cal cell (LEC) operation; see below) are distributed be-
tween the Ir atom and the benzene rings of the ppy ligands.
The LUMOs (the orbitals into which electrons are injected
and transported in the LEC) are mainly located on the pyri-
dine rings of the phenanthroline ligand, with only minor ex-
tension to the outer fluorene moieties. Extension of the con-
jugation length (6’!9’) results in a decrease of both HOMO
and LUMO orbital energies (by 0.14 and 0.18 eV, respec-
tively) with only a minor decrease in the HOMO–LUMO
gap (0.04 eV). The location of the frontier orbitals in both 6’
and 9’ supports the HOMO–LUMO transition being a mix-
ture of 1MLCT and ligand-to-ligand charge transfer states.
The energy difference between T1 and S0 at the optimised


geometries is calculated to be similar for both complexes
(2.23 eV (554 nm) for 6’ and 2.19 eV (565 nm) for 9’). These
values are somewhat blue-shifted compared to the observed
emission maxima of the complexes (592 and 596 nm in tolu-
ene; and 585 and 584 nm in acetonitrile, for 6 and 9, respec-
tively; Figure 4 and Figure S3 in the Supporting Informa-
tion). When the vertical energy difference between T1 and


S0 is calculated at the optimised geometry of T1 (by analogy
to ref. [11d]) the values (1.76 eV (702 nm) for 6’ and 1.85 eV
(670 nm) for 9’) correspond better to the red edges of the
emission rather to their maxima (Figure 4).
Examination of the change in the total charge distribution


between the iridium atom and
ligands in complexes 6’ and 9’
from the S0 ground state to the
first excited T1 state is summar-
ised in Table 3. In both cases
the positive charge on the Ir
centre remains almost constant
(with only minor increase by
about +0.03–0.05), which indi-
cates that the excited state has
little MLCT character. Similar
small changes in the charges on
the ligands are observed. The
overall charges on the two ppy
ligands increase in negative
charge (by about �0.04–0.02)
whereas the positive charge on
the phen/Fl ligand (Fl= fluo-
rene) is increased by +0.02–
0.03, indicating a net transfer of
electron density between the
ppy and phen/Fl ligands.
An orbital energy diagram


for the triplets (T1) of 6’ and 9’
is shown in Figure 6 and locali-
sation of the orbitals is shown
in Figure 7. For both complexes
the higher single occupied orbi-


tal (h-SOMO) is delocalised between the phenanthroline
and fluorene moieties, with larger coefficients on the fluo-
rene compared to that for the LUMO orbitals in the S0 state
(compare Figures 5 and 7). There is a difference in the dis-
tribution of occupied orbitals (HOMO, HOMO-1, HOMO-
2) and l-SOMO between 6’ and 9’. Whereas 6’ shows a large
energy difference for the l-SOMO and HOMO(a) orbitals


Figure 5. Isocontour plots (0.04 ebohr�3) calculated for the HOMO and the LUMO orbitals of complexes 6’
and 9’.


Table 3. Comparison of charges[a] on iridium atom and ligands in com-
plexes 6’ and 9’ for optimised geometries of the singlet (S0) and triplet
(T1) states.


Compound
ACHTUNGTRENNUNG(state)[b]


Charge on the fragment


Ir ppy ppy phen/Fl


6’ (S0) +0.792 �0.135 �0.138 +0.481
6’ (T1) +0.820 �0.150 �0.164 +0.495
6’ (ST10 ) +0.826 �0.129 �0.157 +0.495
9’ (S0) +0.795 �0.144 �0.144 +0.494
9’ (T1) +0.844 �0.152 �0.152 +0.461
9’ (ST10 ) +0.863 �0.172 �0.172 +0.480


[a] Mulliken atomic charges have been used in analysis. [b] S0 and T1 are
for optimised geometries, ST10 is for singlet state at T1-optimised geome-
try.
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of 0.65 eV, these orbitals are quite close in energy (0.16 eV
difference) in 9’ (Figure 6). This results in a different locali-
sation of orbital coefficients for these complexes. In 6’ l-
SOMO is mainly localised on the fluorene moiety of the
phen/Fl ligand and HOMO(a) is spread between the Ir
atom and the benzene rings of two ppy ligands. The reverse
situation is observed for 9’: l-SOMO is spread between the
Ir atom and the benzene rings of two ppy ligands, whereas
HOMO(a) is localised on the fluorene moiety of the phen/
Fl ligand (Figure 7).
The DFT calculations suggest possible further design fea-


tures for this class of Ir complexes for LEC applications.
Considering the electron-rich character of the fluorene
moiety compared to phenanthroline (in the phen/Fl ligand),


and consequently the localisa-
tion of the LUMO in the S0
state predominantly on the
phen ring, it would be interest-
ing to study phen ligands with
electron-deficient end groups
on which the LUMO orbital
can be delocalised. The same is
valid when considering the lo-
calisation of l-SOMO orbitals
in the first excited T1 state. In-
troduction of electron-deficient
substituents in the benzene
rings of ppy ligands should in-
crease the HOMO coefficients
on the Ir centre, thus increasing
the contribution of MLCT com-
pared to LLCT transitions.


Light-emitting cells (LECs):
Spin-coated LECs have been
prepared from the iridium com-
plexes 6, 9, 15 and 17 with the
following device structures:
ITO/PEDOT:PSS/Ir complex/
Al, or Ba capped with Al
(ITO= indium tin oxide,
PEDOT=poly(3,4-ethylene-
dioxythiophene), PSS=poly-
ACHTUNGTRENNUNG(styrene) sulfonate). Further
details are given in the Support-
ing Information. Broadly simi-
lar results were obtained for all
the complexes, the highest effi-
ciencies were obtained for 17
and these data are presented
below. Analogous data for an
LEC made from 9 are shown in
the Supporting Information,
Figures S5 and S6. An AFM
image of a film of complex 17
spin-coated from a solution in
toluene is shown in the Sup-


Figure 6. Orbital energy diagram for triplet states of complexes 6’ and 9’
from UB3LYP/ ACHTUNGTRENNUNG(6-31G ACHTUNGTRENNUNG(d,p)+LANL2DZ) calculations (T1-optimised geo-
metries).


Figure 7. Isocontours plots (0.04 ebohr�3) of higher and lower singly occupied molecular orbitals (h-SOMO
and l-SOMO) and HOMO (a electrons) orbitals for T1 equilibrium geometries of complexes 6’ and 9’.
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porting Information (Figure S4). With <1 nm deviation, the
average surface roughness is extremely low for a spin-
coated organic material. It is notable that the solubilising
substituents enable such good quality films to be obtained
from a solution in toluene, rather than the more polar and
commonly used acetonitrile. Microcrystallites of complex 17
can be seen as regular needles, of approximately 15 nm
length, positioned perpendicular to the film surface.
Figure 8 compares the thin film PL and the electrolumi-


nescence (EL) spectra of an LEC made from 17. The EL is


red-shifted to lmax=570 nm (2.17 eV) compared to [IrACHTUNGTRENNUNG(ppy)3]
(540 nm, 2.4 eV). The EL of 17 is 40 meV red-shifted com-
pared to the PL, which may be explained by charge trapping
and subsequent recombination at sites which are lower in
energy. Very similar spectra were obtained for complexes 6,
9 and 15, consistent with substitution at the phenanthroline
unit having little effect on the HOMO and the LUMO
levels of the complexes, which is consistent with recent DFT
calculations by Tamayo and co-workers.[9a] Identical spectra
were obtained by using Ba/Al as the cathode (data not
shown) instead of Al only. It is notable that the thin-film
emission spectra are blue-shifted and better resolved than
the solution spectra (compare Figures 4 and 8). In solution,
the excited state of the complex, with its charge transfer
character, can be stabilised leading to broader and typically
red-shifted spectra, with longer lifetimes observed in more
polar solvents.
Figure 9 shows the typical increase in brightness and


brightness efficiency as a function of time for a standard
LEC made from 17 and an aluminium cathode. The ob-
served time dependence reflects the diffusion of the PF6


�


counter ions through the film under the applied voltage. In
this particular case, about 40 minutes was needed to attain
the maximum brightness efficiency of 8 cdA�1 by applying a
high bias of 9 V; lower voltages are typically used in the lit-


erature.[11d] On applying up to 4 V bias no emission was ob-
served from our devices even after several hours. Addition-
ally, when the diode was charged at a high bias and subse-
quently operated at 3–5 V no current flow was observed and
hence no emission was detected. Thus we conclude that the
bulky side groups obstruct the diffusion of the counterions
and it therefore takes longer to switch on the devices made
with the larger complexes. Once charged these devices re-
quire a higher bias voltage due to reduced charge mobility.
Furthermore, the bias needed to charge and drive our LECs
increased with the size and the number of the side chains.
The monofluorene complex 6 initially exhibits a higher cur-
rent which relatively slowly increases with time. In contrast,
the current of the more bulky difluorene complex 9 starts
from a lower value, but increases more steeply.
Figure 10 shows the maximum brightness that can be


reached with LECs of 17 at reasonable efficiencies. To


obtain these data the diode was first charged and then
tested as a function of bias. By using an aluminium cathode
at approximately 14 V less than 1000 cdm�2 was achieved
with a brightness efficiency of 7 cdA�1. These devices were
tested in air without any hermetic sealing. The brightness ef-


Figure 8. Comparison of solid-state photoluminescence (excitation wave-
length 355 nm) and electroluminescence spectra of complex 17 in the
device configuration ITO/PEDOT:PSS/17/Al.


Figure 9. Luminance and luminous efficiency of an ITO/PEDOT:PSS/17/
Al LEC as a function of time at a bias of 9 V.


Figure 10. Luminance and luminous efficiency of ITO/PEDOT:PSS/17/Al
and Ba/Al LECs as a function of bias; data were taken immediately after
charging the devices for 20 min at 10 V.
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ficiency was further increased to 9 cdA�1 by using Ba/Al in-
stead of Al as the cathode, which proves that the electron
injection of the Al devices is not ohmic and that the charge
carrier balance can be modified to give further improve-
ments in device efficiency. The devices shown in Figure 10
operated in air with no reduction in efficiency after storage
for one week in air.


Conclusion


Ionic cyclometallated IrIII complexes of general formula [Ir-
ACHTUNGTRENNUNG(ppy)2ACHTUNGTRENNUNG(phen)]


+PF6
� (ppy=2-phenylpyridine, phen=a sub-


stituted phenanthroline) have been synthesised. The phen li-
gands are substituted with one or two 9,9-dihexylfluorenyl
substituents to provide extended p conjugation. The com-
plexes 6 and 9 displayed reversible waves in cyclic voltam-
metric studies assigned to the metal-centred IrIII/IrIV couple
(Eox


1=2=++1.18 and +1.20 V, respectively, versus Ag/Ag+ in
CH2Cl2). The photoluminescence spectra of all the com-
plexes were characterised by a broad band at lmax�595 nm
assigned to a combination of 3MLCT and 3p!p* states. The
increased ligand conjugation length in complexes 9 and 17
leads to increased phosphorescence lifetimes for the com-
plexes (t=2.56 and 2.57 ms in MeCN, respectively) com-
pared to monofluorenyl analogues 6 and 15 (t=1.43 and
1.39 ms, respectively). DFT calculations have established
that in the singlet ground state (S0) HOMO orbitals in the
complexes are spread between the Ir atom and benzene
rings of the phenylpyridine ligand, whereas the LUMO is
mainly located on the phenanthroline ligand. Analysis of or-
bital localisations for the first excited (T1) state have been
performed, and compared with spectroscopic data. These
complexes possess very good solubility even in non-polar or-
ganic solvents and good film-forming properties. Spin-
coated light-emitting cells (LECs) with structures ITO/PE-
DOT:PSS/Ir complex/Al, or Ba capped with Al attain a
maximum brightness efficiency of 9 cdA�1 at a bias of 9 V
for 17 with a Ba/Al cathode. The bias needed to charge and
drive our LECs increased with the size and the number of
the side chains. The devices operated in air with no reduc-
tion in efficiency after storage for one week in air. Further
structural modifications to this series of complexes will be
reported in due course. These are challenging targets with
potentially high rewards in electroluminescent device tech-
nology.
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Screening of a Phosphite–Phosphor ACHTUNGTRENNUNGamidite Ligand Library for Palladium-
Catalysed Asymmetric Allylic Sub ACHTUNGTRENNUNGstitution Reactions: The Origin of
Enantioselectivity


Oscar P+mies* and Montserrat Di.guez*[a]


Introduction


The development of methods for enantioselective carbon�
carbon and carbon�heteroatom bond formation is one of
the key issues in organic synthesis. A versatile method for
forming these bonds is palladium-catalysed asymmetric allyl-
ic substitution with nucleophiles.[1] Numerous chiral ligands,
mainly phosphorus- and nitrogen-containing ligands, which
have either C2 or C1 symmetry, have provided high enantio-
meric excesses.[1] Most of the chiral ligands developed for
asymmetric allylic substitution reactions are mixed bidentate
donor ligands (such as P–N, P–S and S–N).[1,2] The efficiency
of this type of hard–soft heterodonor ligand has mainly
been attributed to the different electronic effects of the
donor atoms. However, to a lesser extent, homodonor li-
gands (e.g., Trost)s diphosphines) have also demonstrated
their potential usefulness in this process largely because of
the chiral discrimination induced by the C2 or C1 symmetry
of the ligand backbone.[1] However, one disadvantage of
these homo- and hetero-donor ligand systems is that they


are often synthesised either from expensive chiral sources or
in tedious synthetic steps. Another common disadvantage of
the most successful ligand families developed so far for this
process is that they usually have low reaction rates and a
high substrate specificity (Figure 1, i.e. , high ee values are
obtained in disubstituted linear hindered substrates and low
ees are obtained in unhindered substrates, or vice versa).[1]


Therefore research into more versatile and reactive ligand
systems synthesised in a few steps from simple starting ma-
terials is of great importance. In view of this, a group of less
electron-rich phosphorus homodonor compounds (diphos-
phite ligands) have been shown to be able to overcome
these limitations and to be useful in this process.[3] However,
considerable dependence on the backbone has been ob-
served. Thus, enantioselectivities were excellent with 1,3-di-
phosphites (ees of up to 99%), whereas the 1,2-diphosphites
were less enantioselective (ees of up to 80%) (Figure 2).[3a]


Because of the high enantioselectivity induced by mixed
bidentate donor ligands in this process,[1] the decision was
made to design a new family of ligands based on 1,2-diphos-
phite ligands (Figure 2b) in which one of the phosphite
groups is replaced by a phosphoramidite moiety (Figure 2c).
This new phosphite-phosphoramidite ligand design therefore
offers the opportunity of electronic differentiation whilst
maintaining a similar spatial disposition around the metal
centre. Moreover, the high activities obtained with diphos-
phite ligands[4] are expected to be maintained in these phos-
phite-phosphoramidite ligands because the phosphoramidite
moiety is also a good p-acceptor group.[5] We therefore
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for the product outcome. This ligand li-
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report herein the design of a library of 60 potential chiral
phosphite-phosphoramidite ligands 1–10a–f (Figure 3) for
use in palladium-catalysed allylic substitution reactions.[6]


We also discuss the synthesis and characterisation of the Pd-
p-allyl intermediates in order to provide a greater insight
into the origin of the enantioselectivity. The library was syn-
thesised and screened by using a series of parallel reactors,
each of which was equipped with 12 different positions.
These new phosphite-phosphoramidite ligands 1–10a–f also
have the advantage of a flexible ligand scaffold so that the
substituents/configurations of the amino alcohol backbone
(C-1 and C-2), the amino group and the biaryl moieties (a–
f) can be easily tuned to explore how they affect the catalyt-
ic performance. As a result, highly enantioselective and
active palladium-catalysed allylic substitution reactions of
several substrates with different steric properties have been
carried out.[1] Another important advantage of these phos-
phite-phosphoramidite ligands is that they can be readily
synthesised in one step from commercially available chiral
1,2-amino alcohols (see below). Therefore this ligand design
will overcome the drawbacks of high substrate specificity,
low activity and tedious synthesis so characteristic of other
ligand families successfully developed for palladium-cata-
lysed allylic substitution reactions.[1]


Despite the advantages of phosphite-phosphoramidite li-
gands, they have been little used in asymmetric catalysis.[7]


To the best of our knowledge only one family of phosphite-


phosphoramidite ligands suc-
cessfully has been used in allyl-
ic substitution reactions.[5b]


More research is therefore
needed to study the possibili-
ties offered by phosphite-phos-
phoramidites as a new class of
ligand for this process.


Results and Discussion


Ligand synthesis : The synthesis
of the new phosphite-phos-
phoramidite ligands 1–10a–f is
straightforward (Scheme 1).
They are synthesised very effi-
ciently in one step from the
corresponding commercially
available cheap 1,2-amino alco-


Figure 1. Summary of the best results obtained with several linear and cyclic substrates with three of the most
representative ligand families developed for palladium-catalysed allylic substitution reactions (reactions were
usually carried out with 2–4 mol% of palladium).


Figure 2. Diphosphite and phosphite-phosphoramidite structures.


Figure 3. Phosphite-phosphoramidite ligand library 1–10a–f.


Scheme 1. Synthesis of the phosphite-phosphoramidite ligand library 1–
10a–f.
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hols by reaction with two equivalents of the desired in situ
formed phosphorochloridite (a–f) in the presence of a base.
All the ligands were stable during purification on neutral
alumina under an atmosphere of argon and isolated in mod-
erate-to-good yields as white solids. They are stable at room
temperature and very stable to hydrolysis. The elemental
analyses were in agreement with the structure assigned. The
1H and 13C NMR spectra are in accord with those expected
for these C1 ligands. Two singlets for each compound were
observed in the 31P NMR spectra. Rapid ring inversions
(atropoisomerisation) of the biphenyl-phosphorus moieties
(a–d) occurred on the NMR timescale as the expected dia-
stereoisomers were not detected by low-temperature
31P NMR spectroscopy.[8]


Allylic substitution of disubstituted linear substrates : In this
section, we report on the use of the chiral phosphite-phos-
phoramidite ligand library (1–10a–f) in the palladium-cata-
lysed allylic substitution [Eq. (1)] of three disubstituted
linear substrates with different steric properties: rac-1,3-di-
phenyl-3-acetoxyprop-1-ene (S1) (widely used as a model
substrate), ethyl rac-(E)-2,5-dimethylhept-4-en-3-yl carbon-
ate (S2) and rac-1,3-dimethyl-3-acetoxyprop-1-ene (S3). Two
nucleophiles were tested. In all cases, the catalysts were gen-
erated in situ from the p-allyl-palladium chloride dimer
[{PdCl ACHTUNGTRENNUNG(h3-C3H5)}2] and the corresponding ligand.


Allylic substitution of rac-1,3-diphenyl-3-acetoxyprop-1-ene
(S1) using dimethyl malonate and benzylamine as nucleo-
philes : For an initial evaluation of this new type of ligand in
the palladium-catalysed asymmetric substitution reactions,
we chose the allylic substitution of S1 ([Eq. (1)], R=Ph;
X=OAc) and used dimethyl malonate and benzylamine as
the nucleophiles. As these reactions were carried out with a
variety of ligands carrying different donor groups, the effica-
cy of different ligand systems can be directly compared.[1]


In the first set of experiments, we determined the optimal
reaction conditions by conducting a series of experiments in
which the solvent and the ligand-to-palladium ratio were
varied. We first studied the effect of four solvents (tetrahy-
drofuran (THF), toluene, dimethylformamide (DMF) and
dichloromethane (DCM)) with six ligands (1a–5a and 9a).
Figure 4 shows the results obtained when dimethyl malonate
was used as the nucleophile (trends were similar in the allyl-
ic amination of S1, see the Supporting Information). The re-
sults show that the efficiency of the process strongly depend-
ed on the nature of the solvent. The activities and enantiose-
lectivities were best with dichloromethane as solvent


(Figure 5). We then studied the effect of varying the ligand-
to-palladium ratio. The conversions and enantioselectivities
obtained when dichloromethane and ligands 1a–5a and 9a


Figure 4. Results of the catalytic allylic alkylation of S1 obtained by using
ligands 1–5a and 9a in four solvents at room temperature. a) Conversions
after 15 min. b) Enantioselectivities of product 11. Positive numbers refer
to the formation in excess of the R isomer.


Figure 5. Enantioselectivities of product 11 obtained by using ligands 1–
5a and 9a at different ligand-to-palladium ratios in dichloromethane at
room temperature. Positive numbers refer to the formation of excess of
the R isomer. In all cases full conversion was obtained after 15 min.
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were used are shown in Figure 5 (similar trends were ob-
served for the other solvents). The results show that an
excess of ligand is not needed for activities and enantiose-
lectivities to be high.


For comparison purposes, the rest of the ligands were
tested under conditions that provided optimum enantiose-
lectivities and reaction rates (i.e. , a ligand-to-palladium
ratio of 1.1 and dichloromethane as solvent). Table 1 shows


the results when dimethyl malonate and benzylamine were
used as the nucleophiles. They indicate that catalytic perfor-
mance (activities and enantioselectivities) is highly affected
by the substituents and the axial chirality of the biaryl moi-
eties and the substituents in the amino alcohol backbone. In
general, activities (TOFs of up to 800 mol S1 ACHTUNGTRENNUNG(mol Pdh)�1)
and enantioselectivities (ees of up to 99%) were high. Al-
though, as expected, the activities for the amination process
were lower than for the alkylation reaction of S1, they were
higher than those obtained with other successful ligands.[1]


The stereoselectivity of the amination reaction was the same
as that of the alkylation reaction, although the Cahn–
Ingold–Prelog (CIP) descriptor was inverted due to the
change in priority of the groups.


The effect of the biphenyl substituents was investigated
with ligands 1a–d (Table 1, entries 1–4). It was observed
that these moieties affect both the activity and the enantio-
selectivity of the reaction. Bulky substituents in the ortho
and para positions of the biphenyl moieties are needed for
high enantioselectivity. Therefore ligand 1a with bulky tert-
butyl groups in both the ortho and para positions of the bi-
phenyl moieties provided the highest enantioselectivity


(Table 1, entry 1). In terms of activity, this is mainly affected
by the substituents in the ortho positions of the biphenyl
moieties. Therefore ligands 1a, 1b and 1d, with bulky sub-
stituents in the ortho positions of the biphenyl moieties, pro-
vided much higher activities than ligand 1c, which has small
hydrogen atoms in these positions (Table 1, entries 1, 2 and
4 vs. 3). The substituents in the para positions also play a
small but crucial role. Thus, whereas the activities were ex-
cellent with ligands 1a and 1d, the activity decreased slight-
ly for ligand 1b which contains methoxy groups in the para
positions (Table 1, entries 1 and 4 versus 2). The activity and
enantioselectivity are therefore at their highest with ligand
1a, which contains tert-butyl groups in both the ortho and
para positions of the biphenyl moieties. To further investi-
gate how the enantioselectivity is influenced by the groups
attached to the biaryl moiety, ligands 1e and 1 f, which con-
tain different enantiomerically pure bulky trimethylsilylbi-
naphthyl moieties, were also tested (Table 1, entries 5 and
6). The results indicate that the sense of the enantioselectivi-
ty is governed by the configuration of these biaryl moieties.
Therefore both enantiomers of the substitution products 11
and 12 can be accessed in high enantioselectivity simply by
changing the absolute configuration of the biaryl moieties.
Accordingly, ligand 1e, with the binaphthyl groups in the S
configuration, gave (R)-11 and (S)-12 products, whereas
ligand 1 f, with the binaphthyl groups in the R configuration,
gave (S)-11 and (R)-12 products.


The effects of the substituents and the configuration of
the amino alcohol backbone (carbon atoms C-1 and C-2)
and the amino group were studied with ligands 1–9a, 1 f, 3 f
and 10 f (Table 1, entries 1, 6–8 and 10–17). We found that
the nature of the amino alcohol backbone affected the enan-
tioselectivity whereas the substituent on the amino group
hardly affected it at all. No effect on the activity was ob-
served. Therefore it is necessary for substituents to be in
both positions of the amino alcohol backbone (carbon
atoms C-1 and C-2) if the enantioselectivities are to be high.
Accordingly, ligands 1–3a, substituted at both the C-1 and
C-2 atoms of the amino alcohol backbone, provided higher
enantioselectivities than ligands 5–9a which are substituted
at only one carbon atom (Table 1, entries 1, 7 and 8 versus
12–16). For monosubstituted ligands 5–9, we also found that
a substituent in the C-1 position of the amino alcohol back-
bone is more effective at transferring chiral information to
the allylic substitution products 11 and 12 than a substituent
in the C-2 position. Therefore ligand 9a, substituted with a
phenyl group at the C-1 atom of the amino alcohol back-
bone, provides better enantioselectivity than the related
ligand 5a substituted at C-2 (Table 1, entries 12 versus 16).
Finally, the results obtained when ligand 1a and 3a were
used, which only differ in the C-1 and C-2 configurations of
the amino alcohol backbone, indicate that the sense of enan-
tioselectivity is also governed by the configuration of these
stereogenic centres. Therefore both enantiomers of products
11 and 12 can also be accessed in high enantioselectivities
simply by changing the absolute configuration of the amino
alcohol unit (Table 1, entries 1 versus 8).


Table 1. Palladium-catalysed allylic substitution of S1 using the phos-
phite-phosphoramidite ligand library 1–10a–f.[a]


H�Nu=H�CH ACHTUNGTRENNUNG(COOMe)2 H�Nu=H�NHCH2Ph
Entry Ligand Conv. [%] (min)[b] ee [%][c] Conv. [%] (h)[b] ee [%] [c]


1 1a 100 (15) 96 (R) 100 (12) 97 (S)
2 1b 100 (25) 92 (R) 100 (24) 90 (S)
3 1c 41 (15) 6 (R) 79 (24) 2 (S)
4 1d 100 (15) 71 (R) 100 (12) 78 (S)
5 1e 100 (15) 94 (R) 100 (12) 93 (S)
6 1 f 100 (15) 94 (S) 100 (12) 94 (R)
7 2a 100 (15) 95 (R) 100 (12) 94 (S)
8 3a 100 (15) 96 (S) 100 (12) 97 (R)
9 3d 100 (15) 71 (S) 100 (12) 76 (R)


10 3 f 100 (15) 94 (S) 100 (12) 93 (R)
11 4a 100 (15) 95 (S) 100 (12) 96 (R)
12 5a 100 (15) 68 (S) 100 (12) 71 (R)
13 6a 100 (15) 31 (S) 100 (12) 28 (R)
14 7a 100 (15) 14 (R) 100 (12) 9 (S)
15 8a 100 (15) 70 (R) 100 (12) 68 (S)
16 9a 100 (15) 86 (S) 100 (12) 85 (R)
17 10 f 81 (15) 89 (S) 100 (24) 88 (R)
18[d] 1a 100 (120) 99 (R) – –
19[e] 1a 100 (65) 96 (R) – –


[a] All reactions were run at 23 8C with 0.5 mol% [{PdCl ACHTUNGTRENNUNG(h3-C3H5)}2],
1.1 mol% ligand and dichloromethane as solvent. [b] The reaction time is
shown in parentheses. [c] Enantiomeric excess. The absolute configura-
tion is given in parentheses. [d] T=5 8C. [e] S1/Pd=500.
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If we compare the results obtained by using ligands 1a,d
and 3a,d with those obtained by using 1e,f and 3 f, we can
also conclude that the configuration of the atropoisomerical-
ly fluxional biphenyl moieties in ligands 1–4a–d is controlled
by the configuration of the amino alcohol ligand backbone.[9]


Nevertheless, the efficiency of transferring chiral informa-
tion from the amino alcohol backbone to the biphenyl moi-
eties depends on the type of substituents in the ligand back-
bone (1–10) and the substituents in the biaryl groups (a–d).


The enantioselectivity was further improved (ees of up to
99%) with ligand 1a by lowering the reaction temperature
to 5 8C (Table 1, entry 18). The reaction was also performed
at a low catalyst concentration (S1/Pd=500) with ligand 1a.
Both the enantioselectivity (96% ee (R)) and the activity
(TOFs of up to 800 mol S1 ACHTUNGTRENNUNG(mol Pdh)�1) remained high
(Table 1, entry 19).


In summary, for enantioselectivities to be high, the sub-
stituents in the amino alcohol backbone need to be correctly
combined and enantiopure bulky biaryl moieties must be
present. These enantiopure biaryl moieties can either be in-
troduced by using chiral binaphthyl groups (ligands 1e and
1 f) or generated in situ by using ortho- and para-substituted
bulky atropoisomeric biphenyl moieties with the appropriate
substitution/configuration in the amino alcohol ligand back-
bone (ligands 1–4a). For high activities, bulky substituents
need to be located in the ortho positions of the biaryl moiet-
ies. Accordingly, the best results (ees of up to 99% and
TOFs of up to 800 mol S1 ACHTUNGTRENNUNG(mol Pdh)�1) were obtained with
ligands 1–4a, 1e,f and 3 f which contain the optimal combi-
nation of substituents/configurations of the biaryl moieties
and the amino alcohol backbone. Interestingly, both enan-
tiomers of the substitution products 11 and 12 can be ac-
cessed in high enantioselectivity simply by changing either
the absolute configuration of the biaryl moieties or the ab-
solute configuration of the amino alcohol unit. These results
clearly show the efficiency of using modular scaffolds in the
ligand design. In addition, when these excellent results are
compared with the activities and enantioselectivities ob-
tained with the corresponding Pd-1,2-phosphinite-amino-
phosphine (ees of up to 60%)[10] and Pd-1,2-diphosphite (ees
of up to 80%)[3a] catalytic systems, we can conclude that the
introduction of a phosphoramidite moiety into ligands 1–
10a–f has been extremely advantageous. These results are
among the best that have been reported.[1]


Allylic alkylation of ethyl rac-(E)-2,6-dimethylhept-4-en-3-
yl carbonate (S2): We also screened the phosphite-phosphor-
amidite ligand library 1–10a–f in the allylic alkylation pro-
cess of S2 using dimethyl malonate as the nucleophile
[Eq. (1), R= iPr, X=OCO2Et]. This substrate is more steri-
cally demanding than substrate S1.[1] The most noteworthy
results are shown in Table 2. In general they follow the
same trends as observed for the allylic alkylation of S1,
which is not unexpected because the reactions proceed
through a similar mechanism.[1] Again, the catalyst precursor
containing the phosphite-phosphoramidite ligands 1–4a, 1e
and 1 f provided the best enantioselectivities (Table 2, en-


tries 1, 5–9). As expected the activities were lower than in
the alkylation reaction of S1.[1] The stereoselectivity of the
alkylation of S2 was the same as that obtained in the alkyla-
tion of S1 although the CIP descriptor was inverted because
the priority of the groups had been changed.


Allylic alkylation of rac-1,3-dimethyl-3-acetoxyprop-1-ene
(S3) using dimethyl malonate as the nucleophile : We also
evaluated the phosphite-phosphoramidite ligand library 1–
10a–f in the allylic alkylation of the linear substrate S3
[Eq. (1), R=Me, X=OAc]. This substrate is less sterically
demanding than substrates S1 and S2. The enantioselectivity
was more difficult to control in the reactions with S3 than
with hindered substrates such as S1 and S2. If the ees are to
be high, the ligand must create a small chiral pocket (the
chiral cavity in which the allyl is embedded) around the
metal centre, mainly because of the presence of less sterical-
ly demanding syn-methyl substituents.[1] Therefore few cata-
lytic systems have provided high enantioselectivities.[11]


The preliminary investigations carried out to optimise the
solvent and ligand-to-palladium ratio revealed a different
trend regarding the solvent effect compared with those ob-
served with the previously tested substrates S1 and S2. The
selectivities and activities were best when THF was used
and the ligand-to-palladium ratio was 1.1 (Table 3, entries 1–
6).


The results obtained by using the phosphite-phosphorami-
dite ligand library 1–10a–f under the optimised conditions
are summarised in Table 3 (entries 4 and 7–23). In general,
the activities and enantioselectivities were also high (ees of
up to 85%) in the alkylation of S3. The activities followed
the same trends as those observed in the alkylation of sub-
strates S1 and S2 and were mainly affected by the substitu-
ents in the biaryl groups. The highest reaction rates were ob-
tained with ligands containing bulky substituents in the


Table 2. Selected results for the palladium-catalysed allylic alkylation of
S2 using the ligand library 1–10a–f.[a]


Entry Ligand Conv. [%] (h)[b] ee [%][c]


1 1a 100 (18) >95 (S)
2 1b 78 (18) 93 (S)
3 1c 64 (18) 3 (S)
4 1d 100 (18) 79 (S)
5 1e 100 (18) >95 (S)
6 1 f 100 (18) >95 (R)
7 2a 100 (18) 93 (S)
8 3a 100 (18) 95 (R)
9 4a 100 (18) 95 (R)


10 5a 100 (18) 72 (R)
11 6a 100 (18) 31 (R)
12 7a 100 (18) 19 (S)
13 8a 100 (18) 73 (S)
14 9a 100 (18) 89 (R)
15 10 f 82 (18) 91 (R)


[a] All reactions were run at 23 8C with 0.5 mol% [{PdCl ACHTUNGTRENNUNG(h3-C3H5)}2],
1.1 mol% ligand and CH2Cl2 as solvent. [b] The reaction time in hours is
given in parentheses. [c] Enantiomeric excess. The absolute configuration
is given in parentheses.
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ortho positions of the biaryl moieties (TOFs of up to
>300 mol S3 ACHTUNGTRENNUNG(mol Pdh)�1).


Again, the enantioselectivities were significantly affected
by the substituents and the axial chirality of the biaryl moi-
eties and the substituents on the amino alcohol backbone.
However, the effect of these parameters was different to the
effect observed in the alkylation of S1 and S2. Thus, al-
though the effect of the substituents/configurations of the
biaryl moieties on enantioselectivity is similar to the effect
observed in the alkylation of S1 and S2, the effects of the
substituents on the amino alcohol ligand backbone (C-1 and
C-2) and on the amino group are different. Therefore,
unlike the alkylation of S1 and S2, the presence of a methyl
substituent on either the amino group (ligand 4a, Table 3,
entry 13 versus 14) or the stereogenic carbon atom C-2 in
the ligand backbone (ligand 2a, Table 3, entry 4 versus 12)
has a negative effect on the enantioselectivity. Also, ligand
10 f, which has a simple unsubstituted ethanolamine back-
bone, provides an enantioselectivity that is similar to that of
ligand 1 f which has a 1,2-diphenylethanolamine backbone
(Table 3, entries 11 versus 20). Again, both enantiomers of
the alkylation product 14 can be accessed with high enantio-
selectivity simply by changing either the absolute configura-
tion of the biaryl moieties or the absolute configuration of
the amino alcohol unit. The best enantioselectivities (ees of
up to 85%) were therefore obtained for ligands 1a,e,f, 3a
and 10 f which have bulky substituents in the ortho and para
positions of the biaryl moieties and the appropriate combi-
nation of substituents in the amino alcohol backbone. These
results, which clearly show the efficiency of using highly


modular scaffolds in the ligand design, are amongst the best
reported for this type of unhindered substrate.[11] Again, the
presence of a phosphoramidite moiety in the ligand design
has been extremely advantageous in terms of the activity
and enantioselectivity of the reaction.


Allylic alkylation of cyclic substrates : As for the unhindered
substrate S3, the enantioselectivity of reactions involving
cyclic substrates is difficult to control, mainly because of the
presence of less steric anti substituents. These anti substitu-
ents are thought to play a crucial role in the enantioselectiv-
ity observed with cyclic substrates in the corresponding Pd-
allyl intermediate.[1]


We can also reveal that the chiral phosphite-phosphorami-
dite ligand library 1–10a–f used above in the palladium-cat-
alysed allylic substitution of linear substrates (S1–S3) can be
used with cyclic substrates (ees of up to 95%). In this case,
two cyclic substrates were tested [Eq. (2)]: rac-3-acetoxycy-
clohexene (S4) (which is widely used as a model substrate)
and rac-3-acetoxycycloheptene (S5).


We initially studied the allylic alkylation of rac-3-acetoxy-
cyclohexene (S4) by using ligands 1–10a–f. Preliminary in-
vestigations into the solvent effect and the ligand-to-palladi-
um ratio showed the same trends as those observed with the
unhindered linear substrate S3. The trade-off between enan-
tioselectivities and reaction rates was therefore optimum
with tetrahydrofuran and a ligand-to-palladium ratio of 1.1
(Table 4, entries 1–6).


The results obtained by using the phosphite-phosphorami-
dite ligand library 1–10a–f under the optimised conditions
are summarised in Table 4 (entries 4 and 7–21). In general
the activities and enantioselectivities of the allylic alkylation
reactions were also high (ees of up to 81%) with S4. The ac-
tivities were mainly affected by the biaryl groups. Bulky tert-
butyl groups in the ortho positions of the biphenyl moieties
are needed for high activities (TOFs of up to >200 mol S4
ACHTUNGTRENNUNG(mol Pdh)�1). Therefore ligands 1–9a,b, which have bulky
tert-butyl groups in the ortho positions of the biphenyl moi-
eties, provide higher activities than ligands 1–9c–f, which
either have small hydrogen atoms (c) or bulky trimethylsilyl
substituents (d–f) in these positions (Table 4, entries 4, 7,
12–19 versus 8–11). This trend contrasts those observed in
the allylic substitution of disubstituted linear substrates S1–
S3. The enantioselectivities were similar to those observed
in the alkylation of unhindered disubstituted linear substrate
S3. Therefore the best enantioselectivities (ees of up to
81%) were obtained for ligands 1a,e,f, 3a and 10 f (Table 4,


Table 3. Selected results for the palladium-catalysed allylic alkylation of
S3 using the ligand library 1–10a–f.[a]


Entry Solvent Ligand Conv. [%] (min)[b] ee [%][c]


1 CH2Cl2 1a 100 (20) 74 (S)
2 DMF 1a 100 (20) 73 (S)
3 toluene 1a 100 (20) 72 (S)
4 THF 1a 100 (20) 78 (S)
5[d] THF 1a 100 (20) 78 (S)
6[e] THF 1a 100 (20) 77 (S)
7 THF 1b 100 (30) 70 (S)
8 THF 1c 32 (30) 5 (S)
9 THF 1d 100 (20) 72 (S)


10 THF 1e 100 (20) 82 (R)
11 THF 1 f 100 (20) 82 (S)
12 THF 2a 100 (20) 45 (S)
13 THF 3a 100 (20) 77 (R)
14 THF 4a 100 (20) 37 (R)
15 THF 5a 100 (20) 42 (R)
16 THF 6a 100 (20) 24 (R)
17 THF 7a 100 (20) 18 (R)
18 THF 8a 100 (20) 5 (S)
19 THF 9a 100 (20) 55 (S)
20 THF 10 f 68 (30) 80 (S)
21[f] THF 1a 24 (120) 82 (S)
22[f] THF 1e 18 (120) 85 (R)
23[f] THF 1 f 16 (120) 85 (S)


[a] All reactions were run at 23 8C with 0.5 mol% [{PdCl ACHTUNGTRENNUNG(h3-C3H5)}2] and
1.1 mol% ligand. [b] The reaction time in minutes is given in parentheses.
[c] Enantiomeric excess. The absolute configuration is given in parenthe-
ses. [d] 1a/Pd=0.9. [e] 1a/Pd=2. [f] T=�5 8C.
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entries 4, 10, 11, 13, 20 and 21). Again, both enantiomers of
the alkylation product 15 can be easily accessed in high
enantioselectivity by simply changing the absolute configu-
ration of either the biaryl moiety or the amino alcohol unit.


This phosphite-phosphoramidite ligand library 1–10a–f
was also effective (ees of up to 95%) in the allylic alkylation
of the seven-membered ring substrate S5 (Table 4, entries 22
and 23).


In summary, the results obtained with cyclic substrates are
amongst the best reported so far.[11a,c,d,12]


Allylic substitution of monosubstituted linear substrates :
Encouraged by the excellent results obtained for several dis-
ubstituted linear and cyclic substrates, we examined the
regio- and stereoselective allylic alkylation of 1-(1-naphthyl)-
allyl acetate (S6) and 1-(1-naphthyl)-3-acetoxyprop-1-ene
(S7) with dimethyl malonate [Eq. (3)]. For these substrates,
not only does the enantioselectivity of the process need to
be controlled, the regioselectivity is also a problem because
a mixture of regioisomers may be obtained. Most palladium


catalysts developed to date
favour the formation of achiral
linear product 18 rather than
the desired branched isomer
17.[13] Therefore the develop-
ment of highly regio- and
enantioselective palladium cat-
alysts is still a challenge.[11c,14]


The results obtained with
the phosphite-phosphoramidite
ligand library 1–10a–f are sum-
marised in Table 5. In general
good enantioselectivities (ees
of up to 85%) and moderate-
to-good regioselectivities (up
to 65%) in favour of the
branched product 17 were ob-
tained under unoptimised reac-
tion conditions. The results in-
dicate that the regioselectivity
of the reaction is mainly affect-
ed by the biaryl moieties.
Therefore the best regioselec-
tivities were obtained with li-
gands 1e,f and 10 f (regioselec-
tivities of up to 65%) which
contain bulky disubstituted


ortho-trimethylsilyl binaphthyl moieties (Table 5, entries 5, 6
and 15). In contrast, the enantioselectivity was mainly af-
fected by both the biaryl moieties and the amino alcohol
backbone. However, they do not affect the enantioselectivi-
ty in the same way as in the alkylation of disubstituted
linear and cyclic substrates S1–S5. Therefore the best enan-
tioselectivities were obtained by using ligand 4a (ees of up
to 85%) which has a 1,2-diphenylethanolamine backbone
and a methyl substituent on the amino group (Table 5,
entry 9).


Origin of enantioselectivity: A Study of the Pd-p-allyl inter-
mediates : To provide further insight into how ligand param-
eters affect the catalytic performance, we studied the Pd-p-
allyl compounds 19–25, [Pd ACHTUNGTRENNUNG(p-allyl)(L)]BF4 (L=phosphite-
phosphoramidite ligands), as these are the key intermediates
in the allylic substitution reactions studied.[1] These ionic
palladium complexes, which contain 1,3-diphenyl- and 1,3-
dimethylallyl groups, were prepared by using the methodol-
ogy previously described (Scheme 2) from the corresponding


Table 4. Selected results for the palladium-catalysed allylic alkylation of cyclic substrates S4 and S5 using the
ligand library 1–10a–f.[a]


Entry Solvent Ligand Substrate Conv. [%] (min)[b] ee [%][c]


1 CH2Cl2 1a S4 100 (15) 65 (R)
2 DMF 1a S4 100 (15) 60 (R)
3 toluene 1a S4 50 (30) 63 (R)
4 THF 1a S4 100 (30) 71 (R)
5 [d] THF 1a S4 100 (30) 70 (R)
6 [e] THF 1a S4 100 (30) 71 (R)
7 THF 1b S4 100 (30) 55 (R)
8 THF 1c S4 9 (30) 0
9 THF 1d S4 45 (30) 59 (R)


10 THF 1e S4 18 (30) 70 (S)
11 THF 1 f S4 13 (30) 69 (R)
12 THF 2a S4 100 (30) 55 (R)
13 THF 3a S4 100 (30) 71 (S)
14 THF 4a S4 100 (30) 30 (S)
15 THF 5a S4 100 (30) 25 (S)
16 THF 6a S4 100 (30) 21 (S)
17 THF 7a S4 100 (30) 16 (R)
18 THF 8a S4 100 (30) 5 (S)
19 THF 9a S4 100 (30) 42 (R)
20 THF 10 f S4 24 (60) 74 (R)
21[f] THF 10 f S4 15 (360) 81 (R)
22 THF 1a S5 39 (120) 92 (R)
23 THF 10 f S5 14 (120) 95 (R)


[a] All reactions were run at 23 8C with 0.5 mol% [{PdCl ACHTUNGTRENNUNG(h3-C3H5)}2] and 1.1 mol% ligand. [b] Reaction time
in minutes is given in parentheses. [c] Enantiomeric excess. The absolute configuration is given in parentheses.
[d] 1a/Pd=0.9. [e] 1a/Pd=2. [f] T=0 8C.
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Pd-allyl dimer and the appropriate ligand in the presence of
silver tetrafluoroborate.[15] The complexes were character-
ised by elemental analysis and 1H, 13C and 31P NMR spec-
troscopy. The spectral assignments (see the Experimental
Section) were based on information from 1H–1H, 31P–1H and
13C–1H correlation measurements in combination with
1H–1H NOESY experiments. Unfortunately, it was not possi-
ble to obtain any crystals of sufficient quality to perform X-
ray diffraction measurements.


Palladium-1,3-diphenylallyl complexes : When the phos-
phite-phosphoramidite ligand library 1–10a–f was used in
the allylic substitution of disubstituted hindered substrates
S1 and S2, the results indicated that for the enantioselectivi-
ty to be high, a correct combination of the substitution/con-
figuration of the biaryl moieties and the amino alcohol
backbone needed to be present: 1) enantiopure binaphthyl
moieties or ortho- and para-substituted biphenyl moieties
are required if the enantioselectivity is to be high, 2) ligands
must be substituted in both positions (C-1 and C-2) of the
amino alcohol backbone if the enantioselectivity is to be
high and 3) ligands substituted in the C-1 position of the
amino alcohol backbone are more effective than ligands
that are only substituted in the C-2 position. To understand
this catalytic behaviour we decided to study the Pd-p-allyl


complexes 19–23 which contain
ligands 3a, 3d, 3 f, 6a and 9a,
respectively.


With complexes [Pd(h3-1,3-
diphenylallyl)ACHTUNGTRENNUNG(3a)]BF4 (19),
[Pd(h3-1,3-diphenylallyl)-
ACHTUNGTRENNUNG(3d)]BF4 (20) and [Pd(h3-1,3-
diphenylallyl)ACHTUNGTRENNUNG(3 f)]BF4 (21), we
studied the effect of the config-
uration/substitution of the
biaryl moieties on the catalytic
performance. These complexes
maintain the same configura-
tion/substitution in the amino
alcohol backbone of the li-
gands, but differ in the configu-
ration and the substituents on
the biaryl moieties. The cata-
lytic systems Pd/3a and Pd/3 f,
which contain substituents in
both the ortho and para posi-


tions of the biphenyl moieties and enantiopure binaphthyl
moieties, respectively, provided high enantioselectivities (ees
of up to 96%), but the catalytic system Pd/3d, which has no
substituents in the para positions of the biphenyl group, was
less enantioselective (ees of up to 71%) (Table 1, entries 8–
10). On the other hand, with complexes [Pd(h3-1,3-
diphenylallyl)ACHTUNGTRENNUNG(6a)]BF4 (22) and [Pd(h3-1,3-diphenylallyl)-
ACHTUNGTRENNUNG(9a)]BF4 (23), the effect of the amino alcohol backbone on
catalytic activity was studied. These catalytic systems, con-
taining monosubstituted ligands 6a and 9a, are differentiat-
ed by the position of the substituent in the amino alcohol
backbone. The Pd/6a system (Table 1, entry 13), which is
only substituted at C-2 of the amino alcohol backbone, pro-
vides lower enantioselectivities than the palladium/disubsti-
tuted 3a, 3d and 3 f catalytic systems (Table 1, entries 8–10)
and Pd/9a with the ligand substituted only at C-1 (Table 1,
entry 16).


The NMR study of Pd-allyl intermediate 19, which con-
tains ligand 3a, revealed a mixture of two isomers in a 2:1
ratio (see the Experimental Section). No changes were ob-
served down to �80 8C. Both isomers were unambiguously
assigned by NOE experiments to the two syn/syn endo and
exo isomers (Scheme 3). The equilibrium between the dia-
stereoisomers forms by the so-called apparent p-allyl rota-
tion which has been shown to occur by dissociation of one
of the coordinated atoms of the bidentate ligand which
allows the ligand to rotate.[16] For both isomers, the
13C NMR chemical shifts indicate that the more electrophilic
allyl carbon terminus is trans to the phosphoramidite
moiety. Assuming that the nucleophilic attack takes place at
the more electrophilic carbon terminus and on the basis of
the observed stereochemical outcome of the reaction, 96%
(S) for product 11 and the fact that the enantiomeric excess
of the alkylation product 11 is higher than the diastereoiso-
meric excesses of the palladium intermediates, the A isomer
must react faster than the B isomer. To prove this, the reac-


Table 5. Selected results for the palladium-catalysed allylic alkylation of monosubstituted substrates S6 and S7
using the ligand library 1–10a–f under standard conditions.[a]


Entry Ligand Substrate Conv. [%][b] (min) 17/18[c] ee [%][d]


1 1a S6 100 (120) 30:70 68 (R)
2 1b S6 100 (120) 35:65 25 (R)
3 1c S6 100 (120) 25:75 38 (S)
4 1d S6 100 (120) 45:55 16 (R)
5 1e S6 100 (120) 65:35 50 (S)
6 1 f S6 100 (120) 65:35 47 (R)
7 2a S6 100 (120) 30:70 79 (R)
8 3a S6 100 (120) 30:70 71 (S)
9 4a S6 100 (120) 30:70 85 (S)


10 5a S6 100 (120) 25:75 49 (S)
11 6a S6 100 (120) 30:70 57 (S)
12 7a S6 100 (120) 25:75 35 (S)
13 8a S6 100 (120) 20:80 13 (R)
14 9a S6 100 (120) 45:55 54 (S)
15 10 f S6 100 (120) 60:40 56 (R)
16 4a S7 100 (120) 30:70 84 (S)


[a] All reactions were run at 23 8C with 1 mol% [{PdCl ACHTUNGTRENNUNG(h3-C3H5)}2], 1.1 mol% ligand and dichloromethane as
solvent. [b] The reaction time in minutes is given in parentheses. [c] Percentage of branched (17) and linear
(18) isomers. [d] Enantiomeric excess. The absolute configuration is given in parentheses.


Scheme 2. Preparation of Pd-p-allyl complexes 19–25.
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tivity of the palladium intermediates with sodium malonate
at a low temperature was also studied by in situ NMR spec-
troscopy (Figure 6). The results show that the major isomer
A reacts around 15 times faster than isomer B. Taking into
account the relative reaction rates and the abundance of
both isomers the calculated ee should be 94% (S), which
matches the value obtained experimentally.[17] Therefore it
can be concluded that nucleophilic attack takes place at the
allyl terminus trans to the phosphoramidite moiety of the
major palladium intermediate A. This is also consistent with
the fact that for both isomers, the most electrophilic allylic
terminal carbon atom is the one trans to the phosphorami-
dite in the major A isomer.


In contrast to complex 19, the NMR study of Pd-allyl in-
termediate 20, which contains ligand 3d, revealed a mixture
of three isomers in a ratio 4:3.8:1 (see the Experimental
Section, Scheme 4). The major isomers (A and B) were as-
signed by NOE experiments to the two syn/syn endo and
exo isomers, whereas the
minor isomer (C) was attribut-
ed to the syn/anti isomer
(Scheme 4). For the B isomer,
the VT-31P NMR experiments
indicated that the phosphorus
atom next to C-1 (P-1, assigned
by 31P–1H HMBC correlation
experiments) showed fluxional
behaviour and was frozen out
at �20 8C. A study of the
models indicated that the ab-
sence of para substituents on
the biphenyl groups in ligand
3d compared with ligand 3a
favours the atropoisomerism of
the biphenyl moieties in
isomer B. This atropoisomer-
ism causes a change in the con-
figuration of the biphenyl


moiety located at P-1 that produces an increase in the steric
repulsion between one of the phenyl substituents of S1 and
one of the biphenyl moieties. The formation of the syn/anti
isomers C minimises this new steric repulsion. Therefore the
open Pd�C bond belongs to the most electrophilic carbon
atom which bears the substituents that experience the big-
gest steric hindrance with the biaryl phosphite fragment P-1.
As for complex 19, note that, for all isomers, the more elec-
trophilic allyl carbon terminus is trans to the phosphorami-
dite moiety and that isomer A reacts faster than the other
isomers. Assuming that nucleophilic attack takes place at
the most electrophilic carbon atom, attack at the syn/syn
isomer A and at the syn/anti isomer C will lead to the for-
mation of (S)-11, whereas attack on the syn/syn isomer B
will lead to the formation of the opposite enantiomer of the
alkylation product 11. As for complex 19, the fastest react-


Scheme 3. Diastereoisomeric Pd-allyl intermediates for the reaction of S1
with ligand 3a. The relative amounts of each isomer are given in paren-
theses. The chemical shifts [ppm] of the allylic terminal carbon atoms are
shown. Figure 6. 31P{1H} NMR spectra of [Pd(h3-1,3-diphenylallyl) ACHTUNGTRENNUNG(3a)]BF4 (19)


in CD2Cl2 at �60 8C a) before and b) after the addition of sodium malo-
nate.


Scheme 4. Diastereoisomeric Pd-allyl intermediates for the reaction of S1 with ligand 3d. The relative amounts
of each isomer are given in parentheses. The chemical shifts [ppm] of the allylic terminal carbon atoms are
shown.
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ing isomer is A. Therefore the fact that the enantioselectivi-
ty was lower when the Pd/3d catalyst was used (ees of up to
71%) than when the Pd/3a catalyst was used (ees of up to
96%) may be due to the de-
crease in the amounts of spe-
cies that provide the S enantio-
mer (A and C) relative to the
ones that provide (R)-11 (B)
compared with the population
observed for complex 19.


To provide further evidence
that the syn–anti isomerism
observed in complex 20 is
caused by atropoisomerism of
the biphenyl moieties, we stud-
ied the Pd-allyl intermediate
[Pd(h3-1,3-diphenylallyl)-
ACHTUNGTRENNUNG(3 f)]BF4 (21) which contains
the enantiopure (R)-binaphth-
yl ligand 3 f. As for complex
19, VT-NMR experiments indi-
cated the presence of a mix-
ture of two syn/syn isomers in
a 2.2:1 ratio (see the Experi-
mental Section) in which the
more electrophilic allylic
carbon termini are trans to the
phosphoramidite moiety (Scheme 5). Assuming that the nu-
cleophilic attack takes place at the more electrophilic
carbon terminus and on the basis of the observed stereo-
chemical outcome of the reaction, 94% (S) in product 11,
and the fact that the enantiomeric excess of the alkylation
product 11 is higher than the diastereoisomeric excesses of
the palladium intermediates, the A isomer must react faster
than the B isomer, as for complex 19.


We next studied the Pd-p-allyl intermediate [Pd(h3-1,3-
diphenylallyl)ACHTUNGTRENNUNG(6a)]BF4 (22) in which ligand 6a is only substi-
tuted at C-2 of the amino alcohol backbone. The NMR
study at room temperature revealed a mixture of two iso-


mers in a ratio of 1.5:1 (see the Experimental Section). The
minor isomer was assigned by NOE experiments to the syn/
syn isomer B (Scheme 6). However, for the major isomer A,


and unlike 19 and 21, the VT-31P NMR experiments indicat-
ed that the phosphorus atom next to C-1 (P-1, assigned by
31P–1H HMBC correlation experiments) showed fluxional
behaviour and was frozen out at �50 8C. This fluxionality
has been attributed to an equilibrium between syn/syn (A)
and syn/anti (C) isomers (Scheme 6). The absence of a sub-
stituent at the C-1 position of the amino alcohol backbone
favoured the atropoisomerism of the biphenyl phosphite
moiety which causes an increase in the steric hindrance be-
tween the biaryl group attached to P-1 and one of the
phenyl substituents of S1. The formation of the syn/anti C
isomer minimised this new steric repulsion (Scheme 6).
Note that this syn–anti isomerism is observed in the most
electrophilic allylic terminal carbon atom (the one with the
highest 13C chemical shifts). Assuming that the nucleophilic
attack takes place at the most electrophilic carbon atom,
attack at the syn/syn isomer A will lead to the formation of
(S)-11 whereas attack at the syn/anti isomer C, as in the
attack at the B isomer, will lead to the formation of the op-
posite enantiomer of the alkylation product 11. Therefore
the considerably lower enantioselectivities observed when
the Pd/6a catalysts were used in comparison with the Pd/3a
catalyst system can be attributed to the presence of a syn/
syn and syn/anti equilibrium for the major and more reac-
tive Pd/6a catalyst intermediate. By comparing the studies
of the Pd-p-allyl intermediates 19–22 we can conclude that a
substituent is required at C-1 of the amino alcohol backbone
to prevent syn–anti equilibration of the most electrophilic/
reactive allylic carbon atom and therefore to provide high
enantiomeric excesses.


Scheme 5. Diastereoisomeric Pd-allyl intermediates for the reaction of S1
with ligand 3 f. The relative amounts of each isomer are given in paren-
theses. The chemical shifts [ppm] of the allylic terminal carbon atoms are
shown.


Scheme 6. Diastereoisomeric Pd-allyl intermediates for the reaction of S1 with ligand 6a. The relative amounts
of each isomer are given in parentheses. The chemical shifts [ppm] of the allylic terminal carbon atoms at
room temperature are shown.
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Finally, the NMR study of the Pd-allyl intermediate 23
containing ligand 9a, which is only substituted at C-1 of the
amino alcohol backbone and provides enantioselectivities
between those obtained with disubstituted ligand 3a and
ligand 6a monosubstituted at the C-2 position, revealed a
mixture of three isomers in a ratio of 1.7:1:0.15. The major
isomers (A and B) were assigned by NOE experiments to
the two syn/syn endo and exo isomers, whereas the minor
isomer was attributed to the anti/syn isomer C (Scheme 7).


Again, this syn/syn–syn/anti equilibrium is due to the atro-
poisomerism of the biphenyl moiety. However, in contrast
to complex 22, the VT-31P NMR spectra indicated fluxional
behaviour of the phosphorus atom next to C-2 (phosphora-
midite moiety). This can be attributed to the lack of sub-
stituents at C-2. Therefore this syn–anti isomerism is ob-
served in the less electrophilic allylic terminal carbon atom
and it has little effect on the product outcome of the reac-
tion.


In summary, the study of the Pd-1,3-diphenylallyl inter-
mediates indicates that nucleophilic attack takes place trans
to the phosphoramidite moiety, that is, at the terminal allylic
carbon atom next to the phosphite moiety. It has also shown
that substituents need to be present on both carbon atoms
of the amino alcohol backbone and in the para position of
the biphenyl moieties to fix the
configuration of the biaryl
moieties and therefore to pre-
vent the formation of complex
mixtures of syn/syn and syn/
anti isomers and to obtain high
enantioselectivities.


Palladium 1,3-dimethylallyl
complexes : When the phos-
phite-phosphoramidite ligand
library 1–10a–f was used in the
allylic substitution of unhin-


dered linear S3 and cyclic S4 substrates, the results revealed
a different trend with regard the effect of the substituents
on the amino alcohol ligand backbone compared with those
observed with the hindered substrates S1 and S2. Therefore
the presence of a methyl substituent on the stereogenic
carbon atom C-2 in the ligand backbone has a negative
effect on the enantioselectivity of the reaction. To under-
stand this catalytic behaviour we studied the Pd-p-allyl com-
plexes 24 and 25 which contain ligands 1a and 2a, respec-


tively. Thus, although ligand
1a, which contains a phenyl
substituent at C-2, provided
high enantioselectivities
(Table 3, entries 1 and 21, ees
of up to 82% (S)), ligand 2a,
which contains a methyl sub-
stituent at C-2, was less enan-
tioselective (Table 3, entry 12,
ees of up to 45% (S)).


For both Pd-1,3-dimethylall-
yl intermediates 24 and 25, the
VT-NMR (35 8C to �80 8C)
study indicated the presence of
a mixture of two isomers (A
and B) in a 1.85:1 ratio (see
the Experimental Section). All
species were assigned by NOE
experiments to the syn/syn iso-
mers. Unfortunately, the NMR


data did not allow us to assign the major (A) and minor (B)
isomers to each one of both the endo and exo syn/syn iso-
mers. However, as for the 1,3-diphenylallyl intermediates,
13C, HSQC and HMBC NMR data indicate that the more
electrophilic allyl carbon atom is trans to the phosphorami-
dite moiety in the major isomers (24A and 25A). However,
as isomers 24A and 24B show the same population and
electronic properties at the allyl fragment as isomers 25A
and 25B (Table 6), respectively, the difference in enantiose-
lectivity observed between the Pd/1a and Pd/2a catalysts
cannot be explained by the reactivity of the nucleophile to-
wards the different p-allyl intermediates.


A plausible explanation can be found either in the en-
hancement of the steric interaction upon attack of the nucle-
ophile as a result of the formation of a more bulky chiral


Scheme 7. Diastereoisomeric Pd-allyl intermediates for the reaction of S1 with ligand 9a. The relative amounts
of each isomer are given in parentheses. The chemical shifts [ppm] of the allylic terminal carbon atoms are
shown.


Table 6. Selected 13C NMR data for the allylic carbon atoms of complexes 24 and 25.


R C-1a C-2a C-3a


24A Ph 93.9 (dd, J=39.4, J=7.6 Hz) 125.0 (m) 87.0 (dd, J=37.2, J=7.6 Hz)
24B Ph 92.2 (dd, J=35.6, J=8.3 Hz) 124.3 (m) 87.0 (dd, J=42.5, J=5.3 Hz)
25A Me 93.6 (dd, J=40.2, J=7.1 Hz) 124.6 (m) 90.0 (m)
25B Me 90.0 (m) 124.0 (m) 87.0 (dd, J=38.8, J=8.6 Hz)
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pocket or in a late transition state. It is known that nucleo-
philic substitution of the Pd-1,3-allyl cationic complex to
form the Pd-olefin complex must be accompanied by rota-
tion. A study of the models indicated that for palladium in-
termediate 24 the rotation is more favoured by the M
isomer which would lead to the formation of the (S)-14 en-
antiomer and explain the good ees obtained with this cata-
lyst system (Figure 7). However, for palladium intermediate


25, the rotation is more favoured by the W isomer which
leads to the formation of (R)-14 (Figure 8) and explains its
lower enantioselectivity. This different behaviour is caused


by the fact that replacing the phenyl at C-2 by a methyl sub-
stituent produces a change in the conformation of the
seven-membered chelate ring from a boat to a twisted-boat
conformation which affects the chiral pocket around the
metal centre. These results also suggest that the major iso-
mers 24A and 25A correspond to the syn/syn M isomers
whereas the isomers 24B and 25B correspond to the syn/syn
W isomers.


Conclusions


A library of phosphite-phosphoramidite ligands 1–10a–f
have been synthesised for the palladium-catalysed allylic
substitution reactions of several substrates with different
electronic and steric properties. These ligands have three
main advantages: 1) they can be prepared in one step from
readily available chiral 1,2-amino alcohols, 2) their p-accept-
or character increases reaction rates and 3) their modular
nature enables the substituents/configurations of the amino
alcohol backbone (C-1 and C-2), the amino group and the
biaryl moieties to be easily and systematically varied. Thus,
by carefully selecting the ligand components, high enantiose-
lectivities (ees of up to 99%) and activities (TOFs of up to
800 mol substrate ACHTUNGTRENNUNG(mol Pdh)�1) have been achieved for a
wide range of substrates with different steric and electronic
properties. In general, the activities are mainly affected by
the substituents in the biaryl groups, whereas the enantiose-
lectivities are highly affected by the substituents and the
axial chirality of the biaryl moieties and the substituents/
configurations in the amino alcohol backbone. However, the
effect of these parameters depends on each substrate class.
Note that both enantiomers of the product can be obtained
with high enantioselectivities simply by changing the abso-
lute configuration of either the biaryl moieties or the amino
alcohol unit.


The study of the Pd-p-1,3-diphenylallyl and Pd-p-1,3-di-
methylallyl intermediates by NMR spectroscopy has allowed
the observed catalytic behaviour to be understood. This
study indicates that nucleophilic attack takes place predomi-
nantly at the allylic terminal carbon atom located trans to
the phosphoramidite moiety. The study of the Pd-1,3-diphe-
nylallyl intermediate also indicates that substituents need to
be present at both carbon atoms of the amino alcohol back-
bone and in the para position of the biphenyl moieties to fix
the configuration of the biaryl moieties and therefore to
prevent the formation of complex mixtures of syn/syn and
syn/anti isomers and to obtain high enantioselectivities.
However, for the Pd-1,3-methylallyl intermediates the differ-
ence in enantioselectivity observed cannot be explained by
the reactivity of the nucleophile towards the different p-allyl
intermediates. We found that the enhancement of the steric
interaction upon attack of the nucleophile to be a good ex-
planation.


To sum up, the combination of high enantioselectivities
(ees of up to 99%), high activities and high substrate versa-
tility, and the low cost of the ligands means that it may be


Figure 7. Steric interactions upon attack of the nucleophile in palladium
intermediates 24. The boat conformation of the seven-membered chelate
ring is shown.


Figure 8. Steric interactions upon attack of the nucleophile in palladium
intermediates 25. The twist-boat conformation of the seven-membered
chelate ring is shown.
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possible to use readily available and highly modular 1,2-
amino alcohol based phosphite-phosphoramidite ligands in
the allylic substitution of a wide range of substrates. The ef-
ficiency of this ligand design is also corroborated by the fact
that these Pd-phosphite-phosphoramidite catalysts provide
higher activity and enantioselectivity than their 1,2-diphos-
phite and phosphinite-aminophosphine analogues. The po-
tential usefulness of this new type of ligand in other catalytic
reactions is currently being studied.


Experimental Section


General : All reactions were carried out by using standard Schlenk tech-
niques under argon. Solvents were purified and dried by standard proce-
dures. The phosphorochloridites were readily prepared in one step from
the corresponding biaryls.[18] 1H, 13C{1H} and 31P{1H} NMR spectra were
recorded with a 400 MHz spectrometer. Chemical shifts are reported rel-
ative to that of SiMe4 (


1H and 13C) as internal standard or H3PO4 (
31P) as


external standard. 1H, 13C and 31P assignments were made based on
1H–1H gCOSY, 1H–13C gHSQC and 1H–31P gHMBC experiments.


General procedure for the preparation of ligands 1–10a–f : Phosphoro-
chloridite (2.2 mmol) produced in situ was dissolved in toluene (5 mL)
and pyridine (0.36 mL, 4.6 mmol) was added. Amino alcohol (1 mmol)
was azeotropically dried with toluene (3S1 mL) and then dissolved in
toluene (10 mL) and pyridine (0.36 mL, 4.6 mmol) was added. The phos-
phorochloridite solution was transferred slowly at 0 8C to the solution of
the amino alcohol. The reaction mixture was warmed up to 80 8C and
stirred overnight and then the pyridine salts were removed by filtration.
Evaporation of the solvent gave a white foam which was purified by flash
chromatography (toluene/NEt3=100:1) to produce the corresponding
ligand as a white powder.


1a : Yield: 0.67 g, 62%. 1H NMR (C6D6): d=1.23 (s, 9H; CH3, tBu), 1.24
(s, 9H; CH3, tBu), 1.35 (s, 9H; CH3, tBu), 1.36 (s, 9H; CH3, tBu), 1.37 (s,
9H; CH3, tBu), 1.39 (s, 9H; CH3, tBu), 1.40 (s, 18H; CH3, tBu), 3.66 (m,
1H; NH), 4.81 (m, 1H; CH-N), 5.23 (m, 1H; CH-O), 6.35–7.50 ppm (m,
18H; CH=); 13C NMR (C6D6): d =31.1 (CH3, tBu), 31.2 (CH3, tBu), 31.4
(CH3, tBu), 31.8 (CH3, tBu), 34.8 (C, tBu), 34.9 (C, tBu), 35.4 (C, tBu),
35.5 (C, tBu), 60.6 (d, CH-N, 3JC-P=16.7 Hz), 82.1 (CH-O), 124.2 (CH=),
124.3 (CH=), 124.4 (CH=), 124.6 (CH=), 125.5 (CH=), 126.2 (CH=),
126.4 (CH=), 126.5 (CH=), 126.6 (CH=), 126.9 (CH=), 127.2 (CH=),
127.5 (CH=), 127.6 (CH=), 127.8 (CH=), 128.2 (CH=), 128.3 (CH=),
128.5 (CH=), 129.4 (CH=), 132.8 (C), 133.1 (C), 133.4 (C), 136.8 (C),
138.5 (C), 139.9 (C), 140.2 (C),140.5 (C), 145.9 (C), 146.0 (C), 146.3 (C),
146.6 ppm (C); 31P NMR (C6D6): d=143.9 (br), 151.2 ppm (s); elemental
analysis calcd (%) for C70H93NO5P2: C 77.10, H 8.60, N 1.28; found: C
77.01, H 8.62, N 1.33.


1b : Yield: 0.60 g, 61%. 1H NMR (C7D8): d=1.21 (s, 9H; CH3, tBu), 1.25
(s, 9H; CH3, tBu), 1.46 (s, 9H; CH3, tBu), 1.55 (s, 9H; CH3, tBu), 3.29 (s,
3H; OCH3), 3.31 (s, 9H; OCH3), 3.83 (m, 1H; NH), 5.21 (m, 1H; CH-
N), 5.48 (m, 1H; CH-O), 6.47–7.08 ppm (m, 18H; CH=); 13C NMR
(C7D8): d =30.7 (CH3, tBu), 31.1 (CH3, tBu), 35.2 (C, tBu), 35.3 (C, tBu),
35.4 (C, tBu), 35.5 (C, tBu), 54.7 (OCH3), 54.8 (OCH3), 60.8 (d, 3JC-P=


19 Hz; CH-N), 82.6 (CH-O), 112.6 (CH=), 112.8 (CH=), 112.9 (CH=),
113.1 (CH=), 114.3 (CH=), 114.4 (CH=), 114.5 (CH=), 114.6 (CH=),
124.7 (CH=), 124.9 (CH=), 125.1 (CH=), 125.4 (CH=), 127.5 (CH=),
127.7 (CH=), 128.1 (CH=), 128.2 (CH=), 128.7 (CH=), 128.9 (CH=),
133.9 (C), 134.3 (C), 134.5 (C), 134.6 (C), 136.8 (C), 137.3 (C), 138.9 (C),
142.3 (C), 142.7 (C), 142.8 (C), 155.8 (C), 156.0 (C), 156.1 (C), 156.3 ppm
(C); 31P NMR (C7D8): d=143.3 (br), 151.8 ppm (s); elemental analysis
calcd (%) for C58H69NO9P2: C 70.64, H 7.05, N 1.42; found: C 70.43, H
6.96, N 1.39.


1c : Yield: 0.37 g, 58%. 1H NMR (C6D6): d=4.21 (m, 1H; NH), 4.86 (m,
1H; CH-N), 5.73 (m, 1H; CH-O), 6.70–7.23 ppm (m, 26H; CH=);
13C NMR (C6D6): d=60.7 (m; CH-N), 81.6 (m; CH-O), 122.7 (CH=),


122.8 (CH=), 123.1 (CH=), 125.1 (CH=), 125.2 (CH=), 125.6 (CH=),
125.7 (CH=), 126.0 (CH=), 127.7 (CH=), 127.9 (CH=), 128.4 (CH=),
128.6 (CH=), 128.9 (CH=), 129.6 (CH=), 129.8 (CH=), 130.2 (CH=),
130.3 (CH=), 130.4 (CH=), 130.6 (CH=), 131.6 (C), 132.0 (C), 132.2 (C),
132.6 (C), 138.7 (C), 139.9 (C), 150.2 (C), 150.6 (C), 151.3 (C), 151.6 ppm
(C); 31P NMR (C6D6): d=142.8 (s), 149.7 ppm (s); elemental analysis
calcd (%) for C38H29NO5P2: C 71.14, H 4.56, N 2.18; found: C 71.06, H
4.59, N 2.21.


1d : Yield: 0.45 g, 48%. 1H NMR (C6D6): d=0.25 (s, 9H; CH3-Si), 0.29 (s,
9H; CH3-Si), 0.37 (s, 9H; CH3-Si), 0.39 (s, 9H; CH3-Si), 3.79 (s, 1H; NH),
4.96 (m, 1H; CH-N), 5.71 (m, 1H; CH-O), 6.40–7.40 ppm (m, 22H; CH=);
13C NMR (C6D6): d=0.4 (CH3-Si), 0.6 (CH3-Si), 0.7 (CH3-Si), 61.6 (d,
JC-P=12.8 Hz; CH-N), 83.1 (CH-O), 124.8 (CH=), 125.1 (CH=), 125.3
(CH=), 125.7 (CH=), 126.0 (C), 127.9 (CH=), 128.1 (CH=), 128.4 (CH=),
128.8 (CH=), 131.5 (C), 132.1 (C), 132.5 (CH=), 132.7 (CH=), 133.0
(CH=), 133.4 (CH=), 135.4 (CH=), 135.6 (CH=), 135.8 (CH=), 135.9
(CH=), 137.2 (C), 138.2 (C), 138.8 (C), 155.3 (C), 155.5 (C), 156.3 (C),
156.7 ppm (C); 31P NMR (C6D6): d=146.9 (br), 153.5 ppm (s); elemental
analysis calcd (%) for C50H61NO5P2Si4: C 64.55, H 6.61, N 1.51; found: C
64.59, H 6.64, N 1.54.


1e : Yield: 0.24 g, 21%. 1H NMR (C6D6): d=0.11 (s, 9H; CH3-Si), 0.14 (s,
9H; CH3-Si), 0.64 (s, 9H; CH3-Si), 0.70 (s, 9H; CH3-Si), 3.90 (s, 1H; CH-
N), 4.12 (m, 1H; NH), 6.01 (m, 1H; CH-O), 6.20–8.20 ppm (m, 30H;
CH=); 13C NMR (C6D6): d =0.4 (CH3-Si), 0.5 (CH3-Si), 0.7 (CH3-Si), 61.8
(d, CH-N, JC-P=13.2 Hz), 83.2 (CH-O), 124.9 (CH=), 125.0 (CH=), 125.2
(CH=), 125.6 (CH=), 126.0 (C), 127.8 (CH=), 128.2 (CH=), 128.5 (CH=),
128.8 (CH=), 131.4 (C), 132.3 (C), 132.4 (CH=), 132.9 (CH=), 133.0
(CH= , 133.4 (CH=), 135.6 (CH=), 135.7 (CH=), 135.8 (CH=), 135.9
(CH=), 137.2 (C), 138.2 (C), 138.8 (C), 155.4 (C), 155.6 (C), 156.5 (C),
156.9 ppm (C); 31P NMR (C6D6): d =149.5 (s), 160.7 ppm (s); elemental
analysis calcd (%) for C66H69NO5P2Si4: C 70.12, H 6.15, N 1.24; found: C
70.23, H 6.21, N 1.21.


1 f : Yield: 0.20 g, 18%. 1H NMR (C6D6): d=0.09 (s, 9H; CH3-Si), 0.11 (s,
9H; CH3-Si), 0.76 (s, 9H; CH3-Si), 0.89 (s, 9H; CH3-Si), 3.20 (s, 1H; NH),
4.87 (m, 1H; CH-N), 5.63 (m, 1H; CH-O), 6.40–8.40 ppm (m, 30H; CH=);
13C NMR (C6D6): d=0.0 (CH3-Si), 0.4 (CH3-Si), 0.6 (CH3-Si), 0.9 (CH3-Si),
60.8 (d, JC-P=30.2 Hz; CH-N), 83.8 (d, JC-P=9.2 Hz; CH-O), 123.7 (CH=),
124.0 (CH=), 125.1 (CH=), 125.2 (CH=), 125.5 (CH=), 126.0 (C), 126.9
(CH=), 127.1 (C), 127.2 (CH=), 127.3 (CH=), 127.5 (CH=), 128.2 (CH=),
128.5 (CH=), 128.8 (CH=), 129.1 (CH=), 129.2 (CH=), 130.3 (C), 131.1
(CH=), 131.4 (CH=), 131.8 (CH=), 132.9 (CH=), 133.3 (CH=), 133.5 (CH=),
134.0 (CH=), 134.2 (C), 134.8 (CH=), 135.1 (CH=), 135.2 (CH=), 136.0
(CH=), 137.6 (C), 137.8 (CH=), 138.3 (CH=), 139.7 (C), 139.8 (C), 151.9
(C), 153.3 (C), 153.6 (C), 154.9 ppm (C); 31P NMR (C6D6): d=136.8 (s),
157.8 ppm (s); elemental analysis calcd (%) for C66H69NO5P2Si4: C 70.12, H
6.15, N 1.24; found: C 70.44, H 6.32, N 1.31.


2a : Yield: 0.67 g, 65%. 1H NMR (C7D8): d=0.77 (d, 3JH-H=6.4 Hz, 3H;
CH3), 1.26 (s, 9H; CH3, tBu), 1.28 (s, 18H; CH3, tBu), 1.30 (s, 9H; CH3,
tBu), 1.40 (s, 9H; CH3, tBu), 1.45 (s, 9H; CH3, tBu), 1.56 (s, 9H; CH3,
tBu), 1.66 (s, 9H; CH3, tBu), 3.29 (m, 1H; NH), 3.80 (br, 1H; CH-N),
5.48 (m, 1H; CH-O), 6.97–7.59 ppm (m, 13H; CH=); 13C NMR (C7D8):
d=31.1 (CH3, tBu), 31.3 (CH3, tBu), 31.5 (CH3, tBu), 31.6 (CH3, tBu),
31.7 (CH3, tBu), 34.6 (C, tBu), 35.5 (C, tBu), 35.6 (C, tBu), 35.7 (C, tBu),
52.8 (d, 3JC-P=12.4 Hz; CH-N), 82.2 (CH-O), 124.1 (CH=), 124.3 (CH=),
124.8 (CH=), 125.1 (CH=), 125.3 (CH=), 125.6 (CH=), 126.6 (CH=),
126.7 (CH=), 126.9 (CH=), 127.9 (CH=), 128.0 (CH=), 128.1 (CH=),
128.6 (CH=), 128.8 (CH=), 129.0 (CH=), 129.2 (CH=), 133.2 (C), 133.9
(C), 137.4 (C), 138.8 (C), 140.2 (C), 140.6 (C), 140.8 (C), 145.9 (C), 146.2
(C), 146.3 (C), 146.8 ppm (C); 31P NMR (C7D8): d=144.9 (br), 150.3 ppm
(s); elemental analysis calcd (%) for C65H91NO5P2: C 75.92, H 8.92, N
1.36; found: C 75.89, H 8.95, N 1.33.


3a : Yield: 0.77 g, 71%. 1H NMR (CDCl3): d=1.23 (s, 9H; CH3, tBu),
1.24 (s, 9H; CH3, tBu), 1.35 (s, 9H; CH3, tBu), 1.36 (s, 9H; CH3, tBu),
1.37 (s, 9H; CH3, tBu), 1.40 (s, 9H; CH3, tBu), 1.41 (s, 18H; CH3, tBu),
3.66 (m, 1H; NH), 4.81 (m, 1H; CH-N), 5.23 (m, 1H; CH-O), 6.35–
7.50 ppm (m, 18H; CH=); 13C NMR (CDCl3): d=31.1 (CH3, tBu), 31.2
(CH3, tBu), 31.4 (CH3, tBu), 31.8 (CH3, tBu), 34.8 (C, tBu), 34.9 (C, tBu),
35.4 (C, tBu), 35.5 (C, tBu), 60.6 (d, 3JC-P=18.3 Hz; CH-N), 82.1 (CH-O),
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124.2 (CH=), 124.3 (CH=), 124.4 (CH=), 124.6 (CH=), 125.5 (CH=),
126.2 (CH=), 126.4 (CH=), 126.5 (CH=), 126.6 (CH=), 126.9 (CH=),
127.2 (CH=), 127.5 (CH=), 127.6 (CH=), 127.8 (CH=), 128.2 (CH=),
128.4 (CH=), 129.3 (CH=), 132.8 (C), 133.1 (C), 133.3 (C), 133.4 (C),
136.8 (C), 138.1 (C), 138.5 (C), 139.9 (C), 140.5 (C), 145.9 (C), 146.2 (C),
146.6 ppm (C); 31P NMR (CDCl3): d=143.9 (br), 151.2 ppm (s); elemen-
tal analysis calcd (%) for C70H93NO5P2: C 77.10, H 8.60, N 1.28; found: C
77.12, H 8.61, N 1.31.


3d : Yield: 0.34 g, 36%. 1H NMR (C6D6): d=0.25 (s, 9H; CH3-Si), 0.29 (s,
9H; CH3-Si), 0.37 (s, 9H; CH3-Si), 0.39 (s, 9H; CH3-Si), 3.79 (s, 1H; NH),
4.96 (m, 1H; CH-N), 5.71 (m, 1H; CH-O), 6.40–7.40 ppm (m, 22H; CH=);
13C NMR (C6D6): d=0.4 (CH3-Si), 0.6 (CH3-Si), 0.7 (CH3-Si), 61.6 (d,
JC-P=12.8 Hz; CH-N), 83.1 (CH-O), 124.8 (CH=), 125.1 (CH=), 125.3
(CH=), 125.7 (CH=), 126.0 (C), 127.9 (CH=), 128.1 (CH=), 128.4 (CH=),
128.8 (CH=), 131.5 (C), 132.1 (C), 132.5 (CH=), 132.7 (CH=), 133.0
(CH=), 133.4 (CH=), 135.4 (CH=), 135.6 (CH=), 135.8 (CH=), 135.9
(CH=), 137.2 (C), 138.2 (C), 138.8 (C), 155.3 (C), 155.5 (C), 156.3 (C),
156.7 ppm (C); 31P NMR (C6D6): d=146.9 (br), 153.5 ppm (s); elemental
analysis calcd (%) for C50H61NO5P2Si4: C 64.55, H 6.61, N 1.51; found: C
64.57, H 6.70, N 1.58.


3 f : Yield: 0.22 g, 20%. 1H NMR (C6D6): d=0.11 (s, 9H; CH3-Si), 0.12 (s,
9H; CH3-Si), 0.79 (s, 9H; CH3-Si), 0.92 (s, 9H; CH3-Si), 3.45 (s, 1H; NH),
4.76 (m, 1H; CH-N), 5.34 (m, 1H; CH-O), 6.40–8.40 ppm (m, 30H; CH=);
13C NMR (C6D6): d=0.2 (CH3-Si), 0.6 (CH3-Si), 0.9 (CH3-Si), 61.8 (d,
JC-P=22.4 Hz; CH-N), 84.2 (CH-O), 124.1 (CH=), 124.3 (CH=), 125.2
(CH=), 125.4 (CH=), 125.9 (CH=), 127.0 (C), 127.1 (CH=), 127.2 (C),
127.5 (CH=), 127.6 (CH=), 127.7 (CH=), 128.5 (CH=), 128.7 (CH=),
129.0 (CH=), 129.2 (CH=), 129.3 (CH=), 130.4 (C), 131.1 (CH=), 131.6
(CH=), 131.9 (CH=), 132.3 (CH=), 133.5 (CH=), 133.6 (CH=), 134.3
(CH=), 134.7 (C), 134.8 (CH=), 135.3 (CH=), 136.2 (CH=), 137.8 (C),
138.3 (CH=), 139.2 (CH=), 139.3 (C), 139.5 (C), 152.9 (C), 153.4 (C),
154.3 (C), 154.7 ppm (C); 31P NMR (C6D6): d=136.9 (s), 159.2 ppm (s);
elemental analysis calcd (%) for C66H69NO5P2Si4: C 70.12, H 6.15, N
1.24; found: C 70.22, H 6.12, N 1.26.


4a : Yield: 0.2 g, 20%. 1H NMR (C6D6): d=1.20 (s, 9H; CH3, tBu), 1.23
(m, 3H; CH3), 1.24 (s, 18H; CH3, tBu), 1.25 (s, 9H; CH3, tBu), 1.40 (br,
9H; CH3, tBu), 1.46 (br, 9H; CH3, tBu), 1.53 (br, 9H; CH3, tBu), 1.63
(br, 9H; CH3, tBu), 2.26 (br, 1H; CH3-N), 4.27 (br, 1H; CH-N), 5.44 (br,
1H; CH-O), 6.95–7.6 ppm (m, 13H; CH=); 13C NMR (C7D8): d =31.3
(CH3, tBu), 31.4 (CH3, tBu), 31.6 (CH3, tBu), 31.9 (CH3, tBu), 34.6 (C,
tBu), 35.5 (C, tBu), 35.6 (C, tBu), 36.5 (CH3-N), 53.2 (br, CH-N), 82.0
(br, CH-O), 124.1 (CH=), 124.4 (CH=), 124.9 (CH=), 125.1 (CH=), 125.3
(CH=), 125.6 (CH=), 126.6 (CH=), 126.7 (CH=), 126.9 (CH=), 127.9
(CH=), 128.4 (CH=), 128.5 (CH=), 128.6 (CH=), 128.8 (CH=), 129.0
(CH=), 129.3 (CH=), 133.2 (C), 133.9 (C), 137.4 (C), 138.8 (C), 140.2 (C),
140.6 (C), 140.8 (C), 146.0 (C), 146.3 (C), 146.4 (C), 146.9 ppm (C);
31P NMR (C6D6): d=145.1 (br), 148.2 ppm (s); elemental analysis calcd
(%) for C66H93NO5P2: C 76.05, H 8.99, N 1.34; found: C 76.11, H 9.02, N
1.37.


5a : Yield: 0.63 g, 62%. 1H NMR (CDCl3): d=1.27 (s, 9H; CH3, tBu),
1.35 (s, 9H; CH3, tBu), 1.36 (s, 9H; CH3, tBu), 1.37 (s, 9H; CH3, tBu),
1.38 (s, 9H; CH3, tBu), 1.41 (s, 9H; CH3, tBu), 1.42 (s, 9H; CH3, tBu),
1.43 (s, 9H; CH3, tBu), 3.68 (m, 1H; NH), 3.80 (m, 1H; CH2-O), 3.87 (m,
1H; CH2-O), 4.36 (m, 1H; CH-N), 6.90–7.50 ppm (m, 13H; CH=);
13C NMR (CDCl3): d =31.1 (CH3, tBu), 31.2 (CH3, tBu), 31.3 (CH3, tBu),
31.5 (CH3, tBu), 31.6 (CH3, tBu), 31.7 (CH3, tBu), 31.8 (CH3, tBu), 31.9
(CH3, tBu), 35.4 (C, tBu), 35.4 (C, tBu), 35.5 (C, tBu), 35.6 (C, tBu), 56.0
(m; CH-N), 68.8 (m; CH-O), 124.1 (CH=), 124.3 (CH=), 124.4 (CH=),
124.5 (CH=), 126.2 (CH=), 126.6 (CH=), 126.7 (CH=), 127.5 (CH=),
127.6 (CH=), 128.4 (CH=), 128.5 (CH=), 129.3 (CH=), 132.8 (C), 133.1
(C), 133.7 (C), 138.1 (C), 139.9 (C), 140.2 (C), 140.4 (C), 141.1 (C), 145.8
(C), 146.1 (C), 146.3 (C), 146.4 (C), 146.6 (C), 146.9 (C), 147.1 ppm (C);
31P NMR (CDCl3): d =137.7 (s), 148.6 ppm (s); elemental analysis calcd
(%) for C64H89NO5P2: C 75.78, H 8.84, N 1.38; found: C 76.01, H 8.91, N
1.37.


6a : Yield: 0.57 g, 59%. 1H NMR (CDCl3): d=0.66 (t, 3JH-H=7.6 Hz, 3H;
CH3), 1.35 (s, 9H; CH3, tBu), 1.36 (s, 9H; CH3, tBu), 1.37 (s, 18H; CH3,
tBu), 1.46 (s, 9H; CH3, tBu), 1.47 (s, 9H; CH3, tBu), 1.48 (s, 18H; CH3,


tBu), 1.52 (m, 2H; CH2), 3.21 (m, 1H; NH), 3.26 (m, 1H; CH-N), 3.62
(m, 1H; CH2-O), 3.82 (m, 1H; CH2-O), 7.10–7.50 ppm (m, 8H; CH=);
13C NMR (CDCl3): d =10.6 (CH3), 29.9 (CH2), 31.2 (CH3, tBu), 31.3
(CH3, tBu), 31.4 (CH3, tBu), 31.5 (CH3, tBu), 31.6 (CH3, tBu), 31.7 (CH3,
tBu), 31.8 (CH3, tBu), 31.9 (CH3, tBu), 34.8 (C, tBu), 35.5 (C, tBu), 53.1
(m; CH-N), 66.8 (m; CH-O), 124.1 (CH=), 124.3 (CH=), 124.4 (CH=),
126.2 (CH=), 126.7 (CH=), 126.8 (CH=), 132.9 (C), 133.1 (C), 133.2 (C),
139.9 (C), 140.2 (C), 140.4 (C), 146.3 (C), 146.5 (C), 146.8 (C), 147.3 ppm
(C); 31P NMR (CDCl3): d=139.7 (s), 150.3 ppm (s); elemental analysis
calcd (%) for C60H89NO5P2: C 74.58, H 9.28, N 1.45; found: C 74.62, H
9.31, N 1.47.


7a : Yield: 0.51 g, 52%. 1H NMR (CDCl3): d =0.71 (d, 3JH-H=4.4 Hz, 3H;
CH3), 0.79 (d, 3JH-H=4.4 Hz, 3H; CH3,), 1.36 (s, 18H; CH3, tBu), 1.37 (s,
18H; CH3, tBu), 1.45 (s, 9H; CH3, tBu), 1.48 (s, 27H; CH3, tBu), 1.80 (m,
1H; CH), 1.52 (m, 2H; CH2), 3.16 (m, 1H; NH), 3.32 (m, 1H; CH-N),
3.66 (m, 1H; CH2-O), 3.79 (m, 1H; CH2-O), 7.10–7.50 ppm (m, 8H;
CH=); 13C NMR (CDCl3): d=18.1 (CH3), 18.7 (CH3), 30.4 (m; CH), 31.2
(CH3, tBu), 31.3 (CH3, tBu), 31.4 (CH3, tBu), 31.5 (CH3, tBu), 31.7 (CH3,
tBu), 31.8 (CH3, tBu), 34.8 (C, tBu), 34.9 (C), 35.6 (C, tBu), 57.2 (m; CH-
N), 66.1 (m; CH-O), 124.1 (CH=), 124.3 (CH=), 124.4 (CH=), 126.4
(CH=), 126.6 (CH=), 126.7 (CH=), 132.9 (C), 133.1 (C), 133.3 (C), 140.0
(C), 140.3 (C), 145.8 (C), 145.9 (C), 146.4 (C), 147.1 ppm (C); 31P NMR
(CDCl3): d =138.8 (s), 150.0 ppm (s); elemental analysis calcd (%) for
C61H91NO5P2: C 74.74, H 9.36, N 1.43; found: C 74.86, H 9.42, N 1.42.


8a : Yield: 0.42 g, 42%. 1H NMR (CDCl3): d=0.90 (s, 9H; CH3), 1.56 (s,
18H; CH3, tBu), 1.57 (s, 18H; CH3, tBu), 1.68 (s, 9H; CH3, tBu), 1.69 (s,
18H; CH3, tBu), 1.71 (s, 9H; CH3, tBu), 3.36 (m, 1H; NH), 3.46 (m, 1H;
CH-N), 3.79 (m, 1H; CH2-O), 4.09 (m, 1H; CH2-O), 7.30–7.70 ppm (m,
8H; CH=); 13C NMR (CDCl3): d=27.2 (CH3), 31.4 (CH3, tBu), 31.6
(CH3, tBu), 31.8 (CH3, tBu), 31.9 (CH3, tBu), 34.8 (C, tBu), 35.0 (C, tBu),
35.8 (C, tBu), 62.3 (m; CH-N), 66.4 (m; CH-O), 124.2 (CH=), 124.4
(CH=), 124.6 (CH=), 126.8 (CH=), 126.9 (CH=), 133.1 (C), 133.2 (C),
133.5 (C), 140.1 (C), 140.4 (C), 140.7 (C), 146.0 (C), 146.4 (C), 146.7 (C),
147.0 ppm (C); 31P NMR (CDCl3): d=165.0 (s), 176.5 ppm (s); elemental
analysis calcd (%) for C62H92NO5P2: C 74.89, H 9.43, N 1.41; found: C
74.94, H 9.52, N 1.49.


9a : Yield: 0.62 g, 63%. 1H NMR (C6D6): d=1.25 (s, 9H; CH3, tBu), 1.29
(s, 18H; CH3, tBu), 1.30 (s, 9H; CH3, tBu), 1.45 (s, 9H; CH3, tBu), 1.49
(s, 9H; CH3, tBu), 1.53 (s, 9H; CH3, tBu), 1.56 (s, 9H; CH3, tBu), 3.23
(m, 3H; NH, CH2-N), 5.32 (m, 1H; CH-O), 6.90–7.60 ppm (m, 13H;
CH=); 13C NMR (C6D6): d=31.7 (CH3, tBu), 31.9 (CH3, tBu), 32.0 (CH3,
tBu), 35.0 (C, tBu), 35.9 (C, tBu), 47.9 (m; CH-N), 79.5 (m; CH-O), 124.4
(CH=), 124.7 (CH=), 124.9 (CH=), 126.0 (CH=), 126.9 (CH=), 127.1
(CH=), 127.4 (CH=), 127.7 (CH=), 128.8 (CH=), 128.9 (CH=), 129.6
(CH=), 133.8 (C), 134.2 (C), 134.4 (C), 140.0 (C), 140.8 (C), 140.9 (C),
141.0 (C), 141.2 (C), 146.5 (C), 146.6 (C), 146.9 (C), 147.3 ppm (C);
31P NMR (C6D6): d=145.9 (s), 147.7 ppm (s); elemental analysis calcd
(%) for C64H89NO5P2: C 75.78, H 8.84, N 1.38; found: C 75.81, H 8.87, N
1.43.


10 f : Yield: 0.57 g, 59%. 31P NMR (C6D6): d=133.8 (s), 146.9 ppm (s);
1H NMR (C6D6): d =0.41 (s, 9H; CH3-Si), 0.49 (s, 9H; CH3-Si), 0.51 (s,
9H; CH3-Si), 0.55 (s, 9H; CH3-Si), 2.50 (m, 1H; CH2-N), 2.67 (m, 1H;
CH2-N), 2.97 (m, 1H; NH), 3.11 (m, 1H; CH-O),3.57 (m, 1H; CH-O),
6.80–8.10 ppm (m, 20H; CH=); 13C NMR (C6D6): d =0.4 (CH3-Si), 0.6
(CH3-Si), 0.7 (CH3-Si), 41.4 (m; CH2-N), 66.1 (m; CH2-O), 125.1 (CH=),
125.4 (CH=), 126.0 (C), 127.1 (CH=), 127.2 (CH=), 127.4 (CH=), 128.8
(CH=), 128.9 (CH=), 129.0 (CH=), 129.1 (CH=), 129.2 (CH=), 129.4 (C),
129.6 (CH=), 131.2 (CH=), 131.4 (CH=), 131.8 (CH=), 132.0 (CH=),
132.4 (CH=), 133.0 (CH=), 134.7 (C), 135.0 (CH=), 135.1 (CH=), 137.5
(CH=), 137.7 (CH=), 137.8 (CH=), 138.0 (CH=), 144.8 (C), 145.3 (C),
152.6 (C), 153.5 (C), 153.6 (C), 154.4 ppm (C); elemental analysis calcd
(%) for C54H61NO5P2Si4: C 66.29, H 6.28, N 1.43; found: C 66.34, H 6.32,
N 1.48.


General procedure for the preparation of [PdACHTUNGTRENNUNG(h3-allyl)(L)]BF4 com-
plexes : The corresponding ligand (0.05 mmol) and the complex [Pd ACHTUNGTRENNUNG(m-
Cl)(h3-1,3-allyl)]2 (0.025 mmol) were dissolved in CD2Cl2 (1.5 mL) at
room temperature under argon. AgBF4 (9.8 mg, 0.5 mmol) was added
after 30 min and the mixture was stirred for 30 min. The mixture was
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then filtered through Celite under argon and the resulting solutions were
analysed by NMR spectroscopy.


[Pd(h3-1,3-diphenylallyl) ACHTUNGTRENNUNG(3a)]BF4 (19): Major isomer A : Yield: 65%;
1H NMR (CD2Cl2): d=1.08 (s, 9H; CH3, tBu), 1.21 (s, 9H; CH3, tBu),
1.29 (s, 18H; CH3, tBu), 1.33 (s, 9H; CH3, tBu), 1.50 (s, 18H; CH3, tBu),
1.57 (s, 9H; CH3, tBu), 3.83 (m, 1H; NH), 5.15 (m, 1H; CH terminal),
5.35 (m, 1H; CH terminal), 5.81 (m, 1H; CH-N), 5.90 (m, 1H; CH-O),
6.68 (m, 1H; CH central), 6.57–7.81 ppm (m, 28H; CH=); 13C NMR
(CD2Cl2): d=31.4–33.0 (CH3, tBu), 35.0–36.6 (C, tBu), 57.2 (d, 3JC-P=


17.5 Hz; CH-N), 85.1 (dd, JC-P=45.5 Hz, JC-P=7 Hz; CH terminal), 86.7
(m; CH-O), 99.6 (dd, JC-P=37.2 Hz, JC-P=4 Hz; CH terminal), 114.7 (m;
CH central), 131.0–150.0 ppm (aromatic carbons); 31P NMR (CD2Cl2):
d=129.0 (d, JP-P=165.3 Hz, 1P; P-O,), 142.0 ppm (d, JP-P=165.3 Hz, 1P;
P-N). Minor isomer B : Yield: 35%; 1H NMR (CD2Cl2): d=1.29 (s, 9H;
CH3, tBu), 1.32 (s, 9H; CH3, tBu), 1.53 (s, 9H; CH3, tBu), 1.54 (s, 9H;
CH3, tBu), 1.80 (s, 9H; CH3, tBu), 1.87 (s, 9H; CH3, tBu), 1.88 (s, 9H;
CH3, tBu), 1.90 (s, 9H; CH3, tBu), 4.06 (m, 1H; NH), 5.22 (m, 1H; CH
terminal), 5.39 (m, 1H; CH terminal), 5.66 (m, 2H; CH-N, CH-O), 6.68
(m, 1H; CH central), 6.57–7.81 ppm (m, 28H; CH=); 13C NMR
(CD2Cl2): d=31.4–33.0 (CH3, tBu), 35.0–36.6 (C, tBu), 57.1 (d, 3JC-P=


17.5 Hz; CH-N), 85.7 (dd, JC-P=42 Hz, JC-P=6 Hz; CH terminal), 86.7
(m; CH-O), 97.5 (dd, JC-P=31.1 Hz, JC-P=4 Hz; CH terminal), 114.5 (m;
CH central), 131.0–150.0 ppm (aromatic carbons); 31P NMR (CD2Cl2):
d=130.9 (d, JP-P=171.6 Hz, 1P; P-O), 140.4 ppm (d, JP-P=171.6 Hz, 1P;
P-N); elemental analysis calcd (%) for C85H106BF4NO5P2Pd: C 69.08, H
7.30, N 0.95; found: C 69.16, H 7.34, N 0.99.


[Pd(h3-1,3-diphenylallyl) ACHTUNGTRENNUNG(3d)]BF4 (20): Isomer A : Yield: 46%; 1H NMR
(CD2Cl2): d=�0.4–0.8 (m, 36H; CH3-Si), 4.21 (m, 1H; NH), 5.25 (m,
1H; CH terminal), 5.56 (m, 2H; CH terminal, CH-N), 5.79 (m, 1H; CH-
O), 6.78 (m, 1H; CH central), 6.8–8.0 ppm (m, 32H; CH=); 13C NMR
(CD2Cl2): d=0.7–2.7 (CH3,-Si), 59.3 (m; CH-N), 84.3 (m; CH terminal),
87.0 (m; CH-O), 96.5 (m; CH terminal), 113.4 (m; CH central), 128.0–
154.0 ppm (aromatic carbons); 31P NMR (CD2Cl2): d=133.1 (d, JP-P=


150.4 Hz, 1P; P-O), 144.4 ppm (d, JP-P=150.4 Hz, 1P; P-N). Isomer B :
Yield: 43%; 1H NMR (CD2Cl2, 253 K): d=�0.4–0.8 (m, 36H; CH3-Si),
4.02 (m, 1H; NH), 5.04 (m, 1H; CH terminal), 5.48 (m, 1H; CH termi-
nal), 5.71 (m, 1H; CH-N), 6.02 (m, 1H; CH-O), 6.78 (m, 1H; CH cen-
tral), 6.8–8.0 ppm (m, 32H; CH=); 13C NMR (CD2Cl2, 253 K): d=0.7–2.7
(CH3,-Si), 59.3 (m; CH-N), 86.4 (m; CH terminal), 85.7 (m; CH-O), 96.2
(m; CH terminal), 113.4 (m; CH central), 128.0–154.0 ppm (aromatic car-
bons); 31P NMR (CD2Cl2, 253 K): d=133.1 (d, JP-P=152.5 Hz, 1P; P-O),
142.1 ppm (d, JP-P=152.5 Hz, 1P; P-N). Isomer C : Yield: 11%; 1H NMR
(CD2Cl2, 253 K): d =�0.4–0.8 (m, 36H; CH3-Si), 3.56 (m, 1H; NH), 4.49
(m, 1H; CH central), 4.80 (m, 1H; CH terminal), 5.43 (m, 1H; CH ter-
minal), 5.84 (m, 2H; CH-O, CH-N), 6.8–8.0 ppm (m, 32H; CH=);
13C NMR (CD2Cl2, 253 K): d =0.7–2.7 (CH3,-Si), 59.3 (m; CH-N), 88.5
(m; CH terminal), 85.7 (m; CH-O), 95.8 (m; CH terminal), 112.9 (m; CH
central), 128.0–154.0 ppm (aromatic carbons); 31P NMR (CD2Cl2, 253 K):
d=122.7 (br, 1P; P-O), 129.8 ppm (br, 1P; P-N); elemental analysis
calcd (%) for C65H74BF4NO5P2PdSi4: C 59.24, H 5.74, N 1.06; found: C
59.42, H 5.81, N 1.03.


[Pd(h3-1,3-diphenylallyl) ACHTUNGTRENNUNG(3 f)]BF4 (21): Major isomer A : Yield: 70%;
1H NMR (CD2Cl2): d=0.1–0.9 (m, 36H; CH3-Si), 4.24 (m, 1H; NH), 5.27
(m, 1H; CH terminal), 5.59 (m, 2H; CH terminal, CH-N), 5.82 (m, 1H;
CH-O), 6.82 (m, 1H; CH central), 6.9–8.0 ppm (m, 40H; CH=);
13C NMR (CD2Cl2): d=0.9–3.0 (CH3,-Si), 60.1 (m; CH-N), 84.7 (dd,
JC-P=42 Hz, JC-P=6 Hz; CH terminal), 89.0 (m; CH-O), 99.2 (dd, JC-P=


36.2 Hz, JC-P=4 Hz; CH terminal), 114.9 (m; CH central), 128.0–
154.0 ppm (aromatic carbons); 31P NMR (CD2Cl2): d=129.4 (d, JP-P=


164.0 Hz, 1P; P-O), 141.8 (d, JP-P=164.0 Hz, 1P; P-N). Minor isomer B :
Yield: 30%; 1H NMR (CD2Cl2): d=0.1–0.9 (m, 36H; CH3-Si), 4.18 (m,
1H; NH), 5.24 (m, 1H; CH terminal), 5.62 (m, 1H; CH terminal), 5.64
(m, 1H; CH-N), 5.82 (m, 1H; CH-O), 6.82 (m, 1H; CH central), 6.9–
8.0 ppm (m, 40H; CH=); 13C NMR (CD2Cl2): d =0.9–3.0 (CH3,-Si), 60.4
(m; CH-N), 85.2 (dd, JC-P=40.2 Hz, JC-P=7 Hz; CH terminal), 89.1 (m;
CH-O), 98.1 (m; CH terminal), 114.7 (m; CH central), 128.0–154.0 ppm
(aromatic carbons); 31P NMR (CD2Cl2): d=130.1 (d, JP-P=159.4 Hz, 1P;
P-O), 142.0 ppm (d, JP-P=159.4 Hz, 1P; P-N); elemental analysis calcd


(%) for C81H82BF4NO5P2PdSi4: C 64.09, H 5.51, N 0.92; found: C 63.89,
H 5.42, N 0.88.


[Pd(h3-1,3-diphenylallyl) ACHTUNGTRENNUNG(6a)]BF4 (22): Major isomer A : Yield: 54%;
1H NMR (CD2Cl2, 253 K): d =0.86 (t, 3JH-H=8 Hz, 3H; CH3), 1.29 (s,
18H; CH3, tBu), 1.31 (s, 9H; CH3, tBu), 1.32 (s, 27H; CH3, tBu), 1.44 (s,
9H; CH3, tBu), 1.50 (s, 9H; CH3, tBu), 3.18 (m, 1H; CH2-O), 3.80 (m,
1H; CH-N), 3.94 (m, 1H; CH2-O), 4.50 (m, 1H; NH), 4.94 (m, 1H; CH
terminal), 5.15 (m, 1H; CH terminal), 6.50 (m, 1H; CH central), 6.70–
7.70 ppm (m, 18H; CH=); 13C NMR (CD2Cl2, 253 K): d =11.5 (CH3),
29.5 (CH2), 31.3–32.2 (CH3, tBu), 34.5–36.2 (C, tBu), 51.5 (m; CH-N),
75.0 (m; CH2-O), 82.8 (m; CH terminal), 97.6 (m; CH terminal), 114.9
(m; CH central), 122.0–150.0 ppm (aromatic carbons); 31P NMR (CD2Cl2,
253 K): d=139.7 (d, JP-P=163.5 Hz, 1P; P-O), 138.5 ppm (d, JP-P=


163.5 Hz, 1P; P-N). Minor isomer B : Yield: 40%; 1H NMR (CD2Cl2,
253 K): d=0.74 (t, 3JH-H=7.6 Hz, 3H; CH3), 1.17 (s, 9H; CH3, tBu), 1.25
(s, 9H; CH3, tBu), 1.33 (s, 9H; CH3, tBu), 1.42 (s, 9H; CH3, tBu), 1.43 (s,
9H; CH3, tBu), 1.47 (s, 9H; CH3, tBu), 1.49 (s, 9H; CH3, tBu), 3.42 (m,
1H; CH2-O), 3.80 (m, 1H; CH-N), 4.04 (m, 1H; CH2-O), 4.27 (m, 1H;
NH), 4.97 (m, 1H; CH terminal), 5.09 (m, 1H; CH terminal), 6.59 (m,
1H; CH central), 6.70–7.70 ppm (m, 18H; CH=); 13C NMR (CD2Cl2,
253 K): d=11.0 (CH3), 27.5 (CH2), 31.3–32.2 (CH3, tBu), 34.5–36.2 (C,
tBu), 51.5 (m; CH-N), 75.0 (m; CH2-O), 84.3 (dd, JC-P=28.2 Hz, JC-P=


6 Hz; CH terminal), 95.4 (m; CH terminal), 113.0 (m; CH central),
122.0–150.0 ppm (aromatic carbons); 31P NMR (CD2Cl2, 253 K): d =131.4
(d, JP-P=153.8 Hz, 1P; P-O), 137.1 ppm (d, JP-P=153.8 Hz, 1P; P-N).
Minor isomer C : Yield: 6%; 31P NMR (CD2Cl2, 253 K): d=139.7 (d,
JP-P=163.5 Hz; 1P; P-O), 140.6 ppm (d, JP-P=163.5 Hz; 1P; P-N); ele-
mental analysis calcd (%) for C75H102BF4NO5P2Pd: C 66.54, H 7.67, N
1.03; found: C 66.87, H 7.81, N 1.00.


[Pd(h3-1,3-diphenylallyl) ACHTUNGTRENNUNG(9a)]BF4 (23): Major isomer A : Yield: 60%;
1H NMR (CD2Cl2, 253 K): d=1.15 (s, 9H; CH3, tBu), 1.24 (s, 9H; CH3,
tBu), 1.27 (s, 9H; CH3, tBu), 1.28 (s, 9H; CH3, tBu), 1.46 (s, 9H; CH3,
tBu), 1.47 (s, 18H; CH3, tBu), 1.53 (s, 9H; CH3, tBu), 3.20 (m, 1H; CH2-
N), 3.73 (m, 1H; CH-O), 4.66 (m, 1H; CH2-N), 5.06 (m, 1H; CH termi-
nal), 5.21 (m, 1H; CH terminal), 5.63 (m, 1H; H-N), 6.52 (m, 3H; CH
central, CH=), 6.70–7.80 ppm (m, 21H; CH=); 13C NMR (CD2Cl2,
253 K): d=31.2–32.2 (CH3, tBu), 34.4–36.4 (C, tBu), 46.7 (m; CH-N),
71.1 (m; CH2-O), 84.9 (dd, JC-P=28 Hz, JC-P=6 Hz; CH terminal), 98.0
(dd, JC-P=36 Hz, JC-P=6 Hz; CH terminal), 114.5 (m; CH central), 125.0–
150.0 ppm (aromatic carbons); 31P NMR (CD2Cl2, 253 K): d =131.2 (d,
JP-P=156.9 Hz, 1P; P-O), 144.0 ppm (d, JP-P=156.9 Hz, 1P; P-N). Minor
isomer B : Yield: 35%; 1H NMR (CD2Cl2, 253 K): d =1.27 (s, 9H; CH3,
tBu), 1.29 (s, 9H; CH3, tBu), 1.50 (s, 9H; CH3, tBu), 1.56 (s, 9H; CH3,
tBu), 1.73 (s, 9H; CH3, tBu), 1.79 (s, 9H; CH3, tBu), 1.81 (s, 9H; CH3,
tBu), 1.83 (s, 9H; CH3, tBu), 3.10 (m, 1H; CH2-N), 3.81 (m, 1H; CH-O),
4.51 (m, 1H; CH2-N), 5.10 (m, 1H; CH terminal), 5.26 (m, 1H; CH ter-
minal), 5.45 (m, 1H; H-N), 6.52 (m, 3H; CH central, CH=), 6.70–
7.80 ppm (m, 21H; CH=); 13C NMR (CD2Cl2, 253 K): d=31.2–32.2 (CH3,
tBu), 34.4–36.4 (C, tBu), 46.7 (m; CH-N), 71.1 (m; CH2-O), 85.4 (dd,
JC-P=40 Hz, JC-P=4 Hz; CH terminal), 96.4 (dd, JC-P=32 Hz, JC-P=7 Hz;
CH terminal), 113.2 (m; CH central), 125.0–150.0 ppm (aromatic car-
bons); 31P NMR (CD2Cl2, 253 K): d=132.6 (d, JP-P=157.8 Hz, 1P; P-O),
143.1 ppm (d, JP-P=157.8 Hz, 1P; P-N). Minor isomer C : Yield: 5%;
31P NMR (CD2Cl2, 253 K): d=131.4 (d, JP-P=161.6 Hz, 1P; P-O),
145.2 ppm (d, JP-P=161.6 Hz, 1P; P-N); elemental analysis calcd (%) for
C79H102BF4NO5P2Pd: C 67.69, H 7.41, N 1.00; found: C 67.92, H 7.52, N
1.04.


Pd(h3-1,3-dimethylallyl) ACHTUNGTRENNUNG(1a)]BF4 (24): Major isomer A : Yield: 65%;
1H NMR (CD2Cl2): d=1.05–1.35 (s, 6H; CH3), 1.35–1.75 (m, 72H; CH3,
tBu), 3.78 (m, 1H; CH terminal), 4.03 (m, 1H; CH terminal), 4.35 (m,
1H; CH-O), 5.28 (m, 1H; CH central), 5.85 (m, 1H; NH), 5.95 (m, 1H;
CH-N), 6.70–7.70 ppm (m, 18H; CH=); 13C NMR (CD2Cl2): d=16.9
(CH3), 18.0 (CH3), 31.1–32.5 (CH3, tBu), 34.8–36.0 (C, tBu), 57.5 (m; CH-
N), 86.6 (m; CH2-O), 87.0 (dd, J=37.2 Hz, J=7.6 Hz; CH terminal), 93.9
(dd, J=39.4 Hz, J=7.6 Hz; CH terminal), 125.0 (m; CH central), 125.0–
150.0 ppm (aromatic carbons); 31P NMR (CD2Cl2): d=129.3 (d, JP-P=


125.8 Hz, 1P; P-O), 142.0 ppm (d, JP-P=125.8 Hz, 1P; P-N). Minor
isomer B : Yield: 35%; 1H NMR (CD2Cl2): d =1.05–1.35 (s, 6H; CH3),
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1.35–1.75 (m, 72H; CH3, tBu), 3.78 (m, 1H; CH terminal), 4.03 (m, 1H;
CH terminal), 4.48 (m, 1H; CH-O), 5.28 (m, 1H; CH central), 5.85 (m,
2H; CH-N, NH), 6.70–7.70 ppm (m, 18H; CH=); 13C NMR (CD2Cl2): d=


16.8 (CH3), 18.2 (CH3), 31.1–32.5 (CH3, tBu), 34.8–36.0 (C, tBu), 57.3 (m;
CH-N), 86.5 (m; CH2-O), 87.0 (dd, J=42.5 Hz, J=5.3 Hz; CH terminal),
92.2 (dd, J=35.6 Hz, J=8.3 Hz; CH terminal), 124.3 (m; CH central),
125.0–150.0 ppm (aromatic carbons); 31P NMR (CD2Cl2): d =130.5 (d,
JP-P=128.1 Hz, 1P; P-O), 140.4 ppm (d, JP-P=128.1 Hz, 1P; P-N); ele-
mental analysis calcd (%) for C75H102BF4NO5P2Pd: C 66.54, H 7.67, N
1.03; found: C 66.34, H 7.63, N 1.08.


Pd(h3-1,3-dimethylallyl) ACHTUNGTRENNUNG(2a)]BF4 (25): Major isomer A : Yield: 65%;
1H NMR (CD2Cl2): d=1.1–1.3 (s, 9H; CH3), 1.3–1.70 (m, 72H; CH3,
tBu), 3.86 (m, 3H; 2SCH terminal, NH), 4.88 (m, 1H; CH-O), 5.18 (m,
1H; CH central), 5.59 (m, 1H; CH-N), 7.1–7.70 ppm (m, 13H; CH=);
13C NMR (CD2Cl2): d =16.5 (CH3), 18.1 (CH3), 16.7 (CH3), 31.0–32.3
(CH3, tBu), 34.8–36.0 (C, tBu), 50.0 (m; CH-N), 86.3 (m; CH2-O), 90.0
(m; CH terminal), 93.6 (dd, J=40.2 Hz, J=7.1 Hz; CH terminal), 124.6
(m; CH central), 125.0–150.0 ppm (aromatic carbons); 31P NMR
(CD2Cl2): d=130.4 (d, JP-P=123.7 Hz, 1P; P-O), 139.1 ppm (d, JP-P=


123.7 Hz, 1P; P-N). Minor isomer B : Yield: 35%; 1H NMR (CD2Cl2):
d=1.1–1.3 (s, 9H; CH3), 1.3–1.70 (m, 72H; CH3, tBu), 3.86 (m, 3H; 2S
CH terminal, NH), 4.88 (m, 1H; CH-O), 5.18 (m, 1H; CH central), 5.52
(m, 1H; CH-N), 7.1–7.70 ppm (m, 13H; CH=); 13C NMR (CD2Cl2): d=


16.8 (CH3), 18.1 (CH3), 16.7 (CH3), 31.0–32.3 (CH3, tBu), 34.8–36.0 (C,
tBu), 50.1 (m; CH-N), 86.4 (m; CH2-O), 87.0 (dd, J=38.8 Hz, J=8.6 Hz;
CH terminal), 90.0 (m; CH terminal), 124.0 (m; CH central), 125.0–
150.0 ppm (aromatic carbons); 31P NMR (CD2Cl2): d=131.2 (d, JP-P=


125.8 Hz, 1P; P-O), 138.4 ppm (d, JP-P=125.8 Hz, 1P; P-N); elemental
analysis calcd (%) for C70H100BF4NO5P2Pd: C 65.09, H 7.88, N 1.08;
found: C 65.13, H 7.89, N 1.05.


Study of the reactivity of [Pd(h3-1,3-diphenylallyl)(L)]BF4 (L=3a and
3d) with sodium malonate by in situ NMR spectroscopy :[19] A solution of
in situ prepared [Pd(h3-1,3-diphenylallyl)(L)]BF4 (L=phosphite-phos-
phoramidite, 0.05 mmol) in CD2Cl2 (1 mL) was cooled in an NMR tube
at �80 8C. At this temperature, a solution of cooled sodium malonate
(0.1 mmol) was added. The reaction was then followed by 31P NMR spec-
troscopy. The relative reaction rates were calculated by using a capillary
containing a solution of triphenylphosphine in CD2Cl2 as the external
standard.


Typical procedure for the allylic alkylation of rac-1,3-diphenyl-3-acetoxy-
prop-1-ene (S1): A degassed solution of [Pd ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(h3-C3H5)]2 (0.9 mg,
0.0025 mmol) and the phosphite-phosphoramidite (0.0055 mmol) in di-
chloromethane (0.5 mL) was stirred for 30 min. Subsequently a solution
of S1 (126 mg, 0.5 mmol) in dichloromethane (1.5 mL), dimethyl malo-
nate (171 mL, 1.5 mmol), N,O-bis(trimethylsilyl)acetamide (370 mL,
1.5 mmol) and a pinch of KOAc were added. The reaction mixture was
stirred at room temperature. After the desired reaction time, the mixture
was diluted with Et2O (5 mL) and a saturated NH4Cl(aq) solution
(25 mL) was added. The mixture was extracted with Et2O (3S10 mL)
and the extract dried with MgSO4. The solvent was removed and conver-
sions were measured by 1H NMR spectroscopy. To determine the enan-
tiomeric excesses by HPLC (Chiracel OD, 0.5% 2-propanol/hexane, flow
0.5 mLmin�1), samples were filtered through basic alumina using di-
chloromethane as the eluent.


Typical procedure for the allylic amination of rac-1,3-diphenyl-3-acetoxy-
prop-1-ene (S1): A degassed solution of [Pd ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(h3-C3H5)]2 (0.9 mg,
0.0025 mmol) and the phosphite-phosphoramidite (0.0055 mmol) in di-
chloromethane (0.5 mL) was stirred for 30 min. Subsequently a solution
of S1 (126 mg, 0.5 mmol) in dichloromethane (1.5 mL) and benzylamine
(131 mL, 1.5 mmol) were added. The reaction mixture was stirred at room
temperature. After the desired reaction time, the mixture was diluted
with Et2O (5 mL) and a saturated NH4Cl(aq) solution (25 mL) was
added. The mixture was extracted with Et2O (3S10 mL) and the extract
dried with MgSO4. The solvent was removed and conversions were mea-
sured by 1H NMR spectroscopy. To determine the enantiomeric excesses
by HPLC (Chiracel OJ, 13% 2-propanol/hexane, flow 0.5 mLmin�1),
samples were filtered through silica using 10% Et2O/hexane mixture as
the eluent.


Typical procedure for the allylic alkylation of ethyl rac-(E)-2,5-dimethyl-
hept-4-en-3-yl carbonate (S2): A degassed solution of [Pd ACHTUNGTRENNUNG(m-Cl)ACHTUNGTRENNUNG(h3-
C3H5)]2 (0.9 mg, 0.0025 mmol) and the phosphite-phosphoramidite
(0.0055 mmol) in dichloromethane (0.5 mL) was stirred for 30 min. Sub-
sequently a solution of S2 (107.2 mg, 0.5 mmol) in dichloromethane
(1.5 mL), dimethyl malonate (171 mL, 1.5 mmol), N,O-bis(trimethylsily-
l)acetamide (370 mL, 1.5 mmol) and a pinch of KOAc were added. The
reaction mixture was stirred at room temperature. After the desired reac-
tion time, the reaction mixture was diluted with Et2O (5 mL) and a satu-
rated NH4Cl(aq) solution (25 mL) was added. The mixture was extracted
with Et2O (3S10 mL) and the extract dried with MgSO4. The conversions
and enantiomeric excesses were determined by 1H NMR spectroscopy
using [Eu ACHTUNGTRENNUNG(hfc)3] as the resolving agent.


Typical procedure for the allylic alkylation of rac-1,3-dimethyl-3-acetoxy-
prop-1-ene (S3): A degassed solution of [Pd ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(h3-C3H5)]2 (0.9 mg,
0.0025 mmol) and the phosphite-phosphoramidite (0.0055 mmol) in tetra-
hydrofuran (0.5 mL) was stirred for 30 min. Subsequently a solution of
S3 (64 mg, 0.5 mmol) in tetrahydrofuran (1.5 mL), dimethyl malonate
(171 mL, 1.5 mmol), N,O-bis(trimethylsilyl)acetamide (370 mL, 1.5 mmol)
and a pinch of KOAc were added. The reaction mixture was stirred at
room temperature. After the desired reaction time, the reaction mixture
was diluted with Et2O (5 mL) and a saturated NH4Cl(aq) solution
(25 mL) was added. The mixture was extracted with Et2O (3S10 mL)
and the extract dried with MgSO4. The conversions and enantiomeric ex-
cesses were determined by GC.


Typical procedure for the allylic alkylation of rac-3-acetoxycyclohexene
(S4) and rac-3-acetoxycycloheptene (S5): A degassed solution of [Pd ACHTUNGTRENNUNG(m-
Cl) ACHTUNGTRENNUNG(h3-C3H5)]2 (0.9 mg, 0.0025 mmol) and the phosphite-phosphoramidite
(0.0055 mmol) in tetrahydrofuran (0.5 mL) was stirred for 30 min. Subse-
quently a solution of substrate (0.5 mmol) in tetrahydrofuran (1.5 mL),
dimethyl malonate (171 mL, 1.5 mmol), N,O-bis(trimethylsilyl)acetamide
(370 mL, 1.5 mmol) and a pinch of KOAc were added. The reaction mix-
ture was stirred at room temperature. After the desired reaction time,
the reaction mixture was diluted with Et2O (5 mL) and a saturated
NH4Cl(aq) solution (25 mL) was added. The mixture was extracted with
Et2O (3S10 mL) and the extract dried with MgSO4. The conversions and
enantiomeric excesses were determined by GC using a FS-Cyclodex b-I/P
25 m column, internal diameter 0.2 mm, film thickness 0.33 mm, carrier
gas 100 kPa He, FID detector).


Typical procedure for the allylic alkylation of rac-1-(1-naphthyl)allyl ace-
tate (S6) and 1-(1-naphthyl)-3-acetoxyprop-1-ene (S7): A degassed solu-
tion of [Pd ACHTUNGTRENNUNG(m-Cl) ACHTUNGTRENNUNG(h3-C3H5)]2 (1.8 mg, 0.005 mmol) and the phosphite-
phosphoramidite (0.011 mmol) in dichloromethane (0.5 mL) was stirred
for 30 min at room temperature. Subsequently a solution of substrate
(0.5 mmol) in dichloromethane (1.5 mL), dimethyl malonate (171 mL,
1.5 mmol), N,O-bis(trimethylsilyl)acetamide (370 mL, 1.5 mmol) and a
pinch of KOAc were added. After 2 h the reaction mixture was diluted
with Et2O (5 mL) and a saturated NH4Cl(aq) solution (25 mL) was
added. The mixture was extracted with Et2O (3S10 mL) and the extract
dried with MgSO4. The solvent was removed and the conversions and re-
gioselectivities were measured by 1H NMR spectroscopy. The enantio-
meric excesses were determined by HPLC (Chiralcel OJ, 13% 2-propa-
nol/hexane, flow 0.7 mLmin�1), samples were filtered through basic alu-
mina using dichloromethane as the eluent.
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Introduction


Lewis acids are versatile catalysts. They can promote the se-
lective transfer of hydride ions in the reduction of ketones


in the presence of carbon–carbon double bonds or in oxida-
tions of alcohols as exemplified in the Meerwein–Ponndorf–
Verley reduction/Oppenauer oxidation (MPVO reaction). In
this reversible reaction that was first described as a reduc-
tion (Meerwein—Ponndorf–Verley), the Lewis acid
aluminiumACHTUNGTRENNUNG(III) isopropoxide is commonly used in stochio-
metric quantities and recycling is difficult and often impossi-
ble.[1] Therefore, heterogeneous catalysts have been devel-
oped as an alternative.[2–5] The mechanism of both the ho-
mogenous and the heterogeneous MPVO reaction has been
shown to proceed through a carbon-to-carbon hydride trans-
fer from an alcohol to a ketone or aldehyde (Scheme 1).[6–8]


The heterogeneous catalysts can also be used to racemise
benzylic alcohols; in this case, however, the reaction occurs
through an addition–elimination process.[6,9]


Moreover, Lewis acids catalyse such important reactions
as the carbon–carbon bond forming Prins reaction. Prins de-
scribed this reaction for the first time in 1917[10,11] and point-


Abstract: A three-dimensional, meso-
porous, silicate containing zirconium,
Zr-TUD-1, was synthesized by a direct
hydrothermal treatment method with
triethanolamine as a complexing and
templating reagent to ensure that zirco-
nium was incorporated as isolated
atoms. The mesoporosity of Zr-TUD-1
was confirmed by X-ray diffraction
(XRD), N2 sorption and high-resolu-
tion transmission electron micrograph


(HR-TEM) studies. The nature and
strength of the Lewis acid sites present
in Zr-TUD-1 were evaluated by FTIR
studies of pyridine adsorption and tem-
perature-programmed desorption of
ammonia. FTIR, X-ray photoelectron


spectroscopic (XPS) and UV/Vis spec-
troscopic studies showed that, at Si/Zr
ratios of 25 and higher, all the zirconi-
um was tetrahedrally incorporated into
the mesoporous framework, while at
low Si/Zr ratios, a small part of the zir-
conium was present as ZrO2 nanoparti-
cles. Zr-TUD-1 is a Lewis acidic, stable
and recyclable catalyst for the Meer-
wein–Ponndorf–Verley (MPV) reaction
and for the Prins reaction.
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Scheme 1. The Lewis acid catalysed Meerwein–Ponndorf–Verley reduc-
tion/Oppenauer (MVPO) oxidation occurs through carbon-to-carbon hy-
dride transfer.
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ed out that the cyclisation of citronellal to isopulegol
(Scheme 2) described by him earlier that year[12] would also
follow the same mechanism. This cyclisation is an essential
step of the Takasago synthesis of menthol.[13] Industrially,
this Prins reaction is catalysed by stochiometric amounts of


solid ZnBr2 in an organic solvent, originally benzene.
[13,14]


The ZnBr2 can be replaced by very selective homogeneous
catalysts, such as tris-(2,6-diarylphenoxy)aluminium,[15,16]


that resemble MPVO catalysts.[1] The removal of homogene-
ous catalysts is, in general, cumbersome and introduces
lengthy workup procedures.[17,18] Recently, the application of
catalytic amounts of zeolites and mesoporous materials as
catalysts for this reaction has attracted considerable atten-
tion.[19–27]


Since the discovery of MCM-41 mesoporous materials,[28]


there has been tremendous development in the synthesis
and modification of the silica framework. By virtue of their
relatively large pores, mesoporous materials overcome the
size and diffusion limitations that the microporous zeolites
have. Acidity can be imparted to zeolites to obtain specific
catalytic properties for a targeted reaction. For example,
aluminium was incorporated to impart acidity[29–32] , but
other acidic metals such as zirconium also have this
effect.[33–38] Zirconium is a particularly interesting metal,
since tetrahedrally coordinated zirconium is only Lewis
acidic and not Brønsted acidic.[8] In zirconia, zirconium has
proven not only to be acidic,[39] but it has also been demon-
strated to be very active in dehydration, hydrogenation, oxi-
dation and hydride exchange reactions.[5,40] The very low sur-
face area of zirconia was enlarged by supporting zirconium
on silica and by the synthesis of both microporous and mes-
oporous materials in which the framework is substituted
with zirconium. The presence of tetrahedrally incorporated
Zr4+ in the framework makes them Lewis acidic. Indeed
these materials can catalyse both the MPVO reaction and
the Prins reaction.[25,33] As has recently been shown for Zr-
beta, it is the LUMO dz2 orbital of zirconium that accepts
electron density from a Lewis base,[8] the zirconium remain-
ing tetrahedrally coordinated in the framework. In both the
Prins and the MPVO reaction, the Lewis base is identical:
one of the lone electron pairs of the carbonyl group.


Consequently, the preparation of Zr-containing mesopo-
rous materials is of great interest. However, the grafting of
zirconium(IV) propoxide onto MCM-41, MCM-48 and
SBA-15 is labour intensive.[33,38] Furthermore, several of the
zirconium-containing mesoporous materials are one-dimen-
sional, hence diffusion problems might once again arise.[37, 41]


A less labour intensive preparation of zirconium-containing
mesoporous silicate again yields a material with a one-di-
mensional pore structure that limits diffusion.[42] Hence, the
mesoporous materials prepared so far are either not readily
accessible and/or one-dimensional. Both disadvantages need
to be overcome in order to provide a straightforward cata-
lytic system.
The recently reported three-dimensional sponge-like


meso ACHTUNGTRENNUNGporous material TUD-1[43] has many advantages over
the conventional mesoporous materials HMS, MCM-41 and
MCM-48, such as a cost-effective one-pot synthesis proce-
dure, a tunable pore size and a better accessibility for sub-
strates and products. These properties of TUD-1 are ideal
for the incorporation of zirconium into the three-dimension-
al silica network either as isolated species or as zirconia
clusters supported on the pore walls of TUD-1, depending
on the Zr-loading. Earlier studies with other metals includ-
ing zirconium indicated that, at loadings of up to 4%, the
metal atoms are isolated in the framework of TUD-1.[44–51]


In the synthesis of Ti-TUD-1, triethanolamine was demon-
strated to be an ideal complexing agent for titanium.[44]


Indeed, this complex and also the zirconium complex were
isolated and fully characterised by others.[52] Triethanol-
ACHTUNGTRENNUNGamine thus ensured the incorporation of titanium as isolated
atoms into the silica framework of Ti-TUD-1. It proved to
act similarly in the synthesis mixtures of many other M-
TUD-1s (M=metal) and specifically of Zr-TUD-1.[51] Thus,
during the synthesis, no zirconia clusters can form and the
metal is incorporated into the framework of the TUD-1 as
an isolated atom. In this way, it is ensured that the metal is
both isolated and fully accessible for the substrate. Inde-
pendently, this triethanolamine approach was also devel-
oped for the preparation of Zr-MCM-41 and labelled as the
“atrane route”.[41,53,54] El Haskouri et al. demonstrated that
triethanolamine complexes both silicon and zirconium
atoms, ensuring the preparation of isolated metal sites in
siliceous materials. Indeed, they could unambiguously show
that both silicon and zirconium atrane complexes were pres-
ent in an isolated form in the reaction mixture. Even when
the two atranes were mixed, no silicon–silicon, zirconium–
zirconium or bimetallic dimers were observed by fast atom
bombardment mass spectrometry (FAB-MS), strongly indi-
cating that the mesoporous materials are formed from mon-
omeric atranes.[41,54] However, the materials prepared by this
“atrane route” have the above-mentioned disadvantage of
diffusion limitations, which are not present in the three-di-
mensional TUD-1. The sponge like character of TUD-1 was
demonstrated, among others, by three-dimensional electron
tomography studies.[55] Furthermore, M-TUD-1 has proven
to be a particularly stable mesoporous material that can be
recycled.[44–51]


Scheme 2. A) In the acid-catalysed Prins reaction, a new carbon–carbon
bond is formed between an olefin and an aldehyde, a propane-1,3-diol is
produced. B) The cyclisation of citronellal (1) to isopulegol (2) follows
the same mechanism.
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In this paper, we report the direct, hydrothermal, cost-ef-
fective synthesis of zirconium-containing three-dimensional
mesoporous silica Zr-TUD-1 with different Si/Zr ratios. A
detailed characterisation of these materials obtained by dif-
ferent techniques such as X-ray diffraction (XRD), N2 sorp-
tion, chemical analysis, high-resolution transmission electron
micrographs (HR-TEM) and UV/Vis, FTIR and X-ray pho-
toelectron spectroscopy (XPS) are discussed. These materi-
als are evaluated for their Lewis acidic catalytic properties
in the MPV reduction and the Prins reaction.


Results and Discussion


Zr-TUD-1 as a Lewis acidic, mesoporous material: A broad
intense peak at low angle (0.4–2 q) was observed in the X-
ray powder diffraction pattern for all calcined Zr-TUD-1
samples (Figure 1) demonstrating the mesostructured char-


acter of these materials. No evidence for crystalline ZrO2
was observed in the X-ray diffractograms, indicating that zir-
conium is incorporated into the framework. In line with the
effects of metal loading in Co-TUD-1[46] and Al-TUD-1,[47]


the peak intensity decreases slightly with an increase in the
Zr loading, indicative of the influence of Zr loading on the
integrity of the mesoporous structure. The HR-TEM of the
sample Zr-TUD-1(25) (Figure 2, top) further confirms the


mesoporosity. As expected, no crystalline zirconia particles
were observed up to a loading of 4 mol% of zirconium in
the TUD-1 matrix (Si/Zr=25). However, at higher loadings,
in Zr-TUD-1(10), a few crystalline nanoparticles were visi-
ble (Figure 2, bottom). The absence of zirconia crystals in
the XRD-spectrum of the same sample indicates that the
concentration of these nanoparticles must be low. The ele-
mental analysis (ICP-OES) and porosity measurements ob-
tained from N2 sorption studies at 77 K are listed in Table 1.
Elemental analysis indicated that the Si/Zr ratios in the cal-
cined samples were the same as those in the initial synthesis


Figure 1. Powder X-ray diffraction patterns of a) Zr-TUD-1 ACHTUNGTRENNUNG(100), b) Zr-
TUD-1(50), c) Zr-TUD-1(25) and d) Zr-TUD-1(10).


Figure 2. High-resolution transmission electron micrographs (HR-TEM)
of calcined Zr-TUD-1 samples Zr-TUD-1(25) (top: bar represents
20 nm) and b) Zr-TUD-1(10) (bottom: bar represents 3 nm).


Table 1. Physicochemical characterisation of Zr-TUD-1 with different Zr loadings.


Si/Zr ratio SBET Total pore volume Pore diameter Micropore area Micropore volume
gel product[a] ACHTUNGTRENNUNG[m2g�1] ACHTUNGTRENNUNG[cm3g�1] [nm] ACHTUNGTRENNUNG[m2g�1]) ACHTUNGTRENNUNG[cm3g�1]


Zr-TUD-1(10) 10 10 676 0.4 <2 n.a. n.a.
Zr-TUD-1(25) 25 25 764 1.23 8.8 <1 <0.001
Zr-TUD-1(50) 50 51 771 1.2 8.9 32 0.009
Zr-TUD-1 ACHTUNGTRENNUNG(100) 100 102 753 1.05 8 <1 <0.001


[a] From ICP-OES analysis.
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gel. This excellent correlation of the Si/Zr ratio in the syn-
thesis gel with that in the product demonstrates the high
predictability of the synthesis method. This was also ob-
served earlier for other M-TUD-1 materials.[46–48]


Three samples (Zr-TUD-1 ACHTUNGTRENNUNG(100), Zr-TUD-1 (50) and Zr-
TUD-1(25)) show a type IV isotherm (Figure 3), indicated


by the large uptake of nitrogen at relative pressures between
0.5 and 0.9 p/p0 (due to capillary condensation in the meso-
pores). These samples also show a plateau at relative pres-
sures above 0.9 p/p0, indicating the absence of large meso-
pores, macropores or surface roughness in the measurable
range (20 nm to approximately 500 nm). Additionally, these
three samples have a larger pore size when compared to the
all silica TUD-1 (ca. 4 nm). Presumably, this is due to the
presence of the large zirconium atoms in the framework.
The presence of some percolation or networking effects can
also be deduced from a non-parallel adsorption and desorp-
tion isotherm.
Zr-TUD-1(10), on the other hand, showed an uptake of


nitrogen at a relative pressure of up to approximately 0.5 p/
p0 and no adsorption is observed above this point. This im-
plies the absence of large mesopores or macropores or sur-
face roughness in the measurable range. Since pore filling
occurs below the critical pressure of 0.43 p/p0, no hysteresis
was observed. This sample displayed very little mesoporosity
and a maximum pore-size distribution below 2 nm. As a
result of this, the pore volume is much lower than in the
other three Zr-TUD-1 samples; however, the surface area of
Zr-TUD-1(10) is comparable with the other three Zr-TUD-
1 samples. The presumption that the large Zr-atom would
cause an increase in pore size is not observed at this high
concentration of zirconium. Instead, a differently structured
material was formed with relatively small pores. This differ-
ence might be due to intensified interaction of the individual
Zr atoms in the structure or due to the nanoparticles identi-
fied by HR-TEM.


From the XPS measurements, the observed binding ener-
gies of Zr 3d5/2 (183.2�0.1 eV) presented in Table 2 differ
significantly from the value reported for the reference
sample ZrO2 (182.4 eV), but are close to that of the refer-
ence sample ZrSiO4 (183.3 eV).


[56] The binding energy of O
1s1/2 observed at 532.4�0.2 eV is also significantly higher


than both ZrO2 (530.2 eV) and ZrSiO4 (531.4 eV),
[36,56] but


approaches reported values of SiO2 with values of about
532.9 eV as presented in the National Institute of Standards
and Technology (NIST) X-ray Photoelectron Spectroscopy
Database.[57] This is in line with the fact that all samples con-
tain significantly more Si-O-Si bridges than Si-O-Zr bridges.
Moreover, it indicates that the amount of ZrO2 in Zr-TUD-
1(10), although detectable by HR-TEM, is low. The bind-
ing-energy values for Zr 3d5/2 and O 1s1/2 are similar to those
observed for Zr in the MFI structure,[58] zeolite beta[59] and
mesoporous silicas.[56, 60,61] These two observations are strong
evidence for the presence of zirconium in the framework of
the TUD-1 matrix, even in the case of Zr-TUD-1(10).
The IR spectra in the skeletal region of a KBr pressed


disc of Si-TUD-1 and Zr-TUD-1 (Figure 4) showed typical


bands at 1093 cm�1 and a shoulder at 1220 cm�1 due to
asymmetric stretching vibrations of Si-O-Si bridges and at
798 cm�1 due to symmetric stretching vibration of Si-O-Si.[35]


The peak at 972 cm�1 (Si-TUD-1) is assigned to stretching
vibrations of terminal silanol (Si-OH) groups present at
defect sites.[62] In the Zr-TUD-1 samples, this peak is, to a


Figure 3. N2 adsorption and desorption isotherms at 77 K and the corre-
sponding pore size distribution of Zr-TUD-1 with different Zr loadings.


Table 2. The binding energy of the O 1s1/2, Zr 3d5/2 photoelectrons for Zr-
TUD-1 samples.


Spectral line Zr-TUD-1(10) Zr-TUD-1(25) Zr-TUD-1 ACHTUNGTRENNUNG(100)


O 1s1/2 532.2 532.4 532.5
Zr 3d5/2 183.1 183.2 183.2


Figure 4. FTIR skeletal spectra a) Si-TUD-1, b) Zr-TUD-1 ACHTUNGTRENNUNG(100), c) Zr-
TUD-1(50), d) Zr-TUD-1(25) and e) Zr-TUD-1(10).
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certain extent, due to Si-O-Zr stretching vibrations.[37,41, 56]


The presence of both of these vibrations leads to a relatively
broad and less-resolved peak at 975 cm�1 in the case of the
Zr-TUD-1 samples.
A temperature-programmed desorption (TPD) profile of


ammonia for various Zr-TUD-1 samples showed a broad
peak over the temperature range 120–500 8C (Figure 5). De-


convolution of this broad peak clearly shows three peaks
corresponding to weak, medium and strong acid strength
(Table 3). The total acidity of the samples follows the load-


ing of zirconium: 0.954, 0.836, 0.433 and 0.247 mmolg�1 of
ammonia for Zr-TUD-1(10), Zr-TUD-1(25), Zr-TUD-1(50)
and Zr-TUD-1 ACHTUNGTRENNUNG(100), respectively. The small difference be-
tween Zr-TUD-1(10) and Zr-TUD-1(25) is most likely due
to the reduced surface area and the nanocrystals in Zr-
TUD-1(10) relative to the completely framework-incorpo-
rated zirconium in mesoporous Zr-TUD-1(25).
FTIR spectra of both Si-TUD-1 and Zr-TUD-1 samples


in the hydroxyl region (Figure 6) showed a band centred at
3745 cm�1, which is attributed to terminal silanol groups.
The intensity of this band decreases with the zirconium
loading, indicating zirconium incorporation.[33] In addition,
no band corresponding to terminal Zr�OH groups


(3780 cm�1) as described by JimUnez-LMpez et al. and
Rakshe et al.[56,58] was detected for Zr-TUD-1 with Si/Zr=
25 or higher. This is good evidence that all the zirconium is
tetrahedrally incorporated into the framework. Zr-TUD-
1(10) does have a week peak in this area; most likely the
Zr�OH groups are due to the small amount of zirconia
present in this material. All Zr-TUD-1 samples show a weak
and broad shoulder at around 3650 cm�1, which is due to Si�
OH groups at defect sites.[33] This peak is strongest in the
Zr-TUD-1(10) sample, indicating that this material is less
structured.
FTIR studies of adsorbed pyridine were carried out to


access the type and strength of the acid sites. FTIR spectra
of Zr-TUD-1 samples (Figure 7) after pyridine desorption at


Figure 5. Temperature-programmed desorption (TPD) profile of ammo-
nia for various Zr-TUD-1 samples.


Table 3. Acidity derived from temperature-programmed desorption
(TPD) of ammonia for Zr-TUD-1 samples with different Si/Zr ratios.


Zr-TUD-
1 (Si/Zr)


T [8C] (centre of
deconvoluted peak)


mmol NH3/g Total
acidity


weak medium strong weak[a] medium[a] strong[a]


10 205 258 334 0.22 0.45 0.29 0.95
25 198 258 343 0.15 0.47 0.22 0.84
50 183 224 287 0.03 0.10 0.30 0.43
100 192 233 296 0.03 0.06 0.17 0.25


[a] Calculated from area of deconvoluted peak.


Figure 6. FTIR spectra in the OH group region of Si-TUD-1, Zr-TUD-1
ACHTUNGTRENNUNG(100), Zr-TUD-1(50), Zr-TUD-1(25) and Zr-TUD-1(10).


Figure 7. FTIR spectra of Si- and Zr-TUD-1 samples after pyridine de-
sorption at 200 8C: a) Si-TUD-1, b) Zr-TUD-1 ACHTUNGTRENNUNG(100), c) Zr-TUD-1(50),
d) Zr-TUD-1(25) and e) Zr-TUD-1(10).
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200 8C exhibits bands at �1610, 1547, 1447 and 1490 cm�1
corresponding to acid sites.[9,58,59] Pyridine coordinated to
Lewis acid sites gives rise to two signals (�1610 and
1447 cm�1). A combination signal is associated with both
Brønsted and Lewis acid sites (pyridinium ion and coordi-
nated pyridine, respectively) at 1490 cm�1 and a signal indi-
cative of only Brønsted acid sites (pyridinium ion at
1547 cm�1). The bands at �1610 and 1447 cm�1 are present
in higher intensity than in the reference material (Si-TUD-
1) and increase with zirconium loading, proving the Lewis
acidity of the materials. Moreover, the band at 1547 cm�1 is
absent at low zirconium loading Si/Zr=100) and very weak
even at Si/Zr=25. Only in Zr-TUD-1(10) does this peak
become more prominent. This might be due to Brønsted
acidic sites of the zirconia particles in this sample or the Si�
OH groups at defect sites. In other words, the increase in
zirconium content up to Si/Zr=25 induces Lewis acidity in
the samples. Only traces of Brønsted acid sites were ob-
served. This means that, as planned, zirconium induces the
strong acid sites observed by NH3–TPD and that these are
due to Lewis acid sites. This is in line with the high Lewis
acidity of Al-free Zr-beta and other zirconium-containing
microporous silicates.[9,58, 59]


Diffuse reflectance UV/Vis spectra of the Zr-TUD-1 sam-
ples showed, in each case, a weak and broad peak between
240 and 280 nm with a tail at around 350 nm (Figure 8). For


these samples, the peaks are assigned to O2�!Zr4+ charge-
transfer interactions with Zr in low coordination either iso-
lated or present in small ZrxOy clusters in the silica network
of TUD-1.[60] This is further supported by the fact that these
spectra of Zr-TUD-1(25), Zr-TUD-1(50) and Zr-TUD-1
ACHTUNGTRENNUNG(100) were entirely different to the spectrum of commercial
ZrO2. Due to the low zirconium concentration, the expected
signal at approximately 210 nm is not visible. The sample of
Zr-TUD-1(10) is different, since the spectrum displays a
sharp band at 216 nm and the broad bands are slightly shift-


ed to 260 and 340 nm. The band near 210 nm was assigned
to the presence of isolated zirconium in a tetrahedral envi-
ronment.[35,41] Again, similar to the XRD spectra, the zirco-
nia nanoparticles visible in Zr-TUD-1(10) by HR-TEM are
not evident in the UV/Vis spectrum. This indicates that the
concentration of zirconia nanoparticles must be very low.


Zr-TUD-1 as a Lewis acidic catalyst : Having established the
tetrahedral nature of the isolated zirconium atoms in Zr-
TUD-1, its catalytic activity was investigated in two acid-cat-
alysed model reactions, the MPV reduction of 4-tert-butylcy-
clohexanone (3) (Scheme 3) and the carbon–carbon bond
forming Prins reaction (Scheme 2).


When the heterogeneous MPV reduction of 4-tert-butylcy-
clohexanone (3) is performed with zeolites such as H-
beta,[2,63] Sn-beta[3,8] or Zr-beta,[4,5,8,59] a strong selectivity for
the cis alcohol (cis-4) is observed. This high selectivity for
the thermodynamically less favoured product is clearly relat-
ed to the spatial confinement within the pores of the zeo-
lite.[8] In mesoporous materials such as Zr-MCM-41, Zr-
MCM-48 and Zr-SBA-15,[33] no spatial confinement is pres-
ent and the thermodynamically determined dominance of
the trans product (trans-4) is observed. Initial studies with
Zr-TUD-1 and also Al-TUD-1 confirmed this behav-
iour.[51,64] However, Zr-TUD-1(25) was not a very active cat-
alyst under the originally described reaction conditions
(2 mmol substrate in 4 mL isopropanol). Indeed, its activity
was much lower than for the earlier reported Zr-MCM-41,
Zr-MCM-48 and Zr-SBA-15,[33] although comparable reac-
tion conditions were used. In an earlier study, the impor-
tance of the solvent in the homogeneous MPV reduction
had been demonstrated.[65] Therefore, the Zr-TUD-1(25)
catalysed reduction of 3 was studied in coordinating and
non-coordinating solvents (Figure 9). Alcohols coordinate
well to the zirconium and thus block the active site, conse-
quently tert-butyl alcohol inhibited the reaction (Table 4,
entry 5). When the less coordinating ether 1,4-dioxane was


Figure 8. Diffuse reflectance UV/Vis spectra of various Zr-TUD-1 sam-
ples (left) compared with commercial ZrO2 (right).


Scheme 3. The Zr-TUD-1 catalysed Meerwein–Ponndorf–Verley (MPV)
reduction of 4-tert-butylcyclohexanone (3) proceeds diastereoselectively.


Table 4. Effect of the solvent on the MPV reduction of 3.


Solvent 3/isopro-
panol[a]


Conver-
sion [%][b]


Select-
ivity [%]


trans-4/
cis-4


1 isopropanol 1:26 83.0 >99 87:13
2 toluene 1:1 79.5 >99 76:24
3 toluene 1:3 97.5 >99 83:17
4 1,4-dioxane 1:1 37.3 >99 82:18
5 tert-butyl alcohol 1:1 4.54 >99 90:10


[a] Molar ratio. [b] After 3 days reaction at 80 8C.
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employed, the reaction pro-
ceeded faster than in tert-butyl
alcohol (entry 4 versus 5). Tolu-
ene, however, did not inhibit
the reaction. When three equiv-
alents of isopropanol in toluene
were used, the reactions pro-
ceeded smoothly (entries 2 and
3 versus 5). Isopropanol as a
neat solvent inhibited the reac-
tion due to coordination, too (entry 1) and, therefore, tolu-
ene was applied as the solvent. There seems to be little in-
fluence of the solvent on the trans:cis ratio of 4, which is
similar to results reported earlier for Zr-MCM-41, Zr-MCM-
48 and Zr-SBA-15.
When Zr-TUD-1 with different Si/Zr ratios was employed


for the MPV reduction, Zr-TUD-1(25) displayed the highest
activity per milligram of catalyst (Figure 10A). Evidently,
the larger pore volume and diameter (Table 1) gives it an
advantage over Zr-TUD-1(10), which had a higher loading
of Lewis acid sites. However, only the turn over frequency
(TOF) reveals the true activity of the catalysts. The highest
activity per catalytic site was observed for Zr-TUD-1 ACHTUNGTRENNUNG(100),
clearly demonstrating that, as postulated above, no diffusion
limitations occur in TUD-1 (Figure 10B). Again no influ-
ence on the trans:cis ratio of 4 (�83:17 for all the catalysts)
was observed. Even though Zr-TUD-1 clearly displayed a
much higher activity under these reaction conditions and ac-
cepts sterically very demanding substrates,[51] the overall ac-
tivity was lower than that of comparable mesoporous zirco-
nium-containing silicates.[33]


The acid-catalysed Prins reaction of citronellal (1) leads
to cyclisation, yielding isopulegol (2) and its stereoisomers
5–7. Due to its all-equatorial orientation of the substituents,
2 is the thermodynamically favoured product (Scheme 4).


Similarly, based on the preferred all-equatorial transition
state (Scheme 2B), it is also the kinetically favoured prod-
uct.[20] In the first cyclisation studies performed with zeo-
lites,[19,20] diastereoselectivities were low. Therefore, it was
first proposed that the cyclisation takes place on the surface
of the catalysts;[19] later calculations demonstrated that it
can take place inside the pores of the zeolites.[20] Surprising-
ly, diastereoselectivities did not differ among the zeolites H-
beta, H-MORD, H-ZSM-5 and H-Y[19,20,24, 39] and mesopo-
rous materials, although spatial confinement by the micro-
pores of the zeolites might be expected to improve the ste-
reoselectivity. With the introduction of tin and, in particular,
zirconium into zeolite beta, the diastereoselectivity could be
improved significantly, with Zr-beta being the catalyst of
choice.[21,25,66] This superior selectivity was ascribed to the
larger metal ion.[25] However, this improved selectivity is
coupled to a reduced reactivity, possibly due to diffusion
limitations.
Industrial grade rac-1 (containing 6% rac-2) was submit-


ted to a Zr-TUD-1(25)-catalysed Prins reaction at different
temperatures in different solvents. As in the above-de-


Figure 9. The solvent has a significant influence on the catalystsV activity
in the MPV reduction of 3 (3.85 mL solvent, 50 mg Zr-TUD-1(25),
80 8C).


Figure 10. a) Conversion of 3 with Zr-TUD-1(10), Zr-TUD-1(25) and
Zr-TUD-1 ACHTUNGTRENNUNG(100). b) TOF of Zr-TUD-1(10), Zr-TUD-1(25) and Zr-TUD-
1 ACHTUNGTRENNUNG(100) in the reduction of 3 (TOF=mol 3 reactedmol Zr�1min�1) in tolu-
ene (3.55 mL) with three equivalents of isopropanol at 80 8C.


Scheme 4. Through the Prins reaction, citronellal (1) is cyclised to isopulegol (2) and its diastereoisomers 5, 6
and 7.
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scribed MPV reduction of 3, coordinating solvents inhibited
the reaction. In 1,4-dioxane, the reaction proceeded slug-
gishly but conversions >99% with selectivities >98% for
the cyclisation products 2, 5, 6 and 7 were achieved at 80 8C
within two hours (Figure 11A). In toluene, the reaction pro-


ceeded significantly faster, and even at 40 8C conversions
>95% were realised within three hours with selectivities
>98% for the cyclisation products 2, 5, 6 and 7 (Figure 11
B). Diastereoselectivities of 2/ ACHTUNGTRENNUNG(5+6+7) were always around
65:35. When compared to Zr-beta, a significant improve-
ment in rate is observed, as might be expected in a virtually
diffusion-limitation free material as TUD-1. Due to the lack
of spatial confinement, the diastereoselectivity in Zr-TUD-1
is, however, lower than in Zr-beta. It might also be noted
that, in contrast to our results, a coordinating solvent,
namely tert-butyl alcohol, was the solvent of choice for Zr-
beta.[25,66]


When Zr-TUD-1 with different Si/Zr ratios were com-
pared for the cyclisation of rac-1 in toluene, Zr-TUD-1(25)
had the highest activity per milligram of catalyst (Figure 12
A). Similar to the MPV reduction, the smaller pore diame-
ter and pore volume (Table 1) of Zr-TUD-1(10) reduced
the activity of the Lewis acid sites significantly and the per-
formance of Zr-TUD-1 ACHTUNGTRENNUNG(100) was even poorer. By determin-
ing the TOF, the real activity per active site was revealed
(Figure 12B). Zr-TUD-1 (100) showed the highest TOF fol-
lowed by Zr-TUD-1(25). Clearly, this activity per active site
of Zr-TUD-1 (100) in this very fast reaction was only possi-
ble due to the three-dimensional mesoporous character of
the material that prevents diffusion limitations. The selectiv-
ity for the cyclisation of all three catalysts was (with >99%)
excellent (Table 5). The diastereoselectivity towards 2 was
always around 65:35; the reduced pore diameter of Zr-
TUD-1 (10) did not have an influence on this ratio.
The stability of Zr-TUD-1 as a catalyst for the cyclisation


of industrial grade rac-1 containing approximately 6% of


rac-2 was established in a recycling experiment. Cycle times
of 30 min were chosen in order to ensure that a possible loss
of activity could be detected.[67] After five cycles, only a
small loss of activity of the Zr-TUD-1(25) was detectable
(Figure 13). Given the crude nature of the starting material,
the catalyst was calcined to remove any inhibitors contained
in the feed. Full activity of the Zr-TUD-1(25) was regained.
In line with this, no leaching of zirconium could be detected
(ICP-OES, detection limit 0.002 ppm). To confirm that the
reaction was truly heterogeneous, hot filtration studies were
performed. Upon removal of the catalyst at 80 8C after
15 min of reaction (94% conversion), no further reaction
was observed in the filtrate, confirming the heterogeneous
nature of the catalysis.
The solvent studies for the MPV reduction had shown


that alcohols could act as an inhibitor of Zr-TUD-1. As 2
and its diastereoisomers are alcohols, the cyclisation of 1
might be product inhibited. Since the crude rac-1 contains
rac-2, this might have been the reason for the observed loss
of activity in the recycling experiments (Figure 13). There-
fore, the Prins reaction of optically pure (+)-citronellal was
compared with that of optically pure (+)-citronellal with
10% optically pure (�)-isopulegol (Figure 14, Table 6). The


Figure 11. Cyclisation of industrial grade rac-1 (2 mmol) catalysed by of
Zr-TUD-1 (25) (50 mg) in a) 1,4-dioxane (4 mL) or b) toluene (4 mL) at
different temperatures.


Figure 12. a) Cyclisation of industrial grade rac-1 (2 mmol) catalysed by
50 mg Zr-TUD-1(10), Zr-TUD-1(25) or Zr-TUD-1 ACHTUNGTRENNUNG(100); b) TOF of Zr-
TUD-1(10), Zr-TUD-1(25) and Zr-TUD-1 ACHTUNGTRENNUNG(100) in the cyclisation of in-
dustrial grade rac-1 (TOF=mol 1 reactedmol Zr�1min�1) in toluene
(4 mL) at 80 8C.


Table 5. Cyclisation of industrial grade rac-1 (2 mmol) catalysed by
50 mg Zr-TUD-1(10), Zr-TUD-1(25) or Zr-TUD-1 ACHTUNGTRENNUNG(100) in toluene
(4 mL) at 80 8C.


Catalyst t [min] Conver-
sion [%]


Select-
ivity [%]


Molar ratio of
isomers 2/5/6/7


Zr-TUD-1 (10) 30 96.6 99.6 64.9:26.7:5.8:2.6
Zr-TUD-1 (25) 30 99.5 99.5 63.7:28.2:5.2:2.8
Zr-TUD-1 (100) 30 84.7 91.2 63.1:30.0:4.9:2.3
Zr-TUD-1 (10) 60 99.4 99.5 69.4:22.9:5.4:2.3
Zr-TUD-1 (25) 60 99.5 99.5 64.1:27.3:5.8:2.8
Zr-TUD-1 (100) 60 95.5 99.6 61.7:29.2:6.0:3.0
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initial rates in the Zr-TUD-1 (25) catalysed reaction were
different, the reaction containing product being slower.
Compound 2 inhibited its formation from 1. This product in-
hibition contributed to the reversible deactivation of Zr-
TUD-1 as was observed in the recycling experiments.


Conclusion


The straightforward synthesis of a zirconium incorporated
three-dimensional mesoporous silicate, Zr-TUD-1, with dif-
ferent Si/Zr ratios was achieved by means of a direct hydro-
thermal method with triethanolamine as the template. This
is significantly more efficient than the grafting approach de-
scribed for Zr-MCM-41, Zr-MCM-48 and Zr-SBA-15,[33] and
of similar ease to the preparation of one-dimensional Zr-
MPS carriers that were used as support for Fischer–Tropsch
catalysts.[42] Zr-TUD-1 was shown to possess a high surface
area, and no detectable zirconia phase was observed both in
XRD and TEM for Si/Zr ratios of 25 and higher. Further in-
crease in Zr content led to the formation of some ZrO2
nanoparticles and some loss of mesoporosity evidenced by
TEM and N2 sorption studies. The framework incorporation
of Zr at all concentrations was evident from FTIR, XPS and
UV/Vis studies. Thus, a highly predictable and short synthe-
sis of a novel mesoporous silicate with Zr incorporated into
its framework was achieved. The properties of these materi-
als such as high surface area, pore sizes similar to Si-TUD-1
and high Lewis acidity mean that Zr-TUD-1 can be utilized
as a purely Lewis acidic catalyst for a variety of reactions.
Zr-TUD-1 was tested in the MPV reduction of 4-tert-bu-


tylcyclohexanone (3) and in the carbon–carbon bond form-
ing Prins reaction. In the MPV reduction and in the Prins
reaction, a clear solvent dependence of the catalytic activity
was observed, with non-coordinating toluene being the sol-
vent of choice. While the selectivity for the MPV reduction
of 3 was excellent, the trans diastereoselectivity in this re-
duction was, as expected for a mesoporous material, low. In
the Prins cyclisation of citronellal (1) to isopulegol (2), Zr-
TUD-1 revealed its full catalytic potential. Both conversion
of 1 and selectivity for the Prins cyclisation were >99%.
Due to the three-dimensional sponge-like pore structure of
Zr-TUD-1, no diffusion limitations were observed. Accord-
ingly, Zr-TUD-1 has a very high activity, which is particular-
ly evident when comparing the TOFs of the different Zr-
TUD-1s; Zr-TUD-1 ACHTUNGTRENNUNG(100) had the most active catalytic sites
(Figure 12B). While the diastereoselectivity of Zr-TUD-1
still needs to be improved, recycling experiments with indus-
trial grade citronellal (1) demonstrated the great stability of
Zr-TUD-1; any reversible loss of activity was due product
inhibition. This stability was underlined by the fact that no
leaching of zirconium could be detected. As a result, the
new, readily prepared, three-dimensional, Lewis acidic Zr-
TUD-1 is a promising catalyst for the Prins reaction.


Experimental Section


Synthesis of Zr-TUD-1: Zr-TUD-1 was synthesized with triethanolamine
(TEA) as chelating agent in a one-pot procedure based on the sol–gel
technique. Zr-TUD-1 with different Si/Zr atomic ratios was synthesized
by adding appropriate amounts of tetraethyl orthosilicate (TEOS, 98%,
Aldrich) to zirconium(IV) propoxide (Aldrich, 70 wt.% in 1-propanol)
and of 2-propanol (30 mL). After stirring for a few minutes, appropriate
amounts of a mixture of TEA (97%, ACROS) and water was added fol-


Figure 13. Recycling experiments with Zr-TUD-1(25) (50 mg) in the cyc-
lisation of industrial grade rac-1 (2 mmol) in toluene (4 mL) at 80 8C,
30 min per cycle.


Figure 14. Cyclisation of a) (+)-1 (2 mmol) and b) (+)-1 (2 mmol) con-
taining 0.2 mmol (�)-2 catalysed by Zr-TUD-1(25) (50 mg) in toluene
(4 mL) at 80 8C.


Table 6. Initial rates for the cyclisation of (+)-1 (2 mmol) and (+)-1
(2 mmol) containing (�)-2 (0.2 mmol) when catalysed by Zr-TUD-1(25)
(50 mg) in toluene (4 mL) at 80 8C.


Initial rate [mmolmL�1min�1]


(+)-citronellal 0.075
(+)-citronellal + (�)-isopulegol 0.061
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lowed by addition of tetraethyl ammonium hydroxide (TEAOH,
35 wt%, Aldrich) as a mineraliser under vigorous stirring. This yielded a
gel with a molar ratio of SiO2/xZrO2/ ACHTUNGTRENNUNG(0.3–0.5) TEAOH/ ACHTUNGTRENNUNG(0.5–1) TEA/ ACHTUNG-
TRENNUNG(10–20) H2O. The clear gel obtained after these steps was then aged at
room temperature for 12–24 h, dried at 98 8C for 12–24 h, followed by hy-
drothermal treatment in a Teflon lined autoclave at 180 8C for 4–24 h and
finally calcined in the presence of air up to 600 8C at a temperature ramp
of 1 Kmin�1 and subsequent heating at 600 8C for 10 h. The Zr-TUD-1
obtained could be used for catalysis immediately or was, upon standing
for a prolonged period of time, reactivated by repeating the calcination
procedure. Samples with a Si to Zr ratio of 100, 50, 25 and 10 (denoted
as Zr-TUD-1 ACHTUNGTRENNUNG(100), Zr-TUD-1(50), Zr-TUD-1(25) and Zr-TUD-1(10),
respectively) were prepared.


Material characterisation : Chemical analyses of Si and Zr were per-
formed by dissolving the samples in an aqueous solution containing 1%
HF and 1.3% H2SO4 and measuring them by inductively coupled plasma
optical emission spectroscopy (ICP-OES) on a Perkin Elmer Optima
3000DV instrument. Powder XRD patterns were obtained on a Philips
PW 1840 diffractometer equipped with a graphite monochromator using
CuKa radiation. The textural parameters were evaluated from volumetric
nitrogen physisorption at 77 K. Prior to the physisorption experiment,
the samples were dried in vacuo at 300 8C, and the nitrogen adsorption
and desorption isotherm was measured on a Quantachrome Autosorb-6B
at 77 K. Transmission electron microscopy (TEM) was performed by
using a Philips CM30T electron microscope with a LaB6 filament as the
source of electrons operated at 300 kV. UV/Vis spectra were collected at
room temperature on a Shimadzu UV-2450 spectrophotometer with
BaSO4 as reference.


Temperature-programmed desorption of ammonia measurements were
carried out on a Micromeritics TPR/TPD 2900 equipped with a Thermal
Conductivity Detector (TCD). The sample (30 mg) was pretreated at
550 8C in a flow of He (30 mLmin�1) for 1 h. Afterwards, pure NH3
(40 mLmin�1) was adsorbed at 120 8C for 15 min. Subsequently, a flow of
He (30 mLmin�1) was passed through the reactor for 30 minutes to
remove any weakly adsorbed NH3 from the sample. This procedure was
repeated three times. Desorption of NH3 was monitored in the range of
120 to 550 8C at a ramp of 10 Kmin�1.


FTIR spectra of self-supported wafers and KBr-diluted wafers of Zr-
TUD-1 samples were recorded on a Nicolet AVATAR 360 FTIR instru-
ment. Skeletal FTIR spectra were carried out with KBr-diluted wafers in
the region 1500–650 cm�1. Acid-strength distribution was evaluated by IR
spectra of adsorbed pyridine. It was carried out on self-supported wafers
of Zr-TUD-1 samples (15–25 mgcm�2) after evacuation (500 8C, 2 h,
10 Pa) in a custom made vacuum cell with CaF2 windows. Then the cell
was cooled down to room temperature, and the IR spectra were collect-
ed. As water and any adsorbed materials were removed by this treat-
ment, hydroxyl spectra were obtained from this sample. Then, the tem-
perature of the cell was raised to 100 8C, and the sample was then
brought into contact with pyridine vapour (20 Torr) for 30 min. The tem-
perature of the cell was raised to 150 8C, with vacuum applied for 30 min
to remove physisorbed and loosely bound pyridine. Subsequently, the
temperature of the cell was raised to 200 8C under vacuum for another
30 min. This procedure ensures the removal of all physisorbed pyridine
(with only chemisorbed pyridine available for IR analysis). The cell was
then cooled to room temperature, and the differential IR spectra were
collected (Figure 7a). All of the spectra were recorded at room tempera-
ture with a resolution of 2 cm�1 averaged over 500 scans.


The XPS measurements were performed with a PHI 5400 ESCA provid-
ed with a dual Mg/Al anode X-ray source, a hemispherical capacitor ana-
lyser and a 5 keV ion gun. The input lens optical axis to the analyser was
at a take off angle of 158 with respect to the sample surface normal. The
input lens aperture used was 3.5W1.0 mm. All spectra were recorded with
unmonochromated magnesium radiation. The X-ray source was operated
at an acceleration voltage of 15 kV and a power of 400 W. A survey spec-
trum was recorded between 0 and 1000 eV binding energy with a pass
energy of 71.95 eV and a step size of 0.25 eV. The spectra of the separate
photoelectron and Si-Auger electron lines were recorded with a pass
energy of 35.75 eV and a step size of 0.2 eV. The Zr-Auger electron line


was recorded with a pass energy of 89.45 eV and a step size of 0.5 eV.
The spectra were evaluated with Multipak 6.1 A software (Physical Elec-
tronics).


Catalytic experiments : All chemicals were purchased from Aldrich, Jans-
sen or Acros. For the catalysis experiments, the anhydrous solvents and
solids were used as received, all other liquids were dried and distilled
prior to use. Zr-TUD-1 catalysts were activated in the presence of air at
up to 600 8C at a temperature ramp of 1 Kmin�1 and subsequent heating
at 600 8C for 10 h. The experiments were performed in dried glassware
under a nitrogen atmosphere.


For the Meerwein–Ponndorf–Verley (MVP) reductions of 4-tert-butylcy-
clohexanone (3 ; 2 mmol), solvent and isopropanol (4 mL; e.g., 4 mL iso-
propanol or 3.85 mL solvent and 0.15 mL isopropanol=2 mmol or
3.55 mL toluene and 0.45 mL isopropanol=6 mmol) and 1,3,5-triisopro-
pylbenzene (internal standard, 0.1 mL) were loaded into a Schlenk flask
containing activated Zr-TUD-1 catalyst (50 mg). The reaction mixture
was immediately immersed into an oil bath at 80 8C and the reaction was
followed by taking samples of 20 mL. After the solvent screening, all
MPV reductions of 3 were performed with toluene (3.55 mL) and isopro-
panol (0.45 mL), that is, with a ratio of 3 to isopropanol of 1:3, at 80 8C.


After one catalytic experiment, the catalyst was filtered off and the sol-
vent evaporated. The trans:cis ratios of the 4-tert-butylcyclohexanols (4)
obtained from this Meerwein—Ponndorf–Verley reduction of 3 was then
established by 1H NMR spectroscopy. The 1H NMR spectrum of the mix-
ture was recorded on a Varian-INOVA 300 MHz spectrometer in CDCl3
with TMS as an internal standard and was in agreement with the litera-
ture spectra of trans-4 and cis-4.[68] The ratio between cis-4-tert-butylcy-
clohexanol (cis-4) and trans-4-tert-butylcyclohexanol (trans-4) was deter-
mined from the well-separated signals of the H in the 1-position. For cis-
4 this H is equatorial and has a shift of d =4.032 ppm, for trans-4 this H
is axial with a shift of d=3.510 ppm. The trans:cis ratio for 4 was 83:17.
Based on this analysis, the retention times for the diastereoisomers of 4
in the gas chromatography (GC) could be unambiguously assigned. Reac-
tions were followed by GC with a Shimadzu GC-17 A gas chromato-
graph, equipped with a 25 mW0.32 mm chiral column Chrompack Chira-
sil-Dex CB, split injector (1/97) at 220 8C, a Flame Ionisation Detector at
220 8C and He as carrier gas. The correct retention times observed
(120 8C isotherm) are: 1,3,5-triisopropylbenzene (internal standard):
3.9 min; 4-tert-butylcyclohexanone (3): 4.7 min; cis-4-tert-butylcyclohexa-
nol (cis-4): 5.6 min; trans-4-tert-butylcyclohexanol (trans-4): 5.9 min. The
retention times previously reported in reference[51] accidentally give the
reverse order for the diastereoisomers cis-4 and trans-4. Under these con-
ditions and with the correct assignment, the trans:cis ratio for 4 deter-
mined by 1H NMR spectroscopy was confirmed. When the MPV reduc-
tion of 3 was performed with microporous H-beta as catalyst, the major
product was cis-4[2] confirming the assignment of the retention times.


The Prins reaction experiments were carried out at 80, 60, 40 and 25 8C
and using 50 mg of the catalyst. The reaction mixture consisted of
2 mmol of (� )-citronellal (rac-1) or enantiopure (+)-citronellal (+)-1,
toluene or 1,4-dioxane (4 mL) as solvent and 1,3,5-triisopropylbenzene
(internal standard, 0.1 mL). After the solvent and temperature screening,
the ideal reaction conditions, 80 8C and toluene, were used. The reaction
was followed by taking samples of 20 mL for GC analysis.


After one catalytic experiment, the catalyst was filtered off and the sol-
vent evaporated. The 1H NMR spectrum of the mixture was recorded on
a Varian-INOVA 300 MHz spectrometer in [D8]toluene with TMS as an
internal standard. The spectrum of the main component (approx. 65% as
determined by 1H NMR spectroscopy, by using the signal of the H in the
1-position of 2 at 3.270 ppm) was identical to that of a commercial
sample of 2, while the other components were isomers 5, 6 and 7. Due to
overlying signals, their separate concentrations could not be accurately
determined. All other reactions were followed by GC. The samples ob-
tained were analyzed with a VARIAN 1177 gas chromatograph equipped
with an injector at 250 8C, a 30 mW0.25 mm VARIAN FactorFour column
and using a FID detector at 250 8C. The retention times observed (15 min
100 8C isotherm, then with a ramp of 100 Kmin�1 until 175 8C, then iso-
therm at 175 8C for 2 min) are: 1.4 min toluene, 4.8 min citronellal,
5.6 min neo-isopulegol, 6.1 min isopulegol, 6.4 min iso-isopulegol, 6.9 min
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neoiso-isopulegol and 13.9 min 1,3,5-triisopropylbenzene. The products
were identified on the basis of their retention times by comparison with
commercial 1 and 2. The other three isomers were assigned according to
reference [20].


The recycling experiments of Zr-TUD-1(25) (50 mg) for the conversion
of (� )-citronellal rac-1 (2 mmol) in toluene (4 mL) as solvent and 1,3,5-
triisopropylbenzene (internal standard, 0.1 mL) were performed at 80 8C
for 30 min, then the catalyst was separated from the reaction mixture,
dried and submitted to a new reaction. After the fifth cycle the Zr-TUD-
1(25) was calcined at 600 8C before recycling. Results are given in
Figure 13.
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Stable Silanetriols That Contain tert-Alkoxy Groups: Versatile Precursors of
Siloxane-Based Nanomaterials


Jumpei Suzuki,[a] Atsushi Shimojima,*[c] Yasuhiro Fujimoto,[a] and
Kazuyuki Kuroda*[a, b, c]


Introduction


Molecular routes to inorganic solids with designed structures
have received increasing attention in modern materials
chemistry. The polymerization of silicic acids or silicates by


condensation of SiOH groups is probably the most studied
process that allows the production of siloxane-based materi-
als under mild conditions.[1,2] Tetrafunctional silanes, such as
Si(OR)4 and SiCl4, are widely used as precursors. However,
concurrent hydrolysis and polycondensation generally lead
to the formation of amorphous silica with randomly cross-
linked networks. Control of the reaction kinetics is therefore
crucial to tailor the structures of the final products. Al-
though the use of organic structure-directing agents or tem-
plates has made it possible to control silica structures on
various length scales,[3–5] the molecular design of the alkoxy-
or chlorosilanes that serve as single precursors of ordered
silica-based materials is still a great challenge.


It is known that several kinds of silanetriols can be ob-
tained by controlled hydrolysis of the corresponding tri-
chloro- or trialkoxysilanes in which organic groups are
bonded to silicon atoms through Si�C, Si�N, or Si�O
bonds.[6–12] Polycondensation is retarded by the steric effects
of the organic groups and also by hydrogen-bonding be-
tween silanol groups. Such molecules have been used as mo-
lecular building blocks in the construction of well-defined
oligomeric siloxane and cagelike metallosiloxane species.[7,8]


Furthermore, solid-state polycondensation of crystalline sila-
netriols offers an interesting approach to ordered siloxane-
based materials.[11, 12] We have previously reported the for-


Abstract: Novel tert-alkoxysilanetriols
(ROSi(OH)3, R=adamantyl and 3-
ethyl-3-pentyl) have been prepared
from the corresponding tert-alkoxytri-
chlorosilanes and successfully used as
molecular building blocks to produce
ordered siloxane-based nanomaterials.
Controlled hydrolysis of the alkoxytri-
chlorosilanes led to the formation of
crystalline powders of alkoxysilane-
triols that were stable under ambient
conditions. Solid-state polycondensa-
tion of the alkoxysilanetriols occurred


upon heating, which led to the forma-
tion of ordered silica–organic nano-
composites with laminated morpholo-
gies. On the other hand, silylation of
the tert-alkoxysilanetriols with chloro-
trimethoxysilane enabled us to synthe-
size well-defined oligomeric alkoxysi-


lanes (ROSiACHTUNGTRENNUNG[OSi ACHTUNGTRENNUNG(OMe)3]3). Hydrolysis
and polycondensation of these oligo-
mers followed by acid treatment gave
microporous silica with narrow pore
size distributions. Thus, tert-alkoxy
groups serve not only as protecting
groups of siloxane species to regulate
hydrolysis and polycondensation, but
also as templates to generate micro-
pores thereby providing unique syn-
thetic pathways for the design of or-
dered silica-based materials.


Keywords: building block
approach · microporous materials ·
nanostructures · silanes · sol–gel
processes


[a] J. Suzuki, Dr. Y. Fujimoto, Prof. K. Kuroda
Department of Applied Chemistry, Waseda University
Ohkubo-3, Shinjuku-ku, Tokyo, 169-8555 (Japan)
Fax: (+81)3-5286-3199
E-mail : kuroda@waseda.jp


[b] Prof. K. Kuroda
Kagami Memorial Laboratory for Materials Science and Technology
Waseda University, Nishiwaseda-2, Shinjuku-ku, Tokyo, 169-0051
(Japan)


[c] Dr. A. Shimojima,+ Prof. K. Kuroda
Core Research for Evolutional Science and Technology (CREST)
Japan Science and Technology Agency (JST)
Honcho 4-1-8, Kawaguchi-shi
Saitama, 332-0012 (Japan)


[+] Present address: Department of Chemical System Engineering
The University of Tokyo, Hongo-7
Bunkyo-ku, Tokyo 113-8656 (Japan)
Fax: (+81)3-5800-3806
E-mail : shimoji@chemsys.t.u-tokyo.ac.jp


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


Chem. Eur. J. 2008, 14, 973 – 980 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 973


FULL PAPER







mation of layered silica–organic hybrids by solid-state poly-
condensation of lamellar assemblies of alkylsilanetriols de-
rived from long-chain alkyltriethoxysilanes.[10] More recently
we synthesized long-chain n-alkoxysilanetriols that under-
went spontaneous polycondensation and cleavage of Si�O�
C linkages to form layered silica–alcohol nanocomposites.[13]


Alkoxysilanetriols are particularly important as molecular
building blocks because alkoxy groups and silanols can be
used in chemical reactions. One of the aims of research in
this field is to produce porous solids with well-defined pore
sizes by using alkoxy groups as templates that can be hydro-
lyzed under mild conditions. To produce spherical or cylin-
drical assemblies with three-dimensional silica frameworks,
additional siloxane units should be attached to the Si�OH
groups of alkoxysilanetriols to enlarge the size of the head
group. Recently we demonstrated that oligomeric alkoxysi-
lanes in which three trialkoxysilyl groups are attached to an
alkylsilane unit formed cylindrical assemblies.[14] The design
of similar oligomeric species with alkoxy groups instead of
alkyl groups will open a new route to porous silica. Howev-
er, the chemical modification of long-chain alkoxysilane-
triols is difficult because of the instability of alkoxysilane-
triols under ambient conditions.


Herein, we report the synthesis of stable tert-alkoxysilane-
triols as effective molecular building blocks for producing
silica-based nanomaterials with well-regulated structures,
morphologies, and porosities. We chose highly bulky alkoxy
groups, 3-ethyl-3-pentoxy and 1-adamantoxy groups
(Scheme 1), as protecting groups of siloxane species to pro-


duce alkoxysilanetriols (1e and 1a, respectively). Solid-state
polycondensation of the molecular crystals of these alkoxysi-
lanetriols, induced by heating, led to ordered alkoxylated
silica materials (2e and 2a). Furthermore, the high stability
of the alkoxysilanetriols enabled us to design novel oligo-
meric alkoxysilanes (3e and 3a) by silylation. These mole-
cules formed xerogels with ordered structures (4e and 4a);
removal of the alkoxy groups of 4e and 4a gave micropo-
rous silica with controlled pore sizes.


Results and Discussion


Formation of alkoxysilanetriols 1e and 1a from alkoxytri-
chlorosilanes : The solutions obtained after hydrolysis of tert-
alkoxytrichlorosilanes were analyzed by liquid-state NMR
spectroscopy. The 29Si NMR spectra of the hydrolyzed solu-
tions of 3-ethyl-3-pentoxy- and 1-adamantoxytrichlorosi-
lanes (Figure 1) exhibit single signals at d=�77.8 and


�76.9 ppm, respectively, which are very different from those
of the tert-alkoxytrichlorosilanes (d=�52.0 and �49.3 ppm).
These signals can be tentatively assigned to ROSi(OH)3
based on the fact that the signal of the silicic acid monomer


(Si(OH)4) appears at around
d=�72 ppm and is shifted up-
field when one hydroxy group
is substituted by an alkoxy
group.[1] The differences in the
chemical shifts of the tert-alkox-
ysilanetriols compared with
those of n-alkoxysilanetriols
(for example, d=�73.4 ppm)[13]


can be attributed to a higher
electron-donating ability of the
tert-alkoxy groups. The broad
signal centered at d=�110 ppm
is due to the glass tube used for
the measurement.


The retention of the tert-
alkoxy groups was clearly con-


firmed by 13C NMR spectroscopy (Figure 2). The spectra ex-
hibit signals arising from the alkoxy groups along with
strong signals from the solvent (THF). For the hydrolyzed
solutions of 3-ethyl-3-pentoxy- and 1-adamantoxytrichlorosi-
lanes, the chemical shifts of the a-carbon atoms (d=76.7
and 70.7 ppm, respectively) are different to those of either
the tert-alkoxytrichlorosilanes (d=90.0 and 80.8 ppm) or the
tert-alkyl alcohols (d=74.7 and 68.2 ppm). Taking into ac-
count the fact that the a-carbon signals of n-alkoxy groups
appear 1.0–1.5 ppm downfield of those for the correspond-
ing alcohols,[13,15, 16] it is reasonable to assign these signals to


Scheme 1. Design of various silica nanomaterials by using tert-alkoxysilanetriols as building blocks.


Figure 1. Liquid-state 29Si NMR spectra of hydrolyzed solutions of 3-
ethyl-3-pentoxytrichlorosilane (bottom) and 1-adamantoxytrichlorosilane
(top).
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the a-carbon atoms of tert-alkoxy groups. From these NMR
data we conclude that tert- alkoxysilanetriols 1e and 1a
were selectively formed by partial hydrolysis of the corre-
sponding alkoxytrichlorosilanes.


Importantly, alkoxysilanetriols 1e and 1a were isolated as
crystalline precipitates by adding hexane to concentrated
solutions of these triols. The solid-state 29Si MAS NMR
spectra of 1e and 1a show sharp Q0 signals with no signals
being observed in the Q2, Q3, and Q4 regions (Figure 3a).


These precipitates were soluble in THF and the liquid-state
29Si and 13C NMR spectra showed signals assigned to 3-
ethyl-3-pentoxy- and 1-adamantoxysilanetriols (see the Sup-
porting Information). These results provide evidence that
the polycondensation of 1e and 1a is strictly retarded both
in the solid-state and in THF. To the best of our knowledge,
these are the first stable alkoxysilanetriols to be synthesized
even though several stable organosilanetriols with organic
groups linked to the silicon atom through stable Si�C bonds
have been previously reported.[6–11]


Factors stabilizing alkoxysilanetriols : We have previously re-
ported the formation of n-alkoxysilanetriols with long alkyl
chains (C12–C20).


[13] Hydrophobic interactions between alkyl
groups appeared to play a crucial role. However, crystalline
precipitates of n-alkoxysilanetriols were only obtained at a


low temperature (�20 8C) and both polycondensation of the
silanol groups and cleavage of Si�O�C bonds rapidly oc-
curred at room temperature. In contrast, 1e and 1a were
readily crystallized at room temperature by adding a poor
solvent (hexane) and were stable for a long period of time
(at least for 1 month). This suggests that hydrophobic inter-
actions between the alkoxy groups are not the main factor
stabilizing alkoxysilanetriols. Furthermore, our preliminary
experiments revealed that tert-butoxy- or 2-methyl-2-
heptoxy ACHTUNGTRENNUNGtrichlorosilanes do not afford stable silanetriols. It is
therefore concluded that bulky alkoxy groups with more
than two carbon atoms in each of the side-chains are essen-
tial for the formation of stable alkoxysilanetriols. The rigidi-
ty of the alkoxy groups appears to have little effect because
both 3-ethyl-3-pentoxy- and adamantoxysilanetriols were
obtained under similar conditions.


These results clearly show that the stability of alkoxysila-
netriols is dominated by the steric effects of the alkoxy
groups. Similar behavior has also been reported for organo-
silanetriols with stable Si�C bonds. It is known that molecu-
lar crystals of organosilanetriols are stabilized by steric re-
pulsion between bulky organic groups and also by hydro-
gen-bonding between adjacent silanol groups.[6] For example,
tert-butyl- and cyclohexylsilanetriols are stable in the solid
state, whereas n-alkylsilanetriols undergo polycondensa-
tion.[10] It is plausible that the bulky organic groups attached
to the silicon atoms hinder the attack of neighboring silanol
groups to form Si�O�Si bonds. In addition, the presence of
bulky alkoxy groups leads to an increase in the lateral dis-
tances between silanetriol molecules, which should be unfav-
orable for condensation.


Thermal polycondensation of alkoxysilanetriols 1e and 1a :
Although alkoxysilanetriols 1e and 1a are stable at room
temperature, they underwent solid-state polycondensation at
higher temperatures. Thermal treatment of 1e and 1a was
performed at 100 and 200 8C, respectively. These tempera-
tures are still lower than the decomposition temperatures of
the tert-alkoxy groups (�250 and �380 8C, respectively).
The samples became insoluble in THF after thermal treat-
ment for one day (designated as 2e and 2a), which suggests
that polycondensation of the silanol groups had occurred. In
the 29Si MAS NMR spectra of 2e and 2a (Figure 3b), three
new signals appeared at around d=�90, �100, and
�110 ppm, and the Q0 signal disappeared. These signals gen-
erally correspond to the Q2, Q3, and Q4 sites (Qx = (Si-
ACHTUNGTRENNUNG(OSi)x(OH)4�x) of silica-based materials.[1] However, the Q1,
Q2, and Q3 sites with tert-alkoxy groups may overlap them
because tert-alkoxy groups induce upfield shifts of the 29Si
signals. The formation of siloxane networks was also con-
firmed by IR spectroscopy (data not shown). The bands due
to Si�OH (925 cm�1) and OH (3230 cm�1) almost disap-
peared, and bands due to Si�O�Si networks (1060–
1220 cm�1 and �460 cm�1) appeared.


Further information was obtained from the solid-state 13C
cross-polarization (CP)/MAS NMR spectra of tert-alkoxysi-
lanetriols 1e and 1a, and of 2e and 2a, as shown in


Figure 2. Liquid-state 13C NMR spectra of hydrolyzed solutions of 3-
ethyl-3-pentoxytrichlorosilane (bottom) and 1-adamantoxytrichlorosilane
(top).


Figure 3. Solid-state 29Si MAS NMR spectra of A) 3-ethyl-3-pentoxysila-
netriol (1e) and B) 1-adamantoxysilanetriol (1a) for the compounds as-
synthesized (a) and after thermal treatment (b).
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Figure 4. All of the signals have been assigned to the 3-
ethyl-3-pentyl and 1-adamantyl groups with the signals be-
coming broader upon thermal treatment. It appears that the


alkoxy groups remain intact in the products owing to the
lack of a-carbon signals in the NMR spectra that arise from
the corresponding alcohols. However, a combination of ther-
mogravimetric (TG) and CHN analyses revealed that the
molar ratios of alkoxy groups per SiO2 decreased to around
0.40 and 0.34 for 2e and 2a, respectively. This suggests that
some Si�O�C linkages were cleaved and the resulting alco-
hols eliminated from the samples at high temperatures. The
alkoxy groups can be cleaved either by the condensation of
Si�OR and Si�OH groups (i.e. , alcohol-producing conden-
sation) or by hydrolysis with water formed by the condensa-
tion of Si�OH groups.[13]


Structural considerations : Figure 5 shows the powder XRD
patterns of 1e and 1a and those obtained after thermal
treatment (2e and 2a). The powder XRD patterns of alkox-
ysilanetriols 1e and 1a exhibit several sharp diffraction
peaks that are indicative of their crystalline nature. The
XRD pattern of 1e shows the strongest peak with a d spac-
ing of 1.29 nm accompanying higher order reflections. On
the other hand, compound 1a exhibits a rather complicated
pattern consisting of three peaks close together with d spac-
ing values of 1.68, 1.53, and 1.41 nm and many other peaks
in the higher 2q regions. After thermal treatment, broad
peaks with d spacing values of 1.56 and 1.65 nm were ob-
served for 2e and 2a, respectively, which implies that the
crystalline order of alkoxysilanetriols was partly retained
even after polycondensation.


The crystal structures of several organosilanetriols have
previously been elucidated by X-ray analyses, and those
with tert-butyl and cyclohexyl groups were found to adopt a
double-sheet structure in which the organic groups point to-
wards each other.[6,7] Although the detailed crystal structures
of 1e and 1a have not yet been clarified, the layered struc-
ture of these samples was suggested by the slight increase in
d spacing when treated with decyl alcohol and also by the
collapse of their structures after calcination (at 500 8C for
8 h). The d spacings of the XRD peaks in the lowest 2q re-


gions roughly correspond to twice the extended lengths of
tert-alkoxysilanetriol molecules which suggests that they
have bilayer structures.


The layered structures of the alkoxysilanetriols were also
suggested by their specific particle morphologies. The SEM
image of 1e shows irregular, angular particles with laminat-
ed surfaces, whereas 1a is shown to be composed of ran-
domly shaped flakelike particles several micrometers in size
(Figure 6a and c). No major change in the morphologies of


1e and 1a was observed even after thermal treatment (Fig-
ure 6b and d). Layered hybrids with similar flakelike mor-
phologies have been prepared by the self-assembly of sever-
al organoalkoxysilanes that have stable Si�C bonds,[10,17,18]


but 2e and 2a are unique because the organic groups are at-
tached through hydrolyzable Si�O�C bonds.


The slight increases in the d spacings upon thermal poly-
condensation are presumably as a result of increases in the
thickness of the siloxane layers, as expected from the forma-


Figure 4. Solid-state 13C CP/MAS NMR spectra of A) 3-ethyl-3-pentoxy-
silanetriol (1e) and B) 1-adamantoxysilanetriol (1a) for the compounds
as-synthesized (a) and after thermal treatment (b).


Figure 5. Powder XRD patterns of alkoxysilanetriols a) 1e and c) 1a, and
those obtained after thermal treatment b) 2e and d) 2a.


Figure 6. FE-SEM images of alkoxysilanetriols a) 1e and c) 1a, and those
obtained after thermal treatment b) 2e and d) 2a.
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tion of the Q2, Q3, and Q4 units (Figure 3b). Because of the
large volume of bulky alkoxy groups relative to the Si�O�Si
moiety, partial cleavage and removal of alkoxy groups upon
thermal treatment should play an important role in satisfy-
ing the spatial restriction demanded for the formation of
cross-linked siloxane networks.


Molecular design of 3e and 3a : A significant feature of tert-
alkoxysilanetriols is that they can be used as building blocks
for further modification. Figure 7 shows the liquid-state


29Si NMR spectra of 3e and 3a prepared by trimethoxysily-
lation of 1e and 1a, respectively. Both spectra show Q1 and
Q3 signals with intensity ratios of 3:1 which suggests that
three trimethoxysilyl groups are bonded to tert-alkoxysilyl
cores. The appearance of the Q3 signals (at d=�109.6 and
�108.1 ppm for 3e and 3a) upfield from that generally ob-
served at around d=�100 ppm has been attributed to the
presence of tert-alkoxy groups bonded to silicon atoms. The
13C NMR spectra of 3e and 3a exhibit signals arising from
the a-carbon atoms of tert-alkoxy groups (d=81.0 and
72.9 ppm, respectively) in addition to the methoxy signal at
d=51 ppm (see the Supporting Information). These data
demonstrate the successful synthesis of novel oligomeric al-
koxysilanes with well-defined structures and two kinds of
alkoxy groups.


Hydrolysis and polycondensation of 3e and 3a : After hy-
drolysis and polycondensation of 3e and 3a in THF under
acidic conditions, several signals appeared in the Q1, Q2, and
Q3 regions of the 29Si NMR spectra (see the Supporting In-
formation). These signals may be assigned to cyclic species
formed by hydrolysis of the methoxy groups and subsequent
intramolecular polycondensation of the silanol groups, as we
recently reported for similar oligomeric alkoxysilanes with
n-alkyl groups bonded to the silicon atom through stable
Si�C bonds.[14b] In fact, complete hydrolysis of the methoxy
groups was confirmed by the 13C NMR spectra (data not
shown) in which the signals of the methoxy groups (d=


51.1 ppm) had almost disappeared and a strong signal aris-


ing from methanol (d=49.8 ppm) had appeared. It was also
shown that the tert-alkoxy groups were partially hydrolyzed
to 3-ethyl-3-pentanol and 1-adamantanol. However, the hy-
drolysis rate appeared to be much lower and therefore most
of the alkoxy groups (at least 70%, as estimated from the
signal intensity ratio) were preserved. This may be owing to
steric hindrance of the bulky alkoxy groups, which prevents
nucleophilic attack of water molecules on silicon atoms.


Figure 8 shows the 29Si MAS NMR spectra of 4e and 4a
prepared by casting and drying hydrolyzed solutions of 3e
and 3a, respectively. Both spectra exhibit three signals at


d=�91.1, �99.8, and �108.6 ppm with intensity ratios of
1:5:4 and 1:5:3, respectively. As mentioned above, the sili-
con atoms bonded to tert-alkoxy groups appear upfield from
those bonded to n-alkoxy or hydroxy groups. However, con-
sidering that 75% of the silicon units arise from the
branched �Si ACHTUNGTRENNUNG(OMe)3 groups of 3e and 3a, it is reasonable
to assign these signals to the Q2, Q3, and Q4 units rather
than to the Q1, Q2, and Q3 units that have tert-alkoxy
groups.


Partial cleavage of the alkoxy groups was suggested by
the 13C CP/MAS NMR spectra (see the Supporting Informa-
tion). The a-carbon atoms of the 3-ethyl-3-pentoxy and 1-
adamantoxy groups appear at d=82.5 and 74.4 ppm in the
spectra of 4e and 4a, respectively. Other signals observed at
d=77.3 and 69.0 ppm might be due to 3-ethyl-3-pentanol
and 1-adamantanol, respectively, formed by cleavage of Si�
O�C linkages. The organic content of 4e and 4a was evalu-
ated by elemental analysis in combination with TG analysis.
The number of residual alkoxy groups (and/or alcohol mole-
cules) per 4 SiO2 was 0.62 and 0.89 for 4e and 4a, respec-
tively, which confirms that alkoxy groups were partly lost
during synthesis, possibly through condensation in the
drying process.


Removal of alkoxy groups from 4e and 4a : The large silox-
ane units of 3e and 3a resulted in the formation of ordered
three-dimensional siloxane networks that are preserved
even after the removal of alkoxy groups. It is of particular


Figure 7. Liquid-state 29Si NMR spectra (in CDCl3) of 3e (bottom) and
3a (top) prepared by trimethoxysilylation of 1e and 1a, respectively.


Figure 8. Solid-state 29Si MAS NMR spectra of 4e (bottom) and 4a (top)
prepared by casting and drying of hydrolyzed solutions of 3e and 3a, re-
spectively.
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importance that alkoxy groups can be removed by hydroly-
sis at room temperature as well as by calcination. Acid-cata-
lyzed hydrolysis appears to be suitable for the removal of
organic groups without the rearrangement of siloxane net-
works. The removal of organic groups from silica–organic
hybrids that contain C�C triple bonds adjacent to silicon
atoms has previously been achieved by chemical treatment
in the presence of fluoride ions, however, the rearrangement
of siloxane networks also occurred.[19,20]


Figure 9 shows the XRD patterns of 4e and 4a and those
recorded after acid treatment or calcination. The as-synthe-
sized XRD patterns of 4e and 4a exhibit broad peaks that


correspond to d spacings of 2.0 and 2.3 nm, respectively,
which suggests the products have an ordered structure.
These peaks are still observed after acid treatment or calci-
nation. The slight decreases in the d spacings are as a result
of shrinkage of the siloxane networks by further polycon-
densation of the silanol groups. The complete removal of
the organic groups was confirmed by IR spectroscopy (see
the Supporting Information); the absorption bands arising
from the tert-alkoxy groups (typically a C�H stretching vi-
bration at 2890–2980 cm�1) had almost disappeared. The
bands due to Si�OH stretching (�925 cm�1) are more
prominent after acid treatment than after calcination owing
to the formation of new Si�OH groups as a result of hydrol-
ysis of alkoxy groups.


The generation of micropores upon removal of alkoxy
groups was confirmed by nitrogen adsorption measurements.
Figure 10 shows the adsorption–desorption isotherms for 4e
and 4a after acid treatment. Although as-synthesized 4e
and 4a are almost nonporous, after acid treatment they
show type I isotherms that are characteristic of microporous
silica. The Brunauer–Emmet–Teller (BET) surface areas in-
creased to 350 and 670 m2g�1 for 4e and 4a, respectively.
The pore sizes estimated by the Saito–Foley (SF) method
were around 0.6 nm in both cases. This value corresponds
well to the molecular size of the alkoxy groups, which im-
plies that the alkoxy groups acted as molecular templates to


create well-regulated pores. As
expected from the broad XRD
peaks, a disordered, wormhole-
like pore architecture was ob-
served by TEM (Figure 11).


On the other hand, when
alkoxy groups were removed by
calcination, 4e gave a solid with
a very small surface area
(10 m2g�1). Thermal shrinkage
of siloxane networks might
leave no pores and/or only
closed pores. In contrast, micro-
porous silica was obtained from 4a. This result is probably
owing to the higher thermal stability of adamantyl groups.
The networks could be retained while shrinkage of the net-
works occurred, thus leaving voids even after calcination.
However, the BET surface area was smaller (370 m2g�1)
than that of the material produced after acid treatment.
These results proved that the removal of alkoxy groups as a
molecular template under mild conditions is a promising
way to produce microporous silica materials.


Conclusion


We have demonstrated the first successful synthesis of stable
alkoxysilanetriols that contain tert-alkoxy groups and their
use as novel molecular building blocks in the construction of
ordered silica-based materials. Solid-state polycondensation
of crystalline alkoxysilanetriols led to the formation of al-
koxylated silica with ordered nanostructures that could be
utilized as a new class of nanofillers for composite materials.
Well-defined oligomeric alkoxysilanes were also obtained by
trimethoxysilylation of alkoxysilanetriols. Hydrolysis and
polycondensation of these oligomers led to the formation of
nanostructured networks that gave microporous solids by
hydrolysis of the tert-alkoxy groups under acidic conditions.
This is a sort of molecular imprinting technique that allows


Figure 9. Powder XRD patterns of A) 4e and B) 4a for the compounds
as-synthesized (a), after acid treatment (b), and after calcination (c).


Figure 10. Nitrogen adsorption isotherms for A) 4e and B) 4a after acid
treatment. The insets show pore size distribution curves obtained by the
SF method.


Figure 11. TEM image of 4e
after acid treatment.
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the design of microporous silica with well-regulated pores.
The simple sol–gel processing of the oligomeric precursors is
suitable for morphological control, which is very important
for various applications. The molecular design of further al-
koxysilanetriols with bulky alkoxy groups is underway, the
aim of which is to create a diverse class of materials with or-
dered structures at the molecular level.


Experimental Section


Materials : Tetrachlorosilane (SiCl4, Tokyo Kasei Co. Ltd., 98%), 3-ethyl-
3-pentanol (C2H5)3COH, Tokyo Kasei, 99%), and 1-adamantanol
(C10H15OH, Aldrich, 99%) were used for the synthesis of the alkoxytri-
chlorosilanes. Other chemicals, which included aniline, pyridine, dehy-
drated tetrahydrofuran (THF), and n-hexane (all from Kanto Chemical
Co.), were used as received.


Synthesis of tert-alkoxytrichlorosilanes (ROSiCl3): The tert-alkoxytri-
chlorosilanes were synthesized by the reaction of SiCl4 and tert-alkyl al-
cohols (3-ethyl-3-pentanol and 1-adamantanol). Typically, a solution of
one of the alcohols in THF was added slowly to a solution of SiCl4 in
hexane and the mixture was stirred at room temperature for 1.5 h. The
gaseous HCl generated by the reaction was allowed to leave the vessel.
An excess of SiCl4 (SiCl4/tert-alkyl alcohol, 5:1) was used to suppress the
generation of Cl2Si(OR)2.


29Si NMR spectroscopic analyses of the mix-
tures revealed the formation of tert-alkoxytrichlorosilanes as the predom-
inant species. After removal of hexane and unreacted SiCl4 under re-
duced pressure, the residue was distilled under vacuum to yield alkoxytri-
chlorosilanes as clear and colorless liquids.


3-Ethyl-3-pentoxytrichlorosilane : 13C NMR (125.7 MHz, CDCl3): d=8.06
(g), 30.37 (b), 90.10 ppm (a); 29Si NMR (99.3 MHz, CDCl3): d=


�52.78 ppm.


1-Adamantoxytrichlorosilane : 13C NMR (125.7 MHz, CDCl3): d =31.28
(g), 35.84 (d), 44.91(b), 80.86 ppm (a); 29Si NMR (99.3 MHz, CDCl3): d=


�49.41 ppm.


Synthesis of tert-alkoxysilanetriols (1e and 1a): tert-Alkoxytrichlorosilane
(ROSiCl3, 1 g) in THF (10 mL) was added dropwise to a mixture of THF
(40 mL), aniline, and water (molar ratio of ROSiCl3/aniline/H2O=


1:3.3:3.3) in an ice bath. Aniline acts as an accepter of the HCl generated
by hydrolysis of the Si�Cl groups, and therefore, maintains the solution
at neutral pH. After stirring for 1.5 h, precipitates of aniline hydrochlo-
ride were removed by filtration. The resulting clear solution was concen-
trated to about 10 vol% under reduced pressure. The addition of hexane
(50 mL) to this solution led to the formation of precipitates that were
separated by filtration, washed with hexane, and dried under vacuum to
give 1e and 1a as white powders.


Synthesis of trimethoxysilylated derivatives (3e and 3a) of the tert-alkox-
ysilanetriols: The silylating agent (chlorotrimethoxysilane (ClSi ACHTUNGTRENNUNG(OMe)3))
was synthesized by adding methanol (40 mL) to SiCl4 (38 mL) under a
flow of nitrogen (3:1 molar ratio of MeOH/SiCl4) and the mixture was
stirred for 20 min. 29Si NMR spectroscopy confirmed that the resulting
liquid was a mixture of chlorotrimethoxysilane (ClSi ACHTUNGTRENNUNG(OMe)3) and tetra-
methoxysilane in an approximate molar ratio of 7:3. This mixture was di-
rectly used for silylation because tetramethoxysilane is relatively inert to-
wards silylation to cause little or no side reactions. Trimethoxysilylation
of the alkoxysilanetriols was performed by adding a solution of 1e (or
1a) in THF to a mixture of the silylating agent, pyridine, and hexane,
which was then stirred at room temperature for 1 h. The molar ratio of si-
lanetriols/pyridine/chlorotrimethoxysilane was 1:18:12. After removal of
the resulting pyridine hydrochloride by filtration and evaporation of the
solvent under vacuum, a slightly viscous liquid was obtained. Finally, 3e
and 3a were isolated by GPC with dried THF as the eluent.


Hydrolysis and polycondensation of 3e and 3a: Hydrolysis and polycon-
densation reactions were performed with a molar ratio of 3e (or 3a)/
THF/H2O/HCl=1:50:18:0.002 whilst stirring at room temperature for


3 h. The solutions were then cast onto glass substrates and air-dried to
give 4e and 4a as thick films. They were pulverized for characterization.
Removal of the alkoxy groups was carried out either by acid treatment
or by calcination at 500 8C for 8 h in air. For the acid treatment, 4e (or
4a) (0.1 g) was dispersed in a mixture of THF (10 mL) and an aqueous
solution of 0.1n HCl (0.1 mL). After stirring the dispersion at room tem-
perature for 1 d, precipitates were recovered by centrifugation and dried
for 1 d under vacuum.


Characterization: Liquid-state 29Si and 13C NMR spectra were obtained
by using a JEOL Lambda-500 spectrometer with resonance frequencies
of 99.25 and 125.65 MHz, respectively. The sample solutions were put
into 5 mm glass tubes and tetramethylsilane (TMS) was added as an in-
ternal reference; CDCl3 or [D8]THF was used to obtain lock signals. A
small amount of [Cr ACHTUNGTRENNUNG(acac)3] was also added as a relaxation agent for 29Si
nuclei. Solid-state 29Si magic-angle spinning (MAS) NMR spectroscopy
was performed by using a JEOL JNM-CMX-400 spectrometer at a reso-
nance frequency of 79.42 MHz with a pulse width of 458 and a recycle
delay of 100 s. Solid-state 13C CP/MAS NMR spectra were obtained by
using the same spectrometer at a resonance frequency of 100.54 MHz
with a contact time of 1.5 ms and a recycle delay of 5 s. The chemical
shifts in both the 29Si and 13C NMR spectra were referenced to tetrame-
thylsilane at 0 ppm. Powder X-ray diffraction (XRD) patterns were re-
corded by using a Mac Science M03XHF22 diffractometer with Mn-fil-
tered FeKa radiation. Field-emission scanning electron microscopy (FE-
SEM) was performed on samples coated with Pt/Pd by using a Hitachi S-
4500S microscope at an accelerating voltage of 15 kV. FTIR spectra of
the products in KBr pellets were obtained by using a Perkin–Elmer Spec-
trum One spectrometer with a nominal resolution of 0.5 cm�1. TG analy-
sis was carried out with a RIGAKU TG8120 instrument under a flow of
dry air at a heating rate of 10 Kmin�1. The SiO2 content in the products
was determined by the residual weight after heating to 900 8C and the
amounts of organic constituents were determined by CHN analysis
(Perkin–Elmer PE-2400). Nitrogen adsorption measurements were per-
formed by using an Autosorb-1 instrument (Quantachrome Instruments,
Inc) at 77 K. Samples were preheated at 120 8C for 3 h under a pressure
of 1N10�2 Torr.


Acknowledgements


The authors are grateful to Dr. Dai Mochizuki and Mr. Yoshiaki Hagi-
wara (Waseda University) for solid-state NMR measurements and also to
Mr. Yoshiyuki Kuroda and Mr. Ryutaro Wakabayashi (Waseda Universi-
ty) for TEM measurements. This work was supported in part by a Grant-
in-Aid for the 21st Century COE Program “Practical Nano-Chemistry”
and the Global COE program “Practical Chemical Wisdom” from
MEXT, Japan. The A3 Foresight Program “Synthesis and Structural Res-
olution of Novel Mesoporous Materials” supported by the Japan Society
for the Promotion of Science (JSPS) is also acknowledged.


[1] C. J. Brinker, G. W. Scherer, Sol-Gel Science: The Physics and
Chemistry of Sol-Gel Processing, Academic Press, San Diego, 1990.


[2] R. J. P. Corriu, D. Leclercq, Angew. Chem. 1996, 108, 1524–1540;
Angew. Chem. Int. Ed. Engl. 1996, 35, 1421–1436.


[3] N. K. Raman, M. T. Anderson, C. J. Brinker, Chem. Mater. 1996, 8,
1682–1701.


[4] G. J. de A. A. Soler-Illia, C. Sanchez, B. Lebeau, J. Patarin, Chem.
Rev. 2002, 102, 4093–4138.


[5] K. J. C. van Bommel, A. Friggeri, S. Shinkai, Angew. Chem. 2003,
115, 1010–1030; Angew. Chem. Int. Ed. 2003, 42, 980–999.


[6] a) R. Murugavel, A. Voigt, M. G. Walawalkar, H. W. Roesky, Chem.
Rev. 1996, 96, 2205–2236; b) R. Murugavel, V. Chandrasekhar,
H. W. Roesky, Acc. Chem. Res. 1996, 29, 183–189; c) R. Murugavel,
M. Bhattacharjee, H. W. Roesky, Appl. Organomet. Chem. 1999, 13,
227–243; d) R. Murugavel, M. G. Walawalkar, M. Dan, H. W.
Roesky, C. N. R. Rao, Acc. Chem. Res. 2004, 37, 763–774.


Chem. Eur. J. 2008, 14, 973 – 980 F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org 979


FULL PAPERSiloxane-Based Nanomaterials



http://dx.doi.org/10.1002/ange.19961081305

http://dx.doi.org/10.1002/ange.19961081305

http://dx.doi.org/10.1002/ange.19961081305

http://dx.doi.org/10.1021/cm960138&TR_opa;+&TR_ope;

http://dx.doi.org/10.1021/cm960138&TR_opa;+&TR_ope;

http://dx.doi.org/10.1021/cm960138&TR_opa;+&TR_ope;

http://dx.doi.org/10.1021/cm960138&TR_opa;+&TR_ope;

http://dx.doi.org/10.1002/ange.200390229

http://dx.doi.org/10.1002/ange.200390229

http://dx.doi.org/10.1002/ange.200390229

http://dx.doi.org/10.1002/ange.200390229

http://dx.doi.org/10.1002/anie.200390284

http://dx.doi.org/10.1002/anie.200390284

http://dx.doi.org/10.1002/anie.200390284

http://dx.doi.org/10.1021/cr9500747

http://dx.doi.org/10.1021/cr9500747

http://dx.doi.org/10.1021/cr9500747

http://dx.doi.org/10.1021/cr9500747

http://dx.doi.org/10.1021/ar950154x

http://dx.doi.org/10.1021/ar950154x

http://dx.doi.org/10.1021/ar950154x

http://dx.doi.org/10.1002/(SICI)1099-0739(199904)13:4%3C227::AID-AOC842%3E3.0.CO;2-0

http://dx.doi.org/10.1002/(SICI)1099-0739(199904)13:4%3C227::AID-AOC842%3E3.0.CO;2-0

http://dx.doi.org/10.1002/(SICI)1099-0739(199904)13:4%3C227::AID-AOC842%3E3.0.CO;2-0

http://dx.doi.org/10.1002/(SICI)1099-0739(199904)13:4%3C227::AID-AOC842%3E3.0.CO;2-0

http://dx.doi.org/10.1021/ar040083e

http://dx.doi.org/10.1021/ar040083e

http://dx.doi.org/10.1021/ar040083e

www.chemeurj.org





[7] H. Ishida, J. L. Koenig, K. C. Gardner, J. Chem. Phys. 1982, 77,
5748–5751.


[8] M. Unno, S. B. Alias, M. Arai, K. Takada, T. Tanaka, H. Matsumoto,
Appl. Organomet. Chem. 1999, 13, 303–310.


[9] a) G. Cerveau, R. J. P. Corriu, B. Dabiens, J. L. Bideau, Angew.
Chem. 2000, 112, 4707–4711; Angew. Chem. Int. Ed. 2000, 39, 4533–
4537; b) G. Cerveau, S. Chappellet, R. J. P. Corriu, B. Dabiens, J. L.
Bideau, Organometallics 2002, 21, 1560–1564.


[10] A. Shimojima, Y. Sugahara, K. Kuroda, Bull. Chem. Soc. Jpn. 1997,
70, 2847–2853.


[11] S. D. Korkin, M. I. Buzin, E. V. Matukhina, L. N. Zherlitsyna, N.
Auner, O. I. Shchegolikhina, J. Organomet. Chem. 2003, 686, 313–
320.


[12] J. H. Kim, J. S. Han, M. E. Lee, D. H. Moon, M. S. Lah, B. R. Yoo, J.
Organomet. Chem. 2005, 690, 1372–1378.


[13] Y. Fujimoto, A. Shimojima, K. Kuroda, Chem. Mater. 2003, 15,
4768–4774.


[14] a) A. Shimojima, K. Kuroda, Angew. Chem. 2003, 115, 4191–4194;
Angew. Chem. Int. Ed. 2003, 42, 4057–4060; b) A. Shimojima, Z.
Liu, T. Ohsuna, O. Terasaki, K. Kuroda, J. Am. Chem. Soc. 2005,
127, 14108–14116.


[15] Y. Fujimoto, A. Shimojima, K. Kuroda, Langmuir 2005, 21, 7513–
7517.


[16] G. C. Ossenkamp, T. Kemmitt, J. H. Johnston, Chem. Mater. 2001,
13, 3975–3980.


[17] a) J. J. E. Moreau, L. Vellutini, M. Wong Chi Man, C. Bied, J.-L.
Bantignies, P. DieudonnR, J.-L. Sauvajol, J. Am. Chem. Soc. 2001,
123, 7957–7958; b) J. J. E. Moreau, L. Vellutini, P. DieudonnR, M.
Wong Chi Man, J.-L. Bantignies, J.-L. Sauvajol, C. Bied, J. Mater.
Chem. 2005, 15, 4943–4948.


[18] a) B. Boury, R. J. P. Corriu, Chem. Commun. 2002, 795–802; b) B.
Boury, R. Corriu, Chem. Rec. 2003, 3, 120–132.


[19] a) R. J. P. Corriu, J. J. E. Moreau, P. Thepot, M. Wong Chi Man,
Chem. Mater. 1996, 8, 100–106; b) B. Boury, P. Chevalier, R. J. P.
Corriu, P. Delord, J. J. E. Moreau, M. Wong Chi Man, Chem. Mater.
1999, 11, 281–291; c) P. Chevalier, R. J. P. Corriu, P. Delord, J. J. E.
Moreau, M. Wong Chi Man, New J. Chem. 1998, 22, 423–433; d) P.
Chevalier, R. J. P. Corriu, J. J. E. Moreau, M. Wong Chi Man, J. Sol-
Gel Sci. Technol. 1997, 8, 603–607.


[20] Y. Fujimoto, A. Shimojima, K. Kuroda, J. Mater. Chem. 2006, 16,
986–994.


Received: June 16, 2007
Published online: November 8, 2007


www.chemeurj.org F 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 973 – 980980


K. Kuroda, A. Shimojima et al.



http://dx.doi.org/10.1063/1.443730

http://dx.doi.org/10.1063/1.443730

http://dx.doi.org/10.1063/1.443730

http://dx.doi.org/10.1063/1.443730

http://dx.doi.org/10.1002/(SICI)1099-0739(199904)13:4%3C303::AID-AOC846%3E3.0.CO;2-%23

http://dx.doi.org/10.1002/(SICI)1099-0739(199904)13:4%3C303::AID-AOC846%3E3.0.CO;2-%23

http://dx.doi.org/10.1002/(SICI)1099-0739(199904)13:4%3C303::AID-AOC846%3E3.0.CO;2-%23

http://dx.doi.org/10.1002/1521-3757(20001215)112:24%3C4707::AID-ANGE4707%3E3.0.CO;2-P

http://dx.doi.org/10.1002/1521-3757(20001215)112:24%3C4707::AID-ANGE4707%3E3.0.CO;2-P

http://dx.doi.org/10.1002/1521-3757(20001215)112:24%3C4707::AID-ANGE4707%3E3.0.CO;2-P

http://dx.doi.org/10.1002/1521-3757(20001215)112:24%3C4707::AID-ANGE4707%3E3.0.CO;2-P

http://dx.doi.org/10.1002/1521-3773(20001215)39:24%3C4533::AID-ANIE4533%3E3.0.CO;2-8

http://dx.doi.org/10.1002/1521-3773(20001215)39:24%3C4533::AID-ANIE4533%3E3.0.CO;2-8

http://dx.doi.org/10.1002/1521-3773(20001215)39:24%3C4533::AID-ANIE4533%3E3.0.CO;2-8

http://dx.doi.org/10.1021/om0110179

http://dx.doi.org/10.1021/om0110179

http://dx.doi.org/10.1021/om0110179

http://dx.doi.org/10.1246/bcsj.70.2847

http://dx.doi.org/10.1246/bcsj.70.2847

http://dx.doi.org/10.1246/bcsj.70.2847

http://dx.doi.org/10.1246/bcsj.70.2847

http://dx.doi.org/10.1016/S0022-328X(03)00721-6

http://dx.doi.org/10.1016/S0022-328X(03)00721-6

http://dx.doi.org/10.1016/S0022-328X(03)00721-6

http://dx.doi.org/10.1016/j.jorganchem.2004.12.012

http://dx.doi.org/10.1016/j.jorganchem.2004.12.012

http://dx.doi.org/10.1016/j.jorganchem.2004.12.012

http://dx.doi.org/10.1016/j.jorganchem.2004.12.012

http://dx.doi.org/10.1021/cm030432j

http://dx.doi.org/10.1021/cm030432j

http://dx.doi.org/10.1021/cm030432j

http://dx.doi.org/10.1021/cm030432j

http://dx.doi.org/10.1002/ange.200351419

http://dx.doi.org/10.1002/ange.200351419

http://dx.doi.org/10.1002/ange.200351419

http://dx.doi.org/10.1002/anie.200351419

http://dx.doi.org/10.1002/anie.200351419

http://dx.doi.org/10.1002/anie.200351419

http://dx.doi.org/10.1021/ja0541736

http://dx.doi.org/10.1021/ja0541736

http://dx.doi.org/10.1021/ja0541736

http://dx.doi.org/10.1021/ja0541736

http://dx.doi.org/10.1021/la050363i

http://dx.doi.org/10.1021/la050363i

http://dx.doi.org/10.1021/la050363i

http://dx.doi.org/10.1021/cm000883t

http://dx.doi.org/10.1021/cm000883t

http://dx.doi.org/10.1021/cm000883t

http://dx.doi.org/10.1021/cm000883t

http://dx.doi.org/10.1021/ja016053d

http://dx.doi.org/10.1021/ja016053d

http://dx.doi.org/10.1021/ja016053d

http://dx.doi.org/10.1021/ja016053d

http://dx.doi.org/10.1039/b510893d

http://dx.doi.org/10.1039/b510893d

http://dx.doi.org/10.1039/b510893d

http://dx.doi.org/10.1039/b510893d

http://dx.doi.org/10.1039/b109040m

http://dx.doi.org/10.1039/b109040m

http://dx.doi.org/10.1039/b109040m

http://dx.doi.org/10.1002/tcr.10056

http://dx.doi.org/10.1002/tcr.10056

http://dx.doi.org/10.1002/tcr.10056

http://dx.doi.org/10.1021/cm940298q

http://dx.doi.org/10.1021/cm940298q

http://dx.doi.org/10.1021/cm940298q

http://dx.doi.org/10.1021/cm980519i

http://dx.doi.org/10.1021/cm980519i

http://dx.doi.org/10.1021/cm980519i

http://dx.doi.org/10.1021/cm980519i

http://dx.doi.org/10.1039/a801407h

http://dx.doi.org/10.1039/a801407h

http://dx.doi.org/10.1039/a801407h

http://dx.doi.org/10.1039/b516102a

http://dx.doi.org/10.1039/b516102a

http://dx.doi.org/10.1039/b516102a

http://dx.doi.org/10.1039/b516102a

www.chemeurj.org






DOI: 10.1002/chem.200701291


An Anthracene-Based Photochromic Macrocycle as a Key Ring Component
To Switch a Frequency of Threading Motion


Keiji Hirose,* Yoshinobu Shiba, Kazuaki Ishibashi, Yasuko Doi, and Yoshito Tobe[a]


Introduction


Interlocked molecules such as catenanes and rotaxanes[1] are
thought to be prime candidates for the implementation and
the development of devices at the nanometer scale,[2] artifi-
cial photosynthesis,[3] construction of ion channels,[4] or the
development of artificial molecular machines.[5] The me-
chanically interlocked components of these molecules can
be induced to switch between different geometries in re-
sponse to either physical or chemical stimuli, since the com-
ponents of catenanes and rotaxanes can be induced to per-
form relative motions, such as circumrotation[6] (rotary
motion) and shuttling[7] (linear motion). Based on such geo-
metrical switching properties, molecular electronics devices
have been developed.[8] On the other hand, a control of the
rate of molecular motion is one way to create new devices
at molecular level. Schalley and co-workers reported a con-
trol mechanism of the rate of shuttling motions in [2]ro-
taxanes by different solvent effects on electrostatic interac-
tions.[9] In order to control the rate of molecular motion,
pseudorotaxanes are the promising candidates for molecular
machines and device components, because pseudorotaxanes
are viewed as prototypes of simple molecular machines and
show characteristic motion, namely slippage and deslippage
motions.[10] Recently, interesting investigations on these mo-
tions have been reported including a description of the in-


termediate region between pseudorotaxanes and rotax-
anes,[11] effects of the size of stoppers,[12] a ring shape and a
stopper structure,[13] a length of dumbbell component on
thermodynamic parameters of these motions.[14] In this
paper, we report a new concept and a demonstration of a
switching in the frequency of molecular motions using a
pseudorotaxane system in which frequencies of threading
and dethreading motions is reversibly and quantitatively
changed in response to physical stimuli by changing the size
of ring component.


Results and Discussion


Design of a switching system : In order to design a switching
system controlled by a frequency of molecular motions, we
chose a pseudorotaxane which consists of dibenzylammoni-
um hexafluorophosphate (DBA) and a photochromic di-
ACHTUNGTRENNUNGanthrylethane-based macrocycle 1.[15] We designed 1 as a
key ring component of the pseudorotaxane system to in-
clude a photocontrollable threading functionality (Fig-
ure 1a).


The photodimerization and the thermal reversion of the
anthracene units between open-form molecule 1 and closed-
form molecule 2 would cause substantial change of the
cavity size reversibly.[16] Because the cavity size of 2 should
be similar to that of dibenzo-[24]crown-8, 2 would form a
stable complex with a secondary ammonium salt.[17] In addi-
tion to the stabilization of closed-form crown ether and am-
monium moiety, destabilization at transition state, which is
presumably when the crown ether is placed on the bulky
group at the ends, is also important, because the energy dif-
ference between these strategies correspond to activation


Keywords: crown compounds · mo-
lecular devices · noncovalent inter-
actions · photochromism · rotaxanes


Abstract: A concept and demonstration of a switching in frequencies of molecular
motions are described using a pseudorotaxane system. The setup consists of diben-
zylammonium hexafluorophosphate and a photochromic dianthrylethane-based
[24]crown-8-type macrocycle, which we designed as a key ring component for the
pseudorotaxane system having photocontrollable threading functionality by chang-
ing the size of ring component due to the action of light.
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energy as shown in Figure 2. Because dibenzo-[24]crown-8 is
not able to do deslippage over the 3,5-dimethylphenyl stop-
per, 3,5-dimethylphenyl group is expected to be large
enough to prevent deslippage of the closed-form 2. Then,
we chose the phenyl group as a proper end group of axle-
like component. Consequently, it is expected that the photo-
controllable threading motion would be achieved using
crown ether 1 as the key ring component and DBA as the
proper axle-like component. For comparison, the rotaxanes
5 and 6 composed of the same crown ether as ring compo-
nent and axle-like component with bulky stopper moieties
at the both ends were also prepared, where the threading/
dethreading motion was completely stopped.


Preparation of macrocycle 1: The previously reported prepa-
ration of the photocontrollable [18]crown-6- and [12]crown-
4-type compounds[18] containing a dianthrylethane moiety
from 1,2-bis(10-hydroxy-9-anthryl)ethane (7)[19] and corre-
sponding oligoethyleneglycol ditosylates in the presence of


sodium hydroxide resulted in low yields of the macrocycliza-
tion, partly because of the lability of diol 7. Even though
diol 7 is relatively stable in form of crystals, it decomposes
rapidly in solution. For this reason, high dilution conditions,
which are common for macrocyclization, could not be ap-
plied. Therefore, diol 7 obtained as fine crystals was con-
verted to stable bis(trimethylsilyl)ether 8 using N,O-bis(tri-
methylsilyl)acetamide (BSA) in 74 % yield. Then in situ de-
protection and coupling of 8 with ditosylates 9 furnished
macrocycle 1 with considerably improved yield (27 %) com-
pared with the previous syntheses of related molecules as
shown in Scheme 1.[18]


Preparation of rotaxane 5 : The synthesis of rotaxane 5 is
summarized in Scheme 2. The closed-form 2 was prepared
from 1 in benzene by irradiation with a 500-W high-pressure
mercury lamp followed by evaporation of the solvent with
cooling. Because the closed-form 2 is stable enough at low
temperature to handle, the freshly prepared 2 and secondary
ammonium phosphate 10 were dissolved in CH2Cl2/CH3CN.
The resulting pseudorotaxane 11 was treated with acid anhy-
dride 12 in the presence of 40 mol % of nBu3P under ice


Figure 1. a) A concept of switching between fast and slow threadings in pseudorotaxane by using a photochromic anthracene-based [24]crown-8-type
macrocycle and DBA. b) Ideal non-threadable supramolecules.


Figure 2. Concept and energy diagram of switching between fast and slow
threading in pseudorotaxane.


Scheme 1. Synthesis of the photochromic ring component 1.
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cooling.[20] Thermal reversion of the rotaxane 6 to 5 oc-
curred during the post-treatment. The open-form [2]ro-
taxane 5 was obtained in 57 % yield (three steps from 10).


Quantitative interconversion of ring component 1 and 2 :
The photoisomerization of ring component 1 to the corre-
sponding closed-form molecule 2 proceeded quantitatively.
The solution of 1 in well-degassed CD3CN was placed in a
Pyrex NMR tube at 285 K and irradiated with the high-pres-
sure mercury lamp for 10 min. After the irradiation, the so-
lution was kept under 273 K in order to avoid significant
thermal reversion of 2. In the 1H NMR spectra, a sharp sin-
glet signal assigned to the benzylic protons (Ha) of 1 at
4.1 ppm disappeared and a singlet signal assigned to the ali-
phatic protons appeared at 2.9 ppm after the irradiation as
shown in Figure 3. In the aromatic region, the characteristic


signals at d 8.12 and 7.55 ppm disappeared after irradiation
and the corresponding aromatic protons (Hb, Hc) appeared
at d 6.8–7.0 ppm.


The thermal reversion of 2 to 1 involved appreciable spec-
tral change observed in UV-visible spectroscopy. The half-
life of 2 in acetonitrile was obtained based on the increase
of absorbance at 383 nm by means of UV-visible spectrosco-


py: 10 min at 303 K, whereas 148 min at 283 K. Because of
the long half-life at low temperature, the closed-form mole-
cule 2 could be conveniently isolated and then converted re-
versibly at room temperature to the open-form molecule 1.


The photoirradiation and subsequent thermolysis were
performed repeatedly using the sample solution prepared in
quartz cell for absorption spectra in well-degassed CH3CN
(0.1 mm). Photoreaction was carried out using the 500-W
high-pressure mercury lamp through Pyrex filter for 30 s
cooling with water bath, then thermal reversion was carried
at 313 K for 45 min monitoring absorbance at 383 nm by
means of UV/Vis spectrometer. The change of the absorb-
ance is shown in Figure 4. After 10 times repetition, 97.4 %
durability is obtained based on the difference in absorbance.


Quantitative interconversion of rotaxane 5 and 6 : The pho-
toisomerization of 5 to 6 proceeded also quantitatively. The
1H NMR spectra of 5 at 273 K are shown in Figure 5. In the


Scheme 2. Synthesis of the [2]rotaxanes 5 and 6.


Figure 3. Partial 1H NMR spectra (270 MHz) of a) open-form macrocycle
1 and b) closed-form 2 ; recorded in CD3CN at 243 K.


Figure 4. Ten continuous cyclical changes in relative absorbance at
383 nm during photoreaction and thermal reversion cycles between open-
form 1 and closed-form 2 ; recorded in CD3CN at 313 K.


Figure 5. Partial 1H NMR spectra (270 MHz) of a) open-form rotaxane 5
and b) closed-form 6 ; recorded in CD3CN at 273 K.


Chem. Eur. J. 2008, 14, 981 – 986 B 2008 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org 983


FULL PAPERPhotochromic Macrocycles



www.chemeurj.org





1H NMR spectra, characteristic changes for the signals of
the ring component protons are observed. A sharp singlet
signal assigned to the benzylic protons (Ha) of 5 at d


4.05 ppm disappeared and corresponding signal of an ali-
phatic proton (Ha) appeared at 2.84 ppm after the irradia-
tion, the aromatic signals (Hb, Hc) at 8.12 and 7.55 ppm
shifted to 6.92–6.75 ppm after irradiation. The signal as-
signed to the benzylic protons of axle-like component (Hd)
of 5 at 4.42 ppm shifted to 5.08 ppm after the irradiation.
The thermal reversion of 5 to 6 was observed by the
1H NMR spectra and the UV-visible spectra.


The photoirradiation for 30 s and following thermolysis at
313 K for 60 min was performed repeatedly. The change of
the absorbance at 382 nm by means of UV/Vis spectrometer
is shown in Figure 6. After 10 times repetition, 97.5 % dura-


bility is obtained based on the difference in absorbance. The
half-life of 6 in acetonitrile was determined based on the in-
crease of absorbance at 383 nm by means of UV-visible
spectroscopy: 18 min at 303 K, whereas 222 min at 283 K.
Half-lives of the rotaxanes 6 to 5 are significantly longer
than those of the ring components 1 to 2. It seems very
likely that the presence of the salt will increase the stability
of the crown ether and slow down its retrophotodimeriza-
tion.


Characterization of pseudorotaxanes : The apparent half-life
of 2 in the presence of DBA in acetonitrile was obtained
based on the increase of absorbance at 383 nm by means of
UV-visible spectroscopy: apparent half-life is 11 min at
303 K, whereas it is 160 min at 283 K (Table 1). Although


the half-lives of corresponding rotaxane 6 to 5 are apprecia-
bly longer than those, apparent half-lives of 2 to 1 in the
presence of DBA are slightly longer than those of the ring
components 2 to 1 itself.


In order to characterize the pseudorotaxane formation of
the ring component 1 or 2 with the axle-like ammonium salt
component 1H NMR titration experiments were performed.
Although kinetic and thermodynamic data at high tempera-
tures were not obtainable because of the less thermal stabili-
ty of closed-form complex, 1H NMR spectroscopy at room
temperature gave information both on thermodynamic sta-
bility of pseudorotaxane and kinetic information of thread-
ing and dethreading rate.


The addition of DBA to a solution of 1 in CD3CN formed
a crown ether–ammonium cation complex. The complexa-
tion equilibrium was fast on the NMR time scale and gave
signals at weight averaged chemical shifts of the free and
complexed host. The binding constants of this system were
obtained based on the chemical shift change by the titration
experiment followed by non-linear least-square data treat-
ment method. The binding constants are listed in Table 2 in


a temperature range from 273 to 233 K. In addition to the
binding constants, information on the frequency of molecu-
lar motions was obtained from this experiment. Even at a
low temperature of 233 K, the host–guest complexation
equilibrium has a fast exchange rate compared with the
NMR time scale.


In contrast, the host–guest complexation equilibrium of
the closed-form complex 2 with DBA in CD3CN has a slow
exchange rate compared with the NMR time scale so that
the peaks due to the complexed host and the free host are
observed individually in an NMR spectrum. The 1H NMR
spectrum of a mixture of 2 and DBA is shown in Figure 7
together with those of 2 c) and DBA a). In Figure 7b), the
signals with asterisks (*) are assigned to the pseudorotaxane
and others are due to the free DBA and free 2.


Based on the 1H NMR spectra, the binding constants of 2
with DBA were obtained by the integration of the com-
plexed and free host signals. The results are listed in Table 2
together with those of 1 with DBA. The binding constants
of 2 are two to four times larger than those of the open-
form 1. The stable binding between 2 and DBA may explain
the elongation of apparent half-lives of 2 and slow exchange
in the presence of DBA.


Figure 6. Ten continuous cyclical changes in relative absorbance at
382 nm during photoreaction and thermal reversion cycles between open-
form 5 and closed-form 6 ; recorded in CD3CN at 313 K.


Table 1. Apparent half-lives of the thermal reversion of 2, 6 and pseudo-
ACHTUNGTRENNUNGrotaxane system (2 with DBA) in CH3CN obtained based on UV-visible
spectral changes.


T [K] t1/2 [min]
2 2 with DBA 6


283 148 160 222
303 10 11 18


Table 2. Association constants of crown ethers 1 and 2 with dibenzyl am-
monium hexafluorophosphate in CD3CN, determined by nonlinear least-
squares method and single point measurement, respectively.


T [K] K [m�1]
1 2


273 23 67
263 30 82
253 42 126
243 53 184
233 63 286
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Conclusion


The anthracene-based photochromic molecules 1 and 2 are
interconverted reversibly by photoirradiation and thermoly-
sis. The binding constants of 1 and 2 with DBA differ con-
siderably. In addition, considerable differences in half-lives
of thermal reversions of pseudorotaxane 4 and rotaxane 6
are observed. The significant difference in frequencies of
threading motions of DBA with ring components 1 or 2 in
pseudorotaxane system is observed by 1H NMR spectrosco-
py. The rate constant of 1 is higher than the NMR time
scale, however, the rate constant of 2 is smaller within the
temperature range between 233 and 303 K. The switching
frequency of the molecular motion by the structural change
of ring component is possible to produce promising new
switching devices. We are currently investigating the extend-
ed application of this cavity-size changeable ring component
to the syntheses of two-station [2]rotaxanes for the demon-
stration to stop the shuttling process by action of light and
to quantify the shuttling velocity.


Experimental Section


General methods : 1H NMR (270, 300, or 400 MHz) and 13C NMR (67.5,
75.0, or 100 MHz) spectra were recorded on a JEOL JNM-AL-400, a
Varian Mercury 300 or a JEOL JNM-GSX-270 spectrometer. The chemi-
cal shifts of 1H NMR and 13C NMR signals are quoted relative to tetra-
methylsilane. IR spectra were recorded as a KBr disk on a JASCO
FTIR-410 spectrometer. Mass spectral analyses were performed on a
JEOL JMS-DX303HF. Elemental analyses were carried out with a
Perkin-Elmer 2400II analyzer. UV-visible spectra were recorded on a Hi-
tachi U-3310 spectrometer in acetonitrile. Preparative HPLC separation
was undertaken with a JAI LC-908 chromatograph using 600 mm M
20 mm JAIGEL-1H and 2H GPC columns with CHCl3 as an eluent. Sol-
vents were dried (drying agent in parentheses) and distilled prior to use:
THF (sodium/benzophenone), CH3CN, CH2Cl2 (CaH2).


Crown ether 1: In a 1 L three-necked flask equipped with a reflux con-
denser, a thermometer, a Hershberg dropping funnel, and a magnetic
stirrer bar were placed a saturated aqueous solution (9 mL, 130 mmol) of
KOH and THF (100 mL). A solution of 8 (1.91 g, 3.42 mmol) and ditosy-
late 3 (2.50 g, 3.66 mmol) in THF (500 mL), which was deaerated by soni-


fication for 30 min, was added through the dropping funnel. The solution
was added dropwise into the flask during 22.5 h under reflux. After an
additional 1 h stirring at 55 8C, the reaction mixture was cooled to room
temperature. The resulting reddish suspension was neutralized with 6 n


HCl. The mixture was extracted with Et2O and CH2Cl2, washed with
brine, and dried over anhydrous MgSO4. The solvent was removed under
reduced pressure, which was followed chromatography (hexane/AcOEt
1:1) gave 1 (685 mg, 27 %) as yellow foam. 1H NMR (300 MHz, CD3CN,
30 8C): d=8.12 (d, J=8.6 Hz, 4 H), 7.53 (d, J=8.7 Hz, 4 H), 7.21 (ddd, J=


1.0, 8.7, 8.6 Hz, 4H), 6.98–6.87 (m, 8H), 4.20 (t, J=4.8 Hz, 4H), 4.14 (s,
4H), 4.11 (t, J= 4.8 Hz, 4H), 3.86 (t, J=6.8 Hz, 4H), 3.75 (t, J=2.8 Hz,
4H), 3.70–3.64 ppm (m, 8H); 13C NMR (100 MHz, CDCl3): d=150.6,
149.9, 131.7, 130.0, 125.6, 125.1, 125.0, 124.9, 123.4, 122.4, 115.5, 80.0,
71.7, 71.5, 70.9, 70.8, 69.9, 27.7 ppm; IR (KBr): ñ = 3064, 3048, 2921,
2869, 1618, 1592, 1559, 1503, 1348, 1255, 1093, 771, 753 cm�1; HR-MS
(FAB): m/z : calcd for C48H48O8: 752.3349; found: 752.3346 [M+].


Closed crown ether 2 : A solution of crown ether 1 (14.6 mg, 19.4 mmol)
in CD3CN (1.0 mL) was placed in a Pyrex NMR tube and was well de-
gassed by a bubbling of dry argon for 30 min. Then, the solution was irra-
diated using a 500-W high-pressure mercury lamp for 10 min. After irra-
diation, the reaction mixture was immediately chilled to 0 8C to avoid
thermal reversion reaction. 1H NMR (270 MHz, CD3CN, �30 8C): d=


7.29 (t, J=4.5 Hz, 4 H), 7.10 (m, 4H), 7.02–6.84 (m, 12 H), 4.18 (br, 4 H),
3.94–3.88 (m, 12 H), 3.77 (br, 4 H), 3.39 (br, 4H), 2.94 ppm (s, 4H).


Rotaxane 5 : A solution of crown ether 1 (100 mg, 133 mmol) in benzene
(10 mL) was placed in a Pyrex tube and was well degassed by a bubbling
of dry argon. Then, the solution was irradiated using a 500 W high-pres-
sure mercury lamp for 15 min in an ice bath. After irradiation, the sol-
vent was evaporated off with cooling. Freshly prepared 2 in CH2Cl2


(600 mL) was mixed with secondary ammonium phosphate 10 (49.0 mg,
121 mmol) in CH3CN (100 mL) and acid anhydride 12 (226 mg,
226 mmol) in CH2Cl2 (400 mL) in an ice-salt bath. Then, 40 mol % of
nBu3P (12 mmol) was added to the mixture solution under N2 atmos-
phere and the reaction solution was stirred for 3 h in the ice-salt bath.
Evaporation of the solvent followed by preparative HPLC separation
(JAIGEL-1H and 2H GPC columns with CHCl3) gave 5 (137 mg,
68.9 mmol, 57 %). M.p. 131.0–134.5 8C; 1H NMR (270 MHz, CD3CN,
0 8C): d= 8.14 (d, J=1.2 Hz, 4 H), 7.95 (d, J=8.3 Hz, 4 H), 7.95–7.80 (br,
2H), 7.83 (br s, 2H), 7.56 (d, J= 8.3 Hz, 4H), 7.44 (d, J= 9.0 Hz, 4H),
7.40 (d, J=8.3 Hz, 4H), 6.92–6.89 (m, 4 H), 6.78–6.75 (m, 4H), 6.69–6.67
(m, 2 H), 6.58–6.55 (m, 2H), 5.28 (s, 4H), 4.42 (br t, J=6.6 Hz, 4H), 4.05
(s, 4 H), 3.97–3.95 (m, 4H), 3.86–3.84 (m, 16H), 3.71–3.70 (m, 4 H), 1.39
(heptet, J=7.3 Hz, 12 H), 1.00 ppm (d, J=7.3 Hz, 72H); 13C NMR
(100 MHz, CDCl3): d=166.9, 148.7, 147.1, 146.41, 146.40, 138.3, 136.4,
134.2, 130.6, 130.4, 129.3, 129.0, 128.1, 128.0, 124.5, 124.1, 123.6, 121.9,
121.8, 112.3, 73.9, 71.2, 70.6, 70.2, 69.6, 68.3, 65.7, 52.7, 26.6, 18.6,
10.8 ppm; IR (KBr): ñ = 2943, 2866, 1725, 1506, 1459, 1268, 1131, 882,
842 cm�1; MS (FAB): m/z : 1843.0 [M�PF6]


+ , elemental analysis calcd
(%) for C114H156 F6NO12PSi4: C 68.81, H 7.90, N 0.70; found: C 68.65, H
8.03, N 0.69.


Closed rotaxane 6 : In a manner similar to that described for 2, a solution
of rotaxane 5 (7.0 mg, 3.52 mmol) in CD3CN (700 mL) was irradiated.
After irradiation, the reaction mixture was immediately chilled to 0 8C to
avoid thermal reversion reaction. 1H NMR (400 MHz, CD3CN, 30 8C):
d=8.21 (d, J= 1.2 Hz, 4 H), 7.98 (br, 2 H), 7.87 (br t, J=1.2 Hz, 2H), 7.67
(d, J=7.9 Hz, 4 H), 7.43 (d, J=8.1 Hz, 4 H), 6.95 (d, J=7.2 Hz, 4 H), 6.84
(d, J=7.3 Hz, 4H), 6.70–6.57 (m, 12H), 5.31 (s, 4H), 5.08 (br, 4 H), 3.98
(br, 8 H), 3.73–3.64 (m, 12H), 3.40 (br, 4H), 2.84 (s, 4H), 1.46 (heptet,
J=7.4 Hz, 12H), 1.04 (d, J=7.3 Hz, 72 H).
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Introduction


Magnetic resonance imaging (MRI) is a noninvasive imag-
ing technique that can provide images of intact, opaque or-
ganisms in three dimensions, even deep within a specimen,
without photobleaching or light scattering which are often


observed in light-based microscopy imaging experiments.[1]


Therefore, MRI is useful not only in clinical medicine, but
also in experimental research.[1,2] Nowadays, there is a con-
siderable interest in MRI contrast agents, which can im-
prove the resolution of MR images.[1,2] The MR images are
based upon the NMR signal from water protons, and the
signal intensity depends upon the water concentration and
relaxation time (T1 and T2).


[2] Paramagnetic ions like the ga-
dolinium ion (Gd3+), primarily shorten the T1 (spin–lattice)
relaxation time with high efficacy by rapid exchange of
inner-sphere water molecules with bulk solvent.[3] Thus,
Gd3+-based MRI contrast agents increase tissue contrast by
increasing water proton relaxation, and are widely used in
clinical diagnostics.[4] In Gd3+-based MRI contrast agents,
chelation of Gd3+ is required for safety reasons: Dissocia-
tion of Gd3+ from a MRI contrast agent is undesirable, as
both the free metal and unchelated ligands are generally
more toxic than the complex itself.[2,4] Commonly used MRI


Abstract: Magnetic resonance imaging
(MRI) permits noninvasive three-di-
mensional imaging of opaque organ-
isms. Gadolinium (Gd3+) complexes
have become important imaging tools
as MRI contrast agents for MRI stud-
ies, though most of them are nonspecif-
ic and report solely on anatomy. Re-
cently, MRI contrast agents have been
reported whose ability to relax water
protons is triggered or greatly en-
hanced by recognition of a particular
biomolecule. This new class of MRI
contrast agents could open up the pos-
sibility of reporting on the physiologi-
cal state or metabolic activity deep
within living specimens. One possible
strategy for this purpose is to utilize


the increase in the longitudinal water
proton r1 relaxivity that occurs upon
slowing the molecular rotation of a
small paramagnetic complex, a phe-
nomenon which is known as receptor-
induced magnetization enhancement
(RIME), by either binding to a macro-
molecule or polymerization of the
agent itself. Here we describe the
design and synthesis of a novel b-galac-
tosidase-activated MRI contrast agent,
the Gd3+ complex ACHTUNGTRENNUNG[Gd-5] , by using the
RIME approach. b-Galactosidase is


commonly used as a marker gene to
monitor gene expression. This newly
synthesized compound exhibited a
57% increase in the r1 relaxivity in
phosphate-buffered saline (PBS) with
4.5% w/v human serum albumin
(HSA) in the presence of b-galactosi-
dase. Detailed investigations revealed
that RIME is the dominant factor in
this increase of the observed r1 relaxivi-
ty, based on analysis of Gd3+ com-
plexes ACHTUNGTRENNUNG[Gd-5] and ACHTUNGTRENNUNG[Gd-8] , which is
generated from ACHTUNGTRENNUNG[Gd-5] by the activity
of b-galactosidase, and spectroscopic
analysis of their corresponding Tb3+


complexes, ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8] .
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contrast agents are mainly extracellular agents with nonspe-
cific biodistribution.[4,5] In contrast, it is also possible to de-
velop Gd3+ complexes with various chemical properties by
means of appropriate ligand design for Gd3+ ,[6] and, indeed,
some bioactivated MRI contrast agents have been reported
for monitoring enzyme activity, Ca2+ , pH, p(O2), Zn2+ , and
so on.[7] These MRI contrast agents show a change in the
water proton relaxation time (T1 or T2) in response to the
presence of specific biomolecules. Recently, attempts have
been made to utilize MR imaging techniques to detect gene
expression, and the development of these methods would
allow MR imaging of the expression of specific genes.[8] For
example, b-galactosidase is a commonly used gene expres-
sion marker, that is, gene expression is monitored by intro-
ducing a marker gene, lacZ, to follow the regulation of a
gene of interest because it can easily be assayed and is not
normally expressed in most mammalian tissues or cells.[9]


Meade and co-workers developed the bioactivated MRI
contrast agent, EgadMe, which reports on b-galactosidase
activity to image the expression of a transgene.[10] The mech-
anism of the T1 relaxation time change between two distinct
relaxation states, long and short, is as follows. The enzyme
substrate, galactopyranose, which is linked to the ligand,
blocks the one remaining open coordination site of the che-
lated Gd3+ , inhibiting access of water to the chelated Gd3+


ion. The contrast agent is switched on when b-galactosidase
cleaves the galactopyranose from the Gd3+ complex and the
chelated Gd3+ ion becomes accessible to water. This agent
has been successfully used in vivo to monitor gene expres-
sion in Xenopus laevis.[10a] Thus, this MRI contrast agent
showed a change in the longitudinal relaxation time (T1) in
the presence of b-galactosidase by modulating the access of
water molecules to the chelated Gd3+ ion. In addition to
above results, b-galactosidase-activated MRI contrast agents
with a range of chemical properties are also needed for fur-
ther biological studies, so the development of novel b-galac-
tosidase-activated MRI contrast agents with a different
design approach would be helpful for studies of biological
phenomena by monitoring gene expression. One possible
approach for the development of biomolecule-activated
MRI contrast agents is the RIME (receptor-induced mag-
netization enhancement) approach.[11] The binding of a MRI
contrast agent to a macromolecule substantially slows mo-
lecular rotation of the Gd3+ complex, resulting in an addi-
tional increase in the r1 relaxivity through the rotational cor-
relation time tR.[2] When the Gd3+ complex binds to a mac-
romolecule, the tR increases from that of a small molecule
to that of the protein, and the r1 relaxivity increases. The
slower the Gd3+ complex tumbles, the longer the tR, leading
to faster relaxation rates and, hence, higher r1 relaxivity. The
tR for small Gd3+ complexes is usually in the picosecond
range (typically 50–200 ps), whereas the tR for a macromole-
cule such as albumin is in the nanosecond range (about
50 ns).[6a] This phenomenon is known as RIME. RIME
agents have been reported for alkaline phosphatase and for
carboxypeptidase B (part of the thrombin-activatable fibri-
nolysis inhibitor family), which regulate noncovalent binding


of the agents to human serum albumin (HSA).[12,13] Another
agent permitted the detection of yeast transcription repress-
or protein (Gal80) as MR images by utilizing a specific pep-
tide-protein binding event,[14] and the enzyme carbonic an-
hydrase was selectively targeted with a sulfonamide substitu-
ent.[15] Moreover, oligonucleotide sequences have also been
detected with iron oxide nanoparticles derivatized with oli-
gonucleotide.[16] Hybridization with oligonucleotide-derived
particles resulted in changes mainly in the spin–spin relaxa-
tion time (T2) of adjacent water protons. Efficient polymeri-
zation of Gd3+ complexes can also be used to directly image
the activity of enzymes such as myeloperoxidase (MPO) and
matrix metalloproteinase 2 (MMP-2).[17,18]


Here, we report the design and synthesis of a novel b-gal-
actosidase-activated MRI contrast agent based on the
RIME approach (Figure 1). Reaction with b-galactosidase


yielded a 57% increase in the r1 relaxivity in phosphate-buf-
fered saline (PBS) with 4.5% w/v HSA. Cleavage of the gal-
actopyranose moiety from the aryl group of the Gd3+ com-
plex increases the hydrophobicity of the aryl group, thereby
increasing the HSA binding affinity. The greater binding of
the Gd3+ complex to the macromolecule, HSA, increases


Figure 1. The RIME mechanism for the b-galactosidase-activated MRI
contrast agent ACHTUNGTRENNUNG[Gd-5] . In ACHTUNGTRENNUNG[Gd-5] , a Gd3+ complex is coupled to an albu-
min binding moiety that is masked by the galactopyranose residue. The
galactopyranose residue of ACHTUNGTRENNUNG[Gd-5] is designed to be cleaved by b-galacto-
sidase, transforming ACHTUNGTRENNUNG[Gd-5] to ACHTUNGTRENNUNG[Gd-8] , and this cleavage promotes albu-
min binding of the Gd3+ complex.
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the r1 relaxivity. We also confirmed the mechanism of this
increase in the r1 relaxivity.


Results and Discussion


Design and synthesis of [Gd-5] and [Gd-8]: The Gd3+ com-
plex, ACHTUNGTRENNUNG[Gd-5] , was designed to detect b-galactosidase activity
through conversion of the MRI-silent agent into an activat-
ed MRI agent, ACHTUNGTRENNUNG[Gd-8] (Figure 1). The ACHTUNGTRENNUNG[Gd-5] is composed
of three moieties: 1) a masking group consisting of galacto-
pyranose; 2) an albumin-binding moiety, the biphenyl
group; 3) an MRI signal-generating moiety, which is a Gd3+


complex. This design relies upon enzymatic transformation
of a Gd3+ complex with poor albumin affinity and concomi-
tant low relaxivity into one with high albumin affinity and
high relaxivity. The biphenyl group was selected as the albu-
min binding group, because the biphenyl residue is known
to possess high albumin binding affinity.[4,13,19] A substrate
for b-galactosidase, galactopyranose, was used as a masking
group, affording extremely high hydrophilicity compared
with the hydrophobicity of the biphenyl group. Hydrolysis
of the galactopyranose moiety unblocks the hydrophobicity
of the biphenyl group, thereby increasing the albumin bind-
ing affinity. Thus, in ACHTUNGTRENNUNG[Gd-5] , a masking group that inhibits
albumin binding was expected to be removed by the enzy-
matic activity, to expose an albumin-binding group with high
affinity. The strong interaction of the Gd3+ complex with a
macromolecule such as albumin increases the r1 relaxivity
owing to the RIME phenomenon. The synthetic schemes for
the lanthanide complexes, ACHTUNGTRENNUNG[Gd-5] and ACHTUNGTRENNUNG[Gd-8] , and details of
the chemical characterization of compounds are provided in
the Supporting Information.
Longitudinal relaxation time T1 measurements of [Gd-5]


with b-galactosidase : The longitudinal relaxation times T1 of
ACHTUNGTRENNUNG[Gd-5] were measured in the presence of b-galactosidase or
heat-inactivated b-galactosidase with 4.5% w/v HSA in
phosphate-buffered saline (PBS; pH 7.4), at 20 MHz
(0.47 T), at 37 8C (Figure 2). The value of 1/T1 increased


from 3.5 to 5.5 s�1 between 0 and 250min in the presence of
b-galactosidase (113 nm), whereas the value of 1/T1 changed
only slightly from 3.8 to 4.0 s�1 between 0 and 250 min on
exposure to heat-inactivated b-galactosidase (113 nm). We
also assessed the ability of b-galactosidase to remove the
galactopyranose masking group from ACHTUNGTRENNUNG[Gd-5] by high-pres-
sure liquid chromatography (HPLC) analysis (Figure 3).


This HPLC analysis showed that the Gd3+ complexes, ACHTUNGTRENNUNG[Gd-
5] and ACHTUNGTRENNUNG[Gd-8] , had distinct retention times, and ACHTUNGTRENNUNG[Gd-5] was
converted into ACHTUNGTRENNUNG[Gd-8] in the presence of b-galactosidase
(113 nm), whereas essentially no change was observed upon
the addition of heat-inactivated b-galactosidase (113 nm).
The HPLC experiments confirmed the enzymatic processing
of ACHTUNGTRENNUNG[Gd-5] by the b-galactosidase. Thus, ACHTUNGTRENNUNG[Gd-5] exhibited a
b-galactosidase-induced RIME effect, accompanying the re-
moval of the galactopyranose residue of ACHTUNGTRENNUNG[Gd-5] .
The r1 relaxivity of Gd


3+ complexes, [Gd-5] and [Gd-8]:
The paramagnetic species, Gd3+ , acts as a catalyst to relax
bulk water protons by fast exchange of the coordinated


Figure 2. Time course of the b-galactosidase-induced (113 nm ; ~) and
heat-inactivated b-galactosidase-induced (113 nm ; &) changes in the value
of 1/T1 [s�1], of 0.5 mm ACHTUNGTRENNUNG[Gd-5] solution at 20 MHz, 37 8C in phosphate-
buffered saline (PBS; pH 7.4) with 4.5% w/v human serum albumin
(HSA).


Figure 3. Time course of the conversion of ACHTUNGTRENNUNG[Gd-5] to ACHTUNGTRENNUNG[Gd-8] ; the distribu-
tion of reaction species was quantified by HPLC analysis on the basis of
the absorbance at 300 nm. The Gd3+ complex, ACHTUNGTRENNUNG[Gd-5] (0.5 mm) was incu-
bated with: a) b-Galactosidase (113 nm) ( ACHTUNGTRENNUNG[Gd-5]: ~, ACHTUNGTRENNUNG[Gd-8]: &) or;
b) heat-inactivated b-galactosidase (113 nm) ( ACHTUNGTRENNUNG[Gd-5]: ~, ACHTUNGTRENNUNG[Gd-8]: &) at
pH 7.4, and 37 8C, in phosphate-buffered saline (PBS) in the presence of
4.5% w/v human serum albumin (HSA).
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water with bulk water (inner-sphere contribution). There is
also a relaxation increase provided by the Gd3+ ion to water
molecules which are diffusing close to the Gd3+ ion
(second-sphere and outer-sphere contributions). The ob-
served longitudinal relaxation rate (1/T1)obs of the solvent
water protons is known to depend on the concentration of
Gd3+ ions according to Equation (1) :


ð1=T1Þobs ¼ ð1=T1Þd þ r1½Gd� ð1Þ


where (1/T1)obs is the observed relaxation rate of water pro-
tons in the presence of Gd3+ , and (1/T1)d is the diamagnetic
relaxation rate of water protons in the absence of Gd3+ . The
longitudinal relaxivity value, r1, refers to the amount of in-
crease in 1/T1 s�1 per millimolar concentration of agent
(given as mm


�1 Gd), and [Gd] is the millimolar concentra-
tion of Gd3+ ions. Therefore, a plot of (1/T1)obs versus Gd3+


concentration would give the r1 relaxivity as the slope, and
the r1 relaxivity, normally expressed in units of mm


�1 sec�1,
reflects the ability of a Gd3+ complex to increase relaxation.
The water proton relaxivities, r1, of ACHTUNGTRENNUNG[Gd-5] and ACHTUNGTRENNUNG[Gd-8] were
determined at 20 MHz (0.47 T), at 25 or 37 8C, and are
shown in Table 1. In the absence of HSA, the r1 relaxivities


of ACHTUNGTRENNUNG[Gd-5] are higher than those of ACHTUNGTRENNUNG[Gd-8] at both 25 and
37 8C. However, in PBS with 4.5% w/v HSA at 25 8C, the r1


relaxivity of ACHTUNGTRENNUNG[Gd-8] is higher than that of ACHTUNGTRENNUNG[Gd-5] by 38% as
a consequence of a higher albumin binding affinity; at 37 8C,
where the exchange of Gd3+-bound water molecules is more
facile, the r1 relaxivity of ACHTUNGTRENNUNG[Gd-8] is higher than that of ACHTUNGTRENNUNG[Gd-
5] by 57%. From these results, it was considered that the in-
crease of the 1/T1 value of ACHTUNGTRENNUNG[Gd-5] in Figure 2 was a conse-
quence of enzymatic cleavage of the galactopyranose resi-
due of ACHTUNGTRENNUNG[Gd-5] by the b-galactosidase activity. Moreover, the
r1 relaxivity of ACHTUNGTRENNUNG[Gd-5] at 20 MHz showed similar values in
the absence and the presence of HSA, indicating that ACHTUNGTRENNUNG[Gd-
5] hardly interacts with HSA.
Albumin binding study : We investigated the noncovalent


interaction between ACHTUNGTRENNUNG[Gd-5] or ACHTUNGTRENNUNG[Gd-8] , and HSA. To demon-
strate the extent of relaxation enhancement, the E-titration
is shown in Figure 4.[2,11a] The longitudinal water proton re-
laxation times T1 of a 0.1 mm solution of ACHTUNGTRENNUNG[Gd-5] or ACHTUNGTRENNUNG[Gd-8]
in PBS with various concentrations of HSA (0–3.35 mm (0–
22.5% w/v)) were measured at 20 MHz (0.47 T), 37 8C. The
results were expressed in terms of the enhancement factor
e*, that is, the ratio of paramagnetic longitudinal relaxation


rates ((1/T1)para [s�1]) in the presence and the absence of
HSA were plotted versus increasing HSA concentration at a
constant concentration of ACHTUNGTRENNUNG[Gd-5] or ACHTUNGTRENNUNG[Gd-8] (0.1 mm)
[Eq. (2)] :


e* ¼ ð1=T1ÞAlb
obs�ð1=T1ÞAlb


dia


ð1=T1ÞPBS
obs �ð1=T1ÞPBS


dia


¼
ð1=T1ÞAlb


para


ð1=T1ÞPBS
para


ð2Þ


where the obs, para, and dia subscripts refer to the ob-
served, paramagnetic, and diamagnetic species, respectively,
and the Alb and PBS superscripts refer to “in PBS contain-
ing human serum albumin” and “in PBS”, respectively. The
longitudinal water proton relaxation times T1 of aqueous
solutions without Gd3+ complexes were measured as the di-
amagnetic contribution. The longitudinal relaxation rate (1/
T1 [s�1]) increase of ACHTUNGTRENNUNG[Gd-8] solutions in the presence of
HSA was much larger than that of ACHTUNGTRENNUNG[Gd-5] solutions, and did
not increase linearly with the concentration of HSA, sug-
gesting protein binding. There was a 1.9- or 4.5-fold increase
in the enhancement factor e* upon binding to HSA for ACHTUNGTRENNUNG[Gd-
5] or ACHTUNGTRENNUNG[Gd-8] , respectively. Small parts of these increases in
e* can be ascribed to the misleading apparent amount of
water molecules (ref. [4], p. 2342). For example, �3 mm


HSA solution contains more than 20% protein and hence
less than 80% water, because of the high molecular weight
of HSA. The molar concentration of 1 mmol Gd3+ in a liter
of 20% w/v HSA is written as 1 mm, but the actual molar
concentration would be 1.25 mm. However, the increase of
e* for ACHTUNGTRENNUNG[Gd-8] is sufficiently large even when this problem is
taken into consideration. Therefore, the enhancement factor
e* for ACHTUNGTRENNUNG[Gd-8] suggests a high affinity of ACHTUNGTRENNUNG[Gd-8] for the albu-
min, whereas the slight increase of e* for ACHTUNGTRENNUNG[Gd-5] can be in-
terpreted as indicating a weak interaction with the albumin.


Further, the binding interaction strengths of ACHTUNGTRENNUNG[Gd-5] and
ACHTUNGTRENNUNG[Gd-8] to HSA were calculated by using the above E-titra-
tion experimental data.[2,11b,c,20] The observed longitudinal
water proton relaxation rate, r1obs [s�1] is given by the sum of


Figure 4. E-titration data for ACHTUNGTRENNUNG[Gd-5] and ACHTUNGTRENNUNG[Gd-8] . e* versus [human serum
albumin (HSA)] in mm, at 37 8C, in phosphate-buffered saline (PBS,
pH 7.4) at 20 MHz, 0.47 T. Each solution contains various concentrations
of HSA (0–22.5% w/v (=0–3.35 mm) with 0.1 mm ACHTUNGTRENNUNG[Gd-5] (~) or ACHTUNGTRENNUNG[Gd-8]
(&).


Table 1. The r1 relaxivity [mm
�1 s�1] (20 MHz) in PBS with 4.5% HSA or


PBS.


Compound HSA[a] PBS[b]


25 8C 37 8C 25 8C 37 8C
ACHTUNGTRENNUNG[Gd-5] 6.34 6.06 5.80 5.35
ACHTUNGTRENNUNG[Gd-8] 8.76 9.51 4.11 3.87


[a] Human serum albumin (HSA) (4.5% w/v) in phosphate-buffered
saline (PBS; 137 mm NaCl, 8.10 mm Na2HPO4, 2.68 mm KCl, 1.47 mm


KH2PO4, pH 7.4). [b] PBS only.
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three contributions, r1p
F [mm


�1 s�1] , r1p
B [mm


�1 s�1], and r1dia


[s�1] :


r1obs�r1dia ¼ ðr1P
F½Gd� þ r1p


B½Gd-HSA�Þ 	 1000 ð3Þ


where r1p
F and r1p


B are the r1 relaxivity [mm
�1 s�1] of the


Gd3+ complex and of the paramagnetic macromolecular,
Gd3+ complex-HSA adduct, respectively, and r1dia [s�1], is
the diamagnetic contribution of the observed longitudinal
water proton relaxation rate r1obs [s�1] , at 20 MHz, 37 8C.
[Gd], in m, is the concentration of the Gd3+ complex, and
[Gd-HSA], in m, is the concentration of the Gd3+ complex-
HSA adduct. The determination of the binding parameter
nKA [m�1] (KA: association constant; n : number of inde-
pendent binding sites on the protein) for the equilibrium :


GdþHSAG
KA


HGd�HSA ð4Þ


is possible through the following equations :


KA ¼
½Gd�HSA�
½Gd� 
 ½n 
HSA� ð5Þ


By combining Equations (3) and (5) we obtain Equa-
tion (6), which allows the nonlinear fitting of the experimen-
tal data :


r1obs�rid ¼
�
rF 
 Bþ ðrB�rFÞ 	KAAþKABþ 1�


ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðKAAþKABþ 1Þ2�4KA


2AB
p


2KA


�
	 1000


ð6Þ


where A and B [both in m], are the total molar concentra-
tions of HSA and the Gd3+ complex, respectively. The fit-
ting of the experimental data into Equation (6) provided an
assessment of the binding strength, nKA [m�1], and the r1 re-
laxivity [mm


�1 s�1] , of the macromolecular adduct (r1
B


[mm
�1 s�1]) (see the Supporting Information). The interac-


tion strength of ACHTUNGTRENNUNG[Gd-8] with HSA was fairly strong (nKA =


7.0O102
m
�1) and the r1 relaxivity of the paramagnetic mac-


romolecular ACHTUNGTRENNUNG[Gd-8]-HSA adduct (r1
B) was 20 mm


�1 s�1, at
20 MHz and 37 8C, whereas the interaction of ACHTUNGTRENNUNG[Gd-5] with
HSA was rather weak (nKA<1.0O102


m
�1).


Further, we examined whether various other species of al-
bumins, such as, rat, bovine, and rabbit serum albumins,
could serve as host macromolecules for ACHTUNGTRENNUNG[Gd-8] , like HSA.
When ACHTUNGTRENNUNG[Gd-5] (0.1 mm) was incubated with b-galactosidase
(1.13 mm), at 37 8C, for 30 min, in PBS, with 4.5% w/v
human, rat, bovine, or rabbit serum albumin, all solutions
showed similar decreases of the longitudinal relaxation time
(T1) of water protons (see Supporting Information).
Time-resolved luminescence and UV/Vis absorption spec-


tra of [Tb-5] and [Tb-8]: The chemical properties of ACHTUNGTRENNUNG[Gd-5]
and ACHTUNGTRENNUNG[Gd-8] were further assessed by analyzing the lumines-
cence and chemical properties of the terbium trivalent ion
(Tb3+) complexes of chelator 5 and 8, ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8]
(Figure 5). Lanthanide complexes, in particular complexes
of Tb3+ and Eu3+ (the europium trivalent ion), have advan-


tageous spectroscopic characteristics, such as, long lumines-
cence lifetimes of the order of milliseconds, narrow emission
peaks, a large StokePs shift of >150 nm, and excellent water
solubility.[21] This extremely long luminescence lifetime of
lanthanide ions allows a time-resolved detection procedure
to be employed, because typical fluorescence lifetimes are
in the nanosecond region; that is, a delay time is set be-
tween the excitation pulse and the measurement of the lan-
thanide luminescence, during which the background fluores-
cence and scattered light decay to negligible levels.[22] There-
fore, time-resolved luminescence measurements offer a
better signal-to-noise ratio, and the lanthanide luminescence
has been exploited in a number of useful detection systems
for time-resolved assays in the fields of medicine, biotech-
nology, and biological science.[23] We prepared ACHTUNGTRENNUNG[Tb-5] and
ACHTUNGTRENNUNG[Tb-8] as homologues of ACHTUNGTRENNUNG[Gd-5] and ACHTUNGTRENNUNG[Gd-8] , because the
Tb3+ ion possesses the same charge as Gd3+ , as well as simi-
lar ionic radius and coordination chemistry to the Gd3+


ion.[24] The synthetic schemes for ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8] and de-
tails of the chemical characterization of compounds are pro-
vided in the Supporting Information. As regards the metal-
based luminescence properties, 25 mm aqueous solutions of
ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8] (in 100 mm HEPES buffer; pH 7.4) were
relatively brightly luminescent upon excitation at 254 nm
with a TLC plate reader lamp, and these emissions of ACHTUNGTRENNUNG[Tb-5]


and ACHTUNGTRENNUNG[Tb-8] were observed with
the naked eye (see Supporting
Information).


First, the UV/Vis absorption
spectrum of ACHTUNGTRENNUNG[Tb-5] (50 mm) and
ACHTUNGTRENNUNG[Tb-8] (50 mm) was measured in


100 mm HEPES buffer at pH 7.4, 25 8C. The absorption
spectra of ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8] were similar, that is, ACHTUNGTRENNUNG[Tb-5]
showed a lmax at 279 nm tailing out to 330 nm, and ACHTUNGTRENNUNG[Tb-8]
showed a lmax at 281 nm tailing to 330 nm (Figure 6a). These
absorption spectra can be mainly ascribed to the biphenyl
substituent, because the bands observed in Tb3+ absorption
spectra are usually very weak, that is, molar absorption coef-
ficients (e) of lanthanideACHTUNGTRENNUNG(III) ions are usually
<1 dm3mol�1 cm�1.[21] Second, the time-resolved lumines-
cence spectrum of ACHTUNGTRENNUNG[Tb-5] (50 mm) or ACHTUNGTRENNUNG[Tb-8] (50 mm) was
measured in 100 mm HEPES buffer (pH 7.4) upon excita-
tion of the biphenyl substituent (excitation at 280 nm) for
both ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8] . The time-resolved luminescence
spectra of ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8] , with a delay time of 50 ms, dis-
played four bands (490, 545, 586, and 622 nm), arising from
transitions from the emissive 5D4 state to the ground-state
manifolds, 7F6,


7F5,
7F4, and 7F3, respectively (Figure 6b).[21a,b]


On the basis of the above spectroscopic results, the biphenyl
substituent, which is the albumin-binding group, serves as a
sensitizing chromophore for Tb3+ in the luminescent Tb3+


complexes, ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8] .
The time-resolved luminescence spectra, with a delay


time of 50 msec, of ACHTUNGTRENNUNG[Tb-5] (50 mm) were measured in 100 mm


HEPES buffer at pH 7.4, 25 8C excited at the absorbance
maximum (lmax) wavelength of the biphenyl group (280 nm)
during the enzyme (b-galactosidase) reaction. Addition of b-
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galactosidase (113 nm) to an aqueous solution of ACHTUNGTRENNUNG[Tb-5] re-
sulted in a decrease in the luminescence of Tb3+ as shown
in Figure 6c. The luminescence intensity at 545 nm of the
ACHTUNGTRENNUNG[Tb-5] solution decreased by about 43% of the initial lumi-
nescence intensity when b-galactosidase was added. HPLC
monitoring of the conversion of ACHTUNGTRENNUNG[Tb-5] into ACHTUNGTRENNUNG[Tb-8] con-
firmed the removal of the galactopyranose residue of ACHTUNGTRENNUNG[Tb-5]
with a concomitant luminescence decrease (data not
shown). The kinetic parameters for the enzyme reaction of
ACHTUNGTRENNUNG[Tb-5] with b-galactosidase were determined by measuring
the luminescence change of ACHTUNGTRENNUNG[Tb-5] , because it is well known
that the linear relationship of the longitudinal relaxation


rates, 1/T1, of the water protons is valid only if the concen-
tration of the paramagnetic species, Gd3+ , is at the level of
mmol or submmol per kilogram of solvent (millimolality or
submillimolality),[2] whereas for the determination of the ki-


Figure 5. a) Structures of Tb3+ complexes, ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8] , and sche-
matic view of a chromophore incorporated into a terbium emitter. The
emission from Tb3+ after excitation of the sensitizing chromophore on
Tb3+ complexes, ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8] , is shown. b) The general chromo-
phore-to-terbium-ion sensitization process. Light absorption and lowest-
lying singlet excited state (S1) formation at the sensitizing chromophore
are followed by intersystem crossing (ISC), resulting in population of the
triplet excited state (T1) of the sensitizing chromophore. Subsequent
chromophore-to-Tb3+ energy transfer leads to a metal-centered emission,
which is derived from transitions from Tb3+-emitting states to the rele-
vant ground states.


Figure 6. Spectroscopic characteristics of solutions of ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8]
upon addition of b-galactosidase. a) Absorbance spectra of 50 mm aque-
ous solution (100 mm HEPES buffer, pH 7.4) of ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8] at
25 8C ( ACHTUNGTRENNUNG[Tb-5]: b, ACHTUNGTRENNUNG[Tb-8]: c). b) Time-resolved emission spectra (ex-
citation at 280 nm) of ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8] (50 mm) ( ACHTUNGTRENNUNG[Tb-5]: b, ACHTUNGTRENNUNG[Tb-8]:
c). These spectra were measured in 100 mm HEPES buffer at pH 7.4
and 25 8C by using a delay time of 50 ms and a gate time of 1.00 ms. The
bands arise from 5D4!7FJ transitions; the J values of the bands are la-
beled. c) Time-resolved emission spectra (excitation at 280 nm) of ACHTUNGTRENNUNG[Tb-5]
(50 mm) after the addition of b-galactosidase (113 nm) in 100 mm HEPES
buffer (pH 7.4) at 25 8C. Time-resolved emission spectra of ACHTUNGTRENNUNG[Tb-5] were
measured every 10 min (0�100 min) after the addition of b-galactosi-
dase.
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netic parameters, the b-galactosidase substrate concentration
should be in the range of several mm� several hundred mm.
Kinetic parameters Km and kcat were determined by direct
fitting of the initial velocity versus substrate concentration
data to the Michaelis–Menten equation (see Supporting In-
formation). The values of Km, kcat, and kcat/Km of ACHTUNGTRENNUNG[Tb-5] for
b-galactosidase were 81.6 mm, 2.7 s�1, and 33.1 mm


�1 s�1, re-
spectively. For reference, the values for o-nitrophenyl b-D-
galactoside (ONPG) and phenyl b-D-galactoside (PG) for b-
galactosidase have been reported to be Km =100 and 90 mm,
kcat =600 and 35 s�1, kcat/Km =6000 and 389 mm


�1 s�1, respec-
tively.[25] The reactivity of ACHTUNGTRENNUNG[Tb-5] for b-galactosidase is likely
to be sufficient for the detection of enzyme activity in bio-
logical systems, on the basis of the kinetic parameters of
ONPG and PG, and the experimental data from refs. [10a,b]
and [26]. The kcat/Km value of ACHTUNGTRENNUNG[Tb-5] is probably determined
by the structure of the biphenyl group which is the albumin
binding moiety,[27] so it should be possible to modulate the
kcat/Km value of ACHTUNGTRENNUNG[Tb-5] for b-galactosidase by modifying the
structure of the albumin binding moiety. Moreover, the re-
activity of ACHTUNGTRENNUNG[Tb-5] with b-galactosidase appears to be much
higher than that of the b-galactosidase-activated MRI probe
which was reported by Meade and co-workers.[10b]


Luminescence and chemical properties of [Tb-5] and [Tb-
8]: We further investigated in the luminescence and chemi-
cal properties of ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8] , and these properties are
summarized in Table 2. The luminescence quantum yields
(f) of ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8] were 0.4 and 0.2%, respectively,
under air-equilibrated conditions (Table 2). This result cor-
responds to the phenomenon of the luminescence intensity
decrease of ACHTUNGTRENNUNG[Tb-5] in the presence of b-galactosidase. These
luminescence quantum yields are relatively low, as com-
pared with those reported for highly luminescent lanthanide
complexes,[23f,g,k] but they are sufficiently large for lumines-
cence detection, as described above. Measurement of the
decay rate constants of the Tb3+ excited state for ACHTUNGTRENNUNG[Tb-5] and
ACHTUNGTRENNUNG[Tb-8] were carried out in both H2O and D2O. The lumines-
cence lifetimes of ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8] were found to be 0.77
and 0.23 ms in H2O (tH2O), and 1.03 and 0.43 ms in D2O
(tD2O), respectively (Table 2). The luminescence lifetime of
ACHTUNGTRENNUNG[Tb-8] which is shorter than that of ACHTUNGTRENNUNG[Tb-5] may cause the
difference of luminescence intensity between ACHTUNGTRENNUNG[Tb-5] and
ACHTUNGTRENNUNG[Tb-8] . These luminescence lifetimes also indicated that the


numbers of coordinated water molecules (q values) at the
metal center, Tb3+ , were 1.35 and 9.8 for ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8] ,
respectively (Table 2), according to Equation (7).[29a,b]


Number of water molecules :


qTb ¼ 5ð1=tH2O�1=tD2O�0:06Þ ð7Þ


The q value of ACHTUNGTRENNUNG[Tb-5] is reasonable, considering the ex-
perimental data of longitudinal relaxation time (T1) and
long-lived luminescence measurements in this paper, and in-
dicates that ACHTUNGTRENNUNG[Tb-5] has approximately one water molecule
coordinated to the chelated Tb3+ . Further, in general, the
lanthanide trivalent ion (Ln3+) (such as, Eu3+ , Gd3+ , Tb3+)
complexes of DTPA-monoamide or DTPA-bisamide deriva-
tives, which have a coordination number of eight for Ln3+ ,
have approximately one metal-bound water molecule.[4,21


a,23f, 30] However, the q value of ACHTUNGTRENNUNG[Tb-8] was extremely large,
9.8, showing inconsistency with other experimental data
herein, and therefore this calculated value seems not to re-
flect the number of water molecules coordinated to the cen-
tral metal ion, Tb3+ . Other factors could account for this ex-
tremely large q value of ACHTUNGTRENNUNG[Tb-8] , and the mechanism of this
abnormal feature of ACHTUNGTRENNUNG[Tb-8] is now under investigation.


Conclusion


The Gd3+ complex ACHTUNGTRENNUNG[Gd-5] is the first RIME-based b-galac-
tosidase-activated MRI contrast agent, and our design strat-
egy should be applicable to a range of new types of b-galac-
tosidase-activated MRI contrast agents, which may possess
novel chemical characteristics, such as, various reactivity
with b-galactosidase, specific biodistribution in living speci-
mens and cells, differing extent of r1 relaxivity change, and
so on. This bioactive MRI contrast agent ACHTUNGTRENNUNG[Gd-5] should be
useful for studies on the gene expression of lacZ in biologi-
cal systems.[1a,8,10]


Experimental Section


All reagents were purchased from Tokyo Kasei Kogyo Co. Ltd. (Japan),
Wako Pure Chemical Industries Ltd. (Japan), or Aldrich Chemical Co.
Inc. (St. Louis, MO), and were used directly without further purification.
All solvents were used after distillation. b-Galactosidase [EC 3.2.1.23]
Sigma cat G 6008 (Grade VI: From Escherichia coli), HSA (human
serum albumin, 97–99%) Sigma cat A 9511 (1Ocrystallized and lyophi-
lized), albumin from rat serum Sigma cat A 6272, BSA (bovine serum al-
bumin) Sigma cat A 7906 (minimum 98% electrophoresis), and albumin
from rabbit serum Sigma cat A 0764 (ca. 99% agarose gel electrophore-
sis) were purchased from Sigma. DulbeccoPs phosphate-buffered saline
(D-PBS(�)) Sigma cat 14190–136 was purchased from GIBCO, and was
used as phosphate-buffered saline (PBS). Silica gel column chromatogra-
phy was performed by using BW-300, and Chromatorex-ODS (both from
Fuji Silysia Chemical Ltd., Japan). Amberlite IR-120 Plus(H) was pur-
chased from ICN Biomedicals, Inc. (USA). Chelex 100 resin (100–200
mesh, sodium form) was purchased from Bio-Rad Laboratories (USA).


Instruments : 1H and 13C NMR spectra were recorded by using a JEOL
JNM-LA300 spectrometer. Mass spectra were measured by using a
JEOL-T100LC AccuTOF mass spectrometer (ESI+ and ESI�). HPLC


Table 2. Luminescence and chemical properties.


Compound f [%][a] tH2O [ms][b] tD2O [ms][c] q[d]


ACHTUNGTRENNUNG[Tb-5] 0.4 0.77 1.03 1.35
ACHTUNGTRENNUNG[Tb-8] 0.2 0.23 0.43 –[e]


[a] Quantum yields were calculated by using quinine sulfate (f =0.546 in
1n H2SO4)


[28] as a standard, and measured in 100 mm HEPES buffer;
pH 7.4. [b] In H2O-based buffer (100 mm HEPES buffer, pH 7.4). [c] In
D2O-based buffer (100 mm HEPES buffer, pD 7.4). [d] The q values were
estimated by using the equation qTb =5(1/tH2O�1/tD2O�0.06), which
allows for the contribution of unbound water molecules.[29a,b] [e] The che-
lated q value of ACHTUNGTRENNUNG[Tb-8] was extremely large (9.8), and this value seems
not to reflect the number of coordinated water molecules to the centered
metal ion, Tb3+ . Other factors may account for this extremely large q
value.
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purification was performed on a reversed-phase column, Inertsil Prep-
ODS 30 mmO250 mm (GL Sciences, Inc. (Tokyo, Japan)) fitted on a
Jasco PU-1587 system. Measurements of longitudinal water proton relax-
ation times (T1) were made by using an NMR analyzer operating at
20 MHz, 0.47 T (Minispec mq20, Bruker). Time-resolved luminescence
spectra were recorded by using a Perkin–Elmer LS-55 (Beaconsfield,
Buckinghamshire, England). UV/Vis spectra were obtained by using a
Shimadzu UV-1650PC (Tokyo, Japan). Normal fluorescence spectra were
measured by using a Hitachi F4500 spectrofluorometer (Tokyo, Japan).
Aqueous solutions of Tb3+ complexes illuminated at 254 nm were photo-
graphed by using a Handy UV lamp (Handy UV Lamp, SLUV-4, AS O-
NE Co., Japan) (see Supporting Information).


Relaxation-time measurements : The longitudinal water proton relaxation
times, T1, of aqueous solutions of the Gd3+ complex ACHTUNGTRENNUNG[Gd-5] or ACHTUNGTRENNUNG[Gd-8]
were measured in phosphate-buffered saline (PBS, DulbeccoPs phos-
phate-buffered saline, pH 7.4) or PBS with albumin at 20 MHz, 0.47 T
(Minispec mq20, Bruker). The values of T1 were measured from 10
points generated by using the standard inversion-recovery procedure.
The r1 relaxivity [mM�1 s�1] of ACHTUNGTRENNUNG[Gd-5] or ACHTUNGTRENNUNG[Gd-8] was determined from
the slope of the plot of 1/T1 versus [ ACHTUNGTRENNUNG[Gd-5]] or [ ACHTUNGTRENNUNG[Gd-8]] (0.25, 0.325, 0.4,
and 0.475 mM) in PBS or PBS with 4.5% w/v HSA at 25 8C or 37 8C.


HPLC analysis : The transformation of ACHTUNGTRENNUNG[Gd-5] or ACHTUNGTRENNUNG[Tb-5] to ACHTUNGTRENNUNG[Gd-8] or
ACHTUNGTRENNUNG[Tb-8] was monitored by using HPLC analysis. The HPLC analysis for
the transformation of ACHTUNGTRENNUNG[Gd-5] to ACHTUNGTRENNUNG[Gd-8] was performed on a reversed-
phase column (Inertsil ODS-3 4.6O250 mm (GL Sciences); eluent, a 20-
min linear gradient, from 0 to 80% solvent B (solvent A, 0.1 m triethy-
lammonium acetate (pH 6.5); solvent B, acetonitrile/H2O 4:1); flow rate,
1.0 mLmin�1; UV 300 nm). The retention times of ACHTUNGTRENNUNG[Gd-5] and ACHTUNGTRENNUNG[Gd-8]
under these conditions were 9.1 and 11.5 min, respectively. The HPLC
analysis to measure the transformation of ACHTUNGTRENNUNG[Tb-5] to ACHTUNGTRENNUNG[Tb-8] was per-
formed by using a reversed-phase column (Inertsil ODS-3 4.6O250 mm
(GL Sciences); eluent, a 70-min linear gradient, from 10 to 80% solvent
B (solvent A, 0.1 m triethylammonium acetate (pH 6.5); solvent B, aceto-
nitrile/H2O 4:1); flow rate, 1.0 mLmin�1; UV 280 nm). The retention
times of ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8] under these conditions were 7.7 and 14.9 min,
respectively.


T1 relaxation time measurements of [Gd-5] with b-galactosidase : The
longitudinal relaxation T1 times were measured for ACHTUNGTRENNUNG[Gd-5] in the pres-
ence of b-galactosidase (113 nm) or heat-inactivated b-galactosidase
(10 min at 80 8C) at 113 nm, with 4.5% w/v HSA in PBS (pH 7.4), at
20 MHz, 0.47 T, at 37 8C. The concentration of b-galactosidase was calcu-
lated based on a monomer of MW =116.3 kDa.[31] On HPLC analysis of
the reaction mixture, only two peaks of ACHTUNGTRENNUNG[Gd-5] and ACHTUNGTRENNUNG[Gd-8] were detected
at 300 nm.


Albumin binding study : The T1 relaxation times of ACHTUNGTRENNUNG[Gd-5] (0.1 mm) or
ACHTUNGTRENNUNG[Gd-8] (0.1 mm) were measured in PBS (pH 7.4) with various concentra-
tions of HSA (0, 0.335, 0.67, 1.005, 1.34, 1.675, 2.01, 2.345, 2.68, 3.015,
and 3.35 mm). The concentrations of HSA were determined on the basis
of 4.5% w/v= �0.67 mm.[4,11a]


Comparison of various species of serum albumins : The longitudinal
water proton relaxation times T1 of ACHTUNGTRENNUNG[Gd-5] or ACHTUNGTRENNUNG[Gd-8] were measured at
37 8C in PBS (pH 7.4) in the presence of 4.5% w/v serum albumin from
four different species (human, rat, bovine, and rabbit) in the presence or
absence of b-galactosidase (1.13 mm).


UV/Vis absorption spectral measurements : The absorption spectra of
ACHTUNGTRENNUNG[Tb-5] (50 mm) or ACHTUNGTRENNUNG[Tb-8] (50 mm) were measured at 25 8C in aqueous solu-
tion buffered to pH 7.4 (100 mm HEPES buffer).


Time-resolved luminescence spectral measurements : The time-resolved
luminescence spectra of ACHTUNGTRENNUNG[Tb-5] or ACHTUNGTRENNUNG[Tb-8] (50 mm, respectively) were mea-
sured in 100 mm HEPES buffer at pH 7.4, 25 8C (excitation at 280 nm for
ACHTUNGTRENNUNG[Tb-5] and ACHTUNGTRENNUNG[Tb-8] , respectively). The slit width was 10 nm for both exci-
tation and emission. A delay time of 50 ms and a gate time of 1.00 ms
were used.


Kinetic studies : Kinetic parameters Km and kcat were determined by
direct fitting of the initial velocity versus substrate ( ACHTUNGTRENNUNG[Tb-5]) concentration
data to the Michaelis–Menten equation as shown in the Supporting Infor-
mation. The initial velocities were determined by monitoring the de-


crease of the Tb3+ luminescence of ACHTUNGTRENNUNG[Tb-5] solutions at 37 8C in PBS
(pH 7.4) (excitation 280 nm, emission 545 nm) with a Hitachi F4500 spec-
trofluorometer, in the presence of b-galactosidase (151 nm) and various
concentrations of ACHTUNGTRENNUNG[Tb-5] (5, 10, 20, 40, 80, and 160 mm). The slit width
was 5 nm for both excitation and emission. The photomultiplier voltage
was 700 V.


Quantum yield measurements : The luminescence spectra were measured
with a Hitachi F4500 spectrofluorometer. The slit width was 2.5 nm for
both excitation and emission. The photomultiplier voltage was 700 V. The
luminescence spectra of ACHTUNGTRENNUNG[Tb-5] or ACHTUNGTRENNUNG[Tb-8] were measured in 100 mm


HEPES buffer at pH 7.4, 25 8C, with irradiation at 280 nm. The quantum
yields of Tb3+ complexes were evaluated by using a relative method with
reference to a luminescence standard, quinine sulfate (f =0.546 in 1 n


H2SO4).
[28] The quantum yields of Tb3+ complexes can be expressed by


Equation (9)[32] :


Fx=Fst ¼ ½Ast=Ax�½nx
2=nst


2�½Dx=Dst� ð8Þ


where F is the quantum yield (subscript “st” stands for the reference and
“x” for the sample), A is the absorbance at the excitation wavelength, n
is the refractive index, and D is the peak area (on an energy scale) of the
luminescence spectra. The samples and the reference were excited at the
same wavelength (280 nm). The sample and the reference absorbance at
the excitation wavelength were kept as low as possible to avoid fluores-
cence errors (Aexc<0.05).


Luminescence lifetime measurements : The luminescence lifetimes of the
Tb3+ complexes were recorded on a Perkin–Elmer LS-55 instrument.
The data were collected with a 10-msec resolution in H2O (100 mm


HEPES buffer at pH 7.4) and D2O (100 mm HEPES buffer at pD 7.4,
based on the equation pD=pH+0.40[33]) at 25 8C, and fitted to a single-
exponential curve obeying Equation (9) :


I ¼ I0 exp ð�t=tÞ ð9Þ


where I0 and I are the luminescence intensities at the time t=0 and time
t, respectively, and t is the luminescence emission lifetime. Lifetimes
were obtained by monitoring the emission intensity at 545 nm (excitation
at 280 nm).
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Introduction


The oxidation of amines to imines is of current and intense
interest owing to the importance of imines as versatile syn-
thetic intermediates. In particular, imines can act as electro-
philic reagents in a plethora of reactions, including reduc-
tions, additions, condensations, and cycloadditions.[1] In
recent years, considerable efforts have been directed to-
wards the development of new, mild, and general oxidation
procedures for the synthesis of imines from secondary
amines. Among such procedures, the stoichiometric method
using the hypervalent iodine reagent 2-iodoxybenzoic acid
(IBX) allowed the direct oxidation of diverse secondary
amines to the corresponding imines under mild conditions
and in excellent yields.[2] Likewise, metal-catalyzed oxidation
reactions were found to be efficient and widely applicable
methods for converting various secondary amines into


imines.[3] A noteworthy example is the biomimetic catalytic
aerobic oxidation of secondary amines involving ruthenium
amine complexes as key intermediates. This methodology,
which tolerates important substrate classes, affords both ke-
timines and aldimines in good yields and with high selectivi-
ty.[3c]


In contrast to the extensive work on secondary amines,
comparatively little attention has been devoted to the oxida-
tion of primary amines, probably because the corresponding
imines, in which a second a-amino hydrogen is available,
usually constitute intermediate products that are rapidly de-
hydrogenated to nitriles.[3b,4] Furthermore, when primary
amines are treated with IBX, the corresponding carbonyl
species is isolated, even with the application of short reac-
tion times, following hydrolysis of the initially formed imine
product in situ.[2] However, it has recently been reported
that a series of uracil-annulated heteroazulene derivatives,
as well as some related compounds, were able to catalyze
the oxidation of some primary amines to produce imines in
situ, by photo-irradiation under aerobic conditions, whereas,
except in the case of benzylamine, no reaction took place
under aerobic and thermal conditions.[5]


The general interest in amine oxidation chemistry has
also stimulated efforts to mimic the biological activities of
amine dehydrogenases/oxidases toward primary amines.[6] In
these systems, the amine is not dehydrogenated but reacts
with a carbonyl group of a quinone cofactor leading to a
Schiff-base intermediate, which is then hydrolyzed to the
corresponding aldehyde and aminophenol products. The
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latter is oxidatively recycled to the starting quinone cofactor
with the elimination of ammonia.[7] Although this is not in
itself a suitable path to mimic the generation of imines, in
the absence of water, the Schiff-base intermediate can un-
dergo a direct addition of the amine affording the N-alkyli-
denealkylamine condensation product instead of the alde-
hyde, together with the aminophenol product. Consequently,
several synthetic models of naturally occurring quinones
have been developed, and good catalytic efficiency has been
observed in the catalytic oxidation of benzylamine to N-ben-
zylidenebenzylamine in organic media under metal-free con-
ditions.[8] However, these model systems failed to oxidize
unactivated primary amines under the same experimental
conditions, with the exception of the metal ion complex of a
tryptophan tryptophylquinone model compound, which was
able to oxidize aliphatic amines in anhydrous organic media.
In contrast, no reaction took place in the absence of the
metal ion.[9]


A few years ago, we showed that electrogenerated o-aza-
quinone 1ox (Scheme 1) acted as an effective biomimetic cat-
alyst for the oxidation of benzylamine under metal-free con-


ditions, through the pyridoxal-like transamination process
reported for amine oxidase cofactors. The catalytic cycle
produced the reduced catalyst 1red and N-benzylidenebenzyl-
ACHTUNGTRENNUNGamine as the product of amine oxidation. Owing to its unsta-
ble nature, the presence in situ of N-benzylidenebenzyl-
ACHTUNGTRENNUNGamine as the amine oxidation product was evidenced after
subsequent electrochemical reduction of the exhaustively
oxidized solution.[10a] Further, we demonstrated that, in con-
trast to other existing amine oxidase mimics,[8] 1ox was also
active toward aliphatic amines in the absence of a metal ion.
An expedient investigation of the performance of this bio-
mimetic electrocatalytic system led to a preliminary commu-
nication.[10b]


Then, we decided to explore further the potential of the
biomimetic electrocatalytic system with two objectives. First,
the 1ox-mediated catalytic oxidation of primary amines al-
lowed the generation of unstable N-alkylidenealkylamines,
without any stoichiometric reagents, under environmentally
friendly conditions. These conditions are highly favorable
from a synthetic viewpoint, in particular for using the imine
in situ for further reactions. Second, from a biological point
of view, we thought that the design of small artificial cata-


lysts, that closely approach the activity and specificity of
amine oxidase enzymes, might provide important guidelines
for designing inhibitors capable of regulating human
enzyme activity. In this paper, we present a full account of
the biomimetic catalytic oxidation of primary amines to al-
kylimines. In particular, through variation of the structure of
the electrogenerated 3,4-azaquinone mediator, we disclose
the specific role of the 1-carbonyl substituent (COR) and
the 2-hydroxy group in facilitating operation of the catalytic
process.


Results and Discussion


Choice of the reaction conditions : First, we performed opti-
mization studies of the 2ox-mediated catalytic process using
3,3-dimethylbutylamine as the amine substrate (Table 1). Al-


though the catalytic efficiencies of 1ox and 2ox were equiva-
lent (entries 1 and 2, Table 2), 2ox was considered to be the
more attractive compound because the synthesis of the re-
duced form 2red required only two steps from commercially
available 2-nitroresorcinol, whereas four steps were involved
in the preparation of the previously used compound 1red.


[10b]


For preparative-scale controlled potential electrolysis
(c.p.e.), the utilization of a platinum grid as the anode,
methanol as the solvent, and tetraethylammonium hexa-
fluorophosphate (TEAHFP) as the supporting electrolyte
gave optimal results (entry 3, Table 1). The Pt anode was


Scheme 1. Oxidation of primary amines mediated by the electrogenerat-
ed biomimetic catalyst 1ox.


Table 1. Representative screening conditions for the catalytic oxidation
of 3,3-dimethylbutylamine.[a]


Entry Anode Solvent Supporting
electrolyte


Current
efficiency [%][b]


Yield[c] [%]


1 Hg MeOH TEAHFP 98 45
2 Carbon MeOH TEAHFP 90 40
3 Pt MeOH TEAHFP 100 46
4 Pt MeCN TEAHFP 78 32
5 Pt CH2Cl2 TEAHFP 40 16
6 Pt MeOH TEAP 98 46
7 Pt MeOH LiClO4 100 46
8 Pt MeOH TEAHFP 63 30
9 Pt MeOH TEAHFP 74 35
10 Pt MeOH TEAHFP 92 40


[a] Reagents: (2ox)=0.4 mm (entries 1–8), 0.2 mm (entries 9 and 10); (3,3-
dimethylbutylamine)=20 mm (entries 1–7 and 9), 40 mm (entry 8), 10 mm


(entry 10). [b] The electrolysis time was 7 h and the controlled anodic po-
tential was +600 mV vs SCE. [c] The N-alkylidenealkylamine was isolat-
ed by conversion to the corresponding 2,4-dinitrophenylhydrazone
(DNPH) by aqueous acidic work-up of the oxidized solution with 2,4-di-
nitrophenylhydrazine. TEAP: tetraethylammonium perchlorate;
TEAHFP: tetraethylammonium hexafluorophosphate; c.p.e.: controlled
potential electrolysis.
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more desirable from the point of view of green chemistry,
though an Hg anode could also be used without noticeable
change (entry 1, Table 1). MeCN (entry 4, Table 1) and
CH2Cl2 (entry 5, Table 1) proved not to be suitable solvents
for the catalytic oxidation of the amine, probably because
strong solvation of the o-azaquinone 2ox by methanol may
be required to enhance the electrophilicity of its quinonoid
moiety, thereby favoring the nucleophilic attack of the
amine. Among the supporting electrolytes tested, TEAHFP
was preferred over the others (entries 6 and 7, Table 1)
owing to the potential explosion risk associated with per-
chlorate anions. A combination of 5 mmol of 3,3-dimethyl-
butylamine with 0.1 mmol of 2red, which corresponds to
2 mol% of the catalyst 2ox, was found to be ideal for the re-
action.


Under the optimized conditions, the cyclic voltammogram
of compound 2red (0.4 mm) in deaerated MeOH showed an
oxidation peak, Pa, at +500 mV vs SCE, due to a two-elec-
tron process, the sweep rate being 0.1 Vs�1. The addition of
3,3-dimethylbutylamine (20 mm) had two effects: first, the
peak Pa was shifted to 0 mV vs SCE as a result of ionization
of the 4-hydroxy group; second, a slight increase in the
anodic peak intensity was noted, which suggested that 3,4-
azaquinone 2ox was protected from its subsequent polymeri-
zation reaction because it could act as a catalyst for the oxi-
dation of the amine. Similar effects have previously been
observed in relation to the catalytic activity of similar quino-
noid species.[11]


After determining the Pa potential by cyclic voltammetry,
controlled potential electrolysis was used as a preparative
method for isolation of the products resulting from the cata-
lytic oxidation of 3,3-dimethylbutylamine. When the control-
led potential of the Pt anode was fixed at +600 mV vs SCE,
the anodic current remained constant for a long time, and
the current efficiency obtained by electrolysis for 7 h was
100%, indicating that no side reaction took place under the
experimental conditions used (entry 3, Table 1). Note that a
high potential value was intentionally chosen, because of
the continuous shift of the peak Pa observed in the course
of the electrolysis to +500 mV vs SCE, when the amine con-
centration was no longer sufficient to ionize the 4-hydroxy
group of 2red. These results indicated that the 2red/2ox system
behaved as a redox mediator for the indirect electrochemi-
cal oxidation of 3,3-dimethylbutylamine to the correspond-
ing N-alkylidenealkylamine, according to the ionic transami-
nation mechanism previously reported.[10a] After exhaustive
controlled potential electrolysis, the unstable alkylimine was
isolated by converting it to the 2,4-dinitrophenylhydrazone
(DNPH) by aqueous acidic work-up of the oxidized solution
with 2,4-dinitrophenylhydrazine (see the Experimental Sec-
tion). Note that the yield could not exceed 50%, because
5 mmol of 3,3-dimethylbutylamine gave only 2.5 mmol of
the corresponding N-alkylidenealkylamine. Furthermore,
control studies indicated that the amount of N-alkylideneal-
kylamine produced either by simple autoxidation or by elec-
trochemical oxidation of 3,3-dimethylbutylamine in the ab-
sence of catalyst 2ox was negligible. Taken together, the re-
sults indicate that 2ox exhibited high catalytic efficiency in
the oxidation of this non-activated primary amine since the
yield of DNPH reached 46% (entry 3, Table 1). After ex-
haustive electrolysis, the catalyst 2ox was irreversibly con-
sumed, as corroborated by the anodic current, which re-
mained negligible upon further addition of the amine sub-
strate. This result was in agreement with the fact that lower-
ing the amount of catalyst 2ox from 2 mol% to 1 mol% de-
creased the current efficiency as well as the yield of DNPH
(entries 8 and 9, Table 1).


At this point, we suspected that the presence of both the
1-acetyl group and the 2-hydroxy substituent was of overrid-
ing importance for the catalytic efficiency of 2ox. In this con-
text, it may be noted that the 5-hydroxy proton of 2,4,5-tri-
hydroxyphenylalanine quinone (TPQ) and the 1-NH pyrrole
proton of pyrroloquinoline quinone were found to be pre-
requisites for the catalytic activity of these quinonoid cofac-
tors.[12] So, to evaluate the specific role of each substituent
in the course of the catalytic process, the autorecycling oxi-
dation of 3,3-dimethylbutylamine was examined using vari-
ously substituted o-azaquinone mediators.


Catalyst screening : Having established a reliable set of con-
ditions, we examined the catalytic efficiency of a variety of
electrogenerated 3,4-azaquinone species for the oxidation of
3,3-dimethylbutylamine. The results are summarized in
Table 2. High catalytic performance was observed with elec-
tron-poor o-azaquinone entities generated from substituted


Table 2. Choice of the electrocatalyst.[a]


Entry Reduced
catalyst


R R’ Current
efficiency


[%]


Yield[b]


[%]


1 1red OH COPh 100 46
2 2red OH COMe 100 46
3 3red OH COiBu 90 42
4 4red OH COC6H11 94 44
5 5red OH NO2 74 29
6 6red OH H 16 6
7 7red OH CO ACHTUNGTRENNUNG(4-F-C6H4) 100 46
8 8red OH CO(4-SO2Me-


C6H4)
98 44


9 9red OH CO(2,6-diMe-C6H3) 96 44
10 10red OH CO(2-MeO-C6H4) 100 46
11 11red OH CO(2-HO-C6H4) 20 7
12 12red H COPh –[c] 0
13 13red Me COPh –[c] 0


[a] Reagents and c.p.e. conditions: (1ox–13ox)=0.4 mm, (3,3-dimethylbutyl-
amine)=20 mm, MeOH, RT, Pt anode (E=++600 mV vs SCE), 7 h (en-
tries 1–11), 2 h (entries 12 and 13). [b] The N-alkylidenealkylamine was
isolated by conversion to the corresponding DNPH by aqueous acidic
work-up of the oxidized solution with 2,4-dinitrophenylhydrazine. [c] No
comparison can be made because no catalytic process developed in this
case.
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2-aminoresorcinol reduced catalysts 1red–4red bearing a car-
bonyl substituent (COR) at the 1-position, with high current
efficiencies (90–100%) and yields of DNPH ranging from
42 to 46% (entries 1–4, Table 2). Replacing COR by a nitro
group decreased the yield to 29% (entry 5, Table 2), where-
as anodic oxidation of 2-aminoresorcinol 6red generated a
poorly reactive o-azaquinone catalyst, which mainly decom-
posed to melanin-like polymers, giving only 6% of DNPH
(entry 6, Table 2). In the specific case of 2-aminoresorcinol
derivatives bearing a benzophenone framework 7red–11red


(entries 7–11, Table 2), we sought to modulate the electro-
philic properties of the 3,4-azaquinone catalyst by the at-
tachment of substituents to the 1-benzoyl moiety. Surprising-
ly, the yield of DNPH was good, regardless of the electronic
and/or steric effects of the substituents. In particular, the
presence of an electron-donating group (entry 10, Table 2)
did not interfere with the catalytic process, except when a
hydroxy group was introduced at the 2’-position (entry 11,
Table 2). In this case, the catalytic efficiency of 3,4-azaqui-
none 11ox decreased markedly, and only 7% of DNPH was
obtained. This outcome could be rationalized by X-ray crys-
tallographic analyses of the reduced catalysts 7red, 9red, and
11red, which showed the presence of a hydrogen bond be-
tween the 2-hydroxy substituent and the carbonyl group of
the benzophenone skeleton (Figure 1).[13] As a consequence,
the substituted phenyl group was twisted out of the plane,


thereby affecting the transmission of the substituent effects.
Similarly, a hydrogen bond could be expected for the 3,4-
azaquinone oxidized form, which would produce the same
effects. In the case of compound 11red (entry 11, Table 2), a
second hydrogen bond was evidenced between the 2’-hy-
droxy substituent and the carbonyl group of the benzophe-
none framework (Figure 1(c)). Although the strengths of
these two hydrogen bonds were almost the same, it could be
expected that, in solution, the carbonyl group of the benzo-
phenone skeleton of the oxidized form 11ox would bind pref-
erentially to the 2’-phenolic group rather than to the more
acidic 2-phenolic substituent of the o-azaquinone moiety.


Entries 12 and 13 in Table 2 deserve special note because
the electrochemical oxidation of 3,4-aminophenol deriva-
tives 12red and 13red, which lack the 2-hydroxy substituent,
generated 3,4-azaquinone species 12ox and 13ox that were
devoid of catalytic efficiency toward the oxidation of 3,3-di-
methylbutylamine. Under the aforementioned conditions,
the cyclic voltammogram of compound 12red showed an oxi-
dation peak, Pa, due to a two-electron process at +200 mV
vs SCE, the sweep rate being 0.1 Vs�1, indicating that the
3,4-aminophenol derivative 12red was less easily oxidized
than the corresponding 2-aminoresorcinol derivative 1red.


When the controlled potential of the Pt anode was fixed
at +600 mV vs SCE, a potential at which 12red could be oxi-
dized to the 3,4-azaquinone form 12ox, a decrease in anodic
electrolysis current was observed immediately while the so-
lution became brown. At the end of the electrolysis, four
electrons had been transferred per molecule of 12red. These
results indicated that the electrogenerated 3,4-azaquinone
12ox did not act as a catalyst, but rather reacted with the
amine to yield a Michael adduct, which, after a subsequent
two-electron oxidation reaction, spontaneously decomposed
to melanin-like polymers. To confirm the ability of the 2-
substituent to prevent competing formation of the Michael
adduct, 3,4-aminophenol 13red, bearing a 2-methyl group,
was used as the reduced catalyst (entry 13, Table 2). When
subjected to the same experimental conditions, the produced
3,4-azaquinone 13ox also failed to catalyze the oxidation of
3,3-dimethylbutylamine to the corresponding N-alkylide-
nealkylamine. It was thus concluded that the presence of the
2-hydroxy substituent was an essential requirement for suc-
cessful operation of the catalytic process. The precise role of
the 2-hydroxy group in converting a catalytically inert o-aza-
quinone species into a highly effective biomimetic catalyst
will be disclosed below.


In view of the high catalytic efficiency of o-azaquinone 2ox


in the oxidation of 3,3-dimethylbutylamine and the facile
synthesis of its precursor 2red (only two steps), the synthetic
potential of this biomimetic electrocatalytic system was sub-
sequently explored through variation of the amine substrate.


Catalytic oxidation of various amines using o-azaquinone
2ox : Results relating to the oxidation of representative
amines, under conditions optimized for 3,3-dimethylbutyl-
ACHTUNGTRENNUNGamine, are reported in Table 3. As expected, the 2ox-mediat-
ed oxidation of activated benzylamine gave the correspond-


Figure 1. ORTEP views of 2-aminoresorcinol reduced catalysts: a) 7red,
b) 9red, and c) 11red. Displacement ellipsoids are drawn at the 30% proba-
bility level.[13]
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ing N-benzylidenebenzylamine in quantitative yield since
the current efficiency and the yield of DNPH reached 100%
and 50%, respectively (entry 1, Table 3).


Non-activated aliphatic primary amines also proved to be
good substrates for the catalyst 2ox (entries 2–6, Table 3),
with isolated yields of DNPH ranging from 38 to 46% (1900
to 2300% relative to the mediator). In the specific cases of
isopentylamine (entry 3, Table 3) and ethanolamine (entry 7,
Table 3), the yields (25% and 26%) were lower than those
expected on the basis of the high current efficiencies as a
result of partial conversion of the unstable N-alkylideneal-
kylamines into volatile aldehydes on the time scale of
anodic electrolysis. Interestingly, the presence of the alcohol
group did not interfere with amine oxidation, indicating a
high degree of functional group tolerance (entry 7, Table 3).
3,4-Azaquinone 2ox was less effective in oxidizing more hy-
drophobic longer-chain amines such as phenylpropylamine
or hexylamine, as shown by the lower current efficiencies
obtained (entries 8 and 9, Table 3) and by the yields of
DNPH, which were roughly halved. Extended reaction


times did not improve the yields of DNPH, but rather led to
the generation of a second product identified as the osazone
(1,2-bis-DNPH), as previously observed with o-azaquinone
catalyst 1ox generated from 2-aminoresorcinol derivative
1red.


[10b] Further investigations would be necessary to ration-
alize the formation of the osazone, which seems to be fa-
vored when the starting amine is not sterically encumbered
by b- or g-branching. Interestingly, as for the copper amine
oxidase enzymes, a-branched amines (entries 10 and 11,
Table 3) were found to be inferior substrates for the bio-
mimetic electrocatalyst 2ox (compare, for example, entry 1
with entry 10), whereas secondary amines (entries 12 and 13,
Table 3) were not reactive at all.


Mechanistic considerations : The above reported results indi-
cate that high catalytic performance, together with high che-
moselectivity, were observed with electron-poor o-azaqui-
none catalysts generated from 2-aminoresorcinol derivatives.
The question then arose as to the exact role of the 1-acetyl
and 2-hydroxy groups in converting a catalytically inert 3,4-
azaquinone species into a highly effective electrocatalyst.
For this purpose, we thoroughly re-examined the ionic trans-
amination mechanism that we reported previously
(Scheme 2).[10]


Obviously, the presence of the 1-acetyl group (or another
electron-withdrawing group) not only favors attack of the
amine at the 3-position of the electrogenerated 3,4-azaqui-
none species (step 2, Scheme 2), but also facilitates a-proton
abstraction and the subsequent electron flow from the a-
carbon to the o-azaquinone moiety, which aromatizes to the
Schiff base 2’ox (step 3, Scheme 2). Accordingly, 3,4-azaqui-
none 6ox, which is devoid of an electron-withdrawing group
at C-1, as well as 11ox, in which the electron-withdrawing
effect exerted by the carbonyl group of the benzophenone
skeleton is attenuated because of the conjugation of this
group with the 2’-hydroxyphenyl group, were found to be
poor catalysts for the oxidation of amines, promoting in-
stead the competitive polymerization reaction.


Table 3. Chemoselective oxidation of primary aliphatic amines mediated
by the biomimetic electrocatalyst 2ox.


[a]


Entry Amine
substrate


Current
efficiency [%]


Yield [%][b]


A B


1 100 50 2500


2 100 46 2300


3 90 25[c] 1250


4 98 40 2000


5 98 42 2100


6 82 38 1900


7 92 26[c] 1300


8 60 22 1100


9 64 20 1000


10 54 25 1250


11 24 7 350


12 –[d] 0 0


13 –[d] 0 0


[a] Reagents and c.p.e. conditions: (2ox)=0.4 mm, (amine substrate)=


20 mm, MeOH, RT, Pt anode (E=++600 mV vs SCE), 7 h (entries 1–11),
2 h (entries 12 and 13). [b] The N-alkylidenealkylamine was isolated by
conversion to the corresponding DNPH by aqueous acidic work-up of
the oxidized solution with 2,4-dinitrophenylhydrazine; yields relative to
the amine substrate (A) and to the mediator (B). [c] The yield of DNPH
was lower than that expected from the current efficiency as a result of
partial conversion of the unstable alkylimine into volatile aldehyde on
the time scale of anodic electrolysis. [d] No comparison can be made be-
cause no catalytic process developed in this case.


Scheme 2. Role of the 2-hydroxy group in the ionic transamination mech-
anism.
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Even more crucially, the presence of the 2-hydroxy group
proved to be an essential requirement for the successful op-
eration of the catalytic process. In fact, the activation of the
imine function for further nucleophilic attack by the amine,
leading to the extrusion of N-alkylidenealkylamine (step 4,
Scheme 2), is provided by an intramolecular hydrogen bond
between the 2-hydroxy group and the imine nitrogen, gener-
ating the highly reactive cyclic transition state 2’ox. This acti-
vated nucleophilic attack of amine, which leads to an aminal
intermediate (see Scheme 2 in ref. [10b]), would constitute a
driving force for the overall transamination mechanism,
thereby preventing any competitive Michael addition reac-
tion. Similar effects of a 2-phenolic hydroxy group on the re-
activity of ketimine derivatives have recently been reported
in the literature.[14] Note that the activation of the imine
function through intramolecular hydrogen bonding also sup-
ports the preference for the use of methanol over MeCN
and CH2Cl2 as the solvent.


Synthetic applications : The biomimetic catalytic oxidation
of primary aliphatic amines reported here produced chemi-
cally inaccessible alkylimines from amines, without any stoi-
chiometric reagents, under environmentally friendly condi-
tions. These conditions are particularly favorable for using
the imine in situ for further reactions. To this end, we have
recently shown that the tautomeric enamine form of the N-
alkylidenealkylamine generated by the catalytic oxidation of
an R1R2CHCH2NH2 amine (alone or in the presence of a
second amine, R3-NH2), could be efficiently deployed, under
well-defined conditions, as the dienophile in an inverse-elec-
tron-demand Diels–Alder (IEDDA) reaction with an o-aza-
quinone catalyst acting as the heterodiene (Scheme 3).[15]


This cascade reaction, for which both cycloaddition partners
were generated in situ at room temperature under metal-
free conditions, allowed the one-pot regiospecific synthesis
of highly functionalized 2-alkylamino-1,4-benzoxazine deriv-
atives, which proved to be potent neuroprotective agents
both in vitro and in vivo.[15c]


Conclusion


New insights into the scope and mechanism of the biomim-
etic catalytic oxidation of primary aliphatic amines to alkyli-
mines under metal-free conditions have been obtained


through variation of the structure of the o-azaquinone redox
mediator. High catalytic performance has been observed
with electron-poor o-azaquinone catalysts electrogenerated
from 2-aminoresorcinol derivatives, whereas o-azaquinone
species electrogenerated from 3,4-aminophenol derivatives
lacking the 2-hydroxy group proved to be devoid of any cat-
alytic efficiency. Given the facile synthesis of its precursor
2red (only two steps) and its high catalytic efficiency, 3,4-aza-
quinone 2ox, bearing 1-acetyl and 2-hydroxy substituents, is
considered to be the most promising biomimetic electrocata-
lyst of the studied series. Accordingly, 2ox exhibited the
same substrate specificity as copper amine oxidase enzymes,
that is, poor reactivity with a-branched amines and no reac-
tivity toward secondary amines. Finally, our biomimetic elec-
trocatalytic system displayed two features that are most
often associated with enzymatic systems. First, the reaction
was enhanced through the participation of 1-acetyl and 2-hy-
droxy substituents, as they prevented the competing forma-
tion of Michael adducts. Second, the presence of the active
2-hydroxy group (analogous to the 5-hydroxy group of
TPQ),[12a] which is engaged in an intramolecular hydrogen
bond with the imine nitrogen to form a highly reactive
Schiff-base cyclic transition state, proved to be an essential
requirement for successful operation of the catalytic process.


Experimental Section


General considerations : 1H NMR spectra were recorded on a Bruker
AC-300 spectrometer operating at 300 MHz. Chemical shifts, d, are given
in ppm relative to TMS; coupling constants, J, are given in hertz. The
measurements were carried out using standard pulse sequences. Chemi-
cals were commercial products of the highest available purity and were
used as supplied. Reduced catalyst 1red was synthesized in four steps from
commercially available 2-nitroresorcinol,[16] while only two steps were re-
quired for the synthesis of reduced catalysts 2red–4red, 7red, and 10red using
the same starting material (see the supporting information of ref. [15d]).
The synthesis of the reduced catalysts 8red, 9red, and 13red is also described
in ref. [15d]. Reduced catalysts 5red, 6red, and 12red were synthesized ac-
cording to previously reported procedures.[17] Reduced catalyst 11red was
synthesized by demethylation of compound 10red by heating at 50 8C for
1.5 h with 6 equiv of AlCl3 in dry toluene according to a standard proto-
col.[16]


(3-Amino-2,4-dihydroxyphenyl)(2’-hydroxyphenyl)methanone (11red):
Yellow solid (71 mg; 50%); m.p. 176 8C (petroleum ether/diethyl ether);
1H NMR (300 MHz,[D6]DMSO, 25 8C, TMS): d=12.50 (br s, 1H), 9.86
(br s, 1H), 7.33 (t, J=7.5 Hz, 1H), 7.18 (dd, J=7.5, 1.5 Hz, 1H), 6.92 (m,
2H), 6.55 (d, J=8.5, 1H), 6.31 ppm (d, J=8.5 Hz, 1H).


X-ray analysis : A small plate of dimensions 0.25N0.20N0.075 mm was
used. Empirical formula C13H11NO4, M=245.23, T=293 K; monoclinic
system, space group P21/a, Z=4, a=7.712(5), b=7.712(6), c=


19.472(8) O, b=100.82(4)8, V=1137.5(12) O3, 1calcd=1.432 gcm�3, F-
ACHTUNGTRENNUNG(000)=512, m =0.108 mm�1, l ACHTUNGTRENNUNG(MoKa)=0.71073 O. A total of 8492 reflec-
tions was measured with a Nonius Kappa-CCD diffractometer, of which
2073 were unique. Refinement of 178 parameters against F2 led to
R1(F)=0.0475 calculated from 1367 observed reflections as I>2s(I), and
wR2(F


2)=0.1228 considering all 2073 data. Goodness of fit=1.048.


X-ray crystallographic analysis of 7red : A small yellow plate of dimensions
0.50N0.50N0.025 mm, crystallized from a mixture of petroleum ether/di-
ethyl ether, was used. Empirical formula C13H10FNO3, M=247.22, T=


293 K; monoclinic system, space group P21/a, Z=4, a=8.233(4), b=


7.179(3), c=19.442(8) O, b =91.76(2)8, V=1148.6(9) O3, 1calcd=


Scheme 3. 3,4-Azaquinone-mediated cascade reaction affording highly
functionalized 1,4-benzoxazine derivatives.
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1.430 gcm�3, F ACHTUNGTRENNUNG(000)=512, m=0.113 mm�1, l ACHTUNGTRENNUNG(MoKa)=0.71073 O. 12461
intensity data were measured with a Nonius Kappa-CCD diffractometer
giving 4725 monoclinic reflections, of which 2617 were unique. Refine-
ment of 176 parameters against F2 led to R1(F)=0.0448 calculated from
1698 observed reflections as I>2s(I), and wR2(F


2)=0.1255 considering
all 2617 data. Goodness of fit=1.047.


X-ray crystallographic analysis of 9red : A small orange prismatic crystal of
dimensions 0.50N0.35N0.20 mm, crystallized from a mixture of petrole-
um ether/diethyl ether, was used. Empirical formula C15H15NO3, M=


257.28, T=293 K; orthorhombic system, space group P212121, Z=4, a=


9.256(3), b=11.940(4), c=12.006(4) O, b =908, V=1326.9 O3, 1calcd=


1.288 gcm�3, F ACHTUNGTRENNUNG(000)=544, m=0.090 mm�1, l ACHTUNGTRENNUNG(MoKa)=0.71073 O. A total
of 11236 reflections was measured with a Nonius Kappa-CCD diffrac-
tometer, of which 3027 were unique. Refinement of 187 parameters
against F2 led to R1(F)=0.0425 calculated from 2440 observed reflections
as I>2s(I), and wR2(F


2)=0.1156 considering all 3027 data. Goodness of
fit=1.044.


CCDC 649690 (11red), 649691 (7red), and 649692 (9red) contain the supple-
mentary crystallographic data for this paper. These data can be obtained
free of charge from The Cambridge Crystallographic Data Centre via
www.ccdc.cam.ac.uk/data_request/cif.


Electrochemistry : Cyclic voltammetry measurements were made with a
Radiometer-Tacussel PRG 5 multipurpose polarograph, which was used
only as a rapid-response potentiostat. Triangular waveforms were sup-
plied by a Tacussel GSTP 4 function generator. Current–potential curves
were recorded with a Schlumberger SI 8312 instrument. The cell was a
Radiometer-Tacussel CPRA water-jacketed cell operating at a tempera-
ture of 25 8C. The working electrode was a platinum disk, which was care-
fully polished with an aqueous suspension of alumina before acquiring
each voltammogram. The counter electrode was a Tacussel Pt 11 plati-
num electrode. The reference electrode, to which all quoted potentials
are referred, was an aqueous saturated calomel electrode (SCE), which
was isolated from the bulk solution in a glass tube by a fine-porosity frit.


General procedure for the o-azaquinone-mediated autorecycling oxida-
tion of amines : Controlled-potential electrolysis was carried out in a cy-
lindrical, three-electrode divided cell (9 cm diameter), using an electronic
potentiostat. In the main compartment, a platinum grid (60 cm2 area)
served as the anode (working electrode). A platinum sheet was placed in
the concentric cathodic compartment (counter electrode), which was sep-
arated from the main compartment by a glass frit. The SCE was as de-
scribed above. The electrolyte solution (0.02 molL�1 tetraethylammoni-
um hexafluorophosphate in methanol) was poured into the anodic and
cathodic compartments, as well as into the glass tube that contained the
SCE. Reduced catalyst (0.1 mmol) and an excess of primary aliphatic
amine (5 mmol) were then added to the solution in the main compart-
ment (250 mL), and the resulting solution was oxidized under nitrogen at
room temperature at +600 mV vs SCE (initial current 30–40 mA). After
exhaustive electrolysis, that is, when a negligible current was recorded
(0.5–1.0 mA), the solution was worked-up by the addition of 2,4-dinitro-
phenylhydrazine reagent (2.5 mmol in 5 mL of H2SO4, 15 mL of EtOH,
and 5 mL of water),[18] the stoichiometry reflecting the fact that 5 mmol
of the primary amine gave only 2.5 mmol of the N-alkylidenealkylamine.
After 1 h, the resulting solution was concentrated to a volume of 40 mL.
The solid was collected by filtration, washed with water, and dried in a
vacuum desiccator. The identity and purity of the 2,4-dinitrophenylhydra-
zone (DNPH) was confirmed by TLC and 1H NMR, after comparison
with an authentic sample.
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Introduction


The activation and functionalisation of alkanes by transition
metal complexes using homogeneous processes is an impor-
tant area of research given the enormous synthetic value at-
tached with changing C�H bonds into synthetically useful


functional groups.[1–4] Alkane dehydrogenation by late tran-
sition-metal complexes represents one of the key areas of
this effort as it allows alkanes to be converted into alkenes,
an important chemical feedstock (Scheme 1).[5–8]


The majority of examples of alkane dehydrogenation re-
quire an acceptor (alkene) to, in effect, partake in a transfer
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Abstract: [Rh ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PCyp3)2] ACHTUNGTRENNUNG[BArF4]
(1) [nbd = norbornadiene, ArF =


C6H3ACHTUNGTRENNUNG(CF3)2, PCyp3 = tris(cyclopentyl-
phosphine)] spontaneously undergoes
dehydrogenation of each PCyp3 ligand
in CH2Cl2 solution to form an equilibri-
um mixture of cis-[Rh ACHTUNGTRENNUNG{PCyp2ACHTUNGTRENNUNG(h


2-
C5H7)}2] ACHTUNGTRENNUNG[BArF4] (2a) and trans-[Rh-
ACHTUNGTRENNUNG{PCyp2ACHTUNGTRENNUNG(h


2-C5H7)}2] ACHTUNGTRENNUNG[BArF4] (2b), which
have hybrid phosphine–alkene ligands.
In this reaction nbd acts as a sequential
acceptor of hydrogen to eventually
give norbornane. Complex 2b is dis-
torted in the solid-state away from
square planar. DFT calculations have
been used to rationalise this distortion.
Addition of H2 to 2a/b hydrogenates
the phosphine–alkene ligand and forms
the bisdihydrogen/dihydride complex
[Rh ACHTUNGTRENNUNG(PCyp3)2(H)2ACHTUNGTRENNUNG(h


2-H2)2]ACHTUNGTRENNUNG[BArF4] (5)
which has been identified spectroscopi-


cally. Addition of the hydrogen accept-
or tert-butylethene (tbe) to 5 eventually
regenerates 2a/b, passing through an
intermediate which has undergone de-
hydrogenation of only one PCyp3


ligand, which can be trapped by addi-
tion of MeCN to form trans-[Rh-
ACHTUNGTRENNUNG{PCyp2ACHTUNGTRENNUNG(h


2-C5H7)} ACHTUNGTRENNUNG(PCyp3) ACHTUNGTRENNUNG(NCMe)]-
ACHTUNGTRENNUNG[BArF4] (6). Dehydrogenation of a
PCyp3 ligand also occurs on addition of
Na ACHTUNGTRENNUNG[BArF4] to [RhCl ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PCyp3)] in
presence of arene (benzene, fluoroben-
zene) to give [Rh ACHTUNGTRENNUNG(h6-C6H5X) ACHTUNGTRENNUNG{PCyp2 ACHTUNGTRENNUNG(h


2-
C5H7)}] ACHTUNGTRENNUNG[BArF4] (7: X = F, 8 : X = H).
The related complex [Rh ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG{PCyp2-
ACHTUNGTRENNUNG(h2-C5H7)}]ACHTUNGTRENNUNG[BArF4] 9 is also reported.


Rapid (�5 minutes) acceptorless dehy-
drogenation occurs on treatment of
[RhCl ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(PCyp3)] with Na ACHTUNGTRENNUNG[BArF4]
to give [RhACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG{PCyp2ACHTUNGTRENNUNG(h


2-C5H7)}]-
ACHTUNGTRENNUNG[BArF4] (10), which reacts with H2 to
afford the dihydride/dihydrogen com-
plex [Rh ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(PCyp3)(H)2ACHTUNGTRENNUNG(h


2-H2)]-
ACHTUNGTRENNUNG[BArF4] (11). Competition experiments
using the new mixed alkyl phosphine
ligand PCy2ACHTUNGTRENNUNG(Cyp) show that [RhCl-
ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG{PCy2 ACHTUNGTRENNUNG(Cyp)}] undergoes dehydro-
genation exclusively at the cyclopentyl
group to give [Rh ACHTUNGTRENNUNG(h6-C6H5X)ACHTUNGTRENNUNG{PCy2ACHTUNGTRENNUNG(h


2-
C5H7)}]ACHTUNGTRENNUNG[BArF4] (17: X = F, 18 : X =


H). The underlying reasons behind this
preference have been probed using
DFT calculations. All the complexes
have been characterised by multinu-
clear NMR spectroscopy, and for 2a/b,
4, 6, 7, 8, 9 and 17 also by single crystal
X-ray diffraction.


Keywords: C�H activation ·
hydrides · hydrogenation ·
phosphines · rhodium
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hydrogenation; although where a metal alkyl is present
elimination of alkane can also act as a driving force for the
reaction. Examples of intramolecular dehydrogenation from
alkyl phosphines[9–12] (e.g. I,[13,14] II,[15,16] III[17, 18]) and betadi-
ketimates (IV[19–21]) are well-established; and other coordi-
nated ligands, such as ethers,[22] alkoxides,[23] N-heterocyclic


carbenes[24] and functionalised cyclopentadienyls[25] also un-
dergo dehydrogenation. The intramolecular dehydrogena-
tion of alkyl groups can also result in the addition of useful
double-bond functionality that can be utilised for further
elaborations in a synthetic scheme.[26,27]


One of our groups has recently communicated the intra-
molecular dehydrogenation of a cyclopentyl ring in tris(cy-
clopentylphosphine) (PCyp3) to give V, by treatment of [Rh-
ACHTUNGTRENNUNG(nbd)Cl ACHTUNGTRENNUNG(PCyp)3] with Na ACHTUNGTRENNUNG[BArF4] (as a halide abstracting re-
agent, nbd=norbornadiene, ArF=C6H3ACHTUNGTRENNUNG(CF3)2), with nbd
acting as an acceptor of hydrogen from the cyclopentyl
group.[28] When this reaction is performed in fluorobenzene
or toluene the solvent coordinates (e.g., V), but when per-
formed in weakly coordinating CH2Cl2 the [BArF4]


� anion
complexes with the metal centre instead, through one of its
arene rings.[29] Starting from [RhACHTUNGTRENNUNG(dppe)Cl ACHTUNGTRENNUNG(PCyp)3] this dehy-
drogenation reaction can be acceptorless, and also occurs at
room temperature in less than five minutes.[28] Dehydrogen-
ation of PCyp3 on neutral ruthenium centres has also been
very recently reported by Sabo-Etienne and Grellier by
treatment of [RuACHTUNGTRENNUNG(PCyp3)2(H)2ACHTUNGTRENNUNG(h


2-H2)2] with ethene.[30] This
results in a double dehydrogenation to give VI, with the net


loss of ten hydrogen atoms. Ours and Sabo-EtienneMs obser-
vations clearly point to PCyp3 being particularly well-set up
for intramolecular alkyl phosphine dehydrogenation. More-
over, these transformations result in the concise generation
of mixed phosphine/alkene ligands—a class of ligand that is
currently attracting considerable interest in catalysis.[31, 32]


We report here, in full, our studies on the dehydrogenation
chemistry of complexes containing one or two PCyp3 li-
gands, including comparisons with tris(cyclohexylphosphine)
ligands (PCy3) and computational studies that shed light on
mechanistic pathways, energies and the bonding in these
complexes. As far as we are aware, prior to these recent
studies, C�H activation in cyclopentylphosphine complexes
has only been reported briefly before.[33,34] Of particular


relevance to this paper are the
extensive studies by GrOtz-
macher on Group 9 metal com-
plexes with chelating phos-
phine–alkene ligands derived
from dibenzotropylidene phos-
phines such as diphenylphospa-
nyldibenzocycloheptane
(troppPh) (e.g. III, see above,
R=Ph).[17,18,35–41] Aspects of the
work reported here have been
communicated previously.[28]


Results and Discussion


Bis-PCyp3 Complexes: The
tris(cyclopentylphosphine) com-
plex [Rh ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PCyp3)2]ACHTUNGTRENNUNG[BArF4]
(1) is prepared by addition of
PCyp3 to [RhACHTUNGTRENNUNG(nbd)Cl]2 using


Na ACHTUNGTRENNUNG[BArF4] as a halide abstracting reagent in a biphasic
CH2Cl2/H2O solvent system. Although 1 can be isolated in
analytically-pure form by low temperature recrystallisation,
it is not stable in solution, unlike its tris(cyclohexylphos-
phine) (PCy3) or tris(isopropylphosphine) (PiPr3) analogues
(which show no appreciable change in solution after 24 h in
our hands). Over the course of 2 h in CH2Cl2 solution 1
smoothly converts to two new species, identified as a mix-
ture of two isomeric complexes in which two cyclopentyl
rings, one of each phosphine, have undergone alkyl dehydro-
genation: cis-[Rh ACHTUNGTRENNUNG{PCyp2ACHTUNGTRENNUNG(h


2-C5H7)}2]ACHTUNGTRENNUNG[BArF4] (2a) and trans-
[Rh ACHTUNGTRENNUNG{PCyp2ACHTUNGTRENNUNG(h


2-C5H7)}2]ACHTUNGTRENNUNG[BArF4] (2b) (Scheme 2). After 2 h
the ratio of 2a/2b is 3:1, respectively, but if left for 2 d
(CD2Cl2 solution) this ratio changes to 1:3 after which there
is no appreciable change. Heating to 40 8C overnight results
in a change in ratio to 1:4, which on cooling eventually re-
establishes the original concentrations. Thus, 2a and 2b are
in equilibrium with one another, and although the barrier to
rearrangement must be relatively high as it takes 2 d to ap-
proach equilibrium concentrations, there is only a small dif-
ference in relative stabilities (Keq �3; DG 0 (298 K)
�2.5 kJmol�1). This high barrier reflects a possible reorgani-


Scheme 1.
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sation mechanism that involves partial decoordination of
one of the strongly bound phosphine–alkene ligands or
movement through a disfavoured rhodium(I) tetrahedral in-
termediate. A similar mixture of isomers, that do not inter-
convert on the NMR timescale, was observed for cis/trans-
[Rh ACHTUNGTRENNUNG(troppPh)2] ACHTUNGTRENNUNG[PF6].


[38]


Complexes 2a and 2b have similar NMR spectroscopic
characteristics, but subtle differences make the identification
of the two isomers possible. In their 31P{1H} NMR spectra
both display a single phosphorus environment showing cou-
pling to 103Rh [d 67.4, J ACHTUNGTRENNUNG(Rh,P) = 150 Hz for 2a ; d 65.8, J-
ACHTUNGTRENNUNG(Rh,P) = 114 Hz for 2b]. The smaller RhP coupling con-
stant for the trans-isomer 2b, compared with the cis, is simi-
lar to the closely related complexes cis/trans-[Rh ACHTUNGTRENNUNG(troppPh)2]-
ACHTUNGTRENNUNG[PF6],


[38] and is an indication of the relative trans influences
of the phosphine and alkene ligands. The 31P chemical shift
of the phosphines have undergone a significant downfield
change, as expected for a ligand which has become part of a
strained five membered ring.[42] For example, compared with
cationic 1 [d = 13.4] a chemical shift change of Dd =


+52.4 ppm occurs in 2b on dehydrogenation and formation
of the chelate ring. In the 1H NMR spectrum distinctive res-
onances at d = 4.90 (2a) and 5.46 ppm (2b) are observed
for the chemically equivalent alkene protons in the dehydro-
genated cyclopentyl rings on each isomer, with relative inte-
grals of 1:3. No resonances at high field are observed, show-
ing that there are no hydrides present. In the 13C{1H} NMR
spectrum the alkene carbons for 2a and 2b are clearly iden-
tified at d 100.0 and 89.2 ppm, respectively, both showing
coupling to 103Rh; with that for 2a a AA’MM’X second-
order system that shows trans coupling to 31P. The relative
downfield shift for the trans isomer is as noted for cis/trans-
[Rh ACHTUNGTRENNUNG(troppPh)2] ACHTUNGTRENNUNG[PF6].


[38] The NMR spectra are unchanged on
cooling to 250 K. Dissolving crystalline material of 2b (see
below) results in NMR spectra that show major peaks for
the trans isomer, that slowly approach the equilibrium con-
centrations observed previously.


Compounds 2a and 2b are always formed as a mixture,
and recrystallisation of the reaction mixture after 2 h affords
crystals in which 2a and 2b have co-crystallised with both
compounds in the unit cell. Leaving the reaction for 2 d, and
then recrystallising, affords crystals of 2b exclusively. Un-
fortunately the solid-state structures of the cocrystallised 2a
and 2b result in a generally poor refinement from which we


are reluctant to discuss the spe-
cifics of bond angles and distan-
ces. The gross structures of 2a/b
that derive from this analysis
are presented in the Supporting
Information, and confirm that
they are cis and trans isomers,
respectively. GrOtzmacher has
reported the structure of cis-
[Rh(MetroppPh)2]ACHTUNGTRENNUNG[PF6], which is
closely related to 2a.[37]


The solid-state structure of
2b, crystallised from the solu-


tion left for two days, is presented in Figure 1. The phos-
phines are trans disposed [P-Rh-P 178.30(4)8], and although
the Rh�P bond lengths [2.324(1), 2.327(1) Q] are a little
longer than those reported for related bis(phosphine)–
alkene complexes such as cis-[Rh(MetroppPh)2]ACHTUNGTRENNUNG[PF6]


[37] [aver-
age 2.241(1) Q] or [Rh(aminophosphole) ACHTUNGTRENNUNG(cod)] ACHTUNGTRENNUNG[BF4]
[2.2116(7) Q],[41] they still are reasonable for a rhodium(I)�
P bond. The Rh–C distances [ranging from 2.186(4)–
2.192(4) Q] are also as expected for a rhodium(I)–alkene in-
teraction, but are significantly shorter than found in cis-
[Rh(MetroppPh)2]ACHTUNGTRENNUNG[PF6]


[35] [average 2.426(4) Q], which were
noted for their unusual length. The C=C bond lengths
[1.389(7), 1.388(6) Q] are as expected. The most notable fea-
ture of the molecule is that it is distorted so that the alkene
units are compressed with regard to one another [a mid-
point C3/C4–Rh–midpoint C23/C24 144.01(2)8] so that the
carbon atoms C4 and C24 are almost linear [179.0(2)8],
while the P-Rh-P angle is also essentially linear [178.30(4)8].
This distortion takes the molecule from idealised C2h sym-
metry to approximate C2 symmetry, and is reminiscent of
that observed in the complex [Ru(CO)2ACHTUNGTRENNUNG(P’Bu2Me)2].


[43] The
electronic reasons behind this distortion are discussed later
and lie in the mutually trans, p-accepting alkene ligands.
However, this distortion must also occupy a fairly shallow
potential energy landscape as the solution NMR spectra of
2b only shows one alkene environment (even at 250 K),
whereas if the solid-state structure was retained there would
be two, suggesting either a planar structure in solution or a
low energy rocking occurs of the phosphine–alkene ligand.
A related structure to 2b has been reported for [Ir-
ACHTUNGTRENNUNG(troppPh)2]ACHTUNGTRENNUNG[PF6], which shows a similar distortion although
in this case is it defined as being more tetrahedral (P-Ir-P
angles of 169.78).[35] The newly formed phosphine-alkene
ligand in 2a/b has a bite angle (a P-Rh-centroid of C3/C4)
of �838, which is the same as that of dppe.


The formation of 2a/2b comes as a result of a dehydro-
genation of two cyclopentyl rings—one on each phosphine.
Following the reaction by 1H and 31P{1H} NMR spectroscopy
allows intermediates on this process to be observed.
Figure 2 shows a mole fraction/time plot for the organome-
tallic complexes observed. Initially dissolving 1 in CH2Cl2 at
298 K affords a new complex, 3 (Scheme 3), very rapidly
(minutes). After one hour the mole fraction of 3 starts to
drop, eventually reaching zero, while those of 2a, and then


Scheme 2.
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2b, rise. After 100 h there is no significant change in the
composition of the solution. The mass balance remains con-
stant, thus identifying 3 as an intermediate in the reaction.
Compound 3 has been spectroscopically partially character-
ised as a norbornene (nbe) adduct trans-[Rh ACHTUNGTRENNUNG{PCyp2ACHTUNGTRENNUNG(h


2-
C5H7)} ACHTUNGTRENNUNG(PCyp3)ACHTUNGTRENNUNG(h


2-nbe)] ACHTUNGTRENNUNG[BArF4] in which one of the cyclo-
pentyl rings has undergone an alkyl dehydrogenation, with
norbornadiene acting as a hydrogen acceptor to form nor-
bornene. This activation process relies on dissociation of
one of the PCyp3 ligands, as in the presence of a 10-fold
excess of PCyp3 complex 1 remains unchanged in CH2Cl2 so-
lution overnight. Complex 3 shows two broad resonances in
the 31P NMR spectrum [d 75.7, 51.8] that, on cooling to


225 K, resolve into doublets-of-doublets that show coupling
to 103Rh and a large 31P–31P coupling [d 76.2, J ACHTUNGTRENNUNG(P,P) = 286,
J ACHTUNGTRENNUNG(Rh,P) = 120 Hz; d 55.2, JACHTUNGTRENNUNG(P,P) = 286, JACHTUNGTRENNUNG(Rh,P) =


117 Hz], identifying a trans phosphine geometry. The hy-
dride region of the 1H NMR spectrum at this temperature is
featureless. The data in hand do not allow us to conclusively
state whether nbe is bound, or perhaps another weak inter-
action (agostic, solvent, adventitious water) is present, as,
given the mixture, the 1H NMR spectrum is ambiguous for
identifying a coordinated nbe peak. In support of a nbe
complex, 3 displays very similar 31P{1H} and 1H NMR spec-
tra to the well-characterised acetonitrile adduct trans-[Rh-
ACHTUNGTRENNUNG{PCyp2ACHTUNGTRENNUNG(h


2-C5H7)} ACHTUNGTRENNUNG(PCyp3)ACHTUNGTRENNUNG(NCMe)] ACHTUNGTRENNUNG[BArF4] (6) (see below) in
which the phosphorus ligands lie trans both in solution and
the solid-state. Whatever the nature of 3 it is clearly an in-
termediate on the overall double dehydrogenation process.


A suggested mechanism, based on that established for
alkane dehydrogenation,[1,5,8] is presented in Scheme 3.
Phosphine dissociation (A), C�H activation (B), b-H trans-
fer (C) and then H2 loss arrive at the intermediate species 3.
The transformation from 3 to 2a/2b is much slower than
that from 1 to 3 and presumably passes through a putative


intermediate such as D. Al-
though we have no direct evi-
dence for a complex such as D,
the isoelectronic complex cis-
[Ru ACHTUNGTRENNUNG{PCyp2ACHTUNGTRENNUNG(h


2-C5H7)}2H2] has
been reported as an intermedi-
ate in the dehydrogenation of
PCyp3 in [Ru ACHTUNGTRENNUNG(PCyp3)2(H2)ACHTUNGTRENNUNG(h


2-
H2)2] using ethene as the accept-
or to form complex VI.[30] We
draw D as cis but it could well
also be trans. Such isomerisation
in dihydride phosphine com-
plexes is known.[44] Given that
we do not observe D in our
system, and that 3 is relatively
long-lived, the overall rate-de-
termining step must be involved
with the dehydrogenation of the
second cyclopentylphosphine.
Gas chromatographic analysis
of the reaction mixture over the


same timescale shows the nbd ! nbe ! nba conversion
consistent with this strained alkene acting as a hydrogen ac-
ceptor. Although the mole fraction of nbd drops to zero,
nbe is never completely converted into nba, suggesting that
loss of H2 from intermediate D is competitive with hydroge-
nation of nbe. Although 2a and 2b are in equilibrium with
one another, given that they are both present in the reaction
from the start we cannot discount a parallel mechanism
that, in the early stages of the reaction, transforms D direct-
ly into 2b.


We have been able to isolate a model for intermediate D
in Scheme 3 by switching from rhodium to iridium. The re-
lated increase in M�H and M�P bond strength disfavours


Figure 1. Solid-state structure of 2b. Hydrogen atoms and the [BArF4]
�


anion are not shown. Thermal ellipsoids are presented at the 50% proba-
bility level. Selected bond lengths [Q] and angles [8]: Rh1�P1 2.324(1),
Rh1�P2 2.327(1), Rh1�C3 2.191(5), Rh1�C4 2.190(5), Rh1�C23 2.186(4),
Rh1�C24 2.192(4), C3�C4 1.389(7), C23�C24 1.388(6), P1-Rh1-P2
178.30(4), P1-Rh1-Ct3/4 82.73(3), P2-Rh1-Ct23/24 82.66(3), Ct3/4-Rh1-
Ct23/24 144.01(2), P1-Rh-Ct23/24 96.52(3), P2-Rh-Ct3/4 97.05(3).


Figure 2. Plot of % composition of 1 (&), 2a (~), 2b (^) and 3 (&) for the reaction outlined in Scheme 2.
Values from relative integrals in the 1H NMR spectrum (normalised to 100%).
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hydrogen loss, either by elimination of H2 or phosphine dis-
sociation and reduction of nbe; allowing for the isolation of
a complex in which both cyclopentyl groups have undergone
dehydrogenation, but some of the hydrogen from this pro-
cess remains on the metal. Addition of PCyp3 to [Ir-
ACHTUNGTRENNUNG(coe)2Cl]2 along with Na ACHTUNGTRENNUNG[BArF4] and tbe (tertbutylethene—
an excellent hydrogen acceptor[5]) affords a complex mix-
ture, as determined by 1H and 31P NMR spectroscopy, that
after 16 h becomes one major species. This can be isolated
as an analytically-pure crystalline material in moderate,
34%, yield and is identified by NMR spectroscopy and X-
ray crystallography as trans-[Ir(H2) ACHTUNGTRENNUNG{PCyp2ACHTUNGTRENNUNG(h


2-C5H7)}2]-
ACHTUNGTRENNUNG[BArF4] (4). The solid-state structure of 4 shows a trans ar-
rangement of phosphines with the alkene ligands mutually
cis to one another and presumably trans to the hydrides,
which were not located (Figure 3). A significant amount of
disorder associated with the non-activated cyclopentyl
groups could not be satisfactorily modelled due to the mar-
ginal quality of the data, meaning the hydride ligands on 4
were not located and it is inappropriate to discuss the struc-
tural metrics in detail. 1H and 31P{1H} NMR spectroscopy
show that a trans structure is retained in solution. In particu-
lar a single peak is observed in the 31P{1H} NMR spectrum
at d 39.5 ppm, while in the 1H NMR spectrum a single reso-
nance for chemically equivalent hydrides at d �12.17 ppm is
observed as a triplet [J ACHTUNGTRENNUNG(P,H) = 11.4 Hz], and the alkene
protons are now observed as two, integral 2H, peaks at d =


4.69 and 4.50 ppm. The related cation [Ir(H)2ACHTUNGTRENNUNG(tropp
Ph)]+


(with various anions) forms on protonation of a neutral
monohydride.[45] A solid-state structure has not been report-
ed for this complex, but the NMR data compare well with 4,
in particular one 31P environment and a triplet at d �12.66
[J ACHTUNGTRENNUNG(P,H) = 11.8 Hz] for the two hydride ligands in the
1H NMR spectrum.


Addition of H2 to the mixture of 2a/2b results in the im-
mediate hydrogenation of the bound alkene ligands and the
generation, in quantitative yield by NMR spectroscopy, of
the bisdihydrogen/dihydride complex [Rh ACHTUNGTRENNUNG(PCyp3)2(H)2ACHTUNGTRENNUNG(h


2-
H2)2]ACHTUNGTRENNUNG[BArF4] (5) (Scheme 4). Complex 5 is directly analo-
gous to [Rh ACHTUNGTRENNUNG(PR3)2(H)2ACHTUNGTRENNUNG(h


2-H2)2]ACHTUNGTRENNUNG[BArF4] (R= iPr, Cy)[46] and
the neutral ruthenium complexes [Ru(L)2(H2) ACHTUNGTRENNUNG(h


2-H2)2] (L=


PCy3,
[13] PiPr3,


[47] PCyp3,
[48] N-heterocyclic carbene[49]). Com-


plex 5 can be prepared more conveniently by direct addition
of H2 (4 atm) to 1. Compound 5 is only stable under a H2 at-
mosphere, decomposing to unidentified products when


Scheme 3. Suggested mechanism for alkyl dehydrogenation in PCyp3. i) �PCyp3; ii) C–H activation; iii) b-H-transfer; iv) +PCyp3 v) H2 or nba.


Figure 3. Solid-state structure of 4. Hydrogen atoms and the [BArF4]
�


anion are not shown. Thermal ellipsoids are presented at the 50% proba-
bility level. Selected bond lengths [Q] and angles [8]: Ir1�P1 2.308(2),
Ir1�P2 2.326(2), P1-Ir-P2 179.5(1). The hydride ligands were not located.
NMR data suggest that they occupy sites trans to the coordinated alkene
ligands.
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placed under a vacuum or the H2 replaced with argon; the
complex was fully characterised in solution by NMR spec-
troscopy. In the 1H NMR spectrum at room temperature
under a H2 atmosphere no hydride signal is observed (pre-
sumably it is broad and unresolved in the baseline), and no
signal for dissolved H2 at d 4.6 ppm is seen. This suggests
rapid exchange between free and bound H2, a common ob-
servation in dihydrogen systems at room temperature.[4] The
31P{1H} NMR spectrum shows a single phosphorus environ-
ment at d 57.4 ppm [J ACHTUNGTRENNUNG(Rh,P) = 101 Hz]. Progressive cooling
to 200 K results in two broad hydride signals at d �2.21 and
�13.79 ppm, in the ratio 4:2, respectively, with reference to
the alkyl phosphine protons. T1 relaxation time measure-
ments at 200 K (400 MHz) show that the integral 4H reso-
nance is due to a dihydrogen ligand (T1 = 14 ms) while the
higher field, integral 2H resonances, is assigned to a hydride
(T1 = 250 ms). The dihydrogen ligands in 5 are likely to be
rotating around the M–H2 axis at low temperature as only
one h2-H2 environment is observed; this being in accord
with findings for other dihydrogen complexes in which the
barrier to rotation is very small.[4,50,51] The 31P{1H} NMR
spectrum at this temperature is essentially unchanged from
that at 298 K. All these findings are consistent with those re-
ported for analogous bisdihydrogen/dihydride complexes, in
particular [Rh ACHTUNGTRENNUNG(PCy3)2(H)2ACHTUNGTRENNUNG(h


2-H2)2]ACHTUNGTRENNUNG[BArF4].
[46]


Addition of the hydrogen acceptor tbe to 5 reforms the
mixture 2a/2b after 3 h. This is a stepwise process, with the
second dehydrogenation much slower than the first, as ob-
served previously for both the synthesis of 2a/2b and the
dehydrogenation of PCyp3 in [Ru ACHTUNGTRENNUNG(PCyp3)2(H2) ACHTUNGTRENNUNG(h


2-H2)2].
[30]


The product of the first dehydrogenation can be trapped by
addition of acetonitrile immediately after tbe addition,
which results in the isolation of 6, as crystalline material in
moderate (53%) yield (Scheme 5); although the reaction is
quantitative by NMR spectroscopy. No further dehydrogen-


ation in 6 occurs as the coordinated acetonitrile prevents
further dehydrogenation of the other cyclopentyl ring by
blocking the vacant site required for C�H activation.


The solid-state structure of 6 is shown in Figure 4, and
this demonstrates that the molecule adopts an approximate
square planar geometry, with trans orientated phosphines
[P1-Rh-P2 178.02(3)8] and an acetonitrile ligand sitting op-
posite the alkene double bond on the dehydrogenated
PCyp3 ligand [N-Rh-C2/C3midpoint 173.57(8)8]. The molecule
thus does not show the distortion observed in 2b, as expect-
ed in the absence of competing trans p acceptors (see later).
Other bond lengths and angles are as expected. In solution,
two 31P environments are observed in the 31P{1H} NMR
spectrum of 6, that also show distinctive trans P–P coupling,
namely d 74.6 [dd, J ACHTUNGTRENNUNG(P,P) = 302, J ACHTUNGTRENNUNG(Rh,P) = 123 Hz] and
25.7 ppm [dd, J ACHTUNGTRENNUNG(P,P) = 302, J ACHTUNGTRENNUNG(Rh,P) = 117 Hz]. The 1H and
31C{1H} NMR spectra show signals due to coordinated
MeCN and the alkene. In particular one alkene environment
is observed, consistent with the square-planar geometry.


Computational Studies on 2a and 2b : We have performed
DFT calculations on 2a and 2b as well as a number of relat-
ed smaller model systems. Geometry optimisations on the
full complexes provided good agreement with experimental
data with, in particular, the bent structure of 2b being well
reproduced (the alkene midpoint-Rh-alkene midpoint angle,
that we shall call q being 1468 compared with 1448 from ex-
periment, see Supporting Information for details). In addi-
tion, 2b was computed to be 7.5 kJmol�1 more stable than
2a, consistent with the small preference determined from
experimental equilibrium concentrations. With smaller
models of the type [RhACHTUNGTRENNUNG{PR2ACHTUNGTRENNUNG(h


2-C5H7)}2]
+ (R=H, Me) the


Scheme 4.


Scheme 5.


Figure 4. Solid-state structure of 6. Hydrogen atoms and the [BArF4]
�


anion are not shown. Thermal ellipsoids are presented at the 50% proba-
bility level. Selected bond lengths [Q] and angles [8]: Rh�P1 2.281(1),
Rh�P2 2.358(1), Rh�N 2.060(3), Rh�C3 2.136(3), Rh�C4 2.145(3), C3�
C4 1.378(5), P1-Rh-P2 178.02(3), P1-Rh-Ct3/4, Ct3/4-Rh-N 173.57(8), P1-
Rh-Ct3/4 83.34(2), P1-Rh-N 91.04(8), P2-Rh-Ct3/4 95.14(2), P2-Rh-N
90.55(8).
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cis form becomes the more stable, by 2.0 kJmol�1 (R=H)
and by 0.8 kJmol�1 (R=Me). The different isomeric prefer-
ences computed with these various models suggest that the
greater stability of the trans species in the full system is pri-
marily driven by steric effects.


The main focus of our study at this point, however, was to
account for the bent structure of 2b and to this end we have
employed the simplified model system trans-[Rh ACHTUNGTRENNUNG(PH3)2-
ACHTUNGTRENNUNG(C2H4)2]


+ , 2b’. This species optimises to a bent geometry
with q=1468 and this was found to be 13.3 kJmol�1 more
stable than an alternative square-planar geometry obtained
with q fixed at 1808. The occupied metal-based d orbitals of
these two structures are shown schematically in Figure 5.


For q=1808 the HOMO is dominated by Rh dz2 and s char-
acter (>93%). To lower energy the 1b1 and 1a2 orbitals are
again mainly metal-based (ca. 85%), but are now stabilised
by mixing with the PH3 s* orbitals (contributions omitted
from Figure 5). Most stable is the 1b2 orbital for which p-
back donation to the alkenes is apparent. Reducing q to
1468 results in a strong stabilisation of the 1a1 orbital by
around 1 eV due to enhanced p-back donation from the Rh
dz2 orbital to the alkene p* orbitals. The only destabilisation
that occurs upon bending is in the 1b2 orbital (0.25 eV) and
this arises from both a loss of p-back donation as the Rh-
ACHTUNGTRENNUNG(dyz)/alkene(p*) overlap diminishes and the introduction of
some s-antibonding character. Overall, p stabilisation of the
1a1 orbital is the dominant effect and this drives the distor-
tion towards a bent structure.


As mentioned previously, the structure of 2b is reminis-
cent of that reported for [Ru(CO)2ACHTUNGTRENNUNG(PtBu2Me)2].


[43] In that
case a rationalisation in terms of Ru!CO p-back donation


was proposed, this being enhanced in the bent form due to
the extremely e� rich Ru0 centre. Indeed, calculations on
isoelectronic (but less e� rich) [Rh(CO)2ACHTUNGTRENNUNG(PH3)2]


+ favoured a
square-planar structure. The structure of 2b, however, indi-
cates that deformation away from a square-planar geometry
in these 16e species can arise not only from the nature of
the metal centre but also from the type of the p-acceptor
ligand involved. To test this idea we used the ADF program
to analyse the M–L interaction in trans-[Rh ACHTUNGTRENNUNG(PH3)2(L)2]


+


species (L=C2H4 or CO), where geometries with q=180 or
1468 were employed. In each case the molecule was split
into {Rh ACHTUNGTRENNUNG(PH3)2L}


+ and {L} fragments, with the major point
of interest being the extent of p-back donation from the Rh
dz2 orbital (the HOMO of the {RhACHTUNGTRENNUNG(PH3)2L}


+ fragment) into
the p* acceptor orbital on L. From the above discussion this
interaction is the one that should control whether a defor-
mation is seen.


The data in Table 1 indicate that for both systems reduc-
ing q leads to increased Rh dz2 L p* overlap, although this
effect is notably larger for L=C2H4. We also monitored the
change in orbital occupation when the two fragments inter-
act to form the full trans-[Rh ACHTUNGTRENNUNG(PH3)2(L)2]


+ species. For q=


1808 the Rh dz2 (doubly occupied in {Rh ACHTUNGTRENNUNG(PH3)2L}
+) is unaf-


fected, as there is no low-lying orbital of correct symmetry
on L with which to interact. When q=1468 Rh dz2 ! L p-
back donation occurs and the greater depopulation of the
Rh dz2 in trans-[Rh ACHTUNGTRENNUNG(PH3)2ACHTUNGTRENNUNG(C2H4)2]


+ indicates the improved
efficiency of this process with L=C2H4, a direct result of
greater Rh dz2/C2H4 p* overlap. The significant populations
of the p* orbitals of both CO and C2H4 when q=1808 arise
from there being several {Rh ACHTUNGTRENNUNG(PH3)2L}


+ orbitals capable of
p-back donation at that geometry. The fact that the popula-
tion increases further upon bending trans-[Rh ACHTUNGTRENNUNG(PH3)2-
ACHTUNGTRENNUNG(C2H4)2]


+ but is unaffected in trans-[Rh ACHTUNGTRENNUNG(PH3)2(CO)2]
+ is fur-


ther evidence of improved p-back donation with the alkene
in this system.


Our calculations confirm that enhanced M!L p-back
donation promotes the bent geometries seen in some ML2-
ACHTUNGTRENNUNG(PR3)2 species. This effect may arise from either a particular-
ly e� rich metal centre (as in [Ru(CO)2ACHTUNGTRENNUNG(PtBu2Me)2]) or the
presence of a p-acceptor ligand capable of efficient interac-
tion with the metal dz2 orbital. The alkene ligands in 2b’
(and by extension 2b) achieve this through improved over-
lap and this seems simply to be a result of the spatial extent
of the p* orbital, which has a well-matched “bite angle” for
the metal dz2. Although CO is normally considered a better
p acceptor than an alkene ligand, in this specific case the


Figure 5. Energy level diagram [eV] for the occupied metal-based d orbi-
tals of 2b’.


Table 1. Computed data from trans-[Rh ACHTUNGTRENNUNG(PH3)2L2]
+ fragment calculations.


L/q [8] Orbital overlap hRh dz2 jL p*i Orbital populations
Rh dz2 L p*


C2H4/180 0.001 1.99 0.22
C2H4/146 0.161 1.69 0.32
CO/180 0.001 1.99 0.17
CO/146 0.071 1.95 0.18
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shape of the CO p* orbitals do not facilitate a strong
enough interaction with the metal dz2 for bending to occur
in trans-[Rh ACHTUNGTRENNUNG(PH3)2(CO)2]


+ . A further requirement for de-
formation appears to be a trans arrangement of two
p-acceptor ligands. Thus near-planar structures are ob-
served for cis structures such as 2a and [Ru(CO)2-
(tBu2PCH2CH2PtBu2)].


[52] Presumably p-competition effects
are more pronounced with a trans arrangement and adds a
further driving force to maximise p-back donation by de-
forming away from a planar structure.


Mono-PCyp3 complexes : The intramolecular dehydrogena-
tion of cyclopentyl groups is also observed in mono-phos-
phine rhodium complexes. Related complexes based on the
troppPh ligand set have been previously reported by GrOtz-
macher, although in these cases a preformed phosphine
alkene ligand is used.[17,40,41] The synthesis of a suitable pre-
cursor material [RhCl ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PCyp3)] comes from treatment
of [Rh ACHTUNGTRENNUNG(nbd)Cl]2 with PCyp3. When treated with Na ACHTUNGTRENNUNG[BArF4]
in fluorobenzene alkyl dehydrogenation results in formation
of the fluorobenzene complex [Rh ACHTUNGTRENNUNG(h6-C6H5F) ACHTUNGTRENNUNG{PCyp2ACHTUNGTRENNUNG(h


2-
C5H7)}] ACHTUNGTRENNUNG[BArF4] 7 (Scheme 6). Use of benzene as co-solvent
gives the analogous benzene complex 8. In the formation of
7 and 8, the coordinated norbornadiene acts as a hydrogen
acceptor, and norbornene is observed in the reaction mix-
ture (by GC and 1H NMR spectroscopy). The 1H and
13C{1H} NMR spectra of 7 show signals arising from the co-


ordinated arene, together with a signal characteristic of a co-
ordinated alkene [1H: d 3.89, 13C: d 65.04 d, J ACHTUNGTRENNUNG(Rh,C) =


16 Hz, HC=CH]. Similar signals are observed in the spectra
of 8. Complexes 7 and 8 have similar 31P{1H} NMR spectra,
with 7 showing additional coupling due to the fluorine on
the arene ring [J ACHTUNGTRENNUNG(F,P) = 3.8 Hz]. The solid-state structures
(Figure 6) show that the bond lengths and angles are effec-
tively the same in both complexes, and confirm the presence
of a coordinated C=C double bond by short C–C distances
[7 C13–C14 1.401(4); 8 C13–C14 1.389(4) Q], together with
M–C distances typical for M–alkene coordination, which are
similar to those observed for 2b and 6.


Adding an excess of nbd to 7 affords the nbd adduct [Rh-
ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG{PCyp2ACHTUNGTRENNUNG(h


2-C5H7)}]ACHTUNGTRENNUNG[BArF4] (9) in which the diene has
replaced the fluorobenzene. The NMR data for 9 show the
presence of three-coordinated alkene groups and, aided by
coupling patterns and 1H,13C correlation experiments, these


have been assigned to specific
alkene groups (see Experimen-
tal Section). The 31P{1H} NMR
spectrum shows the distinctive
downfield shift of the coordi-
nated phosphine ligand to d


73.1 ppm [Dd +60 compared
with 1]. The solid-state struc-
ture of 9 is shown in Figure 7
and confirms the coordinated


nbd ligand. Bond lengths and angles of the dehydrogenated
phosphine ligand are similar to the other complexes report-
ed here. The complex is distorted away from square-planar,
as observed for 2b, so that the mid-points of two of the
alkene ligands [C1/C2 and C13/C14] do not lie rigorously
trans to one another but instead describe an angle of
153.16(1)8 around Rh. The angle P-Rh-C4/C5 is close to
linear [175.25(2) deg]. As for 2b this distortion is a conse-
quence of two trans p-accepting ligands.


For the complexes 7 and 8 the mechanism of dehydrogen-
ation most likely follows, in part, that outlined in Scheme 3.
Halide abstraction from [RhCl ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PCyp3)] would afford
intermediate A. The pathway diverts after intermediate C,
as the absence of a second phosphine ligand results in a
highly unsaturated molecule that coordinates with the arene
solvent to form the obtained products.


Scheme 6.


Figure 6. Solid-state structure of 7 (top) and 8 (bottom). Hydrogen atoms
and the [BArF4]


� anion are not shown. Thermal ellipsoids are presented
at the 50% probability level. Selected bond lengths [Q] and angles [8] for
7: Rh�P 2.2412(6), Rh�C13 2.125(2), Rh�C14 2.128(2), Rh�C1–6
2.244(2)–2.337(3), C13�C14 1.401(4), P-Rh-Ct13/14 82.56(2); for 8 : Rh�P
2.219(3), Rh�C13 2.133(6), Rh�C14 2.114(4), Rh�C1–6 2.250(2)–
2.336(2), C13�C14 1.414(5), P-Rh-Ct13/14 82.93(8).
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Acceptorless dehydrogenation : Up to this point all the de-
hydrogenations reported have been facilitated by a hydro-
gen acceptor, either norbornene or tert-butylethene. The sys-
tems under discussion here also can undergo acceptorless
alkyl dehydrogenation, by changing the supporting ligand
set from nbd to dppe. Acceptorless dehydrogenation is po-
tentially more interesting as it is more atom efficient, and
systems that perform this process catalytically on alkanes
have been reported.[7,53, 54]


Addition of Na ACHTUNGTRENNUNG[BArF4] to [RhCl ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(PCyp3)] results in
the quantitative formation (by NMR spectroscopy) of [Rh-
ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG{PCyp2ACHTUNGTRENNUNG(h


2-C5H7)}]ACHTUNGTRENNUNG[BArF4] (10) (Scheme 7). Complex


10 is isolated as an analytically pure solid in 61% yield. This
reaction occurs in 5 minutes in CD2Cl2 solution. The
1H NMR spectrum of 10 shows a signal attributable to a co-
ordinated alkene at d 4.89, which shows one-bond correla-
tion to a signal at d 96.2 in the 13C{1H} NMR spectrum, fully
consistent with a coordinated alkene. The hydride region of
the 1H NMR spectrum is featureless—indicating the absence
of Rh–H species. The 31P{1H} NMR spectrum shows three
signals, all doublet of doublet of doublets, two with charac-
teristically large trans P–P coupling [J ACHTUNGTRENNUNG(P,P) = 283 Hz]. They


appear as a tightly coupled ABMX multiplet, with the outer
lines of the multiplets significantly reduced in intensity (see
Supporting Information). 1H,31P correlation spectroscopy
allows the identification of the 31P resonances and shows
that one of the dppe phosphines and the cyclopentylphos-
phine are trans-orientated, as expected from simple geomet-
ric considerations. In the solid-state (Figure 8) the presence


of a coordinated C=C double bond was confirmed by a
short C–C distance [C3–C4 1.372(3) Q] together with M–C
distances typical for M–alkene coordination [namely
2.241(2), 2.242(2) Q]. Additionally (given the usual caveats
regarding the location of hydrogens by X-ray diffraction),
only one hydrogen for C3 and C4, respectively, was located
in the final difference map. The complex approaches square
planar (sum of angles around the Rh=360.58, P2-Rh-C3/
C4centroid 172.16(2), P1-Rh-P3 174.42(2)].


Addition of H2 (4 atm 15 minutes or 1 atm 45 minutes) to
10 in CD2Cl2 solution results in an uptake of H2 and the for-
mation of the dihydrogen/dihydride complex [Rh ACHTUNGTRENNUNG(dppe)-
ACHTUNGTRENNUNG(PCyp3)(H)2ACHTUNGTRENNUNG(h


2-H2)] ACHTUNGTRENNUNG[BArF4] (11; see Scheme 8) as the only
observable product by NMR spectroscopy. We have not
been able to grow suitable crystals of 11 for a solid-state
analysis, but the NMR data are unequivocal in its character-
ization. At room temperature a broad 31P signal is observed,


Figure 7. Solid-state structure of 9. Hydrogen atoms and the [BArF4]
�


anion are not shown. Thermal ellipsoids are presented at the 50% proba-
bility level. Selected bond lengths [Q] and angles [8]: Rh�P 2.2694(7),
Rh�C1 2.158(4), Rh�C2 2.158(3), Rh�C4 2.262(3), Rh�C5 2.253(4), Rh�
C13 2.224(4), Rh�C14 2.247(3), C1�C2 1.365(5), C4�C5 1.357(6), C13�
C14 1.369(5); P-Rh-Ct4/5 175.25(2), P-Rh-Ct1/2 106.01(2), P-Rh-Ct13/14
82.86(2), Ct1/2-Rh-Ct4/5 69.50(1), Ct1/2-Rh-Ct13/14 153.16(1), Ct4/5-Rh-
Ct13/14 101.86(1).


Scheme 7.


Figure 8. Solid-state structure of 10. Hydrogen atoms and the [BArF4]
�


anion are not shown. Thermal ellipsoids are presented at the 50% proba-
bility level. Selected bond lengths [Q] and angles [8]: Rh1�P1 2.3284(5),
Rh1�P2 2.2818(5), Rh1�P3 2.2709(5), Rh1�C3 2.242(2), Rh1�C4
2.241(2), C3�C4 1.372(3), P1-Rh1-P2 100.07(2), P1-Rh1-P3 174.42(2), P2-
Rh1-P3 83.82(2), P1-Rh1-Ct3/4 83.62(2), P2-Rh1-Ct3/4 172.16(2), P3-
Rh1-Ct3/4 93.01(2).


Scheme 8. 3 equiv H2 (1 atm).
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and a very broad signal at d = �4.5 ppm (�2.5H, fwhm
1800 Hz) is observed in the 1H NMR spectrum. Cooling to
220 K reveals a tightly coupled ABMX system in the 31P{1H}
NMR spectrum (see Supporting Information) that clearly
shows trans 31P,31P coupling [J ACHTUNGTRENNUNG(P,Ptrans) = 285 Hz] between
one of the dppe phosphines and PCyp3. The


1H NMR spec-
trum at this temperature displays three signals in the hy-
dride region at d = �3.1 (2H), �8.5 (1H) and �13.0 ppm
(1H). T1 relaxation times determined for these signals (at
180 K and 400 MHz) identify the integral 2H signal as being
due to a dihydrogen ligand (T1 = 19 ms) while the two inte-
gral one signals are clearly due to hydrides (T1 = 215 and
250 ms). The former hydride signal shows a large coupling
to 31P [J ACHTUNGTRENNUNG(P,H) = 149 Hz], placing it trans to one of the phos-
phorus atoms. The signal due to the alkene that is observed
in 10 has disappeared in both the 1H and 13C{1H} NMR spec-
tra of 11. These data allow the structure of 11 to be deter-
mined as one in which the alkene has been hydrogenated,
the phosphorus ligands lie meridional, and the dihydrogen
ligand sits trans to the high trans influence hydride
ligand.[46–48] Addition of D2 to 10 resulted in the incorpora-
tion of D2 in the cyclic alkane (2H NMR, 298 K, d = 1.57);
while addition of D2 (1 atm) to 11 resulted in rapid H/D ex-
change, evidenced by a diminution in the intensity of the hy-
dride signals, and the observation of dissolved HD [1:1:1
triplet at d 4.30, J ACHTUNGTRENNUNG(D,H) = 43 Hz]. Compound 11 (and 5)
add to the relatively small number of dihydrogen complexes
of rhodium known [Rh ACHTUNGTRENNUNG(PR3)2(H)2ACHTUNGTRENNUNG(h


2-H2)2]ACHTUNGTRENNUNG[BArF4] (R= iPr,
Cy),[46] [RhCp*(H) ACHTUNGTRENNUNG(h2-H2) ACHTUNGTRENNUNG(PMe3)]


+ ,[55] [RhTp(H) ACHTUNGTRENNUNG(h2-H2)-
ACHTUNGTRENNUNG(PPh3)]


+ ,[56] RhTp(H)2 ACHTUNGTRENNUNG(h
2-H2),


[57] Rh ACHTUNGTRENNUNG(h2-H2) ACHTUNGTRENNUNG(PCP),
[54]


[Rh(H)2ACHTUNGTRENNUNG(h
2-H2) ACHTUNGTRENNUNG(PPP)]


+ [58] and [RhCp* ACHTUNGTRENNUNG(h2-H2)ACHTUNGTRENNUNG(dmpm)]2+ [59]


[Cp*=h5-C5Me5, Tp=HB(pz)3 or derivative thereof, PCP=


h3-C6H3--1,3-(PtBu2)2, PPP=MeC ACHTUNGTRENNUNG(CH2PPh2)3]. It is also
closely related to the isoelectronic neutral complexes Ru-
ACHTUNGTRENNUNG(PPh3)3(H)2ACHTUNGTRENNUNG(h


2-H2),
[60] Ru ACHTUNGTRENNUNG(dtbpmb)(H)2ACHTUNGTRENNUNG(h


2-H2)
[61] [dtbpmb=


1,3-bis((di-tert-butylphosphino)methyl)benzyl)] that have
been identified as a containing a dihydrogen ligand.


Although complex 11 is stable under 1 atm of H2 for 24 h
in CH2Cl2 solution, removal of H2 under vacuum by freeze/
pump/thaw of the solution results in the regeneration of 10,
by sequential H2 loss from the metal and dehydrogenation
of one of the PCyp3 rings. This process is relatively rapid (60
minutes, 298 K) and occurs without the addition of an H2 ac-
ceptor. It is not quantitative, with about 70% of 10 (by
NMR spectroscopy) being recovered, with the remainder
being unidentified decomposition products. The hydrogen
loss under a vacuum means that we have not been able to
quantify the H2 loss experimen-
tally or observe free H2 in solu-
tion.


We have, however, been able
to observe intermediates in this
dehydrogenation process by
placing 11 briefly (seconds)
under a vacuum at 77 K and
then warming, which removes
only the bound H2 ligand. The


31P{1H} NMR spectrum at 298 K shows a broad signal, while
the high field region of the 1H NMR spectrum displays a
very broad signal at d �4.5. Cooling to 180 K results in a
31P{1H} NMR spectrum that shows an ABMX pattern with
trans phosphines (as for 11). Two broad hydride signals are
observed in the 1H NMR spectrum at d �8.4 and �20.5 ppm
at this temperature, that coalesce at 250 K indicating a flux-
ional process that exchanges the hydrogen ligands (see Sup-
porting Information). These data are consistent with the
structure presented for 12 (Scheme 9) that suggests an agos-


tic interaction from the cyclopentyl ligand. The highest field
hydride chemical shift is assigned to the hydride trans to the
lightly stabilized site, as it is well established that the chemi-
cal shift of hydride is sensitive to the trans ligand.[62] No evi-
dence for an agostic C–H interaction was seen, and although
such interactions are often highly fluxional, we cannot dis-
count the possibility that 12 is a solvent (i.e., CD2Cl2) or ad-
ventitious water complex. When 12 is placed under extend-
ed vacuum it changes to 10, indicating that it is a possible in-
termediate on the dehydrogenation cycle. Addition of
MeCN to 12 gives [Rh ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(PCyp3)(H)2ACHTUNGTRENNUNG(MeCN)] ACHTUNGTRENNUNG[BArF4]
(13) (Scheme 10) which is spectroscopically characterized as
a complex in which the acetonitrile has replaced the puta-
tive agostic interaction in 12. Key spectroscopic markers for
13 are two hydride resonances at d �8.94 and �17.99 ppm,
one of which shows coupling to a trans phosphine [d �8.94,


Scheme 9. 3 equiv H2 (1 atm).


Scheme 10.
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ddd, J ACHTUNGTRENNUNG(P,H) = 160, JACHTUNGTRENNUNG(Rh,H) = 14, JACHTUNGTRENNUNG(H,H) = 14 Hz], and
an ABMX pattern in the 31P{1H} NMR spectrum that shows
trans PP coupling [J ACHTUNGTRENNUNG(P,P) = 319 Hz]. Under an Ar atmos-
phere, complex 13 loses H2 in solution over 24 h to afford
the rhodium(I) complex [Rh ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(PCyp3) ACHTUNGTRENNUNG(MeCN)] ACHTUNGTRENNUNG[BArF4]
(14). Complex 14 has been fully characterised, including by
single crystal X-ray crystallography (see Supporting Infor-
mation). The bound MeCN in 14 blocks alkyl phosphine de-
hydrogenation and it remains unchanged at room tempera-
ture for days, similar to 6. Complex 14 can also be accessed
by direct addition of MeCN to 11.


Comparison between cyclopentylphosphine and cyclohexyl-
phosphine : Given the ease of dehydrogenation of PCyp3 the
question arises as to whether tris(cyclopentylphosphine) is a
particularly privileged motif for this transformation, and we
have studied this experimentally and computationally by
comparison with tris(cyclohexylphosphine) analogues. Cy-
clohexylphosphines are established to undergo dehydrogen-
ation in the presence of a hydrogen acceptor,[13, 14] and thus
the comparison is a useful one. The experimental evidence
is presented first, and two sets of experiments demonstrate
clearly that the cyclopentyl motif undergoes alkyl dehydro-
genation significantly faster than cyclohexyl.


Treatment of [RhCl ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(PCy3)] with Na ACHTUNGTRENNUNG[BArF4] in
CD2Cl2 does not result in dehydrogenation, in contrast to
the PCyp3 analogue. Instead a highly fluxional molecule, 15,
is formed, as tentatively characterised in solution, which
adds MeCN to form the stable adduct [Rh ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(PCy)-
ACHTUNGTRENNUNG(MeCN)] ACHTUNGTRENNUNG[BArF4] 16, which has been characterised unambig-
uously by NMR spectroscopy (Scheme 11). Despite repeat-


ed attempts we have not been able to grow suitable crystals
of the fluxional intermediate complex 15, and characterisa-
tion rests on spectroscopic data alone. Room temperature
NMR data show broad peaks, that on cooling (180 K) sharp-
en but afford a complex mixture of products. Adding MeCN
to this solution at room temperature produces a single, non-
fluxional, complex in quantitative yield by NMR spectrosco-
py, identified by NMR spectroscopy and ESI-MS as the
adduct 16. We suggest the most plausible explanation for
these data, and the observed reactivity with MeCN, is a
structure for 15 that either invokes an agostic C–H interac-
tion between the cyclohexyl group and the metal, or one in


which solvent (CD2Cl2) or trace, adventitious, water coordi-
nate to the fourth site of the square-planar rhodium(I). The
data cannot discriminate between these possibilities and it is
likely that a mixture of these complexes exists in solution.
Whatever the precise structure, important for the compari-
son with the PCyp3 complex is that no dehydrogenation has
occurred and the interaction in the fourth coordination site
is sufficiently weak as to be readily displaced by MeCN. Ad-
dition of tbe to 15 does not induce C–H activation and only
gradual decomposition to unidentified products occurs over
24 h.


The relative ease of acceptorless dehydrogenation of
PCyp3 compared with PCy3 is demonstrated even more
clearly in a competition experiment using the mixed alkyl
phosphine PCy2Cyp; the synthesis from PCy2Cl and
BrMgCy being described in the Experimental Section. This
phosphine provides the metal a choice of cyclopentyl or cy-
clohexyl groups, assuming that rotation around the Rh�P
bond is a relatively low-energy process. A suitable precursor
complex [RhCl ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG{PCy2Cyp}] is readily synthesised, and
treatment with Na ACHTUNGTRENNUNG[BArF4] in C6H5F results in dehydrogena-
tion and the formation of only one complex in quantitative
yield (by NMR spectroscopy), identified spectroscopically as
[Rh ACHTUNGTRENNUNG(h6-C6H5F) ACHTUNGTRENNUNG{PCy2ACHTUNGTRENNUNG(h


2-C5H7)}]ACHTUNGTRENNUNG[BArF4] (17) in which the cy-
clopentyl ligand has exclusively (by the detection limits of
NMR spectroscopy) undergone alkane dehydrogention,
leaving the cyclohexyl groups intact (Scheme 12). In our
hands, it was not possible to obtain analytically pure materi-
al of 17 due to decomposition in solution. Adding toluene to
the reaction mixture resulted in the formation of [Rh(h6-
C6H5Me) ACHTUNGTRENNUNG{PCy2ACHTUNGTRENNUNG(h


2-C5H7)}]ACHTUNGTRENNUNG[BArF4] (18) that is more stable
and could be isolated as crystal-
line material in 61% yield. 1H,
31P{1H} NMR spectroscopy and
X-ray crystallography (the last
for 18 only) have been used to
characterise these complexes.
In particular the 31P{1H} NMR
spectra of the crude reaction
mixture shows only one com-
plex (see Supporting Informa-
tion), demonstrating that the
dehydrogenation is selective.
The NMR data for 17 and 18
are very similar to 7 and 8 and


Scheme 11.


Scheme 12.
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indicate a molecule with Cs symmetry (i.e. , one alkene envi-
ronment and three arene environments in the ratio 1:2:2).
As dehydrogenation of one of the cyclohexyl groups would
break the symmetry to C1


[13] this is strongly suggestive of se-
lective dehydrogenation of the cyclopentyl ring. The solid-
state structure of 18 is shown in Figure 9 and confirms this.
Bond lengths and angles are unremarkable and close to
those in 7, 8 and 9.


Computed energy profiles for the dehydrogenation of 13
and 16 : We have used DFT calculations to model the mech-
anism of dehydrogenation of a cyclopentyl group in the pu-
tative intermediate complexes [Rh ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(PCyp3)]


+ (19) and
a cyclohexyl group in [Rh ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(PCy3)]


+ (20), the species
formed upon halide removal from [RhACHTUNGTRENNUNG(dppe)Cl ACHTUNGTRENNUNG(PR3)]. In
the following we discuss the results obtained with small
model systems of the type [Rh(H2PCH2CH2PH2) ACHTUNGTRENNUNG(PH2R)]+


(R=Cyp, 19’, or Cy, 20’, Scheme 13). We have also recom-


puted several of the key stationary points using the full ex-
perimental systems, however, these test calculations showed
the introduction of the full phosphine substituents to have a
minimal impact on the computed energetics of reaction (see
Supporting Information for full details).


Details of the initial C–H activation processes computed
for 19’ and 20’ are shown in Figure 10. The computed struc-
ture of 19’ shows an agostic interaction between the Rh
centre and the C3�H bond of the cyclopentyl substituent.
Attempts to locate alternative non-agostic species were un-


successful, with all optimisations reverting to the structure
shown in Figure 10. From 19’ C–H activation proceeds with
an activation barrier of only 9.9 kcalmol�1 and leads directly
to a rhodium ACHTUNGTRENNUNG(III)–alkyl hydride intermediate, I2’ (E=


�0.5 kcalmol�1). Complex I2’ also features an agostic inter-
action with the cyclopentyl C4�H bond. For 20’ C–H activa-
tion entails a slightly higher computed barrier of 13.6 kcal
mol�1 and, unlike the equivalent process from 19’, the initial
intermediate formed (I1’, E=++7.1 kcalmol�1) does not fea-
ture an agostic interaction. A similar distinction can also be
seen in the C–H activation transition states, where for TS-
ACHTUNGTRENNUNG(19’-I2’) an incipient agostic interaction with the C4�H bond
is already apparent (Rh···H 2.47 Q; C4�H 1.11 Q), while in
TS ACHTUNGTRENNUNG(20’-I1’) the equivalent RhLH distance is over 3.0 Q. The
presence of this stabilizing secondary agostic interaction in
TS ACHTUNGTRENNUNG(19’-I2’) may lie behind the slightly lower C–H activation
barrier from 19’ compared to 20’. The absence of an equiva-
lent interaction in TS ACHTUNGTRENNUNG(20’-I1’) is due to the chair conforma-
tion of the cyclohexyl substituent, which ensures that the
C4�H bonds initially must remain remote from the metal
centre upon C-H activation. Before b-H transfer can occur
in I1’, a second process corresponding to a conformational
change of the ring from a chair to a twist-boat form is re-
quired. This entails a minimal activation barrier of
1.8 kcalmol�1 and gives an agostically-stabilised intermedi-
ate I2’, analogous to that derived from 19’. Complex I2’ is
5.3 kcalmol�1 less accessible for the Cy system than in the
Cyp system and this presumably reflects the enforced twist-
boat conformation of the cyclohexyl ring.


From the intermediates I2’, formation of the final dehy-
drogenation products requires sequential b-H transfer and
H2 loss (see Figure 11). Focussing on the Cyp model, b-H
transfer in I2’ proceeds with a barrier of 8.0 kcalmol�1 to
generate the trans-dihydride trans-I3’ (E=++5.1 kcalmol�1).
Loss of H2 necessitates isomerisation to cis-I3’ and the tran-
sition state for this process, TS(trans–cis)-I3’ (E=++21.7 kcal
mol�1), corresponds to an intramolecular trigonal twist rear-
rangement. A similar trans to cis isomerisation has been pre-
viously computed.[44] Reductive elimination of H2 from cis-
I3’ is found to be a two-step process, involving the initial for-
mation of a dihydrogen complex before H2 dissociation to
form 10’. The latter H2 loss step has the higher-lying transi-
tion state (TS(cis-I3’-10’), E=++5.2 kcalmol�1) and this is in-
dicated in Figure 11. Details of the other stationary points
involved are provided in the Supporting Information. The
computed structure of 10’ is in reasonable agreement with
that determined experimentally for 10, although the calcula-
tions tend to overestimate the Rh-P distances.[63] Overall,
dehydrogenation of 19’ to form 10’ is computed to be endo-
thermic by 3.9 kcalmol�1, although the inclusion of entropic
effects associated with H2 loss make the free energy change
favourable by 2.3 kcalmol�1. Taking the data presented in
Figures 10 and 11 together indicates that the overall rate de-
termining step for dehydrogenation is associated with the
trans–cis isomerisation and this corresponds to an overall ac-
tivation energy of 21.7 kcalmol�1. For the cyclohexyl model
the computed b-H transfer/H2 loss reaction profile is very


Figure 9. Solid-state structure of 18. Only the major disorder component
is shown. Hydrogen atoms and the [BArF4]


� anion are not shown. Ther-
mal ellipsoids are presented at the 50% probability level. Selected bond
lengths [Q] and angles [8]: Rh�P 2.2348(11), Rh�C13 2.138(3), Rh�C14
2.123(5), Rh�C1–6 2.243(4)–2.338(4), P-Rh-Ct13/14 81.86(3).


Scheme 13.
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similar to that described above for the cyclopentyl species,
with the exception that it is consistently around 5 kcalmol�1


higher in energy.[64] Dehydrogenation is therefore less fa-
vourable for 20’ than for 19’, both thermodynamically (DE=


+7.2 kcalmol�1, DG=++1.0 kcalmol�1) and kinetically
(DE� =++27.5 kcalmol�1).


The lower computed barrier for dehydrogenation of 19’
compared to 20’ is consistent with the greater propensity of
cyclopentylphosphines to undergo dehydrogenation seen ex-
perimentally and, in particular, the fact that dehydrogena-
tion occurs upon halide abstraction from [Rh ACHTUNGTRENNUNG(dppe)-
ACHTUNGTRENNUNG(PCyp3)Cl], but not from [RhACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(PCy3)Cl]. However,
the calculations also suggest that the initial C–H activation
and b-H transfer steps in the dehydrogenation process
should be accessible for both systems, although the barriers
for these processes are again lower for a cyclopentyl rather
than a cyclohexyl substituent. This may account for the se-
lective dehydrogenation of the C5 ring in [RhCl ACHTUNGTRENNUNG(nbd)-
ACHTUNGTRENNUNG{PCy2Cyp}] described above, where the presence of a hydro-
gen acceptor may negate the need for the high energy
trans–cis isomerisation step. For 19 the identification of an
intramolecular isomerisation (and not C�H bond cleavage)
as the rate determining step in the dehydrogenation process
should be amenable to testing via measurement of the kH/kD
kinetic isotope effect on the rate of reaction of 19 and its


perdeuterio-analogue [Rh ACHTUNGTRENNUNG(dppe){PACHTUNGTRENNUNG(C5D9)}3]
+ . Experimental


studies are needed to verify this.
In the light of the above results, a number of reasons can


be put forward to account for the greater susceptibility of a
cyclopentylphosphine ligand towards dehydrogenation com-
pared to a cyclohexylphosphine analogue. Initial C–H acti-
vation step is more accessible with a cyclopentyl substituent,
as its geometry allows secondary stabilising agostic interac-
tions to develop in the transition state involved. Moreover
the b-agostically stabilised intermediate formed is more
stable as the C5 ring does not require any conformational
change, whereas with a cyclohexyl substituent a twist-boat
conformation is required (see I2’ above). The energetics of
the subsequent b-H transfer and H2 loss are very similar for
the cyclopentyl and cyclohexyl species and so the higher en-
ergies computed for all the phosphine–cyclohexene station-
ary points must reflect an intrinsic destabilization associated
with that ligand. Part of this preference is derived from the
cycloalkanes themselves, as at the level of theory used here
the energy of dehydrogenation of cyclopentane is slightly
lower than that of cyclohexane (+25.0 compared with
+26.4 kcalmol�1). In addition the phosphine–cyclohexene
ligand generally exhibits slightly longer Rh–C ACHTUNGTRENNUNG(alkene) bonds
than in the phosphine–cyclopentene analogues, suggesting
that the C6 ligand does not bind as strongly. This idea was


Figure 10. Computed reaction profiles [kcalmol�1] for C-H activation in 19’ (bottom) and 20’ (top, grey). Values include a correction for zero-point
energy and free energies are shown in italics. Geometries with key distances [Q] are given for selected stationary points with non-participating phosphine
substituents being omitted for clarity. Details of TS ACHTUNGTRENNUNG(I1’-I2’) are supplied in the Supporting Information.
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confirmed by computing the energy required to dissociate
the alkene arm in the two cis-I3’ intermediates, a process
that was 2.1 kcalmol�1 easier for the phosphine–cyclohexene
species.


Conclusion


We have demonstrated experimentally and computationally
that dehydrogenation in cyclopentylphosphine ligands is a
process that occurs readily, presenting examples of dehydro-
genation in the presence or absence of a hydrogen acceptor.
This transformation is promoted by a facile initial C-H acti-
vation step in which a supporting, secondary agostic interac-
tion may stabilize the transition state. In addition, acceptor-
less dehydrogenation is promoted by the greater accessibili-
ty of the phosphine–cyclopentene ligand and its greater abil-
ity to stabilize RhI centres compared to its phosphine–cyclo-


hexene analogues. The ease of this transformation suggests
that cyclopentylphosphines are unlikely to be completely in-
nocent ligands in organometallic chemistry. This is not nec-
essarily a detrimental transformation, as the concise genera-
tion of mixed phosphine/alkene ligands on a cationic rhodiu-
m(I) metal centre may have application in catalysis, and we
have reported initial encouraging results that point to this.[28]


Experimental Section


General : All manipulations were carried out using standard Schlenk line
and glove-box techniques under an inert atmosphere of argon or nitro-
gen, except when otherwise stated. Glassware was oven dried at 130 8C
overnight and flamed under vacuum prior to use. CH2Cl2 and pentane
were dried over activated alumina, copper and molecular sieves using an
M. Braun solvent purification system. CD2Cl2 and fluorobenzene were
distilled under vacuum from CaH2. Hydrogenation procedures were car-
ried out at 4 atm hydrogen, by the following procedure: The entire flask


Figure 11. Computed reaction profiles for b-H transfer and H2 loss from intermediate I2’ resulting from 19’ (bottom) and 20’ (top, grey). Values include a
correction for zero-point energy and free energies are shown in italics. Geometries with key distances [Q] are given for selected stationary points with
non-participating phosphine substituents being omitted for clarity. For 10’ selected experimental distances are given for comparison while full details of
all other stationary points are supplied in the Supporting Information.
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or NMR tube, both equipped with a J. Youngs tap, was frozen in liquid
N2, the flask was pumped down and backfilled with hydrogen (1 atm)
and sealed. The solution was allowed to warm to room temperature, re-
sulting in an internal pressure of ca. 4 atm (298:77 �4). 1H, 31P{1H},
13C{1H} and HMQC NMR spectra were recorded on Bruker Avance
300 MHz and Bruker Avance 400 MHz and 500 MHz spectrometers. Re-
sidual protio solvent was used as reference for 1H NMR spectra
(CD2Cl2: d 5.33). Chemical shift values are quoted in ppm and coupling
constants are quoted in Hz. NMR analyses were carried out at 298 K
unless otherwise stated. Gas chromatography was performed using a
Perkin-Elmer GC, helium carrier gas (12 psi), injection volume 0.2 mL,
oven temperature 40 8C and a flame ionisation detector. Data was ana-
lysed using the TurboChrom software package. PCyp3,


[34] and [Rh-
ACHTUNGTRENNUNG(nbd)Cl]2


[65] were prepared using literature methods. The preparation of
[Rh ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PCy3)Cl], [Rh ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(PCyp3)Cl], [Rh ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(PCy3)Cl], [Rh-
ACHTUNGTRENNUNG(nbd)Cl ACHTUNGTRENNUNG{PCy2Cyp}] and P(Cy)2ACHTUNGTRENNUNG(Cyp) are reported in Supporting Infor-
mation.


Computational details : The majority of the calculations reported in this
paper were run with Gaussian 03.[66] In all cases full density functional
theory (DFT) calculations were employing using the BP86 functional.
Rh and P centres were described with the Stuttgart RECPs and associat-
ed basis sets[67] with a set of d-orbital polarisation functions on P (z=


0.387).[68] 6-31G** basis sets were used for all other atoms.[69,70] All sta-
tionary points were fully characterized via analytical frequency calcula-
tions as either minima (all positive eigenvalues) or transition states (one
imaginary eigenvalue). Energies include a correction for zero-point en-
ergies and free energies are quoted at 298.15 K. The calculations per-
formed for the analysis of the structure of 2b employed the
ADF2004.01 program. The BP86 functional was again used along with a
triple-z basis set for Rh and double-z plus polarization basis sets for all
other atoms. The frozen core approximation was employed for Rh (3d),
P (2p), C and O (1s) and relativistic effects were included through the
ZORA approximation.[71,72]


X-ray crystallography : Arbitrary hemispheres of intensity data were col-
lected at 150 K on a Nonius Kappa CCD, using graphite monochromat-
ed MoKa radiation (l =0.71073 Q). Data were processed using the sup-
plied Nonius software. Structure solution, followed by full matrix least
squares refinement on F2 (all data) was performed using SHELX97[73]


under the WINGX 1.70[74] package, after using SORTAV[75] for absorp-
tion correction. In each structure some disorder of the cyclopentyl
groups was evident, as was disorder of some of the CF3 groups in the
[BArF4]


� anion. For the majority of structures one of the unfunctional-
ised cyclopentyl rings was disordered over two sites, but this can be sat-
isfactorily modelled in all cases. Figures show only the major component
of the disorder. Table 2 gives details of data collection and refinement
for the structurally characterised complexes reported.


CCDC 651267 (2a), 651268 (4), 651269 (6), 610376 (7), 610375 (8),
651270 (9), 610374 (10), 638584 (14), and 651271 (18) contain the sup-
plementary crystallographic data for this paper. These data can be ob-
tained free of charge from The Cambridge Crystallographic Data
Centre via www.ccdc.cam.ac.uk/data_request/cif.


ACHTUNGTRENNUNG[(PCyp3)2Rh ACHTUNGTRENNUNG(nbd)] ACHTUNGTRENNUNG[BArF4] (1): A hexane solution of PCyp3 (0.11 mL,
0.42m, 0.046 mmol) was added to a solution of [RhACHTUNGTRENNUNG(nbd)Cl]2 (50 mg,
0.0108 mmol) in CH2Cl2 (15 mL) and the solution was stirred for 15 min.
Na ACHTUNGTRENNUNG[BArF4] (191 mg, 0.0215 mmol) was added, followed by degassed H2O
(15 mL). The two phase mixture was stirred vigorously for 1 h. The mix-
ture was separated and pentane was added to the red-orange (lower)
phase until a precipitate began to appear. The flask was placed in the
freezer (�20 8C) overnight, and the resulting precipitate was collected
by filtration and was washed with pentane. The solid was dried in vacuo
to give 1 as yellow-orange crystals (250 mg, 76%). 1H NMR
(400.1 MHz, CD2Cl2): d = 7.72 (s, 8H, BArF4), 7.55 (s, 4H, BArF4), 4.87
(s, 4H, nbd HC=CH), 3.89 (s, 2H, nbd CH), 1.25–2.25 ppm (m, 56H,
nbd CH2 and (C5H9)3);


31P{1H} NMR (161.9 MHz, CD2Cl2): d =


13.35 ppm [d, J ACHTUNGTRENNUNG(P,P) = 147 Hz]; 13C{1H} NMR (100.6 MHz, CD2Cl2,
250 K): d = 161.9 [q, J ACHTUNGTRENNUNG(B,C) = 50 Hz, BArF4], 134.5 (s, BArF4), 128.5
[qq, J ACHTUNGTRENNUNG(F,C) = 31, J ACHTUNGTRENNUNG(B,C) = 2.9 Hz, BArF4], 125.5 [q, J ACHTUNGTRENNUNG(F,C) = 272 Hz,
BArF4], 117.0 (s, BArF4), 71.9 (m, CH=CH), 67.5 (m, nbd CH2), 52.5 (m, Ta
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nbd CH), 37.5 (m, CH), 30.5 (s, CH2), 25.0 ppm (s, CH2); elemental anal-
ysis calcd (%) for C69H74BF24P2Rh·0.75CH2Cl2: C 52.40, H 4.76; found: C
52.37, H 4.47.


cis-[{P ACHTUNGTRENNUNG(C5H7)Cyp2}2Rh]ACHTUNGTRENNUNG[BArF4] (2a) and trans-[{P ACHTUNGTRENNUNG(C5H7)Cyp2}2Rh]-
ACHTUNGTRENNUNG[BArF4] (2b): The preparation method used for both complexes 2a and
2b was the same with the exception of the timescale employed. An
NMR tube was charged with 1 (10 mg, 0.0065 mmol) and CD2Cl2 was
added via cannula. The solution of complex 1 was left for 2 h (ca. 70% of
2a), and characterisation was achieved by NMR spectroscopy. For com-
plex 2b, the solution was left for two days (ca. 70% of 2b), and charac-
terisation was achieved by NMR spectroscopy.


Yellow/orange crystals of complex 2b were grown after 2 d by diffusion
of pentane into a concentrated solution of the complex in CH2Cl2. The
resulting crystals contained a mixture of products; however a single crys-
tal suitable for X-ray diffraction could be selected. Crystals of the mixed
species 2a·2b were grown by similar means except that the diffusion of
pentane into a concentrated solution of the complex in CH2Cl2 was car-
ried out after 2 h.


NMR data for complex 2a : selected 1H NMR (400.1 MHz, CD2Cl2): d =


4.90 ppm (s); 31P{1H} (161.9 MHz, CD2Cl2): d = 67.35 ppm [d, J ACHTUNGTRENNUNG(P,Rh) =


150 Hz]; selected 13C{1H} (100.6 MHz, CD2Cl2): d = 100.94 [m, J ACHTUNGTRENNUNG(P,P) =


50, J ACHTUNGTRENNUNG(P1,C) = 8.7, J ACHTUNGTRENNUNG(Rh,C) = 8.1, J ACHTUNGTRENNUNG(P2,C) = 3.0 Hz].


NMR data for complex 2b : selected 1H NMR (400.1 MHz, CD2Cl2): d =


5.46 ppm (s); 31P{1H} (161.9 MHz, CD2Cl2): d = 65.79 [d, J ACHTUNGTRENNUNG(P,Rh) =


114 Hz]; selected 13C{1H} (100.6 MHz, CD2Cl2): d = 89.2 ppm [d, J-
ACHTUNGTRENNUNG(Rh,C) = 10.2 Hz]; elemental analysis calcd (%) for C62H62BF24P2Rh: C
51.76, H 4.34; found: C 51.62, H 4.52; ESI-MS (CH2Cl2): m/z : calcd for
[RhP2C30H50]


+ : 575.2437; found 575.2444.


[Ir ACHTUNGTRENNUNG{PCyp2 ACHTUNGTRENNUNG(h
2-C5H7)}2H2] ACHTUNGTRENNUNG[BArF4] (4): A hexane solution of PCyp3


(0.22 mL, 0.49m, 0.11 mmol) was added to a solution of [Ir ACHTUNGTRENNUNG(coe)2Cl]2
(25 mg, 2.29[10�2 mmol) in CH2Cl2 (5 mL). The mixture was stirred
overnight. The solvent was removed in vacuo and the residue redissolved
in pentane and stored at �78 8C to yield a yellow powder. The solid was
isolated and dissolved in CH2Cl2 (5 mL) and to it Na ACHTUNGTRENNUNG[BArF4] (49 mg,
5.58[10�2 mmol) and 3,3-dimethyl-1-butene (35 mL, 0.279 mmol) were
added. The mixture was filtered and the solvent removed in vacuo. Col-
ourless, X-ray quality, crystals were obtained by diffusion of pentane into
a solution of the complex in C6H5F. (24 mg, 34%). 1H NMR
(400.11 MHz, CD2Cl2): d = 7.72 (s, 8H, BArF4), 7.55 (s, 4H, BArF4), 4.69
(m, 2H, h2-HC=CH), 4.50 (m, 2H, h2-HC=CH), 2.4–1.4 (m, 46H, CH/
CH2), �12.17 ppm [t, J ACHTUNGTRENNUNG(P,H) = 11.4 Hz, 2H, IrH]; 31P{1H} NMR
(162.0 MHz, CD2Cl2): d = 39.5 ppm (s); elemental analysis calcd (%)
for IrC62H64P2BF24·0.7 ACHTUNGTRENNUNG(C6H5F): C 49.78, H 4.26; found: C 49.52, H 4.26;
ESI-MS (CH2Cl2): m/z : calcd for [193IrC30H52P2]


+ : 667.3169; found:
667.3165.


ACHTUNGTRENNUNG[(PCyp3)2Rh(H)2 ACHTUNGTRENNUNG(h
2-H2)2] ACHTUNGTRENNUNG[BArF4] (5): A NMR tube was charged with


complex 1 (10 mg, 0.0065 mmol) and CD2Cl2 (0.5 mL) was transferred via
cannula into the tube. The tube was frozen in liquid N2, placed under
vacuum and backfilled with H2. Upon thawing, the solution rapidly
changed from yellow to colourless. The solution was characterised by
NMR. Complex 5 is only stable under a H2 atmosphere and thus no mi-
croanalysis was obtained. ESI-MS shows [M� ACHTUNGTRENNUNG(2[H2)]


+ consistent with
the weak binding of two dihydrogen ligands. 1H NMR (400.1 MHz,
CD2Cl2, 200 K): d = 7.9 (s, 8H, BArF4), 7.75 (s, 4H, BArF4), 1–2.3 (m,
54H, 2 ACHTUNGTRENNUNG(C5H9)3), �2.21 (br s, 4H, T1=14 ms, RhH2), �13.79 ppm (br s,
2H, T1=250 ms, Rh-H); 31P{1H} NMR (161.9 MHz, CD2Cl2): d =


57.43 ppm [d, J ACHTUNGTRENNUNG(Rh,P) = 101 Hz].


[{P ACHTUNGTRENNUNG(h2-C5H7)Cyp2} ACHTUNGTRENNUNG{PCyp3}Rh ACHTUNGTRENNUNG(MeCN)] ACHTUNGTRENNUNG[BArF4] (6): A solution of 1
(40 mg, 0.026 mmol) in C6H5F (5 mL) in a J. YoungMs tube was placed
under 4 atm hydrogen and shaken for 5 min. The solution was freeze-
thaw-degassed to remove excess hydrogen and 3,3-dimethylbutene
(100 mL) was added at 77 K. The mixture was allowed to thaw and mixed
for several seconds. MeCN (100 mL) was added via cannula, the mixture
was shaken and the solution was layered with cyclohexane. After 3 d the
mixture was filtered to give 6 as yellow-orange crystals (20 mg, 53%). A
single crystal suitable for X-ray crystallography was grown by diffusion of
pentane into a concentrated solution of the complex in CH2Cl2.


1H NMR
(400.1 MHz, CD2Cl2): d = 7.72 (s, 8H, BArF4), 7.55 (s, 4H, BArF4), 4.25


(s, 2H, CH=CH), 2.32 (s, 3H, NCCH3), 1.28–2.2 ppm (m, 50H, (C5H9)5-
ACHTUNGTRENNUNG(C5H7));


31P{1H} NMR (161.9 MHz, CD2Cl2): d = 74.58 [dd, J ACHTUNGTRENNUNG(P,P) =


302, J ACHTUNGTRENNUNG(Rh,P) = 123 Hz], 25.67 [dd, J ACHTUNGTRENNUNG(P,P) = 302, J ACHTUNGTRENNUNG(Rh,P) = 117 Hz];
13C{1H} NMR (100.6 MHz, CD2Cl2): d = 162.1 [q, J ACHTUNGTRENNUNG(B,C) = 50 Hz,
BArF4], 135.1 (s, BArF4), 129.2 [qq, J ACHTUNGTRENNUNG(F,C) = 31, J ACHTUNGTRENNUNG(B,C) = 2.9 Hz,
BArF4], 128.99 (s, C�N), 124.94 (q, J ACHTUNGTRENNUNG(F,C) = 272 Hz, BArF4), 117.78 (s,
BArF4), 71.0 [d, J ACHTUNGTRENNUNG(Rh,C) = 15 Hz, HC=CH], 37.94 [dd, J ACHTUNGTRENNUNG(P,C) = 7.8, J-
ACHTUNGTRENNUNG(Rh,C) = 2.1 Hz, CH2], 35.45 [dd, J ACHTUNGTRENNUNG(P,C) = 18, J ACHTUNGTRENNUNG(Rh,C) = 1.8 Hz, CH],
33.27 [dd, J ACHTUNGTRENNUNG(P,C) = 20, J ACHTUNGTRENNUNG(Rh,C) = 1.9 Hz, CH], 31.94 (s, CH2), 30.61 [d,
J ACHTUNGTRENNUNG(P,C) = 2.8 Hz, CH2], 29.9 (s, CH2), 27.04 [dt, J ACHTUNGTRENNUNG(P,C) = 24, J ACHTUNGTRENNUNG(Rh,C) �J-
ACHTUNGTRENNUNG(P,C) �2.2 Hz, CH], 26.86 [d, J ACHTUNGTRENNUNG(P,C) = 7.9 Hz, CH2], 26.35 [d, J ACHTUNGTRENNUNG(P,C) =


8.1 Hz, CH2], 26.2 (d, J ACHTUNGTRENNUNG(P,C) = 8.8 Hz, CH2); elemental analysis calcd
(%) for C64H67BF24N1P2Rh: C 51.87, H 4.56, N 0.95; found: C 51.79, H
4.65, N 0.93; ESI-MS (CH2Cl2): m/z : calcd for [RhP2C32H55N]+ : 618.2859;
found: 618.2850.


[Rh ACHTUNGTRENNUNG(h6-C6H5F) ACHTUNGTRENNUNG{PCyp2 ACHTUNGTRENNUNG(h
2-C5H7)}]ACHTUNGTRENNUNG[BArF4] (7): A mixture Rh ACHTUNGTRENNUNG(nbd)-


ACHTUNGTRENNUNG(PCyp3)Cl (50.0 mg, 0.11 mmol) and Na ACHTUNGTRENNUNG[BArF4] (94.75 mg, 0.11 mmol) in
C6H5F (5 mL) was stirred for 1 h. The mixture was filtered and the solu-
tion was layered with pentane. Slow diffusion gave 7 as pale yellow crys-
tals (84 mg, 61%). 1H NMR (400.11 MHz, C6H5F): d = 8.29 (s, 8H,
BArF4), 7.63 (s, 4H, BArF4), 6.07 (m, 4H, ArH), 5.45 (m, 1H, pArH),
3.89 (d, J = 3.0 Hz, 2H, HC=CH), 1.70–1.05 ppm (m, 23H, CH/CH2);
31P{1H} NMR (162.0 MHz, C6H5F): d = 109.67 [dd, J ACHTUNGTRENNUNG(Rh,P) = 178, J-
ACHTUNGTRENNUNG(F,P) = 3.9 Hz]; selected 13C{1H} NMR (100.6, C6H5F): d = 145.55 [dt, J-
ACHTUNGTRENNUNG(F,C) = 275, J = 2.6 Hz, C5H5CF], 103.32 [ddd, J ACHTUNGTRENNUNG(F,C) = 7.1, J = 2.7,
1.5 Hz, C6H5F], 96.30 (ddd, J = 3.7, 2.7, 1.1 Hz, C6H5F), 92.23 [dt, J ACHTUNGTRENNUNG(F,C)
= 20, 2.0 Hz, C6H5F], 65.04 [d, J ACHTUNGTRENNUNG(Rh,C) = 16 Hz, HC=CH], 36.15 [d, J-
ACHTUNGTRENNUNG(P,C) = 3.7 Hz, CH2], 35.20 [dd, J ACHTUNGTRENNUNG(P,C) = 26, J ACHTUNGTRENNUNG(Rh,C) = 1.1 Hz, CH],
32.22 (s, CH2), 30.08 [dd, J ACHTUNGTRENNUNG(P,C) = 29, J ACHTUNGTRENNUNG(Rh,C) = 2.2 Hz, CH], 30.06 (s,
CH2), 27.23 [d, J ACHTUNGTRENNUNG(P,C) = 8.4 Hz, CH2], 26.32 ppm [d, J ACHTUNGTRENNUNG(P,C) = 9.3 Hz,
CH2]; elemental analysis calcd (%) for C53H42BF25PRh: C 49.02, H 3.26;
found: C 49.41, H 3.29.


[Rh ACHTUNGTRENNUNG(h6-C6H6) ACHTUNGTRENNUNG{PCyp2 ACHTUNGTRENNUNG(h
2-C5H7)}]ACHTUNGTRENNUNG[BArF4] (8): A mixture of benzene


(0.2 mL, 2.9[10�3 mol), [RhACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG(PCyp3)Cl] (20.0 mg, 4.2[10�2 mmol)
and Na ACHTUNGTRENNUNG[BArF4] (37.9 mg, 4.2[10�2 mmol) in CH2Cl2 (5 mL) was stirred
for 1 h. The mixture was filtered and the solvent was removed in vacuo.
Diffusion of pentane into a solution of the residue in CH2Cl2 gave 8 as
pale yellow crystals (28 mg, 52%). 1H NMR (400.1 MHz, CD2Cl2): d =


7.70 (s, 8H, BArF4), 7.55 (s, 4H, BArF4), 6.55 (s, 6H, C6H6), 4.30 (d, J
=2.7 Hz, 2H, HC=CH), 2.15–1.35 ppm (m, 23H, CH/CH2);


31P{1H} NMR
(162.0 MHz, CD2Cl2): d = 111.45 ppm [d, J ACHTUNGTRENNUNG(Rh,P) = 178 Hz]; 13C{1H}
NMR (100.6, CD2Cl2): d = 162.10 [q, J ACHTUNGTRENNUNG(B,C) = 50 Hz, BArF4], 135.14 (s,
BArF4), 129.21 [qq, J ACHTUNGTRENNUNG(F,C) = 31, J ACHTUNGTRENNUNG(B,C) = 2.9 Hz, BArF4], 124.94 [q, J-
ACHTUNGTRENNUNG(F,C) = 272 Hz, BArF4], 117.81 (s, BArF4), 102.53 (s, C6H6), 62.72 [d, J-
ACHTUNGTRENNUNG(Rh,C) = 16 Hz, HC=CH], 36.44 [d, J ACHTUNGTRENNUNG(P,C) = 4.0 Hz, CH2], 35.33 [d, J-
ACHTUNGTRENNUNG(P,C) = 26 Hz, PCH], 32.55 (s, CH2), 30.33 (s, CH2), 30.15 [dd, J ACHTUNGTRENNUNG(P,C) =


28, J ACHTUNGTRENNUNG(Rh,C) = 2.2 Hz, PCH], 27.10 [d, J ACHTUNGTRENNUNG(P,C) = 8.8 Hz, CH2], 26.32 [d, J-
ACHTUNGTRENNUNG(P,C) = 9.5 Hz, CH2]: elemental analysis calcd (%) for C53H43BF24PRh:
C 49.71, H 3.38; found: C 49.58, H 3.34.


[Rh ACHTUNGTRENNUNG(nbd) ACHTUNGTRENNUNG{PCyp2ACHTUNGTRENNUNG(h
2-C5H7)}] ACHTUNGTRENNUNG[BArF4] (9): Norbornadiene (0.1 mL,


1.0 mmol) was added to a solution of 7 (30 mg, 0.023 mmol) in CH2Cl2
(2 mL) and the resulting solution was stirred for 1 h. The solvent was re-
moved in vacuo, the residue was dissolved in CH2Cl2 and the solution
was layered with pentane to give 9 as yellow crystals (24 mg, 80%).
1H NMR (400.1 MHz, C6H5F): d = 7.71 (s, 8H, BArF4), 7.55 (s, 4H,
BArF4), 5.83 (m, 2H, nbd CH), 5.46 (d, J = 2.0 Hz, 2H, C5H7 HC=CH),
5.39 (m, 2H, nbd HC=CH), 4.16 (m, 2H, nbd HC=CH), 2.44–1.40 ppm
(m, 23H, CH/CH2);


31P{1H} NMR (162.0 MHz, C6H5F): d = 73.08 [d, J-
ACHTUNGTRENNUNG(Rh,P) = 151 Hz]; 13C{1H} NMR (125.8 MHz, CD2Cl2): d = 162.14 [q, J-
ACHTUNGTRENNUNG(B,C) = 50 Hz, BArF4], 135.17 (s, BArF4), 129.24 [qq, J ACHTUNGTRENNUNG(F,C) = 31, J ACHTUNGTRENNUNG(B,C)
= 2.9 Hz, BArF4], 124.91 [q, J ACHTUNGTRENNUNG(F,C) = 273 Hz, BArF4], 117.84 (s, BArF4),
108.99 [d, J ACHTUNGTRENNUNG(Rh,C) = 9.1 Hz, C5H7 HC=CH], 95.78 (dd, J = 9.1, 5.4 Hz,
nbd HC=CH), 86.22 [d, J ACHTUNGTRENNUNG(Rh,C) = 8.2 Hz, nbd HC=CH], 71.51 (m, nbd
CH2), 56.29 (m, nbd CH), 38.39 [d, J ACHTUNGTRENNUNG(Rh,C) = 5.4 Hz, CH2], 33.28 [d, J-
ACHTUNGTRENNUNG(Rh,C) = 23 Hz, CH], 31.24 (s, CH2), 30.54 [d, J ACHTUNGTRENNUNG(Rh,C) = 24 Hz, CH],
29.79 (s, CH2), 26.89 [d, J ACHTUNGTRENNUNG(Rh,C) = 8.2 Hz, CH2], 26.19 [d, J ACHTUNGTRENNUNG(Rh,C) =


8.2 Hz, CH2; signals were assigned using 2D COSY and NOESY experi-
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ments; elemental analysis calcd (%) for C54H45BF24PRh: C 50.1, H 3.50;
found: C 49.38, H 3.48.


[Rh ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG{PCyp2 ACHTUNGTRENNUNG(h
2-C5H7)}] ACHTUNGTRENNUNG[BArF4] (10): A mixture of Rh ACHTUNGTRENNUNG(dppe)-


ACHTUNGTRENNUNG(PCyp3)Cl (30 mg, 3.87[10�2 mmol) and NaACHTUNGTRENNUNG[BArF4] (34 mg, 0.0387 mmol)
in CH2Cl2 (5 mL) was stirred for 15 minutes. The resulting orange mix-
ture was filtered and the solvent was removed in vacuo. Diffusion of pen-
tane into a solution of the residue in C6H5F gave 10 as orange crystals
(38 mg, 61%). 1H NMR (400.11 MHz, CD2Cl2): d = 7.72 (m, 8H,
BArF4), 7.55 (s, 4H, BArF4), 7.70–7.45 (m, 20H, ArH), 4.89 (m, 2H, HC=


CH), 2.2–1.2 ppm (m, 27H, CH/CH2);
31P{1H} NMR (162.0 MHz,


CD2Cl2): d = 65.03 [ddd, J ACHTUNGTRENNUNG(P,P) = 283, J ACHTUNGTRENNUNG(Rh,P) = 125, J ACHTUNGTRENNUNG(P,P) = 31 Hz,
PCyp], 60.55 [ddd, J ACHTUNGTRENNUNG(P,P) = 283, J ACHTUNGTRENNUNG(Rh,P) = 125, J ACHTUNGTRENNUNG(P,P) = 28 Hz, PDPPE


trans to PCyp], 50.53 ppm [ddd, J ACHTUNGTRENNUNG(Rh,P) = 158, J ACHTUNGTRENNUNG(P,P) = 31, J ACHTUNGTRENNUNG(P,P) =


28 Hz, PDPPE trans to alkene]; signals assigned using 2D 31P HMQC and
NOESY experiments; 13C{1H} NMR (100.6, CD2Cl2): d = 162.10 [q, J-
ACHTUNGTRENNUNG(B,C) = 50 Hz, BArF4], 135.14 (s, BArF4), 133.44 [d, J ACHTUNGTRENNUNG(P,C) = 12 Hz, Ar
CH], 133.24 [d, J ACHTUNGTRENNUNG(P,C) = 11 Hz, Ar CH], 133.23 [d, J ACHTUNGTRENNUNG(P,C) = 41 Hz, Ar
CH], 131.87 [d, J ACHTUNGTRENNUNG(P,C) = 11 Hz, Ar CH], 131.85 [d, J ACHTUNGTRENNUNG(P,C) = 11 Hz, Ar
CH], 131.33 [dd, J ACHTUNGTRENNUNG(P,C) = 37, J ACHTUNGTRENNUNG(Rh,C) = 3.5 Hz, Ar CH], 129.71 [d, J-
ACHTUNGTRENNUNG(P,C) = 9.3 Hz, Ar CH], 129.46 [d, J ACHTUNGTRENNUNG(P,C) = 10 Hz, Ar CH], 129.2 [q, J-
ACHTUNGTRENNUNG(F,C) = 31 Hz, BArF4], 124.94 [q, J ACHTUNGTRENNUNG(F,C) = 272 Hz, BArF4], 117.79 (s,
BArF4), 96.21 (t, J = 9.7 Hz, HC=CH), 37.75 [d, J ACHTUNGTRENNUNG(P,C) = 7.5 Hz, CH2],
35.52 [d, J ACHTUNGTRENNUNG(P,C) = 19 Hz, CH], 31.27 (s, CH2), 29.91 (s, CH2), 29.48 [dd,
J ACHTUNGTRENNUNG(P,C) = 19, J ACHTUNGTRENNUNG(Rh,C) = 3.3 Hz, CH], 26.43 [d, J ACHTUNGTRENNUNG(P,C) = 7.9 Hz, CH2],
25.60 ppm [d, J ACHTUNGTRENNUNG(P,C) = 8.4 Hz, CH2]; elemental analysis calcd (%) for
C71H61BF24P3Rh: C 54.77, H 3.84; found: C 54.73, H 3.78.


ACHTUNGTRENNUNG[(dppe) ACHTUNGTRENNUNG(PCyp3)Rh ACHTUNGTRENNUNG(h
2-H2)(H)2]ACHTUNGTRENNUNG[BArF4] (11): A solution of 10 (10 mg,


6.26[10�3 mmol) in CD2Cl2 was placed under 4 atm of H2 (298:77=3.8)
and shaken for 15 min. The product was characterized in situ by 1H,
13C{1H} and 31P{1H} NMR spectroscopy. Compound 11 loses H2 when re-
moved from a H2 atmosphere and thus microanalytical data was not ob-
tained. 1H NMR (400.1 MHz, CD2Cl2, 298 K): d = 7.72 (s, 8H, BArF4),
7.59–7.42 (m, 20H, ArH), 7.54 (s, 4H, BArF4), 2.46 (m, 4H, dppe CH2),
1.91 (apparent quintet, J = 8.9 Hz, 3H, CH), 1.81–1.18 (m, 24H, CH2),
�4.5 (v br s, fwhm 1800 Hz, �2.5H); 31P{1H} NMR (162.0 MHz, CD2Cl2,
298 K): d = 56.98 ppm (brm); 1H NMR (400.1 MHz, CD2Cl2, 180 K): d


= 7.83–6.98 (m, 20H, ArH), 7.72 (s, 8H, BArF4), 7.51 (s, 4H, BArF4),
3.01–0.94 (m, 31H, CH2/CH), �3.12 (s, 2H, T1=19 ms, RhH2), �8.51
[ddt, J ACHTUNGTRENNUNG(Ptrans,H) = 149, J = 14, 8.5 Hz, 1H, T1=215 ms, RhH], �13.03
(m, 1H, T1=250 ms, RhH); 31P{1H} NMR (202.5 MHz, CD2Cl2, 220 K): d


= 61.35 [ddd, J ACHTUNGTRENNUNG(P,P) = 285, J ACHTUNGTRENNUNG(Rh,P) = 99, J ACHTUNGTRENNUNG(P,P) = 12 Hz], 59.63 [ddd,
J ACHTUNGTRENNUNG(P,P) = 285, J ACHTUNGTRENNUNG(Rh,P) = 98, J ACHTUNGTRENNUNG(P,P) = 15 Hz], 51.83 ppm [ddd, J ACHTUNGTRENNUNG(Rh,P)
= 86, J ACHTUNGTRENNUNG(P,P) = 15, J ACHTUNGTRENNUNG(P,P) = 12 Hz]; selected 13C{1H} NMR (125.8 MHz,
CD2Cl2, 200 K): d = 36.15 (m, P-CH), 29.54 (s, CH2), 29.14 (s, CH2),
25.33 (s, CH2)*; no signals between d 60 and 110 ppm. The signal marked
* has a high intensity suggesting two coincident signals.


ACHTUNGTRENNUNG[(dppe)Rh ACHTUNGTRENNUNG(PCyp3)(L)(H)2] ACHTUNGTRENNUNG[BArF4] (12) (L= solvent or agostic interac-
tion): A solution of 10 (5 mg, 3.13[10�3 mmol) in CD2Cl2 was placed
under 4 atm of H2 (298:77=3.8) and shaken for 15 min to give 11. The
H2 was removed under vacuum by freeze/pump/thaw of the solution and
the product was immediately characterized in situ by 1H and 31P{1H}
NMR spectroscopy at 180 K. 1H NMR (500.1 MHz, CD2Cl2, 180 K): d =


7.71 (s, 8H, BArF4), 7.51 (s, 4H, BArF4), 7.48–7.20 (m, 20H, ArH), 3.19–
0.46 (m, 31H, CH/CH2), �8.39 (br s, 1H, Rh-H), �20.51 ppm (br s, 1H,
Rh-H); 1H NMR (500.1 MHz, CD2Cl2, 250 K): d = 7.70 (s, 8H, BArF4),
7.62–7.23 (m, 20H, ArH), 7.52 (s, 4H, BArF4), 2.89–0.88 (m, 31H, CH/
CH2), �14.59 ppm (br s, 2H, Rh-H); 31P{1H} NMR (202.5 MHz, CD2Cl2,
180 K): d = 61.85 [ddd, J ACHTUNGTRENNUNG(P,P) = 314, J ACHTUNGTRENNUNG(Rh,P) = 101, J ACHTUNGTRENNUNG(P,P) = 11 Hz],
51.84 [brdd, J ACHTUNGTRENNUNG(P,P) = 314, J ACHTUNGTRENNUNG(Rh,P) = 101 Hz], 46.41 [dt, J ACHTUNGTRENNUNG(Rh,P) = 87,
J ACHTUNGTRENNUNG(P,P) = 11 Hz].


ACHTUNGTRENNUNG[(dppe) ACHTUNGTRENNUNG(PCyp3)Rh ACHTUNGTRENNUNG(MeCN)(H)2] ACHTUNGTRENNUNG[BArF4] (13): A solution of 10 (5 mg,
3.13[10�3 mmol) in CD2Cl2 was placed under 4 atm of H2 (298:77=3.8)
and shaken for 15 minutes to give 11. MeCN (50 mL) was added and the
solution again placed under 4 atm of H2 to avoid loss of H2. The product
was immediately characterized in situ by 1H and 31P{1H} NMR spectros-
copy at 200 K. 1H NMR (500.1 MHz, CD2Cl2, 200 K): d = 7.70 (s, 8H,
BArF4), 7.51 (s, 4H, BArF4), 7.49–7.20 (m, 20H, ArH), 2.76–0.97 (m, 31H,
CH2/CH), �8.94 [dt, J ACHTUNGTRENNUNG(P,H) = 160, J ACHTUNGTRENNUNG(Rh/P,H) = 14 Hz, 1H, RhH],


�17.99 ppm (m, 1H, RhH); excess MeCN present so coordinated MeCN
not unequivocally observed; 31P{1H} NMR (202.5 MHz, CD2Cl2, 200 K):
d = 66.82 [ddd, J ACHTUNGTRENNUNG(P,P) = 319, J ACHTUNGTRENNUNG(Rh,P) = 101, J ACHTUNGTRENNUNG(P,P) = 11 Hz, PDPPE


trans to PCyp3], 54.84 [ddd, J ACHTUNGTRENNUNG(P,P) = 319, J ACHTUNGTRENNUNG(Rh,P) = 106, J ACHTUNGTRENNUNG(P,P) =


18 Hz, PCyp3], 45.92 [ddd, J ACHTUNGTRENNUNG(Rh,P) = 87, J ACHTUNGTRENNUNG(P,P) = 18, J ACHTUNGTRENNUNG(P,P) = 11 Hz,
PDPPE trans to H]; signals assigned using 2D HMQC experiments.


ACHTUNGTRENNUNG[(dppe)Rh ACHTUNGTRENNUNG(PCyp3) ACHTUNGTRENNUNG(MeCN)]ACHTUNGTRENNUNG[BArF4] (14): A solution of 10 (10 mg, 6.26[
10�3 mmol) in CH2Cl2 (2 mL) and MeCN (0.1 mL) was placed under
4 atm of H2 (298:77=3.8) and the solution was stirred for 2 h. The sol-
vent was removed in vacuo and the resulting yellow oil was washed with
pentane (2[2 mL). The residue was recrystallised by diffusion of pentane
into a solution of the complex in C6H5F to give 14 as pale yellow crystals
(6 mg, 58%). 1H NMR (500.1 MHz, CD2Cl2, 298 K): d = 7.83 (m, 4H,
ArH), 7.67 (m, 4H, ArH), 7.68 (s, 8H, BArF4), 7.57–7.41 (m, 12H, ArH),
7.54 (s, 4H, BArF4), 2.15 [dq, 2J ACHTUNGTRENNUNG(P,H) = 31, 3J ACHTUNGTRENNUNG(P,H) �J ACHTUNGTRENNUNG(H,H) = 7.1 Hz,
2H, P-CH2], 1.87 [dq, 2J ACHTUNGTRENNUNG(P,H) = 26, 3J ACHTUNGTRENNUNG(P,H) �J ACHTUNGTRENNUNG(H,H) = 7.1 Hz, 2H, P-
CH2], 1.79–1.15 (m, 27H, CH2/CH), 1.68 ppm (s, 3H, NCCH3);


31P{1H}
NMR (202.5 MHz, CD2Cl2, 298 K): d = 66.06 [dt, J ACHTUNGTRENNUNG(Rh,P) = 181, J ACHTUNGTRENNUNG(P,P)
= 35 Hz, PDPPE trans to MeCN], 62.27 [ddd, J ACHTUNGTRENNUNG(P,P) = 282, J ACHTUNGTRENNUNG(Rh,P) =


128, J ACHTUNGTRENNUNG(P,P) = 35 Hz, PDPPE trans to PCyp3], 27.80 [ddd, J ACHTUNGTRENNUNG(P,P) = 282, J-
ACHTUNGTRENNUNG(Rh,P) = 127, J ACHTUNGTRENNUNG(P,P) = 35 Hz, PCyp3]; signals assigned using 2D
HMQC experiments; 13C{1H} NMR (125.8 MHz, CD2Cl2): d = 162.10 [q,
J ACHTUNGTRENNUNG(B,C) = 50 Hz, BArF4], 135.17 (s, BArF4), 134.11 [d, J ACHTUNGTRENNUNG(P,C) = 10.9 Hz,
Ar CH], 133.50 [d, J ACHTUNGTRENNUNG(P,C) = 10.9 Hz, Ar CH], 133.30 [d, J ACHTUNGTRENNUNG(P,C) = 40 Hz,
Ar PC], 132.50 [d, J ACHTUNGTRENNUNG(P,C) = 40 Hz, Ar PC], 131.50 [d, J ACHTUNGTRENNUNG(P,C) = 2.0 Hz,
Ar CH], 131.33 [dd, J ACHTUNGTRENNUNG(P,C) = 2.0 Hz, Ar CH], 130.39 [d, J ACHTUNGTRENNUNG(Rh,C) =


7.3 Hz, N�C], 129.23 [qq, J ACHTUNGTRENNUNG(F,C) = 32, J ACHTUNGTRENNUNG(B,C) = 2.7 Hz, BArF4], 129.31
[d, J ACHTUNGTRENNUNG(P,C) = 9.1 Hz, Ar CH], 128.9 [d, J ACHTUNGTRENNUNG(P,C) = 9.1 Hz, Ar CH], 124.94
[q, J ACHTUNGTRENNUNG(F,C) = 272 Hz, BArF4], 117.79 [sept, J ACHTUNGTRENNUNG(F,C) = 3.6 Hz, BArF4], 36.76
[d, J ACHTUNGTRENNUNG(P,C) = 21 Hz, CH], 34.11 (m, P-CH2), 30.78 [d, J ACHTUNGTRENNUNG(P,C) = 1.8 Hz,
CH2], 26.01 [d, J ACHTUNGTRENNUNG(P,C) = 9 Hz, CH2], 24.25 (m, P-CH2), 3.49 ppm (s,
CH3CN); ESI-MS (C6H5F): m/z : calcd for [C43H54NP3Rh]+ : 780.25;
found: 780.30.


[Rh ACHTUNGTRENNUNG(dppe)P ACHTUNGTRENNUNG(C6H11)3(L)] ACHTUNGTRENNUNG[BArF4] (L= solvent or agostic interaction) (15):
Na ACHTUNGTRENNUNG[BArF4] (21.7 mg, 0.024 mmol) was added to a solution of [Rh ACHTUNGTRENNUNG(dppe)-
ACHTUNGTRENNUNG(PCy3)Cl] in CH2Cl2 (1 mL), the resulting mixture was stirred for 5 mi-
nutes and the product was characterised in situ by 1H and 31P{1H} NMR
spectroscopy and ESI-MS. 1H NMR (500.1 MHz, CD2Cl2, 298 K): d =


7.75–7.67 (m, 4H, ArH), 7.71 (s, 8H, BArF4), 7.57–7.46 (m, 16H, ArH),
7.54 (s, 4H, BArF4), 2.20–1.01 ppm (m, 37H, CH/CH2);


31P{1H} NMR
(202.5 MHz, CD2Cl2, 298 K): d = 68 (br s), 22 (vbr s); 1H NMR
(500.13 MHz, CD2Cl2, 190 K): d = 7.96–7.02 (m, 12H, ArH), 7.71 (s, 8H,
BArF4), 7.51 (s, 4H, BArF4), 3.06–0.08 ppm (m, 37H, CH/CH2);


31P{1H}
NMR (202.5 MHz, CD2Cl2, 180 K): shows many resonances (d 80–20)
consistent with a mixture of products; ESI-MS (C6H5F): m/z : calcd for
[C44H57P3Rh]+ : 781.272; found: 781.277.


[Rh ACHTUNGTRENNUNG(dppe) ACHTUNGTRENNUNG(PCy3) ACHTUNGTRENNUNG(MeCN)] ACHTUNGTRENNUNG[BArF4] (16): Na ACHTUNGTRENNUNG[BArF4] (21.7 mg, 0.024 mmol)
was added to a solution of Rh ACHTUNGTRENNUNG(dppe)ACHTUNGTRENNUNG(PCy3)Cl in CH2Cl2 (1 mL) and the
resulting mixture was stirred for 5 minutes. MeCN (0.1 mL) was added to
the mixture and the product was characterised in situ by 1H and 31P{1H}
NMR spectroscopy and ESI-MS. 1H NMR (500.11 MHz, CD2Cl2): d =


7.84 (m, ArH), 7.71 (m, ArH), 7.69 (s, 8H, BArF4), 7.54 (s, 4H, BArF4),
7.52–7.41 (m, ArH), 2.26–0.78 ppm (m, 40H, CH/CH2); excess MeCN
present so coordinated MeCN not unequivocally observed; 31P{1H} NMR
(202.5 MHz, CD2Cl2): d = 66.13 [ddd, J ACHTUNGTRENNUNG(Rh,P) = 182, J ACHTUNGTRENNUNG(P,P) = 35, J-
ACHTUNGTRENNUNG(P,P) = 35 Hz, Pdppe trans to MeCN], 63.19 [ddd, J ACHTUNGTRENNUNG(P,P) = 277, J ACHTUNGTRENNUNG(Rh,P)
= 128, J ACHTUNGTRENNUNG(P,P) = 35 Hz, Pdppe trans to PCy3], 30.36 ppm [ddd, J ACHTUNGTRENNUNG(P,P) =


277, J ACHTUNGTRENNUNG(Rh,P) = 125, J ACHTUNGTRENNUNG(P,P) = 35 Hz, PCy3]. Signals assigned using 2D
HMQC experiments; ESI-MS (C6H5F): m/z : calcd for [C46H60NP3Rh]+ :
822.2988; found: 822.2982.


[Rh ACHTUNGTRENNUNG(h6-C6H5F){P ACHTUNGTRENNUNG(h
2-C5H7)(Cy)2]ACHTUNGTRENNUNG[BArF4] (17): Na ACHTUNGTRENNUNG[BArF4] (69.2 mg,


0.0781 mmol) was added to a solution of [Rh ACHTUNGTRENNUNG(nbd)Cl ACHTUNGTRENNUNG{PCy2Cyp}]
(38.9 mg, 0.0783 mmol) in C6H5F (�2 mL) and the resulting mixture was
stirred for 18 h. The mixture was filtered and the solvent removed in
vacuo to give a yellow residue that was then washed with pentane to give
17 as a yellow powder (Crude yield, 71.3 mg, 68%). Attempting to purify
the complex further lead to decomposition. 1H NMR (400.1 MHz,
C6H5F): d = 8.30 (s, 8H, BArF4), 7.62 (s, 4H, BArF4), 6.03–6.11 (m, 3H,


www.chemeurj.org J 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim Chem. Eur. J. 2008, 14, 1004 – 10221020


A. S. Weller, S. A. Macgregor et al.



www.chemeurj.org





C6H5F), 5.51 (m, 2H, C6H5F), 3.89 (brd, 2H, HC=CH), 0.8–2.2 ppm (m,
29H, 2C6H11, 2CH2 and CH of C5H7);


31P{1H} NMR (162.0 MHz, C6H5F):
d = 112.23 ppm [dd, J ACHTUNGTRENNUNG(Rh,P) = 180, J ACHTUNGTRENNUNG(F,P) = 3.1 Hz]; selected 13C{1H}
NMR (125.8 MHz, C6H5F): d = 102.84 (m, C6H5F), 96.09 (m, C6H5F),
91.97 [d, J ACHTUNGTRENNUNG(F,C) = 20 Hz, C6H5F], 65.03 [d, J ACHTUNGTRENNUNG(Rh,C) = 16 Hz, C=C].


[Rh(h6-C6H5Me) ACHTUNGTRENNUNG{PCy2 ACHTUNGTRENNUNG(h
2-C5H7)}] ACHTUNGTRENNUNG[BArF4] (18): Na ACHTUNGTRENNUNG[BArF4] (66.2 mg,


0.0747 mmol) was added to a solution of [Rh ACHTUNGTRENNUNG(nbd)Cl ACHTUNGTRENNUNG{PCy2Cyp}]
(36.8 mg, 0.0741 mmol) in C6H5F (�2 mL) and the resulting mixture was
stirred for 18 h. Toluene (�0.3 mL) was added and the mixture was
stirred for a further hour and filtered. Diffusion of pentane into a solu-
tion of the complex in C6H5F gave 18 as pale yellow crystals (60.2 mg,
61%). 1H NMR (500.1 MHz, CD2Cl2): d = 7.7 (s, 8H, BArF4), 7.5 (s, 4H,
BArF4), 6.6 (m, 3H, C6H5CH3), 6.3 (d, 2H, C6H5CH3), 4.1 (brd, 2H, HC=


CH), 2.3 (s, 3H, C6H5CH3), 1.1–2.5 ppm (m, 29H, 2C6H11, C5H7);
31P{1H}


NMR (202.5 MHz, CD2Cl2): d = 111.83 [d, J ACHTUNGTRENNUNG(Rh,P) = 180 Hz]; 13C{1H}
NMR (125.8 MHz, CD2Cl2): d = 162.06 [q, J ACHTUNGTRENNUNG(B,C) = 50 Hz, BArF4],
135.10 (s, BArF4), 129.17 [qq, 1J ACHTUNGTRENNUNG(F,C) = 32, 2J ACHTUNGTRENNUNG(F,C) = 3.0 Hz, BArF4],
124.91 [q, 1J ACHTUNGTRENNUNG(F,C) = 272 Hz, BArF4], 119.58 [dd, J ACHTUNGTRENNUNG(Rh,C) = 4.3 Hz, J-
ACHTUNGTRENNUNG(P,C) = 2.0 Hz, ipso-C6H5CH3), 117.77 (m, BArF4), 103.20 [dd, J ACHTUNGTRENNUNG(Rh,C)
= 3.6, J ACHTUNGTRENNUNG(P,C) = 2.5 Hz, C6H5CH3], 101.96 [dd, J ACHTUNGTRENNUNG(Rh,C) = 2.8, J ACHTUNGTRENNUNG(P,C) =


0.96 Hz, C6H5CH3], 99.40 [d, J ACHTUNGTRENNUNG(Rh,C) = 2.8 Hz, C6H5CH3], 64.30 [d, J-
ACHTUNGTRENNUNG(Rh,C) = 16 Hz, C=C], 36.72 [d, J ACHTUNGTRENNUNG(P,C) = 4.4 Hz, CH2], 36.36 [dd, J-
ACHTUNGTRENNUNG(P,C) = 21 Hz, J ACHTUNGTRENNUNG(Rh,C) = 1.2 Hz, CH], 31.69 [dd, J ACHTUNGTRENNUNG(P,C) = 2.8, J ACHTUNGTRENNUNG(Rh,C)
= 1.1 Hz, CH2], 29.66 [d, J ACHTUNGTRENNUNG(P,C) = 2.1 Hz, CH2], 27.58 [d, J ACHTUNGTRENNUNG(P,C) =


11 Hz, CH2], 27.46 [dd, J ACHTUNGTRENNUNG(P,C) = 27, J ACHTUNGTRENNUNG(Rh,C) = 1.9 Hz, CH], 27.46 [d, J-
ACHTUNGTRENNUNG(P,C) = 11 Hz, CH2], 25.94 [d, J ACHTUNGTRENNUNG(P,C) = 1.5 Hz, CH2], 19.94 (s,
C6H5CH3); elemental analysis calcd (%) for C56H49BF24PRh· ACHTUNGTRENNUNG(C5H12)0.5 : C
51.71, H 4.08; found: C 51.92, H 3.76; ESI-MS (C6H5F): m/z : calcd for
[RhPC24H37]


+ : 459.1682; found: 459.1695.
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Asymmetric Iodocyclization Catalyzed by Salen–CrIIICl:
Its Synthetic Application to Swainsonine


Hyo Young Kwon,[a] Chul Min Park,[a] Sung Bae Lee,[a] Joo-Hack Youn,[b] and
Sung Ho Kang*[a]


Introduction


Electrophile-mediated cyclization is one of the most reliable
ways to form heterocycles.[1] The prime concern in the cycli-
zation involves the stereoselectivity which is dictated by the
facial differentiation of olefinic double bonds. The most pre-
ceptive facial differentiation techniques have been invented
in asymmetric epoxidation,[2] dihydroxylation,[3] aminohy-
droxylation[4] and hydrogenation.[5] While the stereochemis-
try issue in electrophile-promoted cyclization has mainly fo-
cused on diastereoselectivity utilizing preexisting stereogenic
centers in substrates,[6] enantioselective versions have
seldom been investigated. The latter examples cover seleno-
cyclization with chiral organoselenyl reagents,[7] mercurio-
cyclization with HgII carboxylates[8] and HgII–bisoxazoline
complexes,[9] iodocyclization with iodonium ion amine com-
plexes[10] and with N-iodosuccinimide in the presence of


TiIV–Binol complexes,[11] and chlorohydroxylation with PdII–
Binap complexes.[12] Most of them have their separate draw-
backs such as stoichiometric use of expensive chiral re-
agents, low enantioselectivity and lack of substrate generali-
ty. We have been engaged in efforts to evolve the catalytic
asymmetric electrophile-promoted cyclization. Planning of
the proposed cyclization study led us to deliberate several
controlling factors such as substrate structures, how to accel-
erate the asymmetric cyclization, how to impose chiral envi-
ronments, electrophilic species and how to suppress the rac-
emic background reaction. In this context, we documented a
highly enantioselective iodoetherification of g-hydroxy-cis-
alkenes using iodine in the presence of salen–CoII complex
and N-chlorosuccinimide (NCS).[13] Since our reported
method requires a relatively considerable amount of the
complex (30 mol%) for high stereoselectivity, we have en-
deavored to exploit more efficient catalysts in terms of their
loading quantities as well as enantioselectivity.


Results and Discussion


The search for the new catalyst was initiated by scouting a
series of (R,R)-salen–metal complexes in the presence of
NCS in the iodocyclization of the model substrate 9. There-
by, 9 was cyclized using iodine in the presence of 10 mol%
of the catalysts 1–8 activated by 0.5 equivalent of NCS. As
disclosed in Table 1, the experimental data reveal that while


Abstract: The previously developed
enantioselective iodocyclization of g-
hydroxy-cis-alkenes required 30 mol%
of (R,R)-salen–CoII complex as chiral
catalyst and 0.75 equivalent of N-chlor-
osuccinimide (NCS) as activator to
produce 2-substituted tetrahydrofurans
with 61 to 90% ee. Due to the consid-
erable loading amount of the CoII com-
plex, another more effective catalyst


was pursued by screening (R,R)-salen–
transition metal complexes. When
10 mol% of the catalysts were applied
with 0.5 equivalent of NCS, a higher
level of stereoselectivity was attained


with the corresponding CrIIICl (84%
ee), MnIICl (52% ee) and CoII com-
plexes (66% ee). Refinement of the
conditions established a novel catalytic
enantioselective iodocyclization proto-
col using iodine in the presence of
7 mol% of (R,R)-salen–CrIIICl complex
activated by 0.7 equivalent of NCS in
toluene to induce 74 to 93% ee.
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the AlIII, TiIV, FeIII, NiII and CuII complexes delivered poor
stereoselectivities (entries 1, 2, 5, 7 and 8), high% ee values
were acquired with the CrIII and CoII complexes (entries 3
and 6), and a moderate value with the MnIII complex
(entry 4). It turned out that (R,R)-salen–CrIIICl complex 3
realized the highest asymmetric induction as well as the
highest chemical conversion (entry 3). In addition, the cycli-
zation was found to proceed a little more rewardingly in wet
toluene than in dry solvent (entry 9). It is worthwhile men-
tioning that the major stereoisomer induced by the catalysts
5 and 7 is enantiomeric to that by the catalysts 2–4 and 6.


With the prospective catalyst 3 in hand, the iodocycliza-
tion conditions were optimized by adjusting the amounts of
3 and NCS, additives, and the concentration. The represen-
tative outcomes are outlined in Table 2. The quantity of the
chiral complex 3 was varied from 0.5 to 20 mol% in the
presence of 0.5 equivalent of NCS. The enantioselectivity in-
creased when amount of the catalyst was augmented (en-
tries 1–3), reaching the maximum level with 7 mol%
(entry 3), and slightly decreased with 15 mol% or more
(entry 5). The optimal NCS amount was calibrated to gain a
marginally increased 87% ee value with 0.7 equivalent con-
sistently (entry 6). Another improvement was endeavored
by addition of K2CO3 or NaHCO3 to result in essentially the
same stereoselectivity with a similar chemical yield, but a
little inferior enantioselectivity was observed with Cs2CO3


(entries 7 and 8). Further improvement was attempted by
concentration variation. However, while the enantioselectiv-
ity was marginally improved in more dilute solution, higher


concentration had a deleterious effect on the stereoinduc-
tion (entry 9).


The established iodocyclization conditions (entry 8 in
Table 2) were applied to several g-hydroxy-cis-alkenes 11–
19. The results are summarized in Table 3. While most of


the substrates displayed high stereoselectivity (around 90%
ee), somewhat diminished% ee values were observed with
benzyl alkenol 11 and methyl alkenol 13 (entries 2 and 4).


Table 1. Iodocyclization of 9 using (R,R)-salen–M complexes 1–8
(10 mol%) with NCS (0.5 equiv).


Entry ACHTUNGTRENNUNG(R,R)-salen–M Yield [%][c] ee [%][d,e]


1 1 63 (30) 0
2 2 70 (21) 4 (2R,6R)
3 3 89 (7) 84 (2R,6R)
4 4 89 (6) 52 (2R,6R)
5 5 49 (50) 13 (2S,6S)
6 6 87 (5) 66 (2R,6R)
7 7 38 (52) 9 (2S,6S)
8 8 60 (38) 0
9[f] 3 93 (5) 86 (2R,6R)


[a] [9]=10 mm. [b] Distilled from Na before use. [c] Values in parenthe-
ses refer to the recovery of starting material. [d] Determined by HPLC
analysis using DAICEL OD-H. [e] Absolute configurations in parenthe-
ses. [f] PhMe was used without drying.


Table 2. Iodocyclization of 9 using (R,R)-salen–CrIIICl complex 3 with
NCS and additive (0.5 equiv).


Entry 3 (mol%) Additive Yield [%][c] ee [%]


1 2 – 84 (12) 73
2 5 – 87 (10) 84
3 7 – 90 (6) 86
4 10 – 92 (5) 86
5 15 – 90 (5) 84
6[d] 7 – 88 (9) 87
7[d] 7 Cs2CO3 87 (9) 84
8[d] 7 K2CO3 or


NaHCO3


89 (6) 88


9[d,e] 7 K2CO3 96 83


[a] [9]=10 mm. [b] Used without drying. [c] Values in parentheses refer
to the recovery of starting material. [d] 0.7 equiv of NCS. [e] [9]=15 mm.


Table 3. Iodocyclization of 11–19 using (R,R)-salen–CrIIICl complex 3
(7 mol%) with NCS (0.7 equiv) and K2CO3 (0.5 equiv).


Entry Substrate Product Yield [%][c] ee [%][d]


1 9 (R)-10 89 (6) 88 (86)
2 11 20 43 (56) 75 (61)[e,f]


3 12 21 94 (2) 85 (84)[g]


4 13 22 94 (3) 74 (67)[f,h]


5 14 23 93 (2) 88 (82)[f,h]


6 15 24 92 (4) 89 (85)[h]


7 16 25 92 (2) 89 (73)[h]


8 17 26 90 (3) 87 (71)[h]


9 18 27 90 (8) 93 (90)[i]


10 19 28 90 (2) 91[f,j]


[a] Used without drying. [b] [substrate]=10 mm. [c] Values in parentheses
refer to the recovery of starting material. [d] Numbers in parentheses
refer to the% ee values in the iodocyclization using 30 mol% of (R,R)-
salen–CoII complex with 0.75 equiv of NCS and [substrate]=8 mm.
[e] Determined by HPLC analysis using DAICEL OD-H. [f] The abso-
lute configuration was not determined. [g] Determined by HPLC analysis
of reductively deiodinated product of 21 using DAICEL OD-H. [h] De-
termined by GC analysis using CHIRALDEX B-DM. [i] Determined by
HPLC analysis of detritylated product of 27 using DAICEL AD-H.
[j] Determined by HPLC analysis using DAICEL AD-H.
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Even though it is difficult to propose a working model of
the asymmetric iodocyclization at present, probably the ster-
ically less demanding small methyl substituent might be at-
tributed to the lower enantioselectivity of 13. In the case of
11, the proximity of the phenyl group to the olefinic double
bond seemed to exert an adverse effect on the stereoselec-
tivity although the reason is unclear. All of the tested sub-
strates produced higher asymmetric induction with the com-
plex 3 than with the complex 6. The enantioselectivity incre-
ments range from 1 to 16%. It is manifest that the CrIII cata-
lyst system is more effective than CoII.


Although enough experimental evidence has not been ac-
cumulated to explain the function of our developed catalytic
system in the asymmetric iodocyclization, it is envisioned
that NCS reacts with iodide anion to release ICl slowly,
which is complexed with the catalyst to activate ICl further.
Possibly, the slow generation of ICl is crucial to minimize
the background reaction, and the complex between ICl and
the catalyst exists as a zwitterion-like species such as [I+]-
ACHTUNGTRENNUNG[(R,R)-salen–CrIIICl]� , the iodonium cation of which resides
near the right nitrogen due to the left axial hydrogen at the
ring junction (Figure 1). Another conceivable NCS function


is oxidation of CrIII to higher oxidation state(s) to enhance
its Lewis acidity, which activates iodine itself to drive the io-
docycization to some extent. The conjecture can explain
why 0.7 equivalents of NCS is enough for the cyclization.
The skewed side-on approach model is suggested as the ra-
tionale of the iodocyclization enantioselectivity.[14] In the
model, the substrate approaches the complex through the
right trough between the cyclohexane and the aryl ring, and
its hydroxypropyl group stays away from the aryl ring due
to the steric congestion from the tert-butyl group in the tran-
sition state of the tetrahydrofuranyl ring formation. The ru-
dimentary scenario favors pathway A over pathway B to
procure the observed enantiomerically enriched tetrahydro-
furans.


The potential synthetic utility of the developed protocol
led us to pursue asymmetric synthesis of swainsonine 29.[15]


The indolizidine alkaloid was envisioned to be elaborated


from pyrrolidinone 30, which would be conceivably derived
from intermediate 31 (Scheme 1). Our synthetic strategy for


the target molecule would culminate in preparation of 31
using our developed asymmetric iodocyclization, and the un-
precedented chemoselective oxidation of 31 to the corre-
sponding lactam or lactone depending on the N-protecting
group. The synthesis commenced with the iodocyclization of
the azido alkenol 32 to afford the azido tetrahydrofuran 33
with 90% ee in 86% yield along with 7% of recovered 32
(Scheme 2). The azido group of 33 was reduced with stan-


nous chloride[16] and the resulting amino iodide was cyclized
under basic conditions. The crude bicyclic tetrahydrofuranyl
pyrrolidine 34 was protected to furnish carbamate 35 and
sulfonamide 36[17] in 80% and 64% overall yield from 33,
respectively. When 35 and 36 were subjected to the similar
oxidation conditions using ruthenium chloride in the pres-


Figure 1. A plausible pathway of the iodocyclization.


Scheme 1. Retrosynthetic analysis of swainsonine 29.


Scheme 2. Synthesis of swainsonine 29. a) 3, NCS, I2, K2CO3, PhMe,
�78 8C, 86% (90% ee); b) SnCl2, PhSH, Et3N, MeCN, room tempera-
ture; c) NaOAc, EtOH, reflux; d) Boc2O, NaHCO3, H2O, MeOH, room
temperature, 80% (for steps b–d); e) p-NsCl, NaOH, H2O, EtOH, room
temperature, 64% (for steps b, c and e); f) RuCl3·3H2O, NaIO4, CCl4,
H2O, MeCN, room temperature, 65% for 37, 21% for 38, 65% for 39
(based on 15% of recovered 36); g) TMSI, BF3·OEt2, CH2Cl2, 0 8C; h)
TBSOTf, 2,6-lutidine, CH2Cl2, 0 8C; i) NaH, THF, 0 8C, 88% (for steps g–
i); j) LDA (3 equiv), PhSeBr (1equiv), THF, �78 8C, then 2,6-di-tert-
butyl-4-methylphenol, �78 8C, 74% (40/41 3:1); k) LiAlH4, AlCl3, THF,
�78 8C, 97%; l) NaIO4, NaHCO3, H2O, MeOH, 0 8C, 91%. NCS=N-
chlorosuccinimide, Boc= tert-butoxycarbonyl, p-Ns=p-nitrobenzenesul-
fonyl, TMS= trimethylsilyl, TBS= tert-butyldimethylsilyl, Tf= trifluoro-
methanesulfonyl, LDA= lithium diisopropylamide.
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ence of NaIO4,
[18] the former gave 65% of the pyrrolidinone


37 along with 21% of lactone 38, and the latter yielded
65% of lactone 39 based on 15% of recovered 36. Some of
the observed side products seemed to stem from the oxida-
tion of the tertiary carbons. Among the screened protecting
groups including p-toluenesulfonyl, benzyloxycarbonyl, tri-
fluoroacetyl and 2,2,2-trichloroethoxycarbonyl groups, tert-
butoxycarbonyl and p-nitrobenzenesulfonyl groups elicited
the best chemoselectivity.


For the synthesis of swainsonine 29, 37 was treated with
TMSI[19] in the presence of BF3–etherate to open the tetra-
hydrofuranyl ring (Scheme 2). The resultant hydroxyl iodide
was silylated, the carbamate group of which was concomi-
tantly deprotected, and then cyclized to render the requisite
indolizidinone 30 in 88% overall yield. To install the olefinic
double bond in the pyrrolidinone ring, 30 was phenylseleny-
lated using one equivalent of LDA to give rise to a 1:1 mix-
ture of the a-stereoisomer 40 and the b-stereoisomer 41.
Since later oxidative elimination of the phenylselenylated
derivative from 41 proceeded inefficiently, the phenylseleny-
lation was carried out using three equivalents of LDA and
one equivalent of PhSeBr followed by quenching with 2,6-
di-tert-butyl-4-methylphenol to provide a 3:1 mixture of 40
and 41 in 74% combined yield along with 21% of recovered
30. After separation, 40 was reduced to indolizidine with
alane generated in situ from LiAlH4 and AlCl3,


[20] and oxi-
datively eliminated to produce the known indoline 42 in
88% overall yield, which was readily converted to swainso-
nine 29 via stereoselective dihydroxylation.[21]


Conclusion


In conclusion, we have discovered a more efficient iodocyc-
lization of g-hydroxy-cis-alkenes using 7 mol% of salen–
CrIIICl complex rather than the previously reported
30 mol% of salen–CoII complex, in which significantly less
of the catalyst has been loaded and higher enantioselectivity
has been attained. Also, the synthetic value of the devel-
oped iodocylcization has been demonstrated in the synthesis
of an indolizidine alkaloid, swainsonine, in which another
distinctive process is considered as chemoselective oxidation
of 35 and 36.


Experimental Section


General methods : NMR spectra were obtained on Bruker Avance 400
spectrometer (400 MHz for 1H NMR, 100 MHz for 13C NMR) and mea-
sured in CDCl3. Chemical shifts were recorded in ppm relative to internal
standard CDCl3, and coupling constants were reported in Hz. The high
resolution mass spectra were recorded on VG Autospec Ultima spec-
trometer. The enantioselectivities were determined by HPLC or GC
analysis. HPLC measurements were done on a RAININ model equipped
with SD-200 pump, DVW-100 detector (D-Star Instruments) measured at
254 nm, and chiral column such as DAICEL OD-H and DAICEL AD-H.
Eluting solvent was a mixture of 2-propanol and hexane. GC was mea-
sured on Donam DS-6200 GC with Chiraldex B-DM. All reactions were
carried out in oven-dried glassware under a N2 atmosphere. While tolu-


ene employed in the iodocyclization was used directly from the stock
bottle (Junsei, EP grade) without purification, all other solvents were dis-
tilled from the indicated drying reagents right before use: Et2O and THF
(Na/benzophenone), CH2Cl2 (P2O5), MeCN (CaH2) and DMF (CaH2).
The normal work-up included extraction, drying over Na2SO4 and evapo-
ration of volatile materials in vacuo. Purifications by column chromatog-
raphy were performed using Merck silica gel 60 (230–400 mesh). Addi-
tional intermediates available in the Supporting Information.


Representative procedure for the asymmetric iodocyclization : To a mix-
ture of K2CO3 (66 mg, 0.48 mmol), NCS (90 mg, 0.66 mmol) and (R,R)-
salen–CrIIICl (42 mg, 0.066 mmol) were added toluene (114 mL) and al-
cohol 32 (162 mg, 0.96 mmol) dissolved in toluene (6 mL) at room tem-
perature. After cooling down the mixture to �78 8C, iodine (288 mg,
1.14 mmol) was added to it as solid in a portion. The resulting mixture
was stirred at �78 8C for 20 h and then quenched with 10% aqueous
Na2S2O5 (100 mL). Normal work-up with Et2O (3M30 mL) followed by
column chromatography (Et2O/hexane 1:5) gave azide 33 (243 mg, 86%)
along with the starting alcohol (15 mg, 9%). 33 : 1H NMR (400 MHz,
CDCl3): d = 4.07–3.95 (m, 1H), 3.95–3.91 (m, 1H), 3.82–3.80 (m, 1H),
3.71–3.70 (m, 2H), 3.32–3.29 (t, 2H, J =5.6 Hz), 1.95–1.71 (m, 6H), 1.69–
1.57 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d = 82.2, 69.0, 50.6,
40.9, 33.5, 30.8, 29.3, 26.2 ppm; HRMS(EI): m/z : calcd for C8H14IN3O:
295.0182 [M]+ , found: 295.0205.


(R)-2-((R)-1-Iodo-3-phenylpropyl)tetrahydrofuran (10): 1H NMR
(400 MHz, CDCl3): d = 7.29–7.17 (m, 5H), 4.04–4.00 (m, 1H), 3.93 (td,
1H, J =8.2, 6.8 Hz), 3.82 (td, 1H, J=7.8, 5.8 Hz), 3.73 (td, 1H, J =7.2,
4.7 Hz), 3.01–2.95 (m, 1H), 2.74–2.67 (m, 1H), 2.20–2.13 (m, 1H), 2.05–
1.84 (m, 4H), 1.71–1.62 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d =


140.8, 128.6, 128.5, 126.1, 82.4, 69.0, 41.6, 37.9, 35.7, 30.9, 26.2 ppm;
HRMS (EI): m/z : calcd for C13H17IO: 316.0330 [M]+ , found: 316.0358.


(R)-2-((R)-1-Iodo-2-phenylethyl)tetrahydrofuran (20): 1H NMR
(400 MHz, CDCl3): d = 7.31–7.19 (5H, m), 4.32–4.28 (m, 1H), 4.02–3.98
(m, 1H), 3.84–3.80 (m, 1H), 3.55–3.49 (m, 1H), 3.37–3.31 (td, 1H, J =8.5,
6.4 Hz), 3.25–3.19 (td, 1H, J =8.9, 5.3 Hz), 2.04–1.57 ppm (m, 4H);
13C NMR (100 MHz, CDCl3): d = 139.8, 129.1, 128.4, 126.7, 80.4, 69.1,
43.6, 42.7, 31.7, 26.1 ppm; HRMS (EI): m/z : calcd for C12H15IO: 302.0168
[M]+ , found: 302.0140.


(R)-2-((R)-1-Iodo-4-phenylbutyl)tetrahydrofuran (21): 1H NMR
(400 MHz, CDCl3): d = 7.29–7.16 (m, 5H), 4.13–4.08 (m, 1H), 3.95 (td,
1H, J =8.2, 6.8 Hz), 3.81 (td, 1H, J=7.8, 5.7 Hz), 3.71 (td, 1H, J =7.1,
4.7 Hz), 2.71–2.56 (m, 2H), 2.05–1.89 (m, 5H), 1.79–1.64 ppm (m, 3H);
13C NMR (100 MHz, CDCl3): d = 141.8, 128.4, 128.3, 125.9, 82.4, 68.9,
42.1, 35.9, 35.0, 31.5, 30.9, 26.2 ppm; HRMS (EI): m/z : calcd for
C14H19IO: 330.0481 [M]+ , found: 330.0421.


(R)-2-((R)-1-Iodoethyl)tetrahydrofuran (22): 1H NMR (400 MHz,
CDCl3): d = 4.19–4.12 (m, 1H), 3.93 (td, 1H, J=8.1, 6.9 Hz), 3.82 (td,
1H, J=7.7, 5.8 Hz), 3.73–3.70 (m, 1H), 2.05–1.91 (m, 3H), 1.86 (d, 3H,
J =7 Hz), 1.65–1.60 ppm (m, 1H); 13C NMR (100 MHz, CDCl3): d =


83.5, 68.9, 31.9, 30.2, 26.3, 24.1 ppm; HRMS (EI): m/z : calcd for
C6H11IO: 225.9855 [M]+ , found: 225.9888.


(R)-2-((R)-1-Iodopropyl)tetrahydrofuran (23): 1H NMR (400 MHz,
CDCl3): d = 4.03–3.98 (m, 1H), 3.92 (td, 1H, J=8.2, 6.8 Hz), 3.79 (td,
1H, J=7.8, 5.7 Hz), 3.74 (td, 1H, J=7.2, 4.9 Hz), 2.07–1.62 (m, 6H),
1.04 ppm (t, 3H, J=7.3 Hz); 13C NMR (100 MHz, CDCl3): d = 82.3,
68.8, 44.7, 30.7, 29.7, 26.2, 14.6 ppm; HRMS (EI): m/z : calcd for
C7H13IO: 240.0011 [M]+ , found: 240.0003.


(R)-2-((R)-1-Iodobutyl)tetrahydrofuran (24): 1H NMR (400 MHz,
CDCl3): d = 4.09–4.06 (m, 1H), 3.92 (td, 1H, J=8.2, 6.8 Hz), 3.79 (td,
1H, J=7.8, 5.7 Hz), 3.71 (td, 1H, J=7.2, 4.8 Hz), 2.03–1.79 (m, 4H),
1.71–1.54 (m, 3H), 1.43–1.33 (m, 1H), 0.90 ppm (t, 3H, J =7.2 Hz);
13C NMR (100 MHz, CDCl3): d = 82.4, 68.9, 42.2, 38.3, 30.8, 26.2, 23.0,
13.2 ppm; HRMS (EI): m/z : calcd for C8H15IO: 254.0168 [M]+, found:
254.0158.


(R)-2-((R)-1-Iodo-2-methylpropyl)tetrahydrofuran (25): 1H NMR
(400 MHz, CDCl3): d = 4.08–4.04 (m, 1H), 3.90 (td, 1H, J =8.2, 6.9 Hz),
3.79–3.68 (m, 2H), 2.03–1.85 (m, 3H), 1.61–1.52 (m, 1H), 1.30–1.23 (m,
1H), 0.97 ppm (dd, 6H, J=13.7, 6.5 Hz); 13C NMR (100 MHz, CDCl3): d
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= 81.7, 67.9, 54.8, 32.8, 31.6, 26.1, 23.8, 20.9 ppm; HRMS (EI): m/z : calcd
for C8H15IO: 254.0168 [M]+ , found: 254.0143.


(R)-2-((R)-1-Iodo-3-methylbutyl)tetrahydrofuran (26): 1H NMR
(400 MHz, CDCl3): d = 4.13–4.06 (m, 1H), 3.94–3.92 (m, 1H), 3.82–3.79
(q, 1H, J =5.8 Hz), 3.67–3.66 (m, 1H), 2.02–2.00 (m, 2H), 1.93–1.86 (m,
3H), 1.70–1.65 (m, 1H), 1.33–1.31 (m, 1H), 0.95–0.93 (d, 3H, J=6.5 Hz),
0.84–0.82 pppm (d, 3H, J=6.6 Hz); 13C NMR (100 MHz, CDCl3): d =


82.5, 68.9, 45.1, 41.2, 31.1, 28.1, 26.2, 23.1, 20.6 ppm; HRMS (EI): m/z :
calcd for C9H17IO: 268.0324 [M]+ , found: 268.0298.


(R)-2-((R)-1-Iodo-4-(trityloxy)butyl)tetrahydrofuran (27): 1H NMR
(400 MHz, CDCl3): d = 7.45–7.43 (m, 6H), 7.32–7.23 (m, 9H), 4.08–4.03
(m, 1H), 3.95 (td, 1H, J =8.1, 6.8 Hz), 3.82 (td, 1H, J=7.8, 5.8 Hz), 3.71
(td, 1H, J=7.1, 4.8 Hz), 3.16–3.06 (m, 2H), 2.08–1.88 (m, 6H), 1.77–
1.63 ppm (m, 2H); 13C NMR (100 MHz, CDCl3): d = 144.2, 128.6, 127.7,
126.8, 86.4, 82.3, 68.8, 62.5, 42.4, 33.4, 30.9, 30.2, 26.2 ppm; HRMS (EI):
m/z : calcd for C27H29IO2: 512.1212 [M]+ , found: 512.1197.


(R)-2-((R)-5-Azido-1-iodopentyl)tetrahydrofuran (28): 1H NMR
(400 MHz, CDCl3): d = 5.37–5.33 (m, 2H), 3.61–3.58 (t, 2H, J =6.5 Hz),
3.24–3.22 (t, 2H, J=6.9 Hz), 2.10–2.01 (m, 4H), 1.62–1.53 (m, 4H), 1.43–
1.38 pppm (m, 2H); 13C NMR (100 MHz, CDCl3): d = 129.7, 129.6, 62.4,
51.3, 32.5, 28.3, 26.6, 26.5, 23.5 ppm; HRMS (EI): m/z : calcd for
C9H16IN3O: 309.0338 [M]+ , found: 309.0372.


(S)-tert-Butyl 2-((R)-tetrahydrofuran-2-yl)pyrrolidine-1-carboxylate (35)
and (S)-1-(4-nitrophenylsulfonyl)-2-((R)-tetrahydrofuran-2-yl)pyrrolidine
(36): To a mixture of SnCl2 (413 mg, 2.18 mmol) and PhSH (0.9 mL,
8.72 mmol) in acetonitrile (3 mL) was added Et3N (0.91 mL, 6.54 mmol)
in an ice bath dropwise. Subsequently, azide 33 (429 mg, 1.45 mmol) was
injected to the resulting solution in the ice bath dropwise over 10 min.
After stirring the mixture at room temperature for 30 min, the volatile
materials were evaporated in vacuo and the residue was dissolved in 2m


aqueous NaOH (5 mL). Normal work-up with CH2Cl2 (3M5 mL) yielded
the crude iodo amine. All the crude amine was heated at reflux with
NaOAc·hydrate (1.37 g) in EtOH (5 mL) for one day. EtOH was evapo-
rated in vacuo and the residue was filtered through celite (500 mg) with
CH2Cl2 (15 mL). Removal of the volatile materials under reduced pres-
sure gave the cyclized product 34. After dissolving the crude pyrrolidine
34 in MeOH (5 mL), Boc2O (381 mg, 1.74 mmol) and saturated aqueous
NaHCO3 (2 mL) were added and the resulting solution was stirred at
room temperature for 5 h. The following normal work-up with EtOAc
(3M5 mL) and chromatographic purification (EtOAc/hexane 1:4) afford-
ed the Boc-protected pyrrolidine 35 (280 mg, 80%). 1H NMR (400 MHz,
CDCl3): d = 3.90–3.88 (m, 1H), 3.77–3.72 (m, 2H), 3.64–3.62 (m, 1H),
3.32–3.30 (m, 1H), 3.25–3.22 (m, 1H), 1.87–1.80 (m, 4H), 1.76–1.53 (m,
4H), 1.37 ppm (s, 9H); 13C NMR (100 MHz, CDCl3): d = 154.8, 80.1,
78.9, 68.2, 60.2, 46.6, 28.9, 28.4, 26.3, 25.64, 23.6 ppm; HRMS (EI): m/z :
calcd for C13H23NO3: 241.1678 [M]+ , found: 241.1702.


The crude pyrrolidine 34 obtained from 33 (429 mg, 1.45 mmol) was
stirred with p-NsCl (384 mg, 1.74 mmol) in a mixture of 1m aqueous
NaOH (3 mL) and Et2O (3 mL) at room temperature for a day. Normal
work-up with EtOAc (3M3 mL) and chromatographic separation
(EtOAc/hexane 1:4) furnished the nosyl-protected pyrrolidine 36
(300 mg, 64%). 1H NMR (400 MHz, CDCl3): d = 8.35–8.32 (d, 2H, J=


7.0 Hz), 8.02–7.99 (d, 2H, J =7.9 Hz), 4.01–3.98 (ddd, 1H, J=1.4, 1.0,
5.1 Hz), 3.83–3.78 (m, 2H), 3.74–3.71 (m, 1H), 3.40–3.36 (m, 1H), 3.28–
3.26 (m, 1H), 2.00–1.95 (m, 1H), 1.91–1.86 (m, 4H), 1.75–1.71 (m, 1H),
1.57–1.47 (m, 1H), 1.25–1.19 ppm (m, 1H); 13C NMR (100 MHz, CDCl3):
d = 149.9, 144.5, 128.6, 124.2, 80.4, 68.6, 63.5, 49.2, 28.8, 26.7, 25.7,
24.4 ppm; HRMS (EI): m/z : calcd for C14H18N2O5S: 326.0936 [M]+ ,
found: 326.0942.


(S)-tert-Butyl 2-oxo-5-((R)-tetrahydrofuran-2-yl)pyrrolidine-1-carboxyl-
ate (37): 35 (280 mg, 1.16 mmol) was dissolved in a mixture of CCl4
(20 mL), MeCN (20 mL) and H2O (30 mL), and NaIO4 (1.98 g,
9.28 mmol) and RuCl3·3H2O (5 mg, 0.023 mmol) were added. After 12 h
at room temperature, normal work-up with CH2Cl2 (3M10 mL) and chro-
matographic separation (EtOAc/hexane 1:1) gave rise to lactam 37
(192 mg, 65%) and lactone 38 (62 mg, 21%). 1H NMR (400 MHz,
CDCl3): d = 4.17–4.12 (m, 2H), 3.80–3.78 (m, 1H), 3.71–3.69 (m, 1H),
2.68–2.62 (m, 1H), 2.37–2.32 (m, 1H), 1.97–1.86 (m, 5H), 1.57–1.53 (m,


1H), 1.49 ppm (s, 9H); 13C NMR (100 MHz, CDCl3): d = 174.8, 150.2,
82.8, 79.7, 68.7, 60.4, 32.5, 28.3, 28.1, 25.9, 18.7 ppm; HRMS (EI): m/z :
calcd for C13H21NO4: 255.1471 [M]+ , found: 255.1454.


(R)-5-((S)-1-(4-Nitrophenylsulfonyl)pyrrolidin-2-yl)dihydrofuran-2(3H)-
one (39): To 36 (300 mg, 0.93 mmol) dissolved in a mixture of CCl4
(18 mL), MeCN (18 mL) and H2O (27 mL) were added NaIO4 (1.59 g,
7.44 mmol) and RuCl3·3H2O (4 mg, 0.018 mmol). After one day at room
temperature, normal work-up with CH2Cl2 (3M10 mL) followed by chro-
matographic purification (EtOAc/hexane 1:1) provided lactone 39
(207 mg, 65%) along with 15% of the recovered 36 (45 mg). 1H NMR
(400 MHz, CDCl3): d = 8.35 (dd, 2H, J =6.9, 1.8 Hz), 8.00 (dd, 2H, J=


6.9, 1.9 Hz), 4.67–4.65 (m, 1H), 3.85–3.83 (m, 1H), 3.42–3.39 (m, 1H),
3.24–3.21 (m, 1H), 2.58–2.53 (m, 2H), 2.38–2.33 (m, 1H), 2.16–2.14 (m,
1H), 1.91–1.87 (m, 2H), 1.61–1.57 ppm (m, 2H); 13C NMR (100 MHz,
CDCl3): d = 176.4, 150.2, 143.4, 128.6, 124.5, 81.1, 62.7, 49.2, 28.4, 26.5,
24.9, 24.2 ppm; HRMS (EI): m/z : calcd for C14H16N2O6S: 340.0729 [M]+ ,
found: 340.0747.


ACHTUNGTRENNUNG(8R,8aS)-8-(tert-Butyldimethylsilyloxy)hexahydroindolizin-3(5H)-one
(30): TMSI (0.48 mL, 3.38 mmol) and BF3·OEt2 (0.18 mL, 1.69 mmol)
were injected to 37 (505 mg, 1.69 mmol) in CH2Cl2 (4 mL) in an ice bath.
After removal of the bath, the mixture was stirred at room temperature
for 3 h and then quenched with saturated aqueous NH4Cl (5 mL).
Normal work-up with EtOAc (3M5 mL) yielded the crude iodo alcohol.
To the crude alcohol in CH2Cl2 (4 mL) were added TBSCl (509 mg,
3.38 mmol) and 2,6-lutidine (0.39 mL, 3.38 mmol) cooled in an ice bath.
The reaction mixture was stirred at room temperature for 2 h, quenched
with saturated aqueous NH4Cl (5 mL) and worked up with EtOAc (3M
4 mL) to supply the crude iodo silyl ether. After addition of NaH
(135 mg, 60% oil dispersion, 3.38 mmol) to the crude silyl ether in an ice
bath, the mixture was stirred in the bath for 30 min and quenched with
saturated aqueous NH4Cl (3 mL). Normal work-up with EtOAc (3M
3 mL) and the subsequent chromatographic purification produced indoli-
zidinone 30 (401 mg, 88% overall yield). 1H NMR (400 MHz, CDCl3): d =


4.02–3.98 (m, 1H), 3.18–3.14 (m, 2H), 2.53–2.47 (m, 1H), 2.36–2.34
(m, 2H), 2.25–2.23 (m, 1H), 2.02–1.97 (m, 1H), 1.72–1.68 (m, 2H), 1.40–
1.35 (m, 2H), 0.86 (s, 9H), 0.04 ppm (s, 6H); 13C NMR (100 MHz,
CDCl3): d = 173.9, 74.3, 62.9, 39.3, 33.8, 30.2, 25.6, 23.2, 22.9, 17.9, �4.0,
�4.7 ppm; HRMS (EI) calcd for C14H27NO2Si: m/z : 269.1811 [M]+ ,
found: 269.1817.


(2S,8R,8aS)-8-(tert-Butyldimethylsilyloxy)-2-(phenylselanyl)hexahydroin-
dolizin-3(5H)-one (40): LDA solution was freshly prepared by dropwise
addition of nBuLi (2.5m in THF, 1.79 mL, 4.47 mmol) to diisopropyla-
mine (0.63 mL, 4.47 mmol) in THF (3 mL) at �78 8C. To the LDA solu-
tion was injected 30 (401 mg, 1.49 mmol) dissolved in THF (2 mL) at
�78 8C. After 1 h, PhSeBr (351 mg, 1.49 mmol) in THF (1 mL) was
added and stirred at that temperature for another one hour. Then, the
mixture was quenched with 2,6-di-tert-butyl-4-methylphenol (1.5 g,
6.8 mmol) and stirred at �78 8C for 10 min. After addition of saturated
aqueous NH4Cl (10 mL), normal work-up with EtOAc (3M5 mL) fol-
lowed by column chromatography (EtOAc/hexane 1:3) afforded the a-
phenylselenyl indolizidinone 40 (354 mg, 56%) and the b-phenylselenyl
indolizidinone 41 (115 mg, 18%) along with 30 (84 mg, 21%). 1H NMR
(400 MHz, CDCl3): d = 3.97–3.93 (dd, 1H, J =8.5, 4.6 Hz), 3.81–3.78
(dd, 1H, J=6.2, 2.6 Hz), 3.06–3.03 (m, 1H), 2.66–2.60 (m, 1H), 2.36–2.38
(m, 1H), 2.26–2.20 (m, 2H), 1.88–1.82 (m, 1H), 1.66–1.60 (m, 1H), 1.26–
1.20 (m, 1H), 0.83 (s, 9H), 0.00 ppm (s, 6H); 13C NMR (100 MHz,
CDCl3): d = 171.7, 135.9, 129.1, 128.4, 127.6, 73.9, 61.3, 40.6, 39.9, 33.7,
31.3, 25.6, 23.1, 17.8, �4.0, �4.6 ppm; HRMS (EI): m/z : calcd for
C20H31NO2SeSi: 425.1289 [M]+ , found: 425.1265.


ACHTUNGTRENNUNG(8R,8aS)-8-(tert-Butyldimethylsilyloxy)-3,5,6,7,8,8a-hexahydroindolizine
(42): Alane was freshly prepared by dropwise addition of LiAlH4 (1.0m


in THF, 3 mL, 3.0 mmol) to AlCl3 (134 mg, 1.0 mmol) in THF (3 mL) at
0 8C. To 40 (200 mg, 0.47 mmol) dissolved in THF (2 mL) was injected
the alane solution (5.7 mL, 0.94 mmol) dropwise at �78 8C. The mixture
was stirred for 1 h, and then quenched with H2O (0.11 mL), 15% aque-
ous NaOH (0.11 mL) and H2O (0.33 mL) in sequence at that tempera-
ture. After 5 min, EtOAc (5 mL) and celite (1 g) were added at room
temperature. The resulting mixture was stirred for 2 h and filtered
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through celite (1 g) with EtOAc (15 mL). Evaporation of the volatile ma-
terials in vacuo followed by chromatographic purification (EtOAc/
hexane 1:10) furnished the corresponding indolizidine (187 mg, 97%).


To the indolizidine (187 mg, 0.46 mmol) dissolved in a 10:1 mixture of
MeOH and H2O (5.5 mL) were added NaIO4 (197 mg, 0.92 mmol) and
NaHCO3 (20 mg, 0.24 mmol) in an ice bath, and the mixture was reacted
in the bath for 30 min. After addition of saturated aqueous NH4Cl
(5 mL), normal work-up with EtOAc (3M5 mL) and the subsequent chro-
matographic separation (EtOAc/hexane 1:1) gave 42 (106 mg, 91%).
1H NMR (400 MHz, CDCl3): d = 6.04–6.03 (brd, 1H, J=5.2 Hz), 5.88–
5.85 (dddd, 1H, J=2.0, 2.0, 2.0, 1.8 Hz), 3.64–3.60 (dddd, 1H, J =12.5,
4.2, 1.7, 1.6 Hz), 3.44–3.41 (ddd, 1H, J =10.3, 9.4, 4.3 Hz), 3.24–3.20 (m,
1H), 2. 91–2.88 (brd, 1H, J =10.8 Hz), 2.84 (br s, 1H), 2.40–2.32 (m, 1H),
1.91–1.65 (m, 1H), 1.65–1.60 (m, 2H), 1.26–1.21 (m, 1H), 0.87 (s, 9H),
0.04 (s, 3H), 0.03 ppm (s, 3H); 13C NMR (100 MHz, CDCl3): d = 131.6,
128.6, 74.1, 72.0, 57.9, 48.9, 34.4, 25.8, 24.5, 18.1, �4.2, �4.7 ppm; HRMS
(EI): m/z : calcd for C14H27NOSi: 253.1862 [M]+ , found: 253.1887.
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Introduction


Of the conceivable intermediates in organic chemistry, diva-
lent carbocations, and in particular, phenyl cations (phenyl-
ium ions) are among the less well-known.[1] Two reasons ex-
plain the limited data available. The first is the scant syn-
thetic application of this intermediate. Phenyl cations are
known intermediates in some thermal or photochemical de-
composition reactions of phenyldiazonium salts,[2] and in
some cases, phenyl triflates.[3] The reactions occurring are
mostly solvolysis processes that are moderately appealing
from a synthetic point of view. This has led to the belief that
the excessive reactivity of phenyl cations makes them unse-
lective and of little preparative interest. On the contrary, the
majority of synthetically useful reactions of diazonium salts
(e.g., the Sandmeyer, Meerwein, and Gomberg reactions)
do not involve the phenyl cation but the phenyl radical.[4]


Some indications of a more varied chemistry were obtained
when the cation was generated by the decay of tritioben-
zene,[5] but this method is hardly suitable for synthesis.
The second reason is that mechanistic studies of the


phenyl cation in solution have been hampered by the fact


Abstract: The 4-methoxyphenylium ion
has been generated in the triplet state
(3An+) by photolysis of 4-chloroanisole
in polar media and detected by flash
photolysis (lmax =400 nm). This is the
first detection of a phenylium ion in so-
lution by flash photolysis and the as-
signment is supported by time-depen-
dent density functional theory (TD-
DFT) calculations. In neat solvents, the
cation was reduced to anisole, a pro-
cess initiated by electron transfer from
the starting compound (3An+ +


AnCl!AnC+AnClC+ , with the radical
cation detected at 470 nm, then AnC!
AnH). Addition of p nucleophiles to


the 3An+ cation offers a novel access
to a number of other cationic inter-
mediates under mild, nonacidic condi-
tions. Two intermediates are successive-
ly formed with alkenes, a diradical
cation and the phenonium ion, which
are detected at 440 and 320 nm, respec-
tively, by flash photolysis and are in ac-
cordance with calculations. Allylani-
soles or b-alkoxyalkylanisoles are the


end products, with a small amount of
a-alkoxyalkylanisoles that arises from
a Wagner–Meerwein rearrangement to
form benzyl cations. Further intermedi-
ates that have been predicted and de-
tected are the phenylvinylium ion, pos-
sibly in equilibrium with the vinylene-
phenonium ion, with 1-hexyne (lmax=
340 nm) and the benzenium ion with
benzene (lmax=380 nm). The final
products were anisylhexyne and me-
thoxybiphenyl (an analogous product
and intermediate were detected with
thiophene).
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that this species appears to have no clear-cut UV absorp-
tion[6] and thus flash photolysis, which has been instrumental
in the study of other intermediates, such as carbenes and ni-
trenes, has been of limited value. Only a secondary inter-
mediate, the benzenium ion (cyclohexadienylium cation),
which results from the addition of the phenylium ion to ben-
zene, has been detected in solution.[7] Also, evidence for the
formation of the phenyl cation in matrices is scarce. EPR
spectra of the phenyl cation have been obtained by photoly-
sis of some phenyl diazonium ions in EtOH at 77 K,[8] and
only recently, the IR spectrum of the phenyl cation was ob-
tained by photolysis of phenyl iodide in an argon matrix at
4 K in which the phenyl radical is formed and gives the
cation by ensuing electron transfer.[9]


Recently, a class of reactions has emerged in which C�C
bond formation has been achieved by the photolysis of elec-
tron-donating substituted aryl halides[10] or esters[11] in the
presence of carbon nucleophiles, for example, alkenes, al-
kynes, or (hetero)aromatics, with little competing solvolysis.
These reactions have been rationalized in terms of trapping
of the triplet phenylium ion (I, Scheme 1), which generates


further cationic intermediates, for example, the phenonium
ion (the cyclopropanespirocyclohexadienyl cation, II) in the
case of alkenes.[10] This latter species is an intermediate in
the solvolysis of phenethyl derivatives,[12] but has mostly
been directly detected under superacid conditions.[13] As
mentioned above, with benzene, the benzenium ion III is ex-
pected to be formed by trapping the phenylium ion with
benzene.
If the overall picture invoked above is correct, then this


photolytic reaction lends itself to the detection and study
under neutral, mild conditions of various cations that have
been invoked as intermediates, but rarely detected.[14,15]


Herein, we report a study aimed at the spectroscopic and ki-
netic characterization of the above cations by flash photoly-
sis with the support of product and computational studies to
prove their structures and roles.


Results and Discussion


Photoproducts in various solvents : 4-Chlorophenol has pre-
viously been studied in detail,[14a,b,16] however, the studies
were affected by the protolytic equilibrium of the OH
group. Therefore, this work was carried out by using 4-chlor-
oanisole (1, see Scheme 2).


Irradiation of this compound in acetonitrile, methanol, a
mixture of MeCN/H2O (5:1, v/v), and 2,2,2-trifluoroethanol
(TFE) gave anisole (2) as the main photoproduct (the only
one in MeCN) as well as products that result from the sub-
stitution of the chloro atom by the nucleophilic solvent (see
Tables 1 and 2); these were 4-methoxyacetanilide (3a) in
MeCN/H2O, 1,4-dimethoxybenzene (3b) in methanol, and 4-
(2,2,2-trifluoroethoxy)anisole (3c) in TFE. In TFE, some 4-
fluoroanisole was also formed along with a concentration-
dependent amount of the “self-attack” product, dimethoxy-
biphenyl 4. The reaction quantum yields were measured in
these solvents and are reported in Table 1. The values
varied from 0.003 in MeCN to 0.08 in MeOH. Previously we
have reported that irradiation in cyclohexane caused clean
reduction to 2.[17] The reaction in C6H12 was strongly
quenched in air-equilibrated solutions, whereas photode-
composition in the polar solvents mentioned above occurred
to the same extent (within �5%) in air- and argon-saturat-
ed solutions.


Scheme 1. Trapping of the phenylium ion by carbon nucleophiles.


Scheme 2. Photoproducts of 4-chloroanisole in various solvents.


Table 1. Quantum yields of the products formed by irradiation of 4-
chloroanisole.[a]


Solvent Fprod F1C+


MeCN 2 : 0.003 0
MeCN/H2O (5:1) 2 : 0.007, 3a : 0.003
MeOH 2 : 0.08, 3b : 0.02 0.22[a]


TFE 2 : 0.038 (+0.012),[b] 3c : 0.02[c]


MeCN+ DMB
[d] (0.5m) 5 : 0.07


[a] [1]=1N10�3m. [b] 4-Fluoroanisole. [c] A trace of product 4 was also
formed (the yield increases with a higher starting concentration, see
Table 2). [d] 2,3-Dimethyl-2-butene.
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Study of the intermediates : Laser flash photolysis at 266 nm
of argon-saturated solutions of 1 (ca. 1–1.5N10�3m) was per-
formed in several solvents (measurements below 350–
360 nm at short delays after the pulse were perturbed by the
fluorescence of the solute). In cyclohexane an intense band
with lmax=335 nm (tailing into the visible region) and a life-
time of t=220 ns was observed after a delay of 40 ns after
the end of the pulse (Figure 1A). The transient was
quenched by oxygen with a rate constant kO2


=3N109m
�1 s�1


and was assigned to the triplet 31.[18]


The behavior was different in polar solvents. The end-of-
pulse difference spectrum recorded in MeCN showed an ab-
sorption tail in the region 350–400 nm (Figure 1B) that was
attributed to the triplet based on the clear-cut peak at
350 nm at 25 ns delay. The peak disappeared with a time
constant of 25 ns and a band with lmax=475 nm could be dis-
tinguished at a delay of 150 ns. In MeOH the initial triplet
absorption, which tailed from 360 nm into the visible region,
evolved with a time constant of t�30 ns into a band with
lmax�440 nm (see the spectrum at 70 ns delay in Figure 2A),
which further shifted to 460–470 nm within 1 ms (see the
spectra at 900 ns in Figure 2A and the profile at 470 nm
shown in the inset). The formation kinetics of the 460–
470 nm band depended on the concentration of 1, in accord-
ance with a rate constant of 5N109m


�1 s�1. Finally, in both
MeCN/H2O (5:1, v/v) and TFE an end-of-pulse absorption
peak at 400 nm was observed, which evolved with a time
constant of around 10 and 22 ns into spectra with lmax=470
and 420 nm, respectively (Figure 3A and Figure 4A).
In an attempt to identify one of the transients, one-elec-


tron oxidation of 1 by sulfate radicals (SO4C
� obtained from


S2O8
2� by excitation at 266 nm) was carried out in an aque-


ous solution. The transient formed (with an absorption max-
imum at 460 nm) was virtually coincident with that obtained
from the photolysis of 1 in methanol at 900 ns, which was
thus identified as the radical cation 1C+ (Figure 2C). Oxida-
tion of 1 was assumed to be stoichiometric and gave a tran-
sient absorbance at 460 nm that increased linearly with


pulse energy.[19a] Thus, by taking
into account the fact that
FACHTUNGTRENNUNG(S2O8


2�)=0.5, FACHTUNGTRENNUNG(SO4C
�)=0.7,


and e450=1600m
�1 cm�1 for


SO4C
�,[19b] an absorption coeffi-


cient of e460 ACHTUNGTRENNUNG(1C
+)=7100m


�1 cm�1


was determined.[20]


Measurements on a solution
of 1 (1N10�3m) in MeOH gave
values of DA at 460 nm (mea-
sured after completion of the
growing-in process) that were
found to depend linearly on the
laser pulse energy, which shows
that a monophotonic process
was occurring. By using the e460
value determined above and by
assuming that this does not
depend markedly on the sol-


vent, quantum yields for the one-photon formation of 1C+


were determined (see Table 1). In methanol, the value of F-
ACHTUNGTRENNUNG(1C+) was 0.08 at 3N10�5m and reached a limit of around
0.22 at 1N10�2m. The corresponding F0/F versus [1]�1 plot
is shown in the inset of Figure 2C.


Trapping experiments : The photochemistry of compound 1
was studied in the presence of various p nucleophiles, which
include alkenes (a mono- and a tetra-substituted derivative),
an alkyne, an aromatic, and a heteroaromatic derivative.
Product studies were carried out in the same organic sol-
vents as above with 1m additive. Addition of 2,3-dimethyl-
butene (DMB) in cyclohexane led to the formation of some
alkylated products along with 2, but the differences were
more marked in the other solvents, with trapping products
being formed with all of the additives tested, often as the
main products (see Scheme 3 and Table 2). In the case of
DMB, the allylated product 4-(1,1,2-trimethyl-2-propenyl)
anisole (5) was isolated as the only product in MeCN and
along with 2 in MeCN/H2O (5:1, v/v). In alcohols, the prod-
ucts 2 and 5 were accompanied by alkylanisole 6a, as well
as by the phenethyl ethers 6b and 6c in MeOH and TFE,
respectively, and in TFE by the benzyl ether 7c. In the pres-
ence of 1-hexene, photolysis in MeCN gave 4-(2-chlorohex-
yl)anisole (8a) in a yield of 54%. In hydroxylated solvents,
ethers were again formed along with 2, that is, 4-(2-meth-
oxyhexyl)- (8b) and 4-[2-(2,2,2-trifluoroethoxy)hexyl]anisole
(8c), but also the isomeric 1-methoxyhexyl (11b) and 1-
(2,2,2-trifluoroethoxy)hexyl (11c) derivatives in MeOH and
TFE, respectively. In the mixed solvent, product 8a re-
mained the main product, but was accompanied by alkene 9
and ketone 10, the latter probably resulting from the oxida-
tion of the corresponding benzylic alcohol. Further, we
tested an alkyne, namely, 1-hexyne, which produced 4-
(hexyn-1-yl)anisole (12) as the main product. With aromatic
derivatives, benzene gave biphenyl 13 as the main photo-
product and thiophene formed the 2-aryl- (14, main prod-
uct) and 3-arylthiophene (14’) derivatives.


Table 2. Products and yields [%] obtained by the irradiation of 4-chloroanisole (0.05m) in neat solvent and in
the presence of nucleophiles.


Solvent Neat DMB[a]


ACHTUNGTRENNUNG(0.5m)
1-Hexene
ACHTUNGTRENNUNG(0.5m)


1-Hexyne
ACHTUNGTRENNUNG(0.5m)


Benzene
ACHTUNGTRENNUNG(1m)


Thiophene
ACHTUNGTRENNUNG(1m)


MeCN 2 : 60[b] 5 : 49[b] 2 : 5 2 : 15 2 : 25 2 : trace
8a : 54 12 : 30 13 : 33


MeCN/H2O (5:1) 2 : 53 2 : 10 2 : 12 2 : 11 2 : 26 2 : trace
3a : 22 5 : 21 8a : 30 12 : 53 13 : 53 14 : 65


9 : 15 14’: 15
10 : 14


MeOH 2 : 63 2 : 22 2 : 13 2 : 10 2 : 23 2 : 2
3b : 29[b] 5 : 16 8a : 3 3b : 3 13 : 15 14 : 14


6a : 17 8b : 42 12 : 17 14’: 4
6b : 22[b] 11b : 8


TFE 2 : 24 (8) [c] 2 : 12 2 : 4 2 : 6 2 : 6 2 : trace
3c : 15 5 : 21 8a : 36 3c : 3 13 : 61 14 : 52
4 : 20[b] 6a : 14 8c : 10 12 : 60 14’: 5


6c : 17 11c : 40
7c : 8[b]


[a] 2,3-Dimethyl-2-butene. [b] See ref. [17]. [c] 4-Fluoroanisole.
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The fluorescence of 1 was found to be unaffected by the
above additives (Stern–Volmer constant (KSV)<0.1m


�1),
which indicates that the latter did not interact with the excit-
ed singlet state of the haloaromatic. Furthermore, it is im-
portant to note that, although the reactions reported above


were carried out in argon-saturated solutions, essentially the
same results were obtained when this step was omitted.
Laser flash photolysis experiments were also performed in


the presence of additives. In particular, the effect of DMB


Figure 1. Difference absorption spectra of a solution of 1 (1.3N10�3m) in
argon-saturated C6H12 (A), MeCN (B), MeCN in the presence of DMB
(0.45m) (C) at various delays from the end of a 266 nm laser pulse
(4.0 mJ per pulse). Insets: zero time at pulse onset. A) (DA at 370 nm.
B) DA at 370 (black) and 470 nm (gray). C) DA at 370 (black) and
470 nm (gray).


Figure 2. Difference absorption spectra of a solution of 1 (1.3N10�3m) in
argon-saturated MeOH at various delays from the end of a 266 nm laser
pulse (4.0 mJ per pulse). Insets: zero time at pulse onset. A) No addi-
tives. Inset: (DA at 360 (black) and 470 nm (gray). B) In the presence of
DMB (0.2m). Inset: DA at 380 (black) and 470 nm (gray). C) Solution of
1 (1N10�3m) in argon-saturated MeOH at 1 ms (*); aqueous solution of 1
(5N10�4m) in the presence of S2O8


2� (0.1m, &); the two spectra are nor-
malized at 460 nm. Inset: plot of F0/F versus [1]�1.
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was explored in various solvents. In cyclohexane it was
found that DMB quenched the 335 nm transient (kDMB�8N
107 s�1m


�1). In more polar media like MeCN, MeOH, and
MeCN/H2O (5:1, v/v), DMB had little effect on the end-of-
pulse spectra, but prevented the formation of the transient
absorbing around 460 nm that is otherwise observed in these
solvents (see Figures 1C, 2B, and 3B).
More informative results were obtained in TFE in which


the clear-cut band present in neat solvent at 400 nm was no
longer observed with 0.2m DMB and was replaced by a
band at 440 nm, which had completely formed 10 ns after
the pulse (Figure 4B). Concomitant with the decay of the
band at 440 nm, a sharp and intense absorption grew at
320 nm in an apparently first-order process (k�5N107 s�1)
with an isosbestic point at 390 nm. With 0.04m DMB, the
spectrum at 10 ns had a band at lmax=420 nm, but subse-
quent absorbance changes and kinetics were similar. These
results support the proposal that the initial transient at
400 nm (decay rate �108 s�1) was partially quenched by
DMB and its residual absorption at 10 ns added to the parti-
ally formed intermediate observed at 440 nm (decay rate
�5N107 s�1). Further tests were performed at other DMB
concentrations and the double reciprocal plot of the absorb-
ance at 320 nm versus [DMB] was found to be linear (see
Figure 5).
Similar conditions were chosen to explore the effect of


other additives (0.2m). In the presence of 1-hexene (Fig-
ure 4C) the end-of-pulse absorption band at around 440 nm
disappeared (with a time constant of ca. 10 ns) to give a


band with a maximum at
340 nm. In the presence of 1-
hexyne (Figure 4D) the end-of
pulse absorption at 400–440 nm
continued to grow together
with the band at 340 nm and
with a similar time constant.
The formation of a new absorp-
tion band that peaked at 370–
380 nm was observed with ben-
zene (5N10�2m), which was
concomitant with the decay of
the initial absorption tail above
400 nm (time constant ca. 20 ns,
Figure 4E). In the presence of
thiophene (Figure 4F), an ab-
sorption band with a maximum
at 360 nm and a tail in the visi-
ble region formed with a time
constant of around 13 ns in the


Scheme 3. Photochemical reaction of 4-chloroanisole in the presence of var-
ious p nucleophiles.


Figure 3. Difference absorption spectra of a solution of 1 (1.3N10�3m) in
argon-saturated MeCN/H2O (5:1, v/v) at various delays from the end of a
266 nm laser pulse (4.0 mJ per pulse). Insets: zero time at pulse onset.
A) No additives. Inset: DA at 410 (black) and 470 nm (gray). B) In the
presence of DMB (0.2m). Inset: (DA at 440 nm.
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presence of additive (6N10�2m). No concomitant decrease
of the absorption in any other region of the spectrum was
observed.


Calculations : The structures and energies of the singlet
(115+) and triplet (315+) cations (see Scheme 4) were calcu-
lated at the UB3LYP 6-31G(d) level of theory. It was found
that the singlet was stabilized by a mere 0.7 kcalmol�1 (in
MeCN bulk) with respect to the triplet (see the Supporting


Information). The potential energy surfaces (PESs) for the
reactions of both cations with ethylene, acetylene, and ben-
zene were calculated at the same level of theory and the
UV spectra of the putative intermediates of the trapping
processes were determined on the minima obtained by a
time-dependent density functional theory (TD-DFT)
method. The spectra are shown in Figure 6A–D (a fixed
FWHM of 3000 cm�1 was assumed, see the Supporting Infor-
mation) and comparisons between the experimental findings


Figure 4. Difference absorption spectra from a solution of 1 (1.3N10�3m) in argon-saturated TFE with various additives at various delays from the end of
a 266 nm laser pulse (4.0 mJ per pulse). Insets: zero time at pulse onset. A) No additives. Inset: (DA at 410 nm. B) In the presence of DMB (0.2m).
Inset: (DA at 440 nm. C) In the presence of 1-hexene (0.2m). Inset: DA at 440 nm. D) In the presence of 1-hexyne (0.2m). Inset: (DA at 440 nm. E) In
the presence of benzene (0.045m). Inset: (DA at 380 (black) and 440 nm (gray). F) Solution of 1 (1.8N10�3m) in the presence of thiophene (0.062m).
Inset: DA at 450 (black) and 480 nm (gray).
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and the features of the PES are discussed below. The calcu-
lated spectrum of radical cation 1C+ is shown in Figure 6E.


Mechanism : A general mechanistic frame for the photo-
chemical reactivity of phenyl halides with a strong electron-
donating substituent in the para position has previously
been presented that is based on both experiments and on
DFT and CASSCF calculations of the 4-amino derivative.[10]


Thus, in polar solvents, heterolysis of the triplet state of 4-
chloroaniline led to the triplet cation 4-NH2-C6H4


+ , which is
the lowest-energy spin state of this derivative. Contrary to
the singlet cation localized at C1 (p6s0 structure), which re-
acted unselectively with both n (e.g., water) and p nucleo-
philes (e.g., alkenes), the triplet cation had a p5s1 structure;
this gave C1 a triplet carbene character (one of the unpaired


electrons in the molecular plane, the other one delocalized
in the p system) with the charge distributed over the ring.
The triplet ions formed a slightly stabilized complex, but did
not add to n nucleophiles (e.g., H2O), whereas addition to p


nucleophiles was predicted to occur via a diradical cation in-
termediate. The purpose of this study was to support this
mechanism by detecting the relevant intermediates and es-
tablishing a viable kinetic scheme. For the processes dis-
cussed in the following see Scheme 4.
There is no doubt that the transient observed in cyclohex-


ane has to be attributed to triplet 31 on the basis of previous
reports in the literature, the known efficient intersystem
crossing (ISC) [18,21] in anisoles, and the observed oxygen
quenching. The only reaction to take place under these con-
ditions was homolysis, which finally yielded 2 via the phenyl
radical. This state was liable to moderate quenching by
DMB (k�8N107 s�1m


�1), to form an exciplex. Under these
conditions, a mixture of reduced 2 and alkylated products
was formed, as previously determined.[17]


In the other solvents tested, the transient absorption in
the UV/Vis spectrum at the end of the pulse was much
weaker and shorter-lived (rate of disappearance�3N
107 s�1). In contrast, the fluorescence intensity did not
change by more than 10% upon varying the solvent. This
fact, together with the evidence that will be discussed below,
such as the trapping by p nucleophiles and the minimal
effect of oxygen on the photoreaction, supports the proposal
that in polar solvents cleavage proceeded again from 31, but
by a faster process, namely, heterolysis, to yield the triplet
phenylium ion 315+ . In place of the 335 nm absorption, in
TFE a different short-lived absorption that peaked at
400 nm was detected at the pulse-end. The same transient
could also be distinguished in MeCN/H2O (5:1, v/v), al-


Figure 5. Double reciprocal plot of the maximum absorbance at 320 nm
versus the concentration of DMB after exposing a solution of 1 (1.0N
10�3 ) in argon-saturated TFE to a 266 nm laser pulse (4.0 mJ per pulse).


Figure 6. TD-UB3LYP 6-31G(d) calculated spectra for A) 4-methoxyphenyl cation 315+ (115+ has a negligible absorption in this region), B) intermedi-
ates 16+ (long l) and 17+ (short l), C) intermediates 19’+ and 19+ , D) intermediate 20+ , and E) radical cation 1C+ .
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though it was partially superimposed on another signal (at
460–470 nm, Figure 3A) and was likely to contribute to the
absorbance changes observed at 70 ns in MeOH (Figure 2A,
see below). This band was thus attributed to the triplet
cation and indeed fitted well the calculated spectrum of 315+


(lmaxACHTUNGTRENNUNG(calcd)=377 nm; see Figure 6A); note that singlet 115+


had no significant absorption in the near-UV region (see the
Supporting Information). The lifetime of the transient (t
�20 ns) was appropriate for a cation in a non-nucleophilic,
ion-stabilizing solvent, such as TFE (relevant solvent param-
eter Y=1.04, to be compared with Y=�0.5 evaluated for
MeCN/H2O (5:1, v/v) and Y=�1.09 for MeOH).[22]
In TFE the free cation was formed and reacted within


around 50 ns. In a less ion-stabilizing solvent, such as metha-
nol, cage escape and reaction occurred on a somewhat
longer time scale (ca. 300 ns) with the band of triplet 315+


less clearly discerned in the initial phase and that of the rad-
ical cation 1C+ (maximum at 460–470 nm, as proven by its
generation by SO4C


� oxidation and calculations) emerging
later (see inset of Figure 2A). This revealed (one of) the re-
duction mechanism(s), namely, the electron-transfer process
[Eq. (1), Scheme 4].


315þ þ 1! 15C þ 1Cþ ð1Þ


The reaction rate depended on the starting concentration
of 1 with a bimolecular rate constant of ketffi5N109m


�1 s�1.


Radical cation 1C+ was apparent in MeOH because this sol-
vent rapidly reduces 15C to anisole (2) and prevents back-
electron transfer [reverse of Eq. (1)]. However, this is prob-
ably a general mechanism, although the amount of inter-
mediates accumulated depended on the medium. The results
in MeCN/H2O were intermediate between those obtained in
TFE and MeOH, as one may expect from the intermediate
value of Y, with both 315+ and 1C+ detectable, although with
less intense signals than in TFE and MeOH, respectively.
This is not surprising, as in poorly ion-stabilizing MeCN
(Y=�3.45), the quantum yield of the reaction was low and
the transients almost undetected.
Most of the end-products observed were those expected


from cation 315+ by reaction with the starting material or
with the solvent. The reaction with 1 gave either reduced 2
(by electron transfer) or self-attack diphenyldiamine 4 (by
addition, see Scheme 4). Competition between the two pro-
cesses (ket/ksa) depended on the medium and addition was
important in an ion-stabilizing, less nucleophilic solvent,
such as TFE (see Table 2). Reactions with the solvent in-
volve fluoride abstraction from TFE (a process previously
observed on decomposition of benzenediazonium salts in
this solvent)[23] and solvolysis. The latter reaction was that
expected of singlet 115+ and gave products 3a–c. However,
these were not formed in the presence of p nucleophiles;
arylated products, diagnostic of the triplet cation, formed in-
stead. Clearly, 315+ was generated as the first intermediate


Scheme 4. Overall mechanism for the photochemical reaction of 4-chloroanisole.
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by photoheterolysis of 31, but in the absence of a convenient
trap, intersystem crossing to the almost isoenergetic singlet
(calculated DGST=0.7 kcalmol�1) occurred. Singlet 115+ is
an unselective electrophile and gave ethers 3b and 3c with
MeOH and TFE, respectively. In MeCN/H2O addition to
the solvent gave 3a [Ritter reaction, see Eq. (2)].


Arþ þMeC
N!MeCþ¼N�Ar!MeCð¼OÞNHAr ð2Þ


The formation of such products allowed us to assess the
singlet reaction path, even though 115+ did not absorb in
the accessible l window, and their absence when triplet di-
agnostic products were formed allowed the chemistry of the
two spin states to be distinguished.
Trapping by p nucleophiles was best followed in TFE in


which the formation of the phenylium ion was conspicuous.
Calculation of the PES for the reaction of the triplet cation
with ethylene supported the proposal that addition to al-
kenes led to a single-bonded triplet diradical as the first in-
termediate. Formation of a second C�C bond and intersys-
tem crossing led to the strongly stabilized (singlet) phenoni-
um ion.[10] This mechanism fitted nicely with the sequence of
events observed in the flash photolysis experiments per-
formed in the presence of DMB (0.2m). Thus, complete
quenching of 315+ within the laser pulse was accompanied
by the appearance of a new transient (lmax=440 nm), which
in turn converted (k�5N107 s�1) into a longer-lived species
(lmax=320 nm). These intermediates were identified as the
open-chain cation 316+ and phenonium ion 17+ , respective-
ly, and indeed the experimental spectra closely correspond-
ed to those calculated for these species (lmaxACHTUNGTRENNUNG(calcd)=414
and 272 nm, respectively, see Figures 4B and 6B). Also, the
rate constant measured for the formation of 17+ is consis-
tent with the occurrence of a spin-forbidden process. The
trapping of triplet 315+ by DMB was efficient and the yield
of adduct cation 17+ reached a plateau at a DMB concen-
tration of �0.1m. The double reciprocal plot in Figure 5
shows a linear fit in agreement with Equation (3):


1
e320½17þ


¼ 1
e320h


�
1þ kd


kad½DMB


�
ð3Þ


in which e320 is the molar absorption coefficient (optical path
1 cm), h is the overall yield of 17+ , kd is the rate constant
for decay of the phenylium cation in the absence of trap,
and kad is the bimolecular rate constant for the addition re-
action. From the intercept/slope ratio, the value kad/kd=


120m
�1 was extracted, which indicates that quenching of


315+ by DMB occurs with a rate constant close to diffusion
control (kadffi6N109m


�1 s�1), on the basis that kdffi5N107 s�1.
In turn, the final products were obtained from adduct cation
17+ either by deprotonation or by nucleophile addition, al-
though with the additional complication that a Wagner–
Meerwein shift of a methyl group (R’) to form a benzylic
cation (18+) might precede the final step (as shown by the
formation of product 7 and analogously the formation of 11


from 1-hexene by a hydride shift). Such a rearrangement
was expected and is diagnostic of a carbocation, but again
had been previously reported to occur from the phenonium
ion only under strongly acidic conditions.[13]


Summing up, DMB efficiently quenched 315+ to form, as
predicted by calculations, diradical adduct 316+ and closed-
shell 17+ , and the course of the reaction could be followed
step-by-step by flash photolysis. A similar course was fol-
lowed with 1-hexene, with the first intermediate barely dis-
tinguishable by a decreasing absorbance at 440 nm, but a
strongly absorbing phenonium ion was observed (17+ , lmax=


340 nm, Figure 4C).
With alkynes, calculation of the PES predicted the forma-


tion of an open-chain triplet cation 319’+ as the first inter-
mediate, which then collapsed (upon ISC) to the ring-closed
vinylenephenonium 19+ .[15a,b,24] In the experiment with 1-
hexyne a conspicuous transient was detected (lmax=340 nm,
Figure 4D) although the final spectrum retained a shoulder
at 400–440 nm. The observed transient corresponded to that
of 319’+ (lmaxACHTUNGTRENNUNG(calcd)=310 nm), whereas isomeric 19+ was
less easily observed because of the blueshifted spectrum
(lmaxACHTUNGTRENNUNG(calcd)=262 nm, see Figure 4D and Figure 6C). Reduc-
tion of these high-energy ions to give 12 as the end-product
is in accordance with previous findings.[25]


With benzene as the trap, an open-chain triplet adduct
was not markedly stabilized and a single transient (strong
absorption with lmax=380 nm) could be observed by flash
photolysis. This was attributed with confidence to benzeni-
um cation 20+ on the basis of its closeness to the calculated
band at 385 nm (see Figure 6D). This transient absorption
was identical to that observed by Steenken, McClelland and
co-workers by photolysis of phenyldiazonium tetrafluorobo-
rate in the presence of triisopropylbenzene.[7] Note, howev-
er, that photolysis of the diazonium salt yielded the singlet
cation as a nonselective intermediate. Indeed, these authors
were able to observe cation 20+ only in an extremely non-
nucleophilic solvent, such as 1,1,1,3,3,3-hexafluoroisopropyl
alcohol.[26] In our case, photolysis of 4-chloroanisole yielded
triplet cation 315+ , which reacted preferentially with p nu-
cleophiles. The cationic adduct with benzene (at the same
concentration) was clearly detected in TFE and also in the
other polar solvents tested, although it was less clear-cut in
some cases. A heteroaromatic molecule, such as thiophene,
also gave a transient at lmax=360 nm, which was attributed
to the analogous cation 21+ .
The overall mechanism proposed for the photochemical


reactions of 1 is presented in Scheme 4.


Conclusion


Conditions for observing a phenylium ion in solution have
been found for the first time, the role of this species in reac-
tions has been demonstrated, and the assignment is support-
ed by calculations. The agreement between predicted and
observed chemistry, as well as between the calculated and
observed spectra of the intermediates, has demonstrated the
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spin-dependent chemistry of the phenylium ion first suggest-
ed by Schuster and co-workers in 1995.[2f] In accordance
with previous reports,[6] we have shown by calculation that
singlet phenylium has no convenient absorption window and
may escape detection, but calculations and product studies
have demonstrated that it does play a role to play. In con-
trast to the singlet state, triplet phenylium is a synthetically
useful intermediate owing to its selective reactions with p


nucleophiles, which have been characterized in detail. As an
example, addition to an alkene is calculated to yield an
open-chain cation adduct that then converts by intersystem
crossing into the phenonium cation (315+!316+!117+) and
in fact three spectra (very similar to those calculated) can
be observed that have an isosbestic point (Figure 4B) and
rate constants that fit expectation. Under such conditions,
none of the products expected from the singlet is observed,
thus excluding its formation as the primary intermediate
upon dechlorination, although they are found in the absence
of traps, which indicates that ISC to the singlet can occur as
a secondary step.
Photoheterolysis of phenyl halides in the presence of suit-


able traps under neutral, mild conditions, has thus allowed
us to obtain cationic adducts by C�C bond formation,
namely, phenonium ions with alkenes, phenylvinyl cations
(or vinylenephenonium ions) with alkynes, and a benzenium
ion from benzene. The ions have been identified under the
same (and very mild) conditions and full agreement between
experimental data and calculations was observed. These in-
termediates have been the object of intense investigation
and in some cases have previously been characterized, al-
though generally under acidic conditions. The development
of a mild method for their generation greatly enlarges the
choice of conditions available for their exploitation, and
thus, the control over the final outcome, which hopefully
will allow the use of these versatile intermediates for prepa-
rative purposes.[10]


Experimental Section


The photochemical reactions were performed by using nitrogen-purged
solutions in quartz tubes in a multilamp reactor fitted with six 15 W phos-
phor-coated lamps (maximum emission=310 nm) for irradiation. The
photoproducts were isolated by chromatography and compared with au-
thentic samples or identified by chemical and spectroscopic analysis.
Nanosecond laser flash photolysis experiments were carried out by using
a JK-Laser Nd-YAG laser operated at l=266 nm and pulse FWHM=


20 ns; the minimum response time of the detection system was around
2 ns (see the Supporting Information). The structures and energies of the
singlet and triplet 4-methoxyphenylium ions and the PES for the reac-
tions with ethylene, acetylene, and benzene were calculated at the
UB3LYP/6-31G(d) level of theory by using the Gaussian 03 package[27]


(see the Supporting Information). The spectra of transients were calculat-
ed by the TD-DFT method (see the Supporting Information).
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Investigation of Hydrogen Physisorption Active Sites on the Surface of
Porous Carbonaceous Materials


Deyang Qu*[a]


Introduction


Energy and water, in particular their shortage, clean genera-
tion, and biocomplex environmental impact, are two press-
ing global challenges. Hydrogen, which can be produced
from renewable sources and which burns pollution-free, is
gaining increasing attention as a solution to these challenges.
Hydrogen storage is a crucial and technically challenging
step to providing a ready supply of hydrogen fuel for end
use, and it is a problem that remains unresolved after de-
cades of exploration. The current approaches to hydrogen
storage include:[1–6]


* Gaseous and liquid hydrogen storage via compression or
liquefaction under cryogenic conditions.


* Chemical storage in irreversible hydrogen carriers.
* Reversible metal and chemical hydrides.
* Gas-on-solid adsorption.


The operating requirements for effective hydrogen stor-
age include appropriate thermodynamics, fast kinetics, high
storage capacity, effective heat transfer, high gravimetric
and volumetric densities, a long cycle lifetime for hydrogen
uptake/release, high mechanical strength and durability,


safety under normal use, acceptable risk under abnormal
conditions and, most importantly, hydrogen adsorption/de-
sorption under near-ambient conditions.[1] Unfortunately,
none of the above-mentioned approaches can satisfy all the
requirements, even though each method possesses desirable
characteristics in certain areas.


Alongside other materials, carbon, especially carbon
nanotubes, has been extensively studied for hydrogen stor-
age and some very exciting results have been reported.
Dillon et al. reported 5 wt% of H2 storage at 273K in
single-walled carbon nanotubes (SWNTs).[7] Liu et al. re-
ported a H2 storage capacity of 4.2% in SWNTs.[8] Ye et al.
found that 8.25 wt% of hydrogen can be stored in high-
purity SWNTs at 80 K under about 7 MPa.[9] 13 wt% of hy-
drogen storage was reported by Chen et al. in multiwalled
carbon nanotubes (MWNTs).[10] Alkali metal-doped nano-
tubes have been reported to store up to 20 wt% of hydro-
gen.[11] The highest reported H2 storage capacity in carbon
materials so far is 67% in graphite nanofibers by Chambers
et al.[12] However, other researchers have not been able to
reproduce these results and reported hydrogen storage ca-
pacities in carbon nanotubes are scattered over several
orders of magnitude.[13,14] For example, the work done by
Chen on hydrogen uptake by alkali-doped carbon nano-
tubes[11] has not been reproduced by other researchers and it
was subsequently proved that the majority of the weight
gain was due to moisture that the alkali oxide had picked up
from the atmosphere.[15,16] Recently, H2 physisorption in dif-
ferent carbon nanostructures was investigated by using clas-
sical Monte-Carlo simulation techniques. Less than 1 wt%
uptakes have been calculated for SWNTs, MWNTs, and
graphite nanofibers at 293 K and 10 MPa.[17] Assuming that
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hydrogen condenses as a monolayer on the surface of nano-
tubes and also that bulk condensation occurs in the cavity of
the tubes, 5 wt% uptakes were calculated.[18] However, hy-
drogen condensation may only occur under cryogenic condi-
tions. In addition to the uncertain capacity, H2 adsorption
and desorption kinetics may be a limiting factor as well, due
to the H2 diffusion rate inside the carbon nanotubes. Indeed,
the practical use of nanotubular materials is dubious at best,
owing to the cost, limited scale of production, and uncertain
purity.


Gas-on-solid adsorption is an inherently safe and poten-
tially energy-dense hydrogen-storage method that could be
extremely energy efficient. Hydrogen storage in high surface
area activated carbon materials is very pertinent and has
been extensively studied.[19–22] Hydrogen can be physically
adsorbed onto carbon materials by a van der Waals interac-
tion with a binding energy of around 0.1 eV.[20] Given the in-
trinsic difficulty of tuning the carbon surface–H2 van der
Waals interaction to compete with thermal energies, the vast
majority of the sites for adsorption cannot stabilize hydro-
gen and because of this, the development of carbon-based
adsorbents for hydrogen storage is extremely challenging. It
is necessary to enhance the carbon–H2 interaction without
sacrificing the desorption kinetics. However, the mechanism
of H2 physisorption on the carbon surface, especially sur-
face–H2 interactions and the surface energy, is not well un-
derstood. This paper focuses not only on the impact of
carbon porosity, but also on the influence of the crystal
structure of the carbon material, which has not been report-
ed. The “active site” for hydrogen physisorption will also be
discussed.


Results and Discussion


Nitrogen adsorption isotherms : Figure 1 shows the adsorp-
tion isotherms of the activated carbon materials M20 and U-
2b, which represent two types of the large surface area
carbon materials used in the study. Figure 1A shows the
comparison of N2 adsorption isotherms for M20 and U-2b at
77 K. The isotherm for M20 represents a typical Type I iso-
therm,[23] which is characterized by a nearly-horizontal pla-
teau. Type I isotherms are given by microporous solids that
have a relatively small external surface area, for which the
limiting uptake of N2 is governed by the accessible micro-
pore volume rather than by the internal surface area. The
isotherm for U-2b shows an ideal Type IV isotherm.[23] The
characteristic feature is the hysteresis loop, which is associ-
ated with capillary condensation taking place in the meso-
pores. Type IV isotherms are given by adsorbents with mes-
opores. Figure 1B shows the comparison of H2 adsorption
isotherms for the same carbon materials at 77 K. The H2 ad-
sorption isotherms for both carbon materials are close to
the characteristics of a Type II isotherm,[23] which represents
unrestricted monolayer adsorption. Type II is usually charac-
teristic of a nonporous or possibly macroporous material. It
is reasonable to assume that the adsorption of hydrogen


onto the surface of pores of various sizes forms a monolayer
at 77 K. Unlike nitrogen adsorption, which forms multiple
layers through condensation and volume filling,[24] hydrogen
condensation and volume filling may not occur in micro-
and mesopores. This can be explained by examining the crit-
ical temperatures for nitrogen and hydrogen, which are
126.2 and 32.98 K, respectively. Thus, nitrogen may con-
dense in meso- and micropores at 77 K, but hydrogen would
only condense below a temperature of 33 K. The amount of
hydrogen adsorbed at 0.9 relative pressure (120 Pa) was re-
ported as the hydrogen adsorption capacity.


Porosity and surface area of an activated carbon : Various
carbon materials have unique pore distributions, which
result from the precursors and processes involved. Pores are
formed within the particles of a fine powder, the primary
particles,[24] or in the aggregated secondary particles that are
formed when primary particles stick together. The total sur-
face area of a fine powder is the sum of the pore wall area
of all the pore sizes. Although there are a number of tech-
niques available for surface-area measurements, for exam-
ple, mercury intrusion and small-angle X-ray diffraction, the
most commonly used tool for the purpose is still a gas ad-


Figure 1. A) The nitrogen adsorption isotherms at 77 K for two activated
carbon materials; M20: c and U-2b: b. B) The hydrogen adsorption
isotherms at 77 K for the same carbon materials; M20: c and U-2b:
b.
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sorption isotherm, for example, nitrogen adsorption. For
most high-surface-area carbon materials, the macropore con-
tribution to the total surface area is negligible compared
with that of meso- and micropores. Nitrogen adsorption
onto the surface of micropores is fundamentally different to
that of mesopores. The nitrogen adsorption of micropores
results from volume filling,[24] whereas nitrogen molecules
condense into mesopores through a classical capillary effect.
The major difference between the volume filling of micro-
pores and capillary condensation in mesopores is the strong
cooperative behavior of the filling gas in the micropores,
which is absent in the mesopores due to the relative weak-
ness of the molecular–molecular and molecular–wall interac-
tion. Instead of the phenomenological approaches, such as
the Brunauer–Emmett–Teller (BET) equation, it is more ac-
ceptable to use a molecular-based statistical thermodynamic
theory that relates the adsorption isotherm to the micro-
scopic properties of the system, that is, the fluid–fluid and
fluid–solid interaction energy
parameters, the pore size, pore
geometry, and the temperature.
In this report, a model based
on density function theory
(DFT) is used to extract the
pore-size distribution from the
nitrogen adsorption isotherm.
DFT is based on the idea that
the free energy of an inhomo-
geneous fluid can be expressed
as a function of 1(r). Once the
functional is known, all the rel-
evant thermodynamic functions
can be calculated and the mi-
croscopic structure of the inho-
mogeneous fluid can also be de-
termined.[25,26] With the aid of
fast computers, the whole ad-
sorption isotherm can be fitted
and the pore-size distribution
can be calculated. Figure 2


shows the comparison of the pore-size distribution profiles
for M20 and U-11b, calculated from the DFT model. These
two carbon materials were chosen to demonstrate the signif-
icant difference in micropore distribution. The incremental
surface area has contributions from pores with a range of
sizes between 5 and 50 A (5 A is the smallest size that can
be measured by the nitrogen adsorption method). The incre-
mental surface area contribution from pores of a certain size
range can be obtained from Figure 2.


Physical adsorption of hydrogen : It has been reported that
hydrogen adsorption is proportional to either the total sur-
face area or the micropore volume of the activated carbon,
and also that at 77 K, the activated carbon surface can be
treated as a uniform flat surface and H2 physisorption forms
a monolayer.[1,6,27–29] However, after the careful analysis of
hydrogen adsorption onto various carbon materials at 77 K
(see Table 1), the adsorption capacity was actually found to


be proportional to the surface area of pores <30 A. Fig-
ACHTUNGTRENNUNGures 3A–C show the correlation between the H2 adsorption
capacity and the surface area for pores <30, <100 (total
surface area), and <10 A (micropores), respectively. It ap-
pears that the H2 adsorption capacity has the best linear re-
lationship with the surface area of pores <30 A. Neither the
total surface area nor the micropore surface area show
linear correlation with the H2 adsorption capacity. Figure 4
shows the relationship between the total H2 adsorption ca-
pacity and the average pore size of different activated
carbon materials. The total adsorption decreases with the in-
crease of pore size until it reaches about 30 A. The total per-
centage of H2 adsorbed changes little for carbon materials
with an average pore size larger than 30 A. The result in
Figure 4 is in good agreement with that of Figure 3. One
may assume that the majority of H2 becomes adsorbed on
the wall of pores <30 A in size.


Figure 2. A comparison of pore size distribution obtained from two acti-
vated carbon materials using a DFT method; M20: c*c and U-11b:
b~b. The pores were assumed to be slit-pores.


Table 1. Adsorption data for the activated carbon materials used in this study.


Carbon Surface area
<10 nm


Surface area
<30 nm


Total surface
area [nm]


Adsorption at
p/p0=0.5


Adsorption at
p/p0=0.9


APD 520.2 874.0 941.1 1.5 1.3
m30 581.7 1363.0 1486.9 2.1 1.9
m20 876.7 1435.1 1450.0 2.3 2.1
M1470 570.4 702.6 783.0 1.4 1.3
Nor-A 652.4 1166.6 1211.0 1.9 1.7
PWA 497.3 691.4 718.0 1.4 1.2
SC2220 867.5 1470.8 1478.0 2.3 1.99
SC2225 716.9 1485.7 1491.6 1.9 1.7
WPH 518.8 839.6 904.0 1.5 1.3
U-1B 546.0 609.0 631.0 1.2 1.2
U-2B 658.6 1122.7 1179.4 1.9 1.7
U-6B 628.7 926.0 957.5 1.5 1.4
U-11B 572.5 1290.0 1349.0 1.8 1.6
U-L1-I3 431.2 1150.0 1437.1 1.7 1.5
U-T2 689.8 962.0 996.1 1.5 1.4
U-T7 487.7 1206.0 1355.0 1.8 1.6
U-T7b 499.3 1100.0 1130.0 1.7 1.5
U-T13 536.7 720.3 755.7 1.3 1.2
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It is worth emphasizing that the maximum applied hydro-
gen pressure in this study was about 1.20 kPa. Hydrogen
molecules formed a sub-monolayer on the surface of carbon
material, because the available adsorption sites were not yet
fully saturated. Higher pressure would be needed to form a
monolayer. After the formation of a monolayer, H2 adsorp-
tion capacity should have a better linear relationship with
the total surface area.[19] However, as shown in Figure 1B,
the amount of H2 adsorbed on the surface of both carbon
materials increases linearly with the applied pressure, start-
ing from a relative pressure of roughly 0.5. Figure 3D shows
the correlation between H2 adsorbed at 0.5 relative pressure
and the surface area of pores <3 nm. A linear relationship
similar to that in Figure 1A is demonstrated. It is reasonable
to conclude that the surface area contributions from pores
<30 A play a dominant role in H2 adsorption at 77 K. Even
though high pressure may be needed for monolayer adsorp-
tion, at 77 K the majority of H2 becomes adsorbed on the
surface area of pores <30 A at a pressure lower than
60 kPa.


To understand these phenomena, the surface energy and
the wall–adsorbate interaction need to be investigated in
detail. The hypothesis is that the enhancement results from
the curvature effect. This effect could occur in pores that
are narrow enough for the whole of the adsorbate to be in
range of the forces originating from the solid surface. At
this distance, the influence of the surface is still present and
the potential fields from neighboring walls would overlap,
so the interaction energy of the solid with a gas molecule
would be correspondingly enhanced. The hydrogen mole-
cules in such pores could, therefore, have modified proper-
ties that result from the surface force effects on the chemical
potential of the adsorbate. However, such curvature effects
only occur in microporous solids that have capillaries with a
width not exceeding a few molecular diameters. As such ad-
sorption fields fall off fairly rapidly with distance from the
surface, the building-up of the monolayer should not be af-
fected by the presence of a neighboring surface situated at a
significantly large distance.


Figure 3. A–C) Graphs of hydrogen adsorption versus surface area at 77 K. Surface area=pore size<30 A, total surface area, and pore size<10 A, re-
spectively. D) Hydrogen adsorption (p/p0=0.5, 77 K) versus surface area of pores <30 A.
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The main objective of the investigation was to understand
the active sites for molecular hydrogen adsorption. Figure 5
shows the relationship between specific H2 adsorption


(mmolm�2) and the surface area contribution from pores
<30 A at 77 K. Although the relationship is not good, the
specific adsorption varies, which means the density of active
sites on the surface of different carbon materials varies.


The structure of activated carbon materials : Activated
carbon materials with large activated surface areas consist
of sheets of small hexagonal carbon rings, called “graphene
sheets”. Unlike the graphene sheets in graphitized carbon,
the graphene sheet in activated carbon is highly defective
and may not even be planar. The structure of carbon is com-
posed of roughly parallel associations of hydrocarbon moiet-
ies and quite defective nonplanar, but roughly parallel, asso-
ciations of carbon atoms. Carbon materials made from dif-
ferent precursors and different preparation methods lead to
different sizes, orientation, and stacking arrangements of
these defective micrographene sheets. In general, however,
an activated carbon has an amorphous structure and lacks
long-range three-dimensional order. An activated carbon
can be considered as molecular space, this space being con-


tained within a three-dimensional network of carbon atoms
that are arranged in layers composed of range structures
joined together somewhat imperfectly. This network is con-
tinuous in three dimensions, with some layers being stacked,
roughly parallel to each other, in groups of up to two or
three, usually not more.[30]


To graphically explain the short-range arrangement within
a high-surface-area amorphous carbon material, Dahn et al.
proposed a “falling cards” model to explain the complex
structure of activated carbon.[31] This model treats activated
carbon as the combination of a lot of small domains that
consist of a few graphene sheets in parallel. These sheets are
formed by breaking the links between adjacent graphene
sheets and allowing some sheets to rotate into parallel ori-
entations. It should be mentioned that activated carbon ma-
terials are usually non-graphitizable or “hard” carbon, so
the possibility of considerable movement or alignment of
the graphene sheets within a solid matrix at the activation
temperature (about 1000 8C) is unlikely. However, from the
powder XRD patterns of the activated carbon materials
studied in this paper (see Figure 6), the (100) peak at 42o


and the (110) peak at 79o can be clearly observed, indicating
that these materials consist of small domains of ordered gra-
phene sheets. To estimate the number of carbon sheets ar-
ranged as single layers, Dahn et al.[31] proposed an empirical
parameter (R) which is defined as the ratio of the height of
the (002) Bragg peak to the background, as illustrated in
Figure 6. It has been demonstrated by the researchers that R
decreases as the single-layer content of the carbon increases.
When R=1, all graphene layers are randomly distributed as
single layers, so the R value is proportional to the amount of
edge orientation on the carbon surface. Larger R values in-
dicate a higher percentage of edge orientation, since higher
R values result from more graphene sheets stacking in paral-
lel, which results in increased edge exposure on the carbon
surface. According to DahnOs model, all activated carbon
materials studied in this paper should contain randomly ori-
ented single- and multilayer domains.


Figure 4. Hydrogen adsorption (77 K) versus average pore size for a se-
lection of activated carbon materials.


Figure 5. Specific hydrogen adsorption (mmolm�2) versus surface area of
pores <30 A.


Figure 6. Comparison of XRD profiles for activated carbon materials
PWA and U-6b, for which the relative amount of edge orientation
R=B/A.
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The active site for hydrogen adsorption : The active site de-
scribes that volume element of which one adsorbate mole-
cule may reside. It relates to the adsorption potential at the
location of the site, which is the effective control. The size
and orientation of the defective micrographene sheets may
play an important role in the adsorption process by altering
the London dispersion forces between the surface and hy-
drogen molecules. The surface porosity may be related to
the presentation of the domains of the defective microgra-
phene layers, since some of the sheets may present their
basal planes and others may present the edge layers. The
surface energy is related to crystal orientation (edge/basal
exposure), surface defects, functional groups, and surface
curvature of pores of various sizes. This lack of homogeneity
may create more favorable sites for H2 adsorption. Even
though the interaction between the hydrogen molecule and
the carbon surface is a van der Waals force, the surface-
energy distribution of carbon materials may not be homoge-
neous, thus the strength of H2–surface interactions varies.
Thus, the hypothesis is that the active sites for hydrogen ad-
sorption onto the surface of carbon materials are mainly the
edge orientations of microdomains.


Figure 7 shows the relationship between R value and the
specific physical adsorption (mmolm�2). It clearly demon-


strates that specific hydrogen adsorption increases with the
R value, in other words, higher edge exposure on the carbon
surface results in increased physical H2 adsorption per
square meter, which is consistent with the hypothesis. It is
worth emphasizing that physisorption results from van der
Waals interactions between the carbon surface and the hy-
drogen molecule. Unlike chemisorption, in which hydrogen
molecules are stabilized through bond formation, the hydro-
gen molecules adsorbed through van der Waals interactions
are in a dynamic equilibrium. At an active site of adsorp-
tion, the residence time of the adsorbed molecule is longer
than that of the surrounding sites. Any local enhancement
of the interaction force can result in longer residence times.
On the edge plane, for which all the surface atoms have un-
saturated bonds, the surface energy would be significantly
greater than that of the basal layer for which no free valen-


cies remain. Two things could happen on the edge plane:
higher London dispersion forces between the surface and
the hydrogen molecules or more surface functional groups
could be observed. Both will result in longer H2 residence
time by enhancing the carbon–H2 interaction. Besides the
edge orientation, any local defects in the basal plane of the
defective microsheet can also enhance the local interaction
force for the same reason. It should be pointed out that H2


could also be physically adsorbed onto a flat basal plane,
but the van der Waals forces would be weaker, which makes
the basal plane sites less favorable for hydrogen physical ad-
sorption.


Conclusion


Various high surface area carbon materials have been inves-
tigated for hydrogen adsorption at 77 K. Instead of depen-
ACHTUNGTRENNUNGding on the total surface area reported in literature, the
total percentage of hydrogen physically adsorbed depends
almost linearly on the surface area (m2g�1) of pores <30 A
in size. The specific adsorption (mmolm�2) depends on the
carbon nanostructure. Therefore, the physical hydrogen ad-
sorption process is based on local interactions between the
hydrogen molecules and the active sites. The edge orienta-
tion of defective microsheet domains contributes a signifi-
cant number of active sites for hydrogen residence. The
physisorption of hydrogen molecules at 77 K is determined
by short-range order, curvature, functional groups, ordered
arrays of defective graphene microsheets, and possibly de-
fects on the basal layer of the graphene sheets.


Experimental Section


Various carbon materials were obtained from different suppliers or modi-
fied in-house, to cover a wide range of porosity and crystal structures.
For example, M20 was obtained from Spectracorp (USA) and U-2b and
U-11b were from Emtech (Canada). All activated carbon materials were
reflux-washed with acetone in a Soxhlet extractor for 48 h to remove
most of the weakly-bonded surface functional groups that remained from
the precursors and the manufacturing process.


Gas adsorption isotherms were measured by using a Micromeritics
ASAP 2020 porosimeter. Nitrogen was used as the adsorbate gas for sur-
face and porosity analysis. Density function theory (DFT) software from
Micromeritics was used to calculate pore size distributions from the N2


adsorption isotherms. During the hydrogen adsorption measurement, the
sample was first placed under vacuum to a pressure of 0.00013 Pa with a
high-vacuum pump, then hydrogen was doped to a series of preset rela-
tive pressures until the pressure reached 120 kPa (p/p0=0.9, p0 was arbi-
trarily set as 133.3 kPa). The amount of hydrogen adsorbed was recorded
after the system had reached thermal equilibrium. All measurements
were done in liquid nitrogen. All samples were subjected to eight-hour
programmed vacuum degassing at 280 8C before the measurements and a
liquid nitrogen cold trap was used to make sure that trace amounts of
water vapor in the adsorbate were removed. The void volume of a
sample tube was determined by helium adsorption.


The X-ray powder diffraction patterns of each sample were collected
with a Siemens D5000 powder diffractometer equipped with a Cu target
X-ray tube and monochromator.


Figure 7. Specific hydrogen adsorption versus R.
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