
Multiple files are bound together in this PDF Package.

Adobe recommends using Adobe Reader or Adobe Acrobat version 8 or later to work with 
documents contained within a PDF Package. By updating to the latest version, you’ll enjoy 
the following benefits:  

•  Efficient, integrated PDF viewing 

•  Easy printing 

•  Quick searches 

Don’t have the latest version of Adobe Reader?  

Click here to download the latest version of Adobe Reader

If you already have Adobe Reader 8, 
click a file in this PDF Package to view it.

http://www.adobe.com/products/acrobat/readstep2.html




K. Matsuura, M. Hibino, T. Ikeda,
Y. Yamada, K. Kobayashi* . . . . 352 – 359


Self-Organized Glycoclusters Along
DNA: Effect of the Spatial Arrangement
of Galactoside Residues on Cooperative
Lectin Recognition


Chem. Eur. J. 2004, 10


DOI 10.1002/chem.200401096


In this Full Paper, some errors occurred. Firstly, Equation (2) should have read
as follows:


DA ¼ KasC
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi


2KasC þ 1
p


�1
ð2Þ


Secondly, Figure 10 was incorrect. The corrected figure is shown below. The
figure legend remains the same.


The discussion on page 356 should be changed as follows: Figure 7 shows that
the binding ability of the Gal cluster II/VII to RCA120 was enhanced significant-
ly at [ODN]=40 mm. The DA of ODNs was estimated to be about ten, which
corresponded to about five galactosides (Figure 10). This value is larger than
the Hill coefficient 2.4, for binding of the Gal cluster II/VII to RCA120. This
suggests that the association of about five galactosides on II/VII lead to the co-
operative binding to RCA120. In addition, about 2.4 galactosides on the 20-mer
gapped duplex assembly II/VII simultaneously recognized three of four binding
sites of RCA120.


Finally, the conclusion should read: The degree of association between Gal-
ODN and hsc-ODN was estimated by SEC and thermodynamic analysis of the
concentration dependency of Tm, suggesting that about five galactosides on the
20-mer gapped duplex lead to the cooperative binding to RCA120.


The authors apologize for these errors.
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Enhancing Electrophilic Alkene Activation by Increasing the Positive Net
Charge in Transition-Metal Complexes and Application in Homogeneous


Catalysis


Christine Hahn*[a]


Introduction


The development of new types of catalysts for organic reac-
tions is a very important field of chemical research, because
of the increasing demand for rational organic synthesis
under mild conditions, high yields in space and time, and
high selectivity; in particular, the economic and environ-
mental benign performance of the catalyst is one of the
main goals of green chemistry. Different approaches are
being undertaken to find highly efficient catalysts, in partic-
ular for new reaction types and organic transformations,[1]


for example, in order to shorten multiple step reaction se-
quences. A common approach in homogeneous catalysis is


the creation of new ligand structures[2] in combination with
an appropriate transition-metal center. Furthermore suitable
activators, additives, and the reaction medium are also im-
portant factors that may affect catalytic activities. In any
case fine tuning of electronic and steric properties of cata-
lyst complexes, detailed understanding of their structure–
reactivity relationship, and principles of substrate activation
are key issues for the improvement of catalytic efficiency for
a given reaction.
Among the large variety of possible fine-tuning parame-


ters the charge of the complex appears an interesting aspect
that has yet to be elucidated in detail. In this paper the con-
cept of enhancement of the electrophilic alkene activation
by increasing the positive net charge in transition-metal
complexes is described. A case study of dicationic palladi-
um(ii)[3] and platinum(ii)[4] alkene complexes and their reac-
tivity towards weakly basic nucleophiles will be discussed. A
new catalytic pathway for C�C bond formation, which has
arisen from those reactivity studies,[5] exhibits a nice exam-
ple for the benefit of this concept for the development of
new homogeneous catalysts.


Enhancing Catalytic Activity by Increasing the
Positive Net Charge in Transition-Metal


Complexes


Cationic complexes of transition metals in higher oxidation
states (+1, +2, or higher) of type I [Eq. (1)] display electro-
philic properties and can be generated by substitution of an
anionic ligand by a neutral one. A common method is
halide abstraction by an appropriate reagent (e.g., AgY or
Me3SiY) that provides at the same time a non- (or weakly)
coordinating counterion Y� .[6]


½MLX� þ L0 þAgY ! ½MLL0�þY� ðIÞ þAgX ð1Þ


Due to the charge separation, the electronic properties,
such as orbital energies and the distribution of electronic
density, can be significantly changed. By increasing the posi-
tive charge of the complex, the electrophilicity (Lewis acidi-
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Abstract: Among a large variety of fine-tuning parame-
ters for homogeneous catalysts the net charge of transi-
tion-metal complexes appear to be an interesting factor
that considerably affects activation of substrates and
catalytic activity in general. The electrophilicity of coor-
dinated alkenes in transition-metal complexes can be
strongly enhanced by increasing the positive net charge,
resulting in strong carbocationic properties. Theoretical
and experimental studies have shown that the alkene in
cationic complexes is kinetically and thermodynamically
more activated towards nucleophilic addition than in
neutral complexes. The concept of increasing the posi-
tive complex charge is thought to be useful for the de-
velopment of new catalysts for reactions in which al-
kenes or other unsaturated substrates are involved.


Keywords: alkene activation · carbocations · chelating
ligands · homogeneous catalysis · transition metals
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ty) of the metal center is expected to be enhanced. This con-
siderably affects the activation of substrates and, hence,
lowers the activation barriers of further transformation
steps; overall it may affect the whole energy profile of a cat-
alytic reaction path.
In fact it has been found for several types of reactions


that the catalytic activity is enhanced on going from neutral
to cationic catalyst complexes; some representative exam-
ples are given in Table 1. For the hydrogenation of unsatu-
rated compounds cationic rhodium(i)[7] and iridium(i)[8] com-
plexes [ML2S2]X (L2=phosphane; S=CH3OH, cod; X=


BF4, PF6) show an activity by about two orders of magnitude
higher than that of neutral complexes [MCl(PPh3)3].


A similar effect was reported by Hofmann,[9] for the
ruthenium-catalyzed alkene metathesis. A cationic ruthe-
nium–carbene complex was generated by halide abstraction
from the corresponding neutral complex. The turnover fre-
quency of the ring-opening metathetic polymerization
(ROMP) of norbonene showed a considerable increase from
60 h�1 for the neutral to 8400 h�1 for the cationic complex
(cf. Table 1).
Furthermore it was found, that cationic complexes of late


transition metals of the general formula
[M(NN)(CH3)L]BArF (M=Pd, Ni; NN=a-diimine, BArF=
[3,5-(CF3)2C6H3]4B


�) are highly active alkene polymerization
catalysts, since they provide electrophilic metal centers that
allow a rapid alkene insertion.[10] Notable are, for instance,
nickel(ii) allyl complexes as catalysts for polymerization of
1,3-butadiene; these display a remarkably higher activity
when they are cationic, see Table 1.[11]


Structural modifications of the ligands of course also
affect very sensitively the catalytic activity, for instance the
variation of the chelate ring size,[7,12, 13] but in general a ten-
dency of enhanced catalytic activity by increased positive
complex charge can be noted for several reactions in which
alkenes as substrates are involved.


Nucleophilic Addition to Alkenes Coordinated in
Transition-Metal Complexes


The nucleophilic addition to alkene transition-metal com-
plexes II is an important organometallic reaction type, from
which a number of possibilities arises for functionalization
of hydrocarbons, see Scheme 1.[14] The stoichiometric addi-
tion of anionic and strongly basic nucleophiles like R� ,


RO� , AcO� , or aliphatic amines to the coordinated C=C
double bond is well known and understood in mechanistic


details, whereas less basic neu-
tral nucleophiles are less well
studied. The addition of protic
nucleophiles HZ (e.g., HOR,
HNR2) is of particular interest,
because C�Z bond formation
exhibits an important step in
the general mechanism which
may be proposed for catalytic
hydrofunctionalization of al-
kenes, as shown in Scheme 2.[15]


This is a highly valuable reac-
tion type due to its 100% atom
economy.


This general mechanism in Scheme 2 was originally pro-
posed for the rhodium(i)-catalyzed hydroamination of al-
kenes;[16] it is also assumed that palladium(ii)[17] and platin-
um(ii)[18] complexes catalyze the reaction according to this
pathway by alkene activation.[19] The cationic rhodium(i)–
ethylene complex 1 was the first catalyst for the addition of
aliphatic amines to ethylene, at room temperature and at-


Table 1. Enhanced catalytic activity by cationic catalyst complexes.


Reaction type Neutral catalyst Cationic catalyst complex Factor of Ref.
enhancement


alkene hydrogenation [RhCl(PPh3)3] [RhL2(CH3OH)2]BF4 [7]
L2=Ph2P(CH2)2PPh2 2L101


L2=Ph2P(CH2)4PPh2 1L102


[IrCl(PPh3)3] [Ir(cod)(PMePh2)2]PF6 1L102 [8]
alkene metathesis [Ru(=CHMe)Cl2(L2)] [{Ru(=CHMe)Cl(L2)}2](SO2CF3)2 1.4L102 [9]


L2= tBu2PCH2PtBu2 L2= tBu2PCH2PtBu2
1,3-butadiene polymerization [{Ni(C3H5)Cl}2] [Ni(C12H19)]Y 1.2L105 [11]


Y=PF6, SbF6, B(C6H3(CF3)2)4


Scheme 1. The addition of nucleophiles to alkene complexes.


Scheme 2. Proposed mechanism for the hydrofunctionalization of al-
kenes.[19]
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mospheric pressure.[20] The neutral RhI complex
[{Rh(C2H4)2Cl}2] used by Coulson catalyzed the same reac-
tion, but only at elevated temperatures (180 8C).[21] The
model complexes 2a,b[22] were prepared in order to trace
the proposed mechanism, but no indication for nucleophilic
addition of secondary amines to the coordinated alkene was
noted under ambient conditions, see Equation (2).


Alkene complexes of palladium(ii)[23] and platinum(ii)[24]


are known to be very susceptible for addition of amines and
other nucleophiles; this has been widely investigated by sev-
eral research groups,[25,26,27] see Equations (3) and (4).


An important fact which has been revealed experimental-
ly by Natile and co-workers is that cationic platinum(ii)
alkene complexes [e.g. 8, Eq. (5)] undergo nucleophilic addi-
tion more readily in comparison to anionic or neutral com-
plexes, and the addition products (such as 9) display a
higher stability.[28, 29] A simple explanation is that neutral
alkene complexes form anionic or zwitterionic addition
products III and IV (cf. Scheme 1, or 5 and 7) in which the
M�C s bond can not be stabilized due to the formal nega-
tive charge remaining at the metal center. In anionic com-
plexes this would destabilize the product even more. On the


other hand it is reasonable to expect that the higher the pos-
itive charge on the complex the higher the stability of the s-
alkyl complex.
While a number of monocationic palladium(ii)[30] and plat-


inum(ii)[31] alkene complexes are known, there are only very
few examples of dicationic alkene complexes of PdII and PtII


described for which the effect of enhanced reactivity was in-
vestigated experimentally. Pietropaolo et al. reported that
dicationic cyclooctadiene complexes 10a,b added methanol
at the C=C double bond even in the absence of any auxili-
ary base, see Equation (6).[32]


Not only is the thermodynamic stability of the addition
product influenced by the complex charge, also the activa-
tion barrier of the nucleophilic attack is strongly affected.
Sakaki et al. investigated the nucleophilic attack of ammo-
nia to ethylene PdII complexes by ab initio MO calculations,
see Figure 1.[33] While for the anionic and neutral complexes
12 and 13 no transition state could be identified (in terms of
strong destabilization of these systems), the calculations for
the cationic complexes 14 and 15 came to a relatively low
activation barrier of around 30 kJmol�1.


Further theoretical studies by Senn et al. on the catalytic
reaction mechanism of the hydroamination of ethylene with
Group 9 and 10 d8 metals have shown quite similar trends,
see Scheme 3.[34] Going, for example, from the neutral rho-


Figure 1. Results from theoretical studies on the nucleophilic attack.[33]


Scheme 3. Results from a part of the theoretical studies on the mecha-
nism of alkene hydroamination.[34]
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dium(i) complex 16 to the isostructural and isoelectronic cat-
ionic palladium(ii) complex 18 (i.e., the increase of the nu-
clear charge of the central metal atom by one unit) the acti-
vation energy DE� for the nucleophilic addition drops sig-
nificantly from 147 to 17 kJmol�1.


The Dewar–Chatt–Duncanson Model of the
Metal–Alkene Bond


The Dewar–Chatt–Duncanson model[35,36] provides a general
description for the metal–alkene bond and reasonably ex-
plains the principle of the electrophilic alkene activation.
The strength of s donation and p back-donation depends on
the specific s-acidic and p-basic properties of the transition-
metal atom M. Considering the complex charge as a varia-
ble parameter for a constant metal center M, the electronic
properties of the coordinated alkene should, in principle, be
tunable between two extreme cases as shown in Figure 2.


In the case of a highly negative net charge the extreme of
metallacyclopropane VI could be approached. Due to the
relatively high electronic density at the metal center the p


back-donation is so strong that the double-bond character of
the coordinated alkene is considerably reduced, and the
alkene undergoes formal oxidative addition to the metal
center. On the other hand by increasing the positive charge
of the metal complex the p back-donation can be strongly
decreased, and thus the coordinated alkene becomes more
electrophilic and enhanced in its reactivity toward donor
molecules. In this extreme case the coordinated alkene can
be seen as a metal-stabilized carbocation[37] (VII) by slipping
from an h2 to h1 coordination mode (especially when a nu-
cleophile approaches).[38] The fractional charge at the carbo-
cation would increase with increasing positive charge at the
metal center. It should be noted, that the “slipping” of the
coordinated alkene should be seen as a dynamic process by
which the carbocationic property is more or less averaged


on both olefinic carbon atoms, depending essentially on fur-
ther substituents at the alkene (see discussion below).
In fact carbocationic reactivity has been proposed to be


involved for reactions like enyne, diene cyclization, skeleton
rearrangements,[39] and alkene oligomerization/polymeriza-
tion[40,41,42] catalyzed by cationic transition-metal complexes.
However, highly positively charged alkene complexes are
very unstable. Due to the strongly reduced p back-donation
the metal–alkene bond is correspondingly weakened, and
their isolation or detection is very difficult and only possible
in a narrow range of conditions. Chelating ligands play an
important role in stabilization of the coordination sphere of
the highly electrophilic metal center, as for instance in the
case of the dicationic cyclooctadiene PdII and PtII complexes
10a,b[32] [Eq. (6)].


Synthesis and Characterization of New Dicationic
Monoalkene Complexes of Palladium(ii) and


Platinum(ii)


The synthesis of dicationic monoalkene complexes of palla-
dium(ii) and platinum(ii) was recently successful with the
use of 2,6-bis(diphenylphosphanylmethyl)pyridine (PNP) as
a stabilizing tridentate co-ligand.[3,4] Halide abstraction from
[M(PNP)X]X (20, 21: M=Pd, Pt; X=Cl, I) with two equi-
valents of AgBF4 in the presence of an excess of the alkene
gave the respective alkene complexes 22 and 23 in high
yields, see Scheme 4. They are stable enough as solids and


in solution, and could be characterized by NMR spectrosco-
py and X-ray crystal structure analysis. These complexes are
the first examples of dicationic monoalkene complexes that
have been isolated.
The 13C NMR shift is a useful parameter for the character-


ization of the metal–alkene bond.[43] Upon coordination of
an alkene to a transition metal a certain upfield shift Dd of
the 13C NMR signal, relative to that of the free alkene, is
generally observed. The extent of the upfield shift gives an


Figure 2. The Dewar–Chatt–Duncanson model[35,36] and considerations on
complex charge.


Scheme 4.
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estimate of the electronic density around the olefinic carbon
nuclei. The chemical shifts of the coordinated ethylene in
isostructural PNP complexes 2a, 22a, and 23a are depicted
in Figure 3. The signal of the coordinated ethylene is shifted
upfield to much lesser extent for the dicationic PdII and PtII


complexes 22a and 23a[3,4] (Dd=�34 and �45 ppm) relative
to that of the monocationic RhI complex 2a[22] (Dd=
�64 ppm). This is consistent with the reduced electronic
density due to the weaker p back-donation.


The influence of the increasing positive charge of the
complex on the coordination of monosubstituted alkenes
CH2=CHR is particularly notable. In Figure 4 the 13C NMR
data of isostructural styrene complexes are compared. While
in the monocationic RhI complex 2b[22] for both olefinic
carbon atoms (=CH2 and =CHPh) roughly the same Dd is
observed (DDd	2 ppm), in the dicationic complexes 22d
and 23d a significant difference of the upfield shifts (DDd	
20 ppm) can be noted. It is assumed that with lower degree
of the p back-donation the difference DDd=


Dd(CH2)�Dd(CHR) increases[43] indicating a higher polari-
zation of the C=C double bond. Since in the dicationic com-
plexes the signal for the =CHR carbon atom is shifted much
less upfield than that for the =CH2, the lower electronic
density can be supposed to be at the substituted carbon
atom. Or in other words the fractional positive charge, that


is, the incipient carbocation, seems to be localized more at
the substituted olefinic carbon atom, which is therefore sup-
posed to be preferably attacked by the nucleophile.
This polarization effect on the C=C double bond in the di-


cationic complexes can be also explained by the different
strength of interaction of the two carbon atoms =CH2 and
=CHR with the central metal atom. While the two coupling
constants JC-Rh in the monocationic rhodium(i) styrene com-
plex 2b are rather similar (cf. Table 2), for the isostructural
dicationic platinum(ii) complex 23d JC-Pt(CHPh) is signifi-
cantly smaller than JC-Pt(CH2). The lower value of
JC-Pt(CHR) relative to JC-Pt(CH2), also observed for other
alkene complexes [Pt(PNP)(CH2=CHR)][BF4]2 (23b,c : R=


Me, Et),[4] indicates a reduced interaction for Pt�CHR than
Pt�CH2.
In addition, the C�C bond length of the coordinated


alkene is thought to be diagnostic for the strength of the
M�alkene bond. It has been widely discussed particularly
for those alkene complexes in which the double-bond char-
acter is weakened due to the relatively strong p back-dona-
tion. In these cases the C�C distance is somehow length-
ened relative to the free alkene,[44] and the structures tend
more or less to the metallacyclopropane type. For the ex-
treme opposite structural type, that is, the masked carbo-
cation, the dicationic PtII–ethylene and PdII–styrene com-
plexes 23a and 22d, respectively, are so far precedents
which could be characterized by X-ray crystal structure


Figure 3. 13C NMR shift of the coordinated ethylene in 2a, 22a, and 23a,
Dd=dcoord�dfree.


Figure 4. 13C NMR shift of the coordinated styrene in 2b, 22d, and 23d,
Dd=dcoord�dfree.


Table 2. Selected 13C NMR, X-ray, and Raman data of the coordinated alkene in PNP complexes.[3,4,22, 45, 47]


[M(PNP)(CH2=CHR)][BF4]n JC-M(CH2) JC-M(CHR) M-CH2 M-CHR C=C Raman n(C=C)
[Hz] [Hz] [S] [S] [S] [cm�1]


[Rh(PNP)(CH2=CH2)]BF4 2a – – 2.142(6) 2.157(6) 1.351(11) 1514
[Rh(PNP)(CH2=CHPh)]BF4 2b 12.2 11.4 2.144(5) 2.201(4) 1.383(7) 1516
[Pd(PNP)(CH2=CH2)][BF4]2 22a 1530
[Pd(PNP)(CH2=CHPh)][BF4]2 22d 2.165(7) 2.273(7) 1.292(10) 1528
[Pt(PNP)(CH2=CH2)][BF4]2 23a 116 2.180(6) 2.181(8) 1.359(10)
[Pt(PNP)(CH2=CHMe)][BF4]2 23b 138 108
[Pt(PNP)(CH2=CHEt)][BF4]2 23c 131 113
[Pt(PNP)(CH2=CHPh)][BF4]2 23d 137 81
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analysis.[4,45] In the PtII–ethylene complex 23a, however, no
particular influence of the twofold positive charge on the
C�C bond length could be noted; it is practically the same
as that observed in the monocationic RhI–ethylene complex
2a[22] (see Table 2) and also very similar to that in the anion-
ic ZeiseTs salt [PtCl3(CH2=CH2)]


� (1.37 S).[46] However, in
the PdII–styrene complex 22d[45] the C�C distance is signifi-
cantly shorter than in the isostructrural RhI complex 2b,[22]


and is no longer than the C=C double bond in the free sty-
rene. For palladium(ii) a stronger influence of the increasing
positive net charge is observed than for platinum(ii).
Furthermore, comparing the different M�C distances in


the styrene complexes 22d and 2b, the Pd�CHPh bond is
0.108 S longer than the Pd�CH2 bond, while in the RhI


complex a much less pronounced prolongation by 0.057 S is
observed (see Table 2). The structural data of these com-
plexes are quite in accordance with the JM-C coupling con-
stants observed respectively for the PtII– and RhI–styrene
complexes 23d and 2b (see above) and support the general
picture of the incipient slipping of the alkene from h2 to h1


coordination mode (cf. VIII and IX in Figure 5). These con-


siderations illustrate the overall enhancement of alkene acti-
vation in dicationic complexes, in which the structure of the
transition state of the nucleophilic attack is approached (cf.
Scheme 1, the overall transformation II!III/IV is h2!h1).
Micro Raman measurements of the n(C=C) stretching fre-


quencies were found to be higher for the PdII complexes
22a,d than for the isostructural RhI complexes 2a,b, provid-
ing further evidence for the overall weakening of the metal–
alkene bond in the dicationic complexes in comparison with
the monocationic alkene complexes.[47]


Reaction Studies of Dicationic Alkene Complexes
of Palladium(ii) and Platinum(ii)


The reactions of the dicationic PdII and PtII complexes have
been investigated toward different protic O and N donor nu-
cleophiles as shown in Scheme 5.[3,4] It was found that addi-
tion of very weakly basic nucleophiles such as MeOH, H2O,
and aromatic amines (cf. pKa (H2Z


+), Scheme 5) proceed
readily at room temperature. Proton abstraction from the in-
termediates [M(PNP)(CHRCHR’ZH)]2+ 24–37 by NaHCO3


as auxiliary base drove the equilibrium quantitatively to the
b-functionalized alkyl complexes [M(PNP)(CHRCHR’Z)]+


38–51, which are very stable compounds as solids and in so-
lution. The unusually high stability of the PdII–s-alkyl com-
plexes 38–45 is remarkable; they are very resistant towards
b-hydrogen elimination due to the strong stabilizing influ-
ence of the PNP chelate ligand, with the phenyl groups in
the ligand periphery. Detailed 1H NMR studies could be


performed directly in solution to follow the nucleophilic ad-
dition and have been carried out for the first time for palla-
dium(ii) complexes. The palladium(ii)–alkene complexes 22
reacted with an excess of H2O or CH3OH without any auxil-
iary base immediately under nucleophilic addition and parti-
al alkene substitution (cf. formation of 38, 39 vs 52, 53 in
Scheme 6). These two competitive reactions are fast and re-


versible; this was proven by a 1H magnetization transfer ex-
periment and by reverse reaction studies.[3] For the reaction
of the dicationic palladium(ii)–alkene complexes 22 with
methanol (CD3OD), overall equilibrium constants were de-
termined which reflect the relative stabilities between the
methanol complex and the deprotonated addition product
[M(PNP)(CHRCHR’Z)]. A value Kov=0.8 was found for
C2H4, and the overall equilibrium constants decrease for al-
kenes CHR=CHR’ with larger substituents R/R’; this means
the substitution becomes more competitive. In contrast the
isostructural platinum(ii) alkene complexes 23a–d reacted
immediately at room temperature with an excess of water or
methanol resulting in complete nucleophilic addition. No
substitution was observed, presumably due to the strong ki-
netic inhibition, and thus for the PtII–alkene complexes the
nucleophilic addition is kinetically favored over the substitu-
tion [Eq. (7)]. In all cases exclusively Markovnikov addition
products 46 and 47 were obtained as suggested by the
13C NMR shifts of the coordinated alkene (see discussion
above).


Figure 5. The incipient “slipping” from h2 to h1 coordination mode.


Scheme 5. Addition of different nucleophiles.


Scheme 6. Overall equilibrium system with O-donor nucleophiles.
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From these reaction studies a general reaction principle
for alkene complexes and any protic nucleophile HZ can be
derived. There are three reversible thermodynamic individu-
al equilibria: 1) the substitution of the alkene by the nucleo-
phile [Eq. (8)], which shows a strong kinetic inhibition in
the case of M=PtII ; 2) the nucleophilic addition [Eq. (9)];
and 3) the deprotonation equilibrium [Eq. (10)] has to be
taken into consideration when there is more than one equiv-
alent of the nucleophile HZ present in solution, since the
nucleophile itself also works as a Brønsted base. The equi-
libria in Equations (9) and (10) are closely related and
thought to be associated to the pKa of the H2Z


+ . It is rea-
sonable to expect that the deprotonated addition product
[(L)M(CHRCHR’Z)]+ in Equation (10) is favored due to
enhanced Brønsted acidity of the highly positive charged
complex.


½MðLÞðZHÞ�2þ þ CHR¼CHR0 G
Ksub


H
½MðLÞðCHR¼CHR0Þ�2þ þ ZH


ð8Þ


½MðLÞðCHR¼CHR0Þ�2þ þ ZH G
Kadd


H
½MðLÞðCHRCHR0ZHÞ�2þ


ð9Þ


½MðLÞðCHRCHR0ZHÞ�2þ þ ZH G
Kdep


H
½MðLÞðCHRCHR0ZÞ�þ þ ZHþ


2


ð10Þ


½MðLÞðZHÞ�2þ þ CHR¼CHR0 þ ZH G
Kov


H
½MðLÞðCHRCHR0ZÞ�þ þ ZHþ


2


ð11Þ


The equilibria in Equations (8)–(10) consitiute a well-de-
fined overall equilibrium [Eq. (11)], and a number of impor-
tant conclusions can be drawn. Firstly, higher concentrations
of both alkene and nucleophile shift the overall equilibrium
to favor the addition product; that is, suppressing the alkene
substitution [Eq. (8)] and promoting the nucleophilic addi-
tion [Eqs. (9) and (10)]. In addition the irreversible removal
of the proton (e.g., by an auxiliary base) drives the reaction
in Equation (11) to completion. Thus a new carbon–hetero-
atom bond (C�Z) can be formed in quantitative yield, pro-
viding a very interesting and attractive example for the func-
tionalization of hydrocarbons.
Returning to the question of the degree of electrophilic


alkene activation in dicationic complexes, the equilibrium
constant of the nucleophilic addition Kadd is sought as a pa-
rameter to give a direct correlation. In order to access a
Kadd value, the deprotonation equilibrium [Eq. (10)], needs
to be strictly excluded. The equilibria in Equations (8) and
(9) give the overall equilibrium in Equation (12), with the
thermodynamic constant defined by Kov*=Kadd/Ksub express-
ing the pure ratio of nucleophilic addition and substitution.


½MðPNPÞðZHÞ�2þ þ CHR¼CHR0 G
Kov* H


½MðPNPÞðCHRCHR0ZHÞ�2þ
ð12Þ


Since water and methanol are weakly basic nucleophiles,
which did not afford detectable b-oxonioalkyl species
[M(PNP)(CHRCHR’OHR’’]2+ (24, 25) in the presence of
only one equivalent of HOR’’, stronger basic nucleophiles
HZ were sought. It was found that 1H NMR investigations
were feasible by using amines (see Scheme 7). The equilibri-


um reactions were started from the isolated amine com-
plexes 54–56 (ensuring an exact nucleophile/metal ratio of
1:1) by treating it with an excess of alkene. Mechanistically,
the reaction proceeds through the substitution of the amine
by the alkene, resulting in the p-complexes 22 and 23. The
free amine then externally attacks the coordinated double
bond, forming the b-ammonioalkyl complexes 28, 31, or 35
(Scheme 7). The equilibration of these system was fast for
palladium (<1 h), while in the case of platinum the reaction
was only observed when CH3CN was added to accelerate
the amine/alkene substitution; thus the equilibrium was ach-
ieved within 10 days. In addition, it should be noted that the
alkene complex is the most reactive species in this system
and hence it is not detectable. The Ksub value was deter-
mined independently by auxiliary substitution equilibria
Ksub1 and Ksub2 by using CH3CN or pyridine (see Scheme 7).
The overall equilibrium constant Kov*=3L10


4 Lmol�1 for
the reaction of the dimethylamine complex 54 with ethylene
was determined, and the substitution constant Ksub=6L10


8,
the addition constant Kadd=1.8L10


13 Lmol�1 could be esti-
mated. This shows that the nucleophilic addition of di-
methylamine to the dicationic palladium(ii) ethylene com-
plex 22a is a thermodynamically highly favored process.
This is in large contrast to the isostructural monocationic
rhodium(i) complex 2a, for which only the alkene substitu-
tion was the observed under similar conditions [see Eq. (2)].
In the case the reaction of the palladium ethylene complex
22a with the less basic aniline, the nucleophilic addition is
still a highly favored reaction, Kadd=2L10


5 Lmol�1 (see
Table 3), while the substitution becomes more competitive.
Interestingly, it was found that ethylene in the platinum(ii)
complex 23a is thermodynamically somehow more activated
Kadd=3L10


6 Lmol�1 than in the palladium(ii) complex 22a,
while at the same time the substitution is also thermody-
namically less competitive (see above; Table 3).
Comparable equilibrium studies reported by Green et al.


in 1979 on nucleophilic addition were performed with neu-
tral platinum(ii) alkene complexes such as


Scheme 7. Equilibrium studies for determination of Kadd.
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[Pt(H2NPh)(CH2=CH2)(Cl2)]; the addition of aniline and
other aromatic amines with pKa < 5 was reported to be not
detectable (Kadd<0.1 Lmol


�1, see Table 3).[48] Substitution of
the alkene by the amine were noted with those PtII com-
plexes to start after 30 min, and in the case of similar neutral
palladium(ii) alkene complexes trans-[Pd(amine)(al-
kene)(Cl2)], the alkene substitution was found to be irrever-
sible.[49]


In summary, considering the thermodynamic alkene acti-
vation in the dicationic complexes toward nucleophilic addi-
tion, it can be stated that a 2 unit increase in the positive
charge of the complex results in an increase of the thermo-
dynamic equilibrium constant Kadd by a factor of at least 10


7.
These experimental data are quite consistent with the calcu-
lated values of the reaction energies DrE, which correspond
to the relative thermodynamic stabilities of the individual
species,[34] see Scheme 3.


Discovery of a New Catalytic Pathway for
Hydrovinylation


During the reaction studies it was discovered that internal
alkenes, such as Z-2-butene, 2-methyl-2-butene or 2,3-di-
methyl-2-butene, which are moderately electron-rich, even
added to the platinum(ii)–ethylene complex 23a under C�C
bond formation. Successive hydride and alkyl shifts gave
isolable complexes of the corresponding heterodimers 57a–c
[Eq. (13)].[5] Notably, a similar reaction was reported by
Rosenblum et al. in which the allylic ligand of [Fe(Cp)-
(CO)4(CH2CH=CH2)] added as a nucleophile to the coordi-
nated ethylene in [Fe(Cp)(CO)4(CH2=CH2)].


[50] However,


other examples of a reaction between an alkene complex
and a free alkene giving an isolable complex, to the authorTs
knowledge, are not described to date.
Interestingly, complexes of higher substituted alkenes


than ethylene, for example, propene or 1-butene did not
react with the internal alkenes; these prevent side reactions
such as oligomerization. Thus a highly selective catalytic
process could be achieved simply by displacement of the co-


ordinated heterodimeric prod-
uct by free ethylene.[5] Under
atmospheric pressure of ethyl-
ene at 20 8C and an excess of
the internal alkene ([Pt]:[al-
kene]=1:300; see Table 4),


turnover numbers (TONs) of 170–200 (4 h) were observed
for 2,3-dimethyl-2-butene and 2-methyl-2-butene. The reac-
tion with Z-2-butene was found to be much slower with
TON=5 (24 h). In the case of 2-methyl-2-butene a homo-
dimer was formed as the only by-product (see discussion
below).
The proposed mechanism for the PtII-catalyzed hydroviny-


lation is shown in Scheme 8. The “slipping” coordinated eth-
ylene in 58 is nucleophilically attacked by the internal
alkene forming the carbocationic intermediate 59. Subse-
quent alkyl and hydride shift affords the generation of the
terminal C=C double bond via the delocalized carbocationic
intermediate 60. The displacement of the heterodimer by
free ethylene and regeneration of the ethylene complex 23a
is straightforward and thermodynamically favored (K=4�
1).


Table 3. Equilibrium constants for the reaction of ethylene complexes with H2NPh (Scheme 7).


[M(Lx)(CH2=CH2)]
n+ Kadd Ksub Kov*=Kadd/Ksub Ref.


[Lmol�1] [mol�1]


[Pd(PNP)(CH2=CH2)]
2+ 22a 2L105 2L105 1 [3]


[Pt(PNP)(CH2=CH2)]
2+ 23a 3L106 3L104 102 [4]


[Pt(H2NPh)(CH2=CH2)Cl2] <0.1 – – [48]


Table 4. Catalytic hydrovinylation of internal alkenes, [alkene]:[23a]=
300:1, T=20 8C, atmospheric pressure ethylene, in CH3NO2.


[5]


Entry Alkene Product Remarks


1 TON=200(4 h)


homodimer 10%


2 TON=170(4 h)


3 TON=5(24 h)


Scheme 8. Proposed mechanism for the PtII-catalyzed hydrovinylation.
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When the reaction was performed with CD2=CD2, in all
cases the product CD2=CD�CD(CH3)C(CH3)RR’ contained
one deuterium atom at the adjacent carbon atom to the
vinyl group; this remained deuterated, supporting the pro-
posed subsequent alkyl and hydride shift. The occurrence of
homodimer can be also rationalized by a proton loss from
the carbocationic intermediate 59. This proton is able to cat-
alyze the homodimerization; however, no other side reac-
tions which carbocations could likely undergo were ob-
served.[5]


The catalytic heterodimerization/hydrovinylation with
nickel(ii) catalyst precursors is a well-established reac-
tion.[51,52] However, the general features differ considerably
from those of the recently discovered PtII-catalyzed reaction,
which are compared in Table 5. For the NiII-catalyzed reac-
tion, a cationic nickel hydride species [Ni(H)(L)]+Y� is pro-
posed to be the catalytically active complex, which could
not be directly detected. It is generated in situ by treatment
of allylic NiII precursors with phosphane ligands and Lewis
acidic co-activators. In contrast, the dicationic platinum(ii)–
ethylene complex 23a was isolated as a stable compound,
which is well characterized by NMR spectroscopy and X-ray
structure analysis (see above); moreover, it is an intermedi-
ate of the catalytic cycle (see Scheme 8), that is, the metal–
substrate complex. No activators or any pre-equilibria are
necessary, hence the PtII–ethylene complex can be consid-
ered a single component catalyst.
The mechanism of the [Ni(H)(L)]+-catalyzed reaction dif-


fers considerably from that of PtII. In the case of
[Ni(H)(L)]+ the cycle starts with insertion of one alkene
(e.g. styrene) into the Ni�H bond followed by the insertion
of the other alkene (e.g., ethylene) into the Ni�C bond
under C�C bond formation. A b-hydrogen elimination pro-
cess liberates then the heterodimer and regenerates the
nickel hydride species. In the case of the PtII catalyst, the
C�C bond formation step proceeds by external nucleophilic
addition of the alkene to the highly activated ethylene, and
carbocationic intermediates are involved in the further
transformation steps.
Since the hydrovinylation proceeds by means of consider-


ably different mechanisms, it is expected that also the
scopes of these two types of catalyst are somehow different.
In fact for the nickel(ii) catalysts aryl alkenes, 1,3-dienes and
strained alkenes are typical substrates, while with the dicat-
ionic platinum(ii) complex internal alkenes were successfully
coupled with ethylene; this type of alkene, to the authors


knowledge, was not applied so far for any catalytic hydrovi-
nylations.
Due to the different mechanistic pathways for the


[Ni(H)(L)]+ and PtII catalysts, the type of occurring side re-
actions are also different. For nickel(ii) catalysts often oligo-
merization to higher alkenes and double-bond isomerization
of the product are common problems limiting their selectivi-
ty. These side reactions were not observed with the PtII cata-
lyst. Although the homodimerization was found to be a side
path, there should be certainly possibilities to suppress it by
further fine-tuning of the catalyst structure and/or the reac-
tion medium and conditions. In summary, the PtII-catalyzed
hydrovinylation exhibits a high potential as a new alterna-
tive method to the known [Ni(H)(L)]+-catalyzed reaction
with a complementary scope of applications.


Conclusion and Perspectives


In conclusion the electrophilic activation of coordinated al-
kenes can be strongly enhanced by increasing of the positive
net charge as was shown in case study on stable dicationic
PdII– and PtII–alkene complexes. The Dewar–Chatt–Dun-
canson model of the metal–alkene bond shows that increas-
ing the positive charge in the complex leads to the increase
in the positive fractional charge on the coordinated C�C
double bond, and hence the carbocationic reactivity is en-
hanced. In fact these theoretical assumptions have been il-
lustrated by spectroscopic and X-ray structural data of the
dicationic PdII– and PtII–alkene complexes. In addition, a re-
markable influence on polarization of C=C double bond in
coordinated monosubstituted alkenes CH2=CHR was noted
with higher positive net charge. This resulted in high regio-
selectivity of the nucleophilic attack.
The reaction studies with the dicationic PdII– and PtII–


alkene complexes toward protic nucleophiles revealed a re-
versible thermodynamic overall equilibrium between alkene
substitution and addition at the C=C double bond. Impor-
tant insights into the degree of alkene activation in the di-
cationic complexes were given with the quantitative estima-
tion of the equilibrium constants for the nucleophilic addi-
tion Kadd, which have been shown to be enhanced by several
orders of magnitude compared to that of neutral PtII–alkene
complexes.
The electrophilic activation of the alkene in the dicationic


complexes is so strong that even moderately electron-rich


Table 5. Comparison of general features of the [Ni(H)(L)]+- and PtII-catalyzed hydrovinylation.


Feature [Ni(H)(L)]+ [Pt]2+


catalyst formation allylic Ni precursor + Lewis acid activator [Pt(PNP)(CH2=CH2)][BF4]2 isolated and characterized
in situ formation of [Ni(L)(H)]+ ; active species not detectable (NMR, X-ray); single component catalyst


C�C bond formation alkene insertion nucleophilic addition


substrates aryl alkenes, 1,3-dienes, strained alkenes internal alkenes
side reactions product isomerization, oligomerization homodimerization


Chem. Eur. J. 2004, 10, 5888 – 5899 www.chemeurj.org � 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5897


Homogeneous Catalysis 5888 – 5899



www.chemeurj.org





alkenes can add to the PtII–ethylene complex. In addition it
has been discovered that an excess of substrates resulted in
a highly selective catalytic hydrovinylation process. The pro-
posed mechanism differs considerably from that suggested
for the well-known [Ni(H)(L)]+-catalyzed reaction. Certain-
ly the asymmetric version of the new PtII-catalyzed method
would be worthy of further investigations in order to intro-
duce the vinyl group stereoselectively into unsaturated hy-
drocarbons.
It is worth noting that a similar enhancement of electro-


philic reactivity with the carbonyl ligand toward weakly
basic protic nucleophiles was observed with dicationic co-
balt(iii) complexes [Co(Cp)(dppe)(CO)]2+ reported by Brill
and co-workers.[53] The concept of enhancement of electro-
philic activation by increase of the positive complex charge
is certainly not limited to alkenes; it can be naturally ex-
tended to any other unsaturated substrates, since the p


back-donation would be more or less strongly decreased in
the metal–substrate bond. There is a high potential of this
concept for the discovery of new catalytic reaction pathways
for C�C or C�hereoatom bond formations[54,55] as well as
for C�H activation of alkanes, which remains to be further
elucidated.
For the generation of cationic transition-metal complexes


the choice of a suitable counterion Y� also plays an impor-
tant role. The pKa of the conjugate acid HY and the nucleo-
philic properties of Y� can be further fine-tuning parameters
for increasing the catalytic activity of a cationic transition-
metal complex.[56] In fact increasing interest for the develop-
ment of non- or weakly coordinating anions[57] in homogene-
ous catalysis exists.[58] For instance BArF� has become very
common counterion for cationic polymerization catalysts.[59]


Carboranes (CB11H6X6)
� are among the least coordinating


anions; recently these anions have gained increasing interest
in synthesis of cationic transition-metal complexes,[60] dis-
playing very weakly nucleophilic properties and the stabili-
zation of carbocations.[61,62]


The investigation of activation of unsaturated substrates
in transition-metal complexes with positive net charge
higher than 2+ would be quite interesting to explore a new
range of electrophilicity, but at the same time it seems to be
very challenging. Due to certain limits in stability of these
systems, and probable limits in their solubility in organic sol-
vents, some restrictions in spectroscopic characterization
and homogeneous reaction conditions may occur. However,
the application of alternative solvents for these systems,
such as ionic liquids or supercritical CO2 could open new
field in development of novel types of superelectrophilic
cationic catalysts.
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Two-Component Dendritic Gel: Effect of Stereochemistry on the
Supramolecular Chiral Assembly


Andrew R. Hirst,[a] David K. Smith,*[a] Martin C. Feiters,[b] and Huub P. M. Geurts[c]


Introduction


The self-assembly of molecules into helical and multiple hel-
ical architectures is a dominant motif in biology and materi-
als science,[1] with the relationship between the microscopic
chirality of the self-assembled state and the intrinsic chirali-
ty of a molecule or “building block” being a fascinating area
of current investigation. The prerequisite for self-assembly is
the compatibility of “molecular building blocks” guided by
highly directional noncovalent interactions (e.g. hydrogen
bonds, p–p stacking, electrostatic interactions, and solvopho-
bic interactions).[2] Molecular or “bottom up” fabrication,
using simple building blocks to fashion functional nanoscale
assemblies in this way, has been exploited in the emerging


fields of biomolecular materials,[3] optoelectronics,[4] and the
synthesis of organogels[5] and hydrogels.[6]


The impact of chirality on assembled systems can be pro-
found.[7] Chirality plays key roles in assembly processes
taking place on two-dimensional surfaces,[8] in liquid-crystal-
line phases[9] and, of particular relevance to the work descri-
bed herein, in the formation of supramolecular polymers[10]


and gel-phase materials.[11] In supramolecular organogels,
the chirality within an individual molecule or “building
block” can be transcribed to the nano- and mesoscale fi-
brous assemblies. However, the factors responsible for the
transmission of chiral information during self-assembly are
not fully understood.
It is worthy of note that assembled fibrous structures are


of considerable biological significance.[12] The self-assembly
of peptidic units is of key importance in the pathways of
protein folding diseases,[13] for example amyloidosis[14] and in
Creutzfeld-Jacob=s disease (CJD).[15] In amyloidosis, point
mutation causes proteins to stack together, minimising their
exposed hydrophobic surface and packing together b-sheet
regions to maximise hydrogen bonding within a fibrillar
structure. Initially, small soluble protein assemblies are gen-
erated, which later assemble into larger insoluble aggregates,
which are a diagnostic symptom of disease.[16] Investigations
of the effects of molecular-scale modifications on the nano-,
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Abstract: The self-assembly of diami-
nododecane solubilised by four differ-
ent stereoisomeric dendritic peptides to
form gel-phase materials in toluene
was investigated. The second genera-
tion dendritic peptides were based on
d- and l-lysine building blocks, and
each contained three chiral centres. By
designing dendritic peptides in which
the configurations of the chiral centres
were modified, and applying them as
gelator units, the assembly of stereo-
isomers could be investigated. In all
cases, the self-assembly of gelator units
resulted in macroscopic gelation. How-
ever, the degree of structuring was


modulated by the stereoisomers em-
ployed, an effect which changed the
morphology and macroscopic behavior
of the self-assembled state. Enantio-
meric (l,l,l or d,d,d) gelator units
formed fibrous molecular assemblies,
whilst the racemic gel (50% l,l,l :
50% d,d,d) formed a flat structure
with a “woven” appearance. Gelator
units based on l,d,d or d,l,l dendritic
peptides also formed fibrous assem-


blies, but small-angle X-ray scattering
indicated significant morphological dif-
ferences were caused by the switch in
chirality. Furthermore, the macroscopic
stability of the gel was diminished
when these peptides were compared
with their l,l,l or d,d,d analogues. In
this paper it is clearly shown that indi-
vidual stereocentres, on the molecular
level, are directly related to the helicity
within the fibre. It is argued that the
chirality controls the pattern of hydro-
gen bonding within the assembly, and
hence determines the extent of fibre
formation and the macroscopic gel
strength.


Keywords: chirality · dendrimers ·
gels · nanotechnology ·
supramolecular chemistry
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micro- and macroscale properties of synthetic fibres is there-
fore of biomimetic interest.
We have developed a two-component gelation system


which uses a dendritic building block based on the amino
acid l-lysine in combination with an aliphatic diamine
(Scheme 1).[17] We have reported that the molar ratio of the
two components plays a key role in controlling the morphol-
ogy of the gel-phase material. Furthermore, the properties
of the gel can be modulated by tuning the core aliphatic
spacer unit. We have shown that dendron–dendron hydro-
gen bonding interactions are largely responsible for the for-
mation of fibrous assemblies. Herein we investigate for the
first time the transcription of the stereochemistry of the in-
dividual dendritic building blocks. We focus on the gelation
behaviour of diaminododecane, solubilised by second gener-


ation dendritic peptides based on l and d-lysine and con-
taining three chiral centres (l,l,l and d,d,d). Furthermore,
l,d,d and d,l,l peptides in which one chiral centre has been
=switched= have also been studied. The chirality of dendritic
molecules has been of considerable interest,[18] and herein
we provide an interesting example of ways in which this
chirality can be expressed on a microscopic and macroscopic
scale in a controlled way.


Results and Discussion


Synthesis : The building block,
or gelator unit, that self-assem-
bles, inducing macroscopic ge-
lation of aprotic organic sol-
vents is shown in Scheme 1.
Four stereoisomeric dendritic
peptides (Scheme 2) were syn-
thesised by using a directly
analogous method to that previ-
ously reported for l,l,l dendrit-
ic lysine (Scheme 3),[19] only re-
placing the l-lysine with d-
lysine at the appropriate points
in the synthesis. Our previous
studies have unambiguously


proven that the stereochemistry of these dendritic peptides
is retained when employing this synthetic pathway.[20] Purifi-
cation was achieved by using silica gel chromatography, and
all characterisation data were in full agreement with the as-
signed structures.


Thermal properties of the gel-phase materials : To assess the
structuring behavior of the different gelator units, the transi-
tion from an immobile to a mobile self-assembled state was
determined by using tube-inversion experiments.[21] All the
gel-phase materials reported here were generated by using a
2:1 dendritic branch:diaminododecane ratio in toluene, and
were thermo-reversible and optically clear, indicating good
solubility of the two-component system under all conditions.
As previously reported, the effect of molar concentration of
the two-component gelator on the Tgel (gel–sol transition
temperature) may be described in terms of two distinct re-
gions.[17c] Initially, increasing the concentration of the gelator
unit increases Tgel until eventually a plateau region is
reached in which network formation is considered to be
complete.
It was found that the gelator stereochemistry profoundly


influenced the thermal properties associated with the macro-
scopic gelation (Figure 1). Both enantiomers have approxi-
mately equal gelation properties with respect to the Tgel
(l,l,l-enantiomer: Tgel=105 8C; d,d,d-enantiomer: Tgel=
107 8C). This is analogous to the melting points of the enan-
tiomeric solids (see Experimental Section), which are equal
because “handedness” does not have an impact on this type


Scheme 1. Structure of dendritic two-component gelator unit.[17]


Scheme 2. Schematic structures of the four stereoisomers used in the
present study.


Scheme 3. Synthesis of second generation dendritic peptides (Boc-G2(COOH)).[19, 20] a) Boc2O, NaOH, H2O,
dioxane, 97%; b) 2,2-dimethoxypropane, MeOH, HCl, 93%; c) DCC, HOBt, Et3N, EtOAc, 82%; d) NaOH,
MeOH, H2O, 90%. DCC=dicyclohexyl carbodiimide, HOBt=1-hydroxy-1H-benzotriazole.


Chem. Eur. J. 2004, 10, 5901 – 5910 www.chemeurj.org � 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5903


5901 – 5910



www.chemeurj.org





of phase-transition. Interestingly, when gel-phase materials
were generated by using mixtures of the l,l,l and d,d,d
dendritic peptides, the degree of macroscopic gelation was
significantly reduced. Minimum Tgel values were observed
when using mixtures in a range between 75:25 and 25:75
(l,l,l :d,d,d), with Tgel=35–40 8C. This implies that introduc-
tion of the second enantiomer to the chiral gel network
modifies the self-complementary noncovalent interactions
and hence the molecular packing of gelator units.[22] The ali-
phatic diamine was constant in these studies, clearly indicat-
ing that the superior gelating properties when using a single
enantiomer must be related to the spatial and temporal as-
sociative forces which exist between the gelator units.
It has been previously reported that racemates are less ef-


ficient gelators than pure enantiomers, and sometimes lack
any capacity to gelate because of a propensity to crystal-
lise.[5d,23,24] Additionally, the self-assembly of stereochemical-
ly different amphiphilic gelators has been explained in terms
of a “chiral bilayer effect”. In such cases, racemates are not
predisposed to form unidirectional “stacks” or fibres but in-
stead precipitate to form three-dimensional crystal struc-
tures.[24] It should therefore be pointed out that crystallisa-
tion of the racemic mixture was not observed in this case,
and all gels remained optically transparent.
Experiments were also conducted, in which the enantio-


meric (l,l,l and d,d,d) dendritic peptides were replaced
with their diastereoisomers (l,d,d and d,l,l, Scheme 2). The
effect of molar concentration on the thermally reversible
“gel boundary”, Tgel is shown in Figure 2. Switching one
chiral centre from the d,d,d peptide to its l,d,d diaster-
eoisomer resulted in a dramatic reduction in the macroscop-
ic gelation behavior (d,d,d : Tgel=107 8C; l,d,d : Tgel=53 8C).
As would be expected the behavior of l,d,d and d,l,l den-
dritic peptides is similar given their enantiomeric relation-
ship. Presumably, the reduction in the macroscopic level of
gelation between d,d,d and l,d,d peptides is related to
changing the chiral centre, which must lead to disruption of
the dendron–dendron hydrogen bonds by modifying the spa-
tial arrangement of gelator units. It is remarkable that
changing just a single chiral centre in a relatively complex
system can have such a targeted effect. It is often considered
that dendritic systems have little long-range conformational
order, however, in this case, it is clear that changing the con-


figuration of one chiral centre must significantly perturb the
three-dimensional organisation of the dendritic architecture,
and that this modification is in turn transcribed up to the
nanoscale, mesoscale, and ultimately the macroscopic level.
This speculation is proven in the following section describ-
ing morphological properties. The precise molecular control
of materials properties exhibited by this two-component ge-
lator is reminiscent of the way in which subtle modification
of a protein can lead to changes in its folding, hence control-
ling its preorganisation with respect to the formation of fi-
brillar aggregates in diseases such as Alzheimer=s and
CJD.[13]


Morphological properties of the gel-phase materials—scan-
ning electron microscopy (SEM): Molecular self-assembly at
the nano- and micro-levels can be observed by using SEM.
This technique provides a comparative visual technique to
assess the impact of the different dendritic peptide stereo-
isomers on self-assembly. SEM images (Figure 3a–g) of the
organogels formed by using different molar ratios of l,l,l
and d,d,d dendritic peptides. The same total concentration
of gelator unit was employed in each case. Remarkably,
SEM revealed that the morphology of the self-assembled
state is directly controlled by the ratio of enantiomers pres-
ent in the organogel. Organogels assembled from pure l,l,l
(Figure 3a) or d,d,d enantiomers (Figure 3g) formed thin
fibres that underwent further aggregation to form bundles
of fibres. These bundles of fibres constitute a highly devel-
oped entangled network. The regular shape and high aspect
ratio of the individual fibres indicates uni-directional “stack-
ing” of the gelator units. Analysis of the individual fibres
showed that they were approximately 20 nm wide and sever-
al hundreds of nanometres long.
Mixing a little of the d,d,d enantiomer with the l,l,l


enantiomer also gives rise to a organogel composed of a
fibre network (Figure 3b). However, the number and density
of fibre bundles drops noticeably, rendering a network com-
posed of a larger number of individual fibres. This subtle
change in aggregate morphology is reflected by the decrease
in thermal stability of the gel ([l,l,l]:[d,d,d]=10:0 (mm),
Tgel=105 8C; [l,l,l]:[d,d,d]=8.7:1/3 (mm), Tgel=82 8C). In-
creasing the mole fraction of the d,d,d-enantiomer even fur-
ther, produced profound changes in the aggregate morphol-
ogy (Figure 3c and d). Discrete fibre bundles were replaced


Figure 1. Effect of the amount of d,d,d dendritic peptide on the Tgel of
the organogel based on the l,l,l dendritic peptide. At each point, [den-
dritic peptide]total=15mm, [H2N(CH2)12NH2]=7.5mm, solvent= toluene.


Figure 2. Effect of molar concentration on Tgel as a function of the stereo-
chemical configuration of the dendritic peptide. Solvent: toluene.
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by large super-structures, which appear to be composed of
“ribbon-like” morphologies. Figure 3c indicates that large
fibres are formed, which have a diameter of ~400 nm and
lengths that are microns long. A 50:50 racemic mixture (Fig-
ure 3d) results in a self-assembled state that appears to con-
sist of a small number of inter-woven super-structures in
which all fine detail was lost and only extremely large fibres
(relative to the micro-scale) were observed. However, it is
difficult to determine the approximate dimensions of the
“building block” from the SEM image due to the lack of
well-defined structures.
Importantly, the stereochemically-driven change in the


mode of self-assembly is directly related to the decrease in
thermal stability of the gel, which reflects the macroscopic
gelation ability, that is, for the l,l,l peptide, Tgel=105 8C
(Figure 3a) while for the racemic mixture of l,l,l and d,d,d
peptides, Tgel=37 8C (Figure 3d). As the mole fraction of the
d,d,d enantiomer was increased further, a similar transition
in aggregate morphology was observed (Figure 3e and f).
This clearly indicates the mirror image relationship of the
nanoscale self-assembled aggregates. Once again, these
nanostructures are directly related to the mirror-image
trends observed in the macroscopic behavior of the gel
(Figure 1).
Interestingly, even though the aggregate morphology is


dictated by the molar ratio of the two enantiomers, the self-
assembly is still predominantly one-dimensional. This would
suggest that under the non-polar conditions dictated by the
choice of solvent (toluene) there is a strong driving force to
maximise the anisotropic nature of the dendron–dendron
hydrogen bonds. However, stereochemical effects may influ-
ence the packing arrangements or surface curvature of the
self-assembled state, hence dictating the observed aggregate
morphology.[25]


Intriguingly, subtle differences were also observed when
the gels based on l,d,d and d,l,l dendritic lysine were char-
acterised using SEM. Figure 4a and b show the SEM images


of the l,d,d and d,l,l based gels. The striking features of
these images are that the stereochemical differences im-
posed on the primary structures does not prevent uni-direc-
tional self-assembly, with “stacking” of the gelator units still
being the dominant motif. In all cases, therefore, highly di-
rectional hydrogen bonding formed between amide and car-
bamate groups on the dendritic peptides appears to persist.
However, the stereochemical modification appears to dic-
tate subtle changes in packing behavior. A comparison be-
tween organogels composed of d,l,l peptides (Figure 4b)
and those composed of l,l,l peptides (Figure 3a) reveals
that the d,l,l based gels consist of individual fibres possess-
ing a diameter of about 20 nm. Importantly, the dominant
motif of this entangled network was “thick” bundles of indi-
vidual fibres, typically 200 nm in width, that appeared to be
loosely interwoven (relative to the l,l,l based organogel,
Figure 3a). A similar comparison can also be drawn between
the gel based on d,d,d dendritic peptides (Figure 3g) and
the corresponding diastereomer, d,l,l (Figure 4a).
These subtle differences in network morphology may ac-


count for the differences observed in the corresponding
macroscopic gelation behavior. For example, in the “plateau


Figure 3. Effect of different molar ratios of l,l,l and d,d,d dendritic peptides on aggregate morphology using SEM. In each case, [dendritic peptide]total=
10mm, [H2N(CH2)12NH2]=5mm. a) [l,l,l]=10mm, [d,d,d]=0mm ; b) [l,l,l]=8.7mm, [d,d,d]=1.3mm ; c) [l,l,l]=6.2mm, [d,d,d]=3.8mm ; d) [l,l,l]=
5mm, [d,d,d]=5mm ; e) [l,l,l]=3.8mm, [d,d,d]=6.2mm ; f) [l,l,l]=2.5mm, [d,d,d]=7.5mm ; g) [l,l,l]=0mm, [d,d,d]=10mm. The white bar represents
a distance of 100 nm.


Figure 4. Effect of different diastereoisomers on the aggregate morpholo-
gy, [dendritic peptide]total=10mm, [H2N(CH2)12NH2]=5mm. a) l,d,d den-
dritic peptide; b) d,l,l dendritic peptide. The white bar represents a dis-
tance of 100 nm.
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region”, Tgel values for l,d,d and d,l,l based organogels are
ca. 50 8C. These values compare to a “plateau region” Tgel
for l,l,l and d,d,d based gels of ~105 8C. SEM therefore in-
dicates that modifying the stereochemical configuration of
the dendritic peptide modulates the packing geometry of
the self-assembled state and further evidence for this is pro-
vided by small-angle X-ray scattering (SAXS).


Morphological properties of the gel-phase materials–-small-
angle X-ray scattering (SAXS): Four samples were investi-
gated by SAXS, using the diaminododecane spacer in the
presence of two molar equivalents of enantiopure l,l,l, rac-
emic l,l,l/d,d,d, enantiopure l,d,d, and enantiopure d,l,l
second-generation dendron. In all cases, X-ray reflections
that indicated long-range order were observed (Figure 5).


The patterns of reflections could not be readily interpreted
in terms of a common lamellar or hexagonal packing, such
as observed in recent studies on 2,3-di-n-decyloxyanthracene
in propylene carbonate[26] and methyl 4,6-O-benzylidene-a-
d-mannopyranoside in p-xylene.[27] Analysis in terms of
packing of hollow cylinders such as performed for organo-
gels of anthraquinone- and azobenzene-appended cholester-
ol derivatives[28] was not possible as our two-component gel
does not have such contrasts in electron densities in its mo-
lecular structure.
Although it proved impossible to interpret the data in


terms of a specific molecular packing, the observation of dif-
fraction patterns is direct evidence for the order implied in
our previous discussions. SAXS indicated (Table 1) that the
long range order of the gels constructed using the l,l,l-den-
dron and the l,l,l/d,d,d racemic mixture are significantly
different to one another reflecting their very different mor-
phologies as imaged by SEM. It should also be noted that
the patterns of the “mirror-image” gels constructed using
either l,d,d or d,l,l have (within error) identical peak posi-
tions reflecting the enantiomeric relationship of these mate-


rials. Most interestingly, however, the SAXS results provide
clear evidence for a significant morphological difference be-
tween the l,l,l based gel and the gels based on diastereo-
meric l,d,d (and d,l,l) peptide—indicating once again that
this subtle change in chirality has a clear effect on the as-
sembly process.


Circular dichroism studies : It is well-known that circular di-
chroism (CD) spectra appear when the chromophoric moiet-
ies of chiral molecules are organised into an appropriate ori-
entation.[11,29] The inherent chirality present in the dendritic
peptides and the specific orientation of the amide carbonyl
groups therefore allowed the three-dimensional structure of
the aggregated state to be studied. The investigation was
performed at concentrations below the threshold required
for macroscopic gelation using cyclohexane as the aprotic
solvent. Cyclohexane replaced toluene as the solvent of
choice as it exhibits similar physical properties to toluene
(and still forms gel-phase materials) but importantly was
UV “silent” across the wavelength region of interest (i.e.,
~220 nm). Circular dichroism bands were observed for the
two-component system, with a lmax value at about 222 nm,
ascribable to the amide carbonyl group of the dendritic pep-
tides (Figure 6a). Importantly, no CD signal was observed
for the dendritic peptide alone in cyclohexane. This indi-
cates that the CD signals observed for the two-component
mixture can be attributed to the helicity of the aggregated
state and not to the inherent chirality of the dendritic pep-
tide. It was also confirmed that the contribution of linear di-
chroism (LD) to the true CD spectra is negligible. This sug-
gests that a chirally organised (probably helical) arrange-
ment is present in the self-assembled state, even below the
gelation threshold. Unfortunately, exciton coupling bands
that are useful for prediction of the directionality of helicity
were not observed.
When a pure l,l,l- or d,d,d-enantiomer based assembled


structure (Figure 6a and Figure 6f) was studied, intense
equal and opposite CD signals were observed. This indicates
that the chiral organisation (helicity) was maximised. It was
observed that the helicity of the self-assembled state was re-
lated to the enantiomeric purity of the assembly. Reduction
of the enantiopurity of the assembly resulted in the loss of
helicity, until at a 50:50 racemic mixture the self-assembled
state was effectively achiral (Figure 6d). There are three
possible explanations for this observation:


Figure 5. SAXS patterns of gels in toluene using diaminododecane spacer
at room temperature with various different dendrons. a) 20mml,l,l ; b)
10mm rac-l,l,l/d,d,d ; c) 20mml,d,d ; d) 20mm d,l,l. Arrows highlight
peaks identified by peak fit (see also Table 1). Asterisk indicates instru-
mental artefact.


Table 1. SAXS peaks and periodicities of gels formed in toluene using
various second generation lysine-based dendrons with an N12N (diami-
nododecane) spacer at 25 8C.


Dendron Spacer Peaks


20 mml, l, l 10 mm N12N 0.199, 0.271, 0.475 P�1


31.6, 23.2, 13.2 P
10 mm rac-l,l,l/d,d,d 5 mm N12N 0.222, 0.455 P�1


28.3, 13.8 P
20 mml,d,d 10 mm N12N 0.284, 0.445 P�1


22.1, 14.1 P
20 mMd,l,l 10 mm N12N 0.275, 0.448 P�1


22.8, 14.0 P
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1) The two stereoisomers each form helical fibres with dif-
ferent handedness, the CD effects of which cancel each
other out.


2) The two enantiomers attempt to form regions of differ-
ent handedness on the same fibre, effectively canceling
each other out and generating an achiral fibre.


3) The enantiomers disrupt the dominant helicity in a fibre
by insertion into the “stack”, leading to new nanostruc-
tures.


It is worth noting that the loss of helicity is not linearly
correlated to the incremental addition of the second enan-
tiomer. As shown in Figure 6a–Figure 6c the ellipticity (i.e. ,
the measure of helicity) was reduced from 120 mdeg (Fig-
ure 6a) to 30 mdeg (Figure 6b) to 20 mdeg (Figure 6c).
These values suggest that the addition of the d,d,d enan-
tiomer to a stereochemically pure l,l,l assembly dispropor-
tionately disrupts the helical stacking. Pleasingly, this obser-
vation correlates well with the SEM and Tgel results and sug-
gests that explanation (3) above is the correct one—as the
results clearly contradict explanation (1) and also probably
explanation (2). The difference in aggregate morphology ob-
served by SEM between the gel based on the l,l,l stereo-
isomer (Figure 3a) and the gel based on a mixture
l,l,l:[7.5 mm]:d,d,d[2.5 mm] (Figure 3c) is profound. Taken
together, these results suggest that the addition of a small
amount of the enantiomer not only modifies the level of hel-
icity present in the self-assembled state but also dramatically
controls the packing arrangement of the gelator units. As
would be expected the gels based on mixtures of enantiom-
ers which are present in inverse ratios provide mirror-image
CD spectra - compare for example the CD spectra in Fig-
ure 6b [l,l,l(75%):d,d,d(25%)] and Figure 6e
[l,l,l(25%):d,d,d(75%)].
The helicity of the self-assembled state was also deter-


mined for the l,d,d (Figure 7a) and d,l,l (Figure 7b) den-
dritic peptides. There is a minimal CD signal in each case
(<10 mdeg), however, the signs of the ellipticities are oppo-


site for each of these compounds reflecting the enantiomeric
relationship to one another of the small amount of helicity
that is present. This indicates that the supramolecular chiral
organisation of these self-assemblies is severely retarded,
compared to their l,l,l and d,d,d analogues. Once again, it
is very interesting to note that a single chiral centre within a
dendritic structure has such a marked effect.
Intriguingly, SEM indicates that the gelation behavior of


the l,d,d and d,l,l based organogels is still based on the mi-
croscopic entanglement of fibres, but CD indicates these
only possess a minimal degree of helicity. Therefore, we can
infer that even though the degree of helicity present in the
self-assembly is minimal, a degree of alignment of highly di-


Figure 6. Effect of the stereochemical configuration on the degree of helicity, as indicated by circular dichroism spectra. a) l,l,l(100%):d,d,d(0%); b)
l,l,l(75%):d,d,d(25%); c) l,l,l(60%):d,d,d(40%); d) l,l,l(50%):d,d,d(50%); e) l,l,l(25%):d,d,d(75%); f) l,l,l(0%):d,d,d(100%). In each case,
[dendritic peptide]total=3mm, [H2N(CH2)12NH2]=1.5mm.


Figure 7. Effect of stereochemical configuration on degree of helicity as
shown by circular dichroism spectroscopy a) l,d,d ; b) d,l,l. [dendritic
peptide]total=3mm, [H2N(CH2)12NH2]=1.5 mm.
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rectional amide-amide hydrogen bonding between gelator
units still clearly persists.


Visualisation of chirality on the nanoscale—SEM : From the
CD studies, it appears probable that the stereochemistry of
the dendritic peptides is expressed on the nanoscale through
the formation of fibres that possess inherent helicity. Inter-
estingly, nanoscale helicity was observed for the organogel
based on the d,d,d stereoisomer using SEM (Figure 8).


Small regions in which helical intertwining of the fibres was
observed were visible (denoted by white arrows). It should
be emphasised, that this SEM observation does not necessa-
rily visualise the helicity of a single fibre, but rather may
show the helical intertwining of several fibres—a process
which could be templated by the inherent helicity of a single
fibre. In most cases however, helical twisting could not be
determined using SEM, possibly because the sample prepa-
ration was too severe.


Conclusion


Aliphatic diamines are solubilised into aprotic solvents by
lysine-based dendritic peptides, resulting in optically trans-
parent and thermoreversible gels. The stereochemistry of
the lysine groups in the dendritic building blocks plays a key
role in controlling the assembly of these soft materials. No-
tably, the Tgel value, which reflects the macroscopic proper-
ties of the gel, is dependent on the stereochemistry. Racemic
mixtures possess lower Tgel values than their single enan-
tiomer analogues. SEM investigations indicate that the race-
mic gels possess a dramatically different morphology. CD
spectrometry indicates the helical nature of the assemblies,
and furthermore, indicates that the presence of the “wrong”
stereoisomer is able to disrupt the stacking process, break-
ing-up the well-ordered helical assembly and giving rise to
assemblies which have less stereochemical and morphologi-
cal definition.
Investigation of stereoisomeric gels, in which one chiral


centre of the dendritic peptide has been changed, indicates


that subtle stereochemical changes can have a profound
effect on the self-assembly process. The Tgel values of these
gels were depressed, SEM indicated a less entangled fibrous
network, SAXS indicated a different molecular packing and
CD studies implied that the helicity of the fibres being
formed was significantly lower. This is a clear example of
the impact that chirality can have within a functional den-
dritic architetcture—a topic which has been of considerable
recent interest.[18] Furthermore, the impact of a single struc-
tural change on the assembly of fibrillar aggregates is remi-
niscent of some of the effects observed in biological process-
es, such as amyloidosis. This indicates the ability of tunable,
self-assembling gel-phase materials to act as interesting
models for supramolecular disease pathways.
Overall, the results in this paper indicate that for gel-


phase materials it is possible to make subtle stereochemical
structural modifications which have direct impacts on the
nano- and microscale assemblies, as well as on the macro-
scopic materials properties of the aggregates formed. It is in-
tended that this two-component chiral organogel will poten-
tially provide new chiral self-assembled materials for crystal
growth, enantioselective catalysis, separation science and the
creation of responsive nanodevices, and investigations in
these directions are currently in progress.


Experimental Section


Synthesis and characterisation of dendrons : The four stereoisomeric den-
dritic peptides were synthesised by using directly analogous methods to
that previously reported for l,l,l dendritic lysine,[19] only replacing l-
lysine with d-lysine at the appropriate points in the synthesis. Our previ-
ous studies have shown that the stereochemistry of these dendritic pepti-
des is retained when employing this synthetic pathway.[20] Purification of
these dendritic peptides was achieved using silica gel chromatography.
The characterisation of the l,l,l dendritic lysine product was in full
agreement with that previously published.[19] IR data and mass spectral
data (low and high resolution) were identical for all four dendrons and
are therefore not reproduced here. There are distinctive useful differen-
ces in the 1H NMR spectra between l,l,l/d,d,d derivatives and their dia-
stereomeric analogues l,d,d/d,l,l. In particular, the N-H protons appear
differently, while the CH protons at the chiral centre appear with distinc-
tive chemical shifts dependent on which diastereomer is being studied. It
should be noted that all compounds melted across relatively broad
ranges (ca. 10 8C), presumably due to a lack of crystallinity—midpoints
of the melting ranges are therefore quoted.


l,l,l-dendritic lysine : m.p. 95 8C; [a]293D �9.3 (c=1.0, MeOH); 1H NMR
(500 MHz, CD3COCD3) d=7.54 (br s, 1H; CONH), 7.40 (br s, 1H;
CONH), 6.17 (d, 3J=7.5 Hz, 1H; NHBoc), 6.13 (d, 3J=7.5 Hz, 1H;
NHBoc), 5.95 (br s, 2H; NHBoc), 4.40 (m, 1H; COCH(R)NH), 4.23 (m,
1H;COCH(R)NH), 4.07 (m, 1H; COCH(R)NH), 3.20–3.10 (br m, 2H;
CH2NH), 3.06 (m, 4H; CH2NH), 1.90–1.30 ppm (54H; m, CH2 and CH3).


d,d,d-dendritic lysine : m.p. 95 8C; [a]293D =++8.9 (c=1.0, MeOH);
1H NMR identical to l,l,l.


l,d,d-dendritic lysine : m.p. 86 8C; [a]293D =++9.2 (c=1.0, MeOH);
1H NMR (500 MHz, CD3COCD3) d=7.46 (d, 3J=7.6 Hz, 1H; CONH),
7.33 (br s, 1H; CONH), 6.13 (s, 1H; NHBoc), 6.00 (s, 2H; NHBoc), ca.
5.7 (v br s, 1H; NHBoc), 4.41 (m, 1H; COCH(R)NH), 4.12 (m, 1H;
COCH(R)NH), 4.04 (m, 1H; COCH(R)NH), 3.21 (m, 2H; CH2NH),
3.06 (m, 4H; CH2NH), 1.90–1.30 ppm (m, 54H; CH2 and CH3).


d,l,l-dendritic lysine : m.p. 84 8C; [a]293D =�14.4 (c=1.0, MeOH);
1H NMR identical to l,d,d.


Gelation experiments : These experiments were performed by solubilisa-
tion of a weighed amount of dendritic gelator in a measured volume of


Figure 8. Direct observation of twisting helicity present in a dendritic
peptide based organogel, [d,d,d]=10 mm, [H2N(CH2)12NH2]=5 mm. The
white bar represents a distance of 100 nm.
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selected pure solvent. The mixture was sonicated at ambient temperature
for 30 min before heating and cooling produced a gel. The gel sample
was left to stand overnight. Gelation was considered to have occurred
when a homogenous Qsolid-like= material was obtained that exhibited no
gravitational flow. The thermally reversible gel–sol transition tempera-
ture (Tgel) was determined by using a tube-inversion methodology.


[21]


Scanning electron microscopy : Gel samples were applied to aluminium
stubs and allowed to dry. Prior to examination the gels were coated with
a thin layer of gold/Pt (60:40). Scanning electron micrographs were re-
corded by using a Jeol JSM-6330F instrument. Au/Pt deposition was per-
formed using a Denton vacuum LLC.


Small-angle X-ray scattering : SAXS experiments were performed on the
SAXS station at the Dutch-Belgian beamline (DUBBLE), BM 26, at the
European Synchrotron Radiation Facility in Grenoble, France[30] on orga-
nogels mounted in glueless sample cells developed for X-ray absorption
spectroscopic studies in organic solvents.[31] SAXS data have been record-
ed with the gas multi-wire two-dimensional detector at a sample-to-de-
tector distance of 1.4 m, with an X-ray wavelength of 0.93 P (13.27 eV).
The SAXS data were successively normalised for absorption and detector
uniformity, and radially averaged. Spatial calibration was reformed with
silver behenate[32] with an estimated error margin of �0.5% in the ob-
served periodicities. The diffraction peaks as well as the background due
to solvent scattering and an instrument artifact at q=0.4 P�1 were decon-
voluted by using Peakfit v4 (Jandel Scientific).


Circular dichroism measurements : Circular dichroism (CD) spectra were
recorded in the ultraviolet region (200–350 nm) using a JASCO 810 spec-
trometer and a 1.0 mm quartz cuvette. A sample interval of 1 nm and an
averaging time of 3 s were used in all experiments. [dendritic branch]=
3 mm.
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High-Temperature Synthesis of Stable Ordered Mesoporous Silica Materials
by Using Fluorocarbon–Hydrocarbon Surfactant Mixtures


Defeng Li, Yu Han, Jiangwei Song, Lan Zhao, Xianzhu Xu, Yan Di, and
Feng-Shou Xiao*[a]


Introduction


The production of mesoporous materials with higher hydro-
thermal, thermal, and mechanical stability is currently of
great interest because these properties are required for po-
tential applications in several fields.[1,2] Recently, a number
of mesoporous materials with good hydrothermal stability
have been synthesized,[1–10] such as mesoporous MCM-41
with thicker and more highly condensed pore walls synthe-
sized by increasing crystallization time,[3] an ordered hexago-
nal SBA-15 with thicker pore walls synthesized in strongly
acidic media (pH<0),[4] vesicle-like MSU-G materials with
high SiO4 cross-linking synthesized by using neutral gemini


surfactants as the templates,[5] disordered KIT-1 synthesized
by using inorganic salts as additives,[6] and stable mesopo-
rous aluminosilicates from a grafting route,[7] from a zeolite
seed solution,[8] or preformed zeolite nanoclusters.[9,10] Nota-
bly, these mesostructured materials are prepared at room
temperature or relatively low temperatures (80–150 8C).
This is quite different from the higher temperatures (150–
220 8C) used for the synthesis of many microporous crystals
of zeolites or phosphates. The reason for this is that surfac-
tant molecules will not be able to direct mesoporous struc-
ture formation due to unfavorable conditions for micelle for-
mation at the higher temperatures.[11,12] In some cases, the
long-chain surfactants will even decompose at more than
150 8C.


As with silica-based mesoporous materials, a critical
factor in increasing stability is to have more silica condensa-
tion on the pore walls.[5,7] Low synthesis temperatures result
in imperfectly condensed mesoporous walls with large
amounts of terminal hydroxy groups that make the meso-
structure unstable, especially under hydrothermal conditions


[a] D. Li, Dr. Y. Han, J. Song, L. Zhao, Dr. X. Xu, Y. Di, Prof. F.-S. Xiao
Department of Chemistry & State Key Laboratory of Inorganic
Synthesis and Preparative Chemistry
Jilin University, Changchun 130023 (China)
Fax: (+86)431-516-8624
E-mail : fsxiao@mail.jlu.edu.cn


Abstract: Highly ordered hexagonal
mesoporous silica materials (JLU-20)
with uniform pore sizes have been suc-
cessfully synthesized at high tempera-
ture (150–220 8C) by using fluorocar-
bon–hydrocarbon surfactant mixtures.
The fluorocarbon–hydrocarbon surfac-
tant mixtures combine the advantages
of both stable fluorocarbon surfactants
and ordered hydrocarbon surfactants,
giving ordered and stable mixed mi-
celles at high temperature (150–
220 8C). Mesoporous JLU-20 shows ex-
traordinary stability towards hydrother-
mal treatment (100% steam at 800 8C
for 2 h or boiling water for 80 h), ther-
mal treatment (calcination at 1000 8C
for 4 h), and toward mechanical treat-
ment (compressed at 740 MPa). Trans-
mission electron microscopy images of


JLU-20 show well-ordered hexagonal
arrays of mesopores with one-dimen-
sional (1D) channels and further con-
firm that JLU-20 has a two-dimension-
al (2D) hexagonal (P6mm) mesostruc-
ture. 29Si HR MAS NMR spectra of as-
synthesized JLU-20 shows that JLU-20
is primarily made up of fully condensed
Q4 silica units (d=�112 ppm) with a
small contribution from incompletely
cross-linked Q3 (d=�102 ppm) as de-
duced from the very high Q4/Q3 ratio
of 6.5, indicating that the mesoporous
walls of JLU-20 are fully condensed.


Such unique structural features should
be directly attributed to the high-tem-
perature synthesis, which is responsible
for the observed high thermal, hydro-
thermal, and mechanical stability of
the mesoporous silica materials with
well-ordered hexagonal symmetry. Fur-
thermore, the concept of “high-temper-
ature synthesis” is successfully extend-
ed to the preparation of three-dimen-
sional (3D) cubic mesoporous silica
materials by the assistance of a fluoro-
carbon surfactant as a co-template. The
obtained material, designated JLU-21,
has a well-ordered cubic Im3m meso-
structure with fully condensed pore
walls and shows unusually high hydro-
thermal stability, as compared with
conventional cubic mesoporous silica
materials such as SBA-16.


Keywords: high-temperature syn-
thesis · hydrothermal stability ·
mechanical stability · mesoporous
materials · surfactants
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or on exposure to steam. Reduction of the defects and im-
provement of the degree of silica condensation in the meso-
porous walls is a challenge.


It can be expected that the level of silica condensation
will be enhanced by increasing the crystallization tempera-
ture.[3] As suggested above, the strategy of using higher crys-
tallization temperatures for the synthesis of mesoporous ma-
terials may require special surfactants that can be used as
template at such high temperatures. Fluorocarbon surfac-
tants are stable and widely used at high temperatures
(>200 8C). However, due to the rigidity and strong hydro-
phobicity of the fluorocarbon chains,[13] fluorocarbon surfac-
tants are not suitable as templates for the preparation of
well-ordered mesoporous materials.


On the other hand, it has
been reported that fluorocar-
bon surfactants are easy to mix
with other surfactants to form
surfactant mixtures.[14] Surfac-
tant mixtures could therefore
possibly combine the advantag-
es of both hydrocarbon surfac-
tant (ordered micelle) and fluo-
rocarbon surfactant (stable mi-
celle at higher temperature,
150–220 8C).


In our preliminary work, we
have briefly reported on the
synthesis of the ordered meso-
porous silica material JLU-20,
which was synthesized at higher
temperature (150–220 8C) by
using fluorocarbon–hydrocar-
bon surfactant mixtures (FC-4
with P123).[15] We report herein
details of the synthesis, struc-
ture, characterization, and ex-
cellent thermal, hydrothermal,
and mechanical stability of
JLU-20. Furthermore, when the
fluorocarbon surfactant FC-4 is
mixed with F127
(EO106PO70EO106) and this mix-
ture is used as the template,
highly ordered cubic mesopo-
rous silica materials with unusu-
al hydrothermal stability, desig-
nated JLU-21, are successfully
synthesized at high tempera-
tures (140–200 8C).


Results and Discussion


Ordered hexagonal silica
materials (JLU-20)


X-ray diffraction (XRD): The
XRD pattern of as-synthesized


JLU-20 (Figure 1A-a) exhibits three obvious peaks assigned
to a hexagonal symmetry. The intense (100) peak reflects a
d spacing of 101 N, corresponding to a large unit cell param-
eter (a=118 N). After calcination at 650 8C, JLU-20 (Fig-
ure 1A-b) clearly shows four well-resolved peaks that can be
indexed as the (100), (110), (200), and (210) diffractions as-
sociated with the p6mm hexagonal symmetry with a lattice
constant a=118 N. Notably, as-synthesized and calcined
JLU-20 has the same unit cell constant (118 N), indicating
that the unit cell of JLU-20 does not contract during calci-
nation at 650 8C for 5 h. In addition, the calcined JLU-20
(Figure 1A-b) exhibits a strong peak associated with the
(200) reflection, whereas the peak assigned to the (110) re-
flection is relatively weaker. This result suggests that the cal-


Figure 1. A) XRD patterns of as-synthesized JLU-20 (a), JLU-20 calcined at 650 8C (b), JLU-20 calcined at
1000 8C (c), JLU-20 treated in boiling water for 80 h (d), JLU-20 treated with 100% steam at 800 8C for 2 h
(e), JLU-20 compressed at 300 MPa for 10 min (f), JLU-20 compressed at 740 MPa for 10 min (g), and the
sample SBA-15(190) synthesized at 190 8C in the absence of FC-4 (h). B) XRD patterns of SBA-15 calcined at
500 8C (a), SBA-15 calcined at 1000 8C (b), SBA-15 treated in boiling water for 80 h (c), SBA-15 treated with
100% steam at 800 8C for 2 h (d), SBA-15 compressed at 300 MPa for 10 min (e), SBA-15(B) calcined at
500 8C (f), SBA-15 (B) compressed at 300 MPa for 10 min (g), and SBA-15 (B) compressed at 740 MPa for
10 min (h).
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cined JLU-20 has thicker pore walls than conventional mes-
oporous materials, because the pore wall thickness (relative
to the unit-cell size) tends to increase with an increase in
the relative intensity of the (200) peak compared to the
(110) peak.[16–19] When JLU-20 is further calcined at 1000 8C
for 4 h, the sample basically still shows its peaks associated
with a hexagonal mesostructure, as shown in Figure 1A-c.
The first diffraction peak at 0.878 in as-synthesized JLU-20
is shifted to 0.998 in the sample calcined at 1000 8C due to
shrinkage. As a result, the value of the cell lattice parame-
ter, a, is shifted from 118 N to 104 N. In comparison, after
the calcination at 1000 8C for 4 h, SBA-15 only shows a
broad peak assigned to the (100) reflection, and the peaks
assigned to the (110) and (200) reflections have completely
disappeared (Figure 1B-b), which suggests partial destruc-
tion of the hexagonal mesostructure of SBA-15. These re-
sults indicate that JLU-20 has much better thermal stability
than SBA-15.


After treatment of the calcined sample in boiling water
for more than 80 h, JLU-20 shows two clear peaks assigned
to the (100) and (110) reflections of the hexagonally ordered
mesostructure (Figure 1A-d). In contrast, the treated SBA-
15 shows only a weak peak assigned to the (100) reflection
of the mesostructure (Figure 1B-c). After treatment in
100% steam at 800 8C for 2 h (Figure 1A-e), JLU-20 shows
three obvious peaks associated with the (100), (200), and
(210) diffractions of the hexagonal mesostructure. In con-
trast, the treated SBA-15 exhibits a very broad peak as-
signed to the (100) reflection (Figure 1B-d). These results in-
dicate that JLU-20 has remarkable hydrothermal stability
even at high temperatures.


Moreover, when calcined JLU-20 is compressed at
300 MPa, the sample shows almost the same XRD diffracto-


gram (Figure 1A-f) as the calcined sample (Figure 1A-b);
when the pressure is increased to 740 MPa, calcined JLU-20
still exhibits its typical peaks associated with a hexagonal
mesostructure (Figure 1A-g). In contrast, after compression
at 300 MPa, SBA-15 still shows three peaks associated with
a hexagonal mesostructure, but their intensities decreased
significantly (Figure 1B-e). It has been reported that the me-
chanical stability is strongly related to the wall thickness of
mesoporous materials.[20] Generally, the wall of JLU-20
(5.5 nm, Table 1) is thicker than that of SBA-15 (4.3 nm,
Table 1). To avoid the effect of the wall thickness, SBA-
15(B) with thicker walls (6.0 nm, Table 1) was synthesized
according to the method reported in reference [21]. After
compression at 300 MPa, SBA-15(B) also exhibits three
peaks typical of a hexagonal mesostruture, but their peak in-
tensities are also reduced (Figure 1B-g). Further increasing
the pressure to 740 MPa, SBA-15(B) shows only one peak
associated with the mesostructure, indicating the partial de-
struction of its mesostructure (Figure 1B-h). Apparently,
SBA-15(B) with thicker walls still shows much lower me-
chanical stability than JLU-20. The extraordinary mechani-
cal stability of JLU-20 should be assigned to the unique
route for the synthesis of mesoporous materials at high tem-
perature (150–220 8C), rather than other reasons.


Figure 1A-h shows the XRD pattern of the sample syn-
thesized at 180 8C using a polymeric surfactant (P123) in the
absence of fluorocarbon surfactant (FC-4); only a very weak
peak is observed near 0.98. This result indicates that the or-
dered sample cannot be synthesized at higher temperature
in the absence of the fluorocarbon surfactant. Therefore, we
propose that FC-4 is necessary for the high-temperature syn-
thesis of ordered mesoporous materials.


Table 1. Properties of the samples before and after treatment.[a]


Sample d(100) Pore size Wall thickness Pore volume Surface area Q4/Q3+Q2 wS/V
[N] [N] [N] [cm3g�1][d] [m2g�1]


JLU-20 101 6.5
calcined 101 62 55 0.46 300 4.0
treated[b] 101 66 51 0.44 278 4.2
treated[c] 95 65 45 0.32 225 4.5
1000 8C 90 42 48 0.32 225
300 MPa 101 63 54 0.46 276
740 MPa 101 63 54 0.45 246
SBA-15 110 1.9
calcined 105 78 43 1.45 1005 5.4
treated [b] 1.03 320
treated [c] 0.35 214
1000 8C 0.43 110
300 MPa 0.46 272
SBA-15(B) 100
calcined 94 48 60 1.15 920
300 MPa 82 37 58 0.45 677
740 MPa 79 58 57 0.39 559
SBA-15(190) 99 80 0.34 235
SFC-4(100) 25 0.34 563
SFC-4(190) 0.21 256
JLU-20(100) 108 79 46 1.51 1100


[a] Pore-size distributions and pore volumes determined from N2 adsorption isotherms at 77 K and the wall thickness was calculated as: thickness=a-
pore size (a=2Qd(100)/3


1/2); In the last column, w, S, and V denote pore size, surface area, and pore volume, respectively. [b] Treated in boiling water for
80 h. [c] Treated with 100% water vapour at 800 8C for 2 h. [d] The pore volume here is the primary mesopore volume (BJH adsorption cumulative pore
volume of pores between 20 and 250 N diameter).


Chem. Eur. J. 2004, 10, 5911 – 5922 www.chemeurj.org K 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5913


Ordered Mesoporous Silica Materials 5911 – 5922



www.chemeurj.org





N2 Isotherms : Figure 2A-a shows the N2 adsorption–desorp-
tion isotherm of JLU-20 calcined at 650 8C for 5 h, which
gives a IV-type isotherm assigned to a 2D hexagonal
(P6mm) mesostructure. The N2 adsorption isotherm gives a
BET surface area of 300 m2g�1 and a pore volume of
0.46 cm3g�1. The pore-size distribution, calculated from the
adsorption curve using the BJH model, shows an average
pore size of about 6.2 nm (Table 1). When as-synthesized
JLU-20 is calcined at 1000 8C for 4 h, the sample still exhib-
its a IV-type isotherm, indicating the preservation of the or-
dered mesostructure (Figure 2A-b). However, the pore size
is smaller (4.2 nm), and there is a decrease in surface area
of 25% (from 300 m2g�1 to 225 m2g�1, Table 1). In compari-
son, the same treatment of SBA-15 (Figure 2B-b) results in
a significant decrease in BET surface area of 90% (from
1005 m2g�1 to 110 m2g�1, Table 1) and in pore volume of
70% (from 1.45 cm3g�1 to 0.43 cm3g�1, Table 1). In addition,
the treated SBA-15 shows a poor isotherm (Figure 2B-b).
These results confirm that JLU-20 has much higher thermal
stability than SBA-15.


After hydrothermal treatment in boiling water for 80 h,
JLU-20 still exhibits a type IV isotherm (Figure 2A-c). The
BET surface area and primary mesopore volume of JLU-20
was reduced by only 7% from 300 m2g�1 to 278 m2g�1


(Table 1) and by only 5% from 0.46 cm3g�1 to 0.44 cm3g�1


(Table 1), respectively, implying good maintenance of the


uniform mesostructure. In contrast, SBA-15 treated under
the same conditions shows a poor isotherm (Figure 2B-c).
There is a decrease in the BET surface area of 68% from
1005 m2g�1 to 320 m2g�1 (Table 1) and in primary mesopore
volume by 30%, from 1.45 cm3g�1 to 1.03 m2g�1 (Table 1).
These results also indicate that JLU-20 has remarkably hy-
drothermal stability compared with SBA-15.


After being kept under a pressure of 300 MPa for 10 min,
calcined JLU-20 shows a characteristic N2 isotherm associat-
ed with hexagonal mesostructures (Figure 2A-d), giving a
surface area of 276 m2g�1, a pore volume of 0.46 cm3g�1,
and an average pore size distribution of 6.3 nm (Table 1).
These values are very similar to those of JLU-20 calcined at
650 8C. When the pressure is increased to 740 MPa, calcined
JLU-20 also shows a N2 adsorption–desorption isotherm at-
tributed to a hexagonal mesostructure (Figure 2A-e). The
surface area is reduced by 18% from 300 m2g�1 (in JLU-20
calcined at 650 8C) to 246 m2g�1 in JLU-20 compressed by
740 MPa, but the pore volume or pore-size distribution does
not change(Table 1); that is, the surface area of 82% and
pore volume of 98% remains for JLU-20 compressed by the
pressure of 740 MPa. In contrast, under a pressure of
300 MPa, SBA-15 shows a very poor N2 isotherm (Fig-
ure 2B-d), accompanied by a decrease in BET surface area
of 73% from 1005 m2g�1 to 272 m2g�1 and a decrease in
pore volume of 68% from 1.45 cm3g�1 to 0.46 cm3g�1. It is


Figure 2. A) N2 isotherms of JLU-20 calcined at 650 8C (a), JLU-20 calcined at 1000 8C (b), JLU-20 treated in boiling water for 80 h (c), JLU-20 com-
pressed under 300 MPa for 10 min (d), JLU-20 compressed under 740 MPa for 10 min (e), and the silica materials designated as SFC-4(190) synthesized
at 190 8C using FC-4 surfactant (f). The isotherms for a, b, c, d, and e are offset from 1200, 1000, 800, 600, and 400 cm3g�1, respectively, for clarity. B) N2


adsorption–desorption isotherms of SBA-15 calcined at 500 8C (a), SBA-15 calcined at 1000 8C (b), SBA-15 treated in boiling water for 80 h (c), SBA-15
compressed at 300 MPa for 10 min (d), SBA-15(B) calcined at 500 8C (e), SBA-15(B) compressed at 300 MPa for 10 min (f) and SBA-15(B) compressed
at 740 MPa for 10 min (g). The isotherms for a, b, c, d, e, and f are offset from 1600, 1400, 1100, 900, 400, and 200 cm3g�1 , respectively, for clarity. C) N2


adsorption isotherm t-plots of calcined JLU-20.
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noteworthy that the pore-size distribution is very broad
compared with those of SBA-15 calcined at 500 8C. These
results indicate that a large amount of the mesopores col-
lapse under a pressure of 300 MPa. However, after the same
pressure treatment (300 MPa), SBA-15(B) with thicker
walls shows a better N2 isotherm (Figure 2B-f) and higher
surface area (677 m2g�1, Table 1). These results confirm that
SBA-15 with thicker walls has better mechanical stability
than conventional SBA-15, and is in good agreement with
those reported in literature.[20] A further increase of pressure
to 740 MPa yields a BET surface area and pore volume for
SBA-15(B) of 559 m2g�1 and 0.39 cm3g�1, indicating that
only 61% of the surface area and 34% of the pore volume
are retained (Figure 2B-g). All of these results confirm that
JLU-20 has much better mechanical stability than SBA-15
with both thin and thick mesoporous walls.


Figure 2A-f shows the N2 isotherm of the sample synthe-
sized at 180 8C by using the fluorocarbon surfactant FC-4 in
the absence of the hydrocarbon surfactant P123 ; the iso-
therm is not a IV-type isotherm. The BET surface area is
256 m2g�1 with a pore-size distribution of 2.5 nm (Table 1).
These results have demonstrated that the sample synthe-
sized at higher temperature by using the fluorocarbon sur-
factant in the absence of a hydrocarbon surfactant is disor-
dered. Therefore, surfactant mixtures of both fluorocarbon
surfactant and hydrocarbon surfactant are necessary for the
high-temperature synthesis of ordered mesoporous materials
in our case.


It is worthy to note that calcined JLU-20 has a relatively
low surface area (300 m2 g�1) and pore volume (0.46 cm3g�1)
when compared with SBA-15. It has been reported that
SBA-15 has a specific surface area and pore volume which
are far too large for a material with approximately uniform
cylindrical (or hexagonal) pores, and that there might be a
large number of micropores in the walls.[22] However, JLU-
20 strictly fulfils the fundamental relation between the struc-
tural parameters for materials with uniform pores of simple
cylindrical geometry: wSV�1 �4 (w, S, and V denote pore
size, surface area and pore volume, respectively).[22] This
suggests that, unlike SBA-15, JLU-20 is almost free of mi-
cropores in the mesoporous walls. This is confirmed by N2


adsorption isotherm t-plots (Figure 2C), which show that the
micropore volume and micropore area are 0.005 cm3g�1 and
20 m2g�1, respectively. Considering the absence of micro-
pores in the walls and the thicker walls with higher density,
the relatively low values of surface area and pore volume in
the case of JLU-20 are reasonable.


Transmission electron microscopy (TEM): The image taken
in the [100] direction (Figure 3A) of calcined JLU-20 shows
well-ordered hexagonal arrays of mesopores with 1D chan-
nels and further confirm that JLU-20 has a 2D hexagonal
(p6mm) mesostructure. From bright–dark contrast in the
TEM image of the sample (Figure 3A), the mesopore size
and wall thickness is estimated to be 6.0 nm and 5.8 nm, in a
good agreement with the value determined from XRD.


Figure 3B shows the images taken in the [110] direction
with 1D channels for a large area, which indicate that JLU-
20 exists as only one phase. This further confirms that JLU-


20 is really a pure phase as indicated by XRD results. Inter-
estingly, JLU-20 has continuous zigzag mesoporous channels
that can be as long as 6 mm (Figure 3B), much longer than
in conventional SBA-15.[4] Such continuous ultra-long chan-
nels have not been reported before. Additionally, we have
also observed mesostructural patterns in these images such
as “fingerprint-like” (Figure 3C), “Y-like” (Figure 3D),
“fork-like” (Figure 3E) and “homocentric circle or helix
tube” (Figure 3F). We suggest that these mesostructural pat-
terns may result from the special properties of the fluorocar-
bon–hydrocarbon surfactant mixtures at high temperature
and are currently under investigation in our laboratory.
Moreover, unlike most ordered mesoporous materials that
are extremely vulnerable to heating and electron radia-
tion,[23] JLU-20 is not damaged even under relatively strong
current density for a long time (over 30 min). This is another
indication that JLU-20 possesses unusual stability.


29Si high-resolution magic angle spinning nuclear resonance
(HR MAS NMR) spectroscopy: Figure 4A shows a 29Si
NMR spectrum of as-synthesized JLU-20, providing direct
evidence of the extent of silica condensation. In general, or-
dered mesoporous silica materials exhibit three bands cen-


Figure 3. A) TEM image of calcined JLU-20 taken in the [100] direction.
B) TEM image of calcined JLU-20 taken in the [110] direction. The or-
dered region is so large that fives photos (a–e) had to be taken. The five
images are arranged in succession to completely show the continuous
ultra-long channels, two of which are marked for clarity. C–F) Four TEM
images of calcined JLU-20 taken in the [110] direction.
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tered at chemical shifts of d=�92, �102, and �112 ppm,
which can be attributed to Si(OSi)x(OH)4�x framework units,
where x=2 (Q2), x=3 (Q3), and x=4 (Q4), respectively. No-
tably, as-synthesized JLU-20 is primarily made up of fully
condensed Q4 silica units (d=�112 ppm). A small contribu-
tion comes from incompletely cross-linked Q3 (d=
�102 ppm), as deduced from the very high Q4/Q3 ratio of
6.5:1, whereas no Q2 units were observed (Figure 4A). In
contrast, SBA-15 and SBA-15 (B) have typical peaks corre-
sponding to Q2, Q3, and Q4 silica species, with ratios of Q4/
(Q3+Q2) 1.9:1 and 0.23:1 (Figure 4B, Figure 4C), respective-
ly, suggesting the presence of a large number of terminal hy-
droxy groups in the walls. This difference implies that high
temperatures favor the formation of mesoporous materials
with more completely cross-linked frameworks, which have
higher thermal, hydrothermal, and mechanical stability. As
shown in Figure 1A, though treated in boiling water for 80 h
or in 100% steam at 800 8C for 2 h or under pressure of
740 MPa for 10 min, JLU-20 still maintains its 2D hexagonal
(p6mm) mesostructure. To our knowledge, JLU-20 has the
highest degree of silica condensation among all kinds of
mesoporous silica materials, except for the vesicle-like
MSU-G that has a similarly high degree of SiO4 cross-link-
ing.[5] However, MSU-G has a poorly ordered mesostructure
(analogous to the La-L3 intermediate structure) and no tex-
tural properties, such as surface area and pore volume, of


the hydrothermally treated MSU-G was shown to justify its
high hydrothermal stability.


Thermogravimetry analysis (TGA): Figure 5a shows the
TGA curve of as-synthesized JLU-20, exhibiting a total
weight loss of about 25%, which occurs in three steps: 5%


weight loss at 50–150 8C due to water desorption, 10%
weight loss at 150–350 8C due to P123 decomposition, and
10% weight loss at 350–650 8C due to FC-4 decomposition.
In contrast, the TGA curve of as-synthesized SBA-15 (Fig-
ure 5b) shows that the total weight loss is about 38% and
mainly occurs at 150–400 8C due to decomposition of the
polymeric surfactant P123.[24, 25] These results suggest that
there are two kinds of surfactants in nearly equal quantities
in the as-synthesized JLU-20, and is further confirmed by
the results of elemental analysis. For example, the content
of nitrogen in the as-synthesised sample is close to 0.5%.
We calculate, according to the ratio of nitrogen and fluoro-
carbon surfactant, the content of fluorocarbon surfactant in
as-synthesized JLU-20 to be near 12%, which is similar to
the 10% weight loss found from the TGA results. It is possi-
ble that, during the synthesis of JLU-20, FC-4 and P123 are
entangled to form mixed micelles rather than forming sepa-
rate micelles in the aqueous solution.


Surface tension measurements : Figure 6 shows the surface
tension of aqueous solutions of FC-4, P123, and their mix-
ture (1:2 weight ratio) versus the logarithm of concentration
at 20.0 8C, respectively. Generally, the critical micelle con-
centration (CMC) is obtained as the break point of the
curve. FC-4 shows a CMC value at 7.080 gL�1, and P123 ex-
hibits a CMC value at 44.667 gL�1. Importantly, the aqueous
mixture of FC-4 and P123 has only one CMC with a lower
value at 3.020 gL�1, suggesting there is only one surfactant
micelle in the aqueous solution.[26] This confirms that P123
and FC-4 are entangled with each other to form a mixed mi-
celle rather than independent micelles of P123 and FC-4 in
the aqueous solution.[26–28] Possibly, when a silica source is


Figure 4. 29Si HR MAS NMR spectra of as-synthesized A) JLU-20, B)
SBA-15, and C) SBA-15 (B).


Figure 5. Thermogravimetry (TGA) curve of as-synthesized JLU-20 (a)
and SBA-15 (b).
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added into the synthesis system, hydrolyzed Si species can
interact with the mixed micelles of P123 and FC-4 through
S0(H+)X�I+ and S+X�I+ routes, respectively, to form the
mesostructure.[11–12] Although a part of P123 surfactant may
decompose at high temperature (>180 8C), FC-4 successful-
ly preserves the mesostructure from collapse because of its
special stability towards high temperatures. It is noted that
disordered mesoporous silica with a BET surface area of
256 m2g�1 (Figure 2A-f) is obtained if only FC-4 (without
P123) is used for the synthesis. This may be attributed to
the fact that the fluorocarbon surfactant tends to assemble
into small-sized micelles, instead of periodic long-range or-
dered micelles, due to the rigidity and strong hydrophobicity
of the fluorocarbon chain.[13]


The complete silica condensation and high thermal, hy-
drothermal, and mechanical stabilities of JLU-20 should be
attributed directly to the high synthesis temperature rather
than other reasons, such as the presence of fluorocarbon sur-
factant. If JLU-20 is prepared at 100 8C instead of at 190 8C,
it shows no difference in both structural properties (such as
surface area, pore volume, Q4/Q3 ratio, Table 1) and stabili-
ties with conventional SBA-15, although FC-4 is used. How-
ever, the use of the fluorocarbon surfactant allows full con-
densation by a high-temperature synthesis route.


Ordered cubic mesoporous silica materials (JLU-21)


Cubic mesoporous materials, for example SBA-16[21] and
MCM-48,[2] have the advantage of 3D structures that may
lead to better diffusion and transport of molecules than 2D
hexagonal mesophases, such as MCM-41 and SBA-15, when
used as catalysts or catalyst supports. However, most of the
academic and industrial interest is concentrated on the 2D
hexagonal mesophases, and there are only a very limited
number of studies on the hydrothermal stability of 3D cubic
mesoporous silica materials, possibly due to the difficulty of
their synthesis. In our case, when the fluorocarbon surfac-
tant (FC-4) is mixed with a triblock copolymer surfactant


(F127) and this mixture used as a template, cubic Im3m
mesoporous silica materials, designated JLU-21, are success-
fully synthesized in strongly acidic media at various temper-
atures (100 8C, 140 8C, and 180 8C). The obtained samples
are denoted as JLU-21100, JLU-21140 and JLU-21180, respec-
tively. For comparison, a cubic SBA-16 (Im3m) is prepared
with only F127 as a template at relatively low temperature
(80 8C).


XRD investigations : Figures 7a–c show XRD patterns of
calcined JLU-21 synthesized at 100, 140, and 180 8C, respec-
tively. Notably, calcined JLU-21100 and JLU-21140 clearly ex-


hibit two peaks that could be indexed as the (110) and (200)
reflections associated with a highly ordered cubic meso-
phase, in agreement with the HR TEM images (see
Figure 9). However, when the synthesis temperature is in-
creased to 180 8C, JLU-21180 shows only one peak associated
with the (110) reflection, with weaker intensity, indicating a
relatively poor mesostructural ordering. The lattice con-
stants (unit-cell parameters) of these samples can be calcu-
lated from the d values of the main (110) peaks and are


Figure 6. Equilibrium surface tension (mNm�1) of FC-4 (a), P123 (b), and
their mixture (FC-4+P123) (c) in aqueous solutions as a function of the
logarithm of bulk concentration at 20 8C.


Figure 7. XRD patterns of calcined JLU-21100 (a), JLU-21140 (b), JLU-
21180 (c), JLU-21140 treated in boiling water for 100 h (d), calcined SBA-
16 (e), and calcined SBA-16 treated in boiling water for 100 h (f).
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found to decrease with increased synthesis temperature. The
lattice constants of SBA-16 prepared at 80 8C, JLU-21100,
JLU-21140, and JLU-21180 are 17.5, 17.2, 16.5, and 16.4 nm,
respectively (Figure 7e, Figure 7a–c). This may be attributed
to the fact that the higher synthesis temperatures are favor-
able for the condensation of siliceous species on the pore
walls, leading to further shrinkage of the unit cell.


Interestingly, upon the hydrothermal treatment in boiling
water for 100 h, the XRD pattern of JLU-21140 shows no sig-
nificant changes in the d spacing and intensity, indicating
the successful retention of its mesostructural symmetry (Fig-
ure 7d). In contrast, SBA-16 prepared at 80 8C loses most of
its mesostructure during the same treatment, as indicated by
the XRD result (Figure 7f). These results indicate that JLU-
21140 has much better hydrothermal stability than SBA-16.


N2 isotherms : Figure 8 shows nitrogen isotherms for calcined
and hydrothermally treated JLU-21140 and SBA-16 samples.
The isotherms of JLU-21140 (Figure 8A-a) and SBA-16 (Fig-
ure 8A-d) have a broad hysteresis loop, characteristic of ma-
terials with uniform, cagelike mesopores with entrances (or
“windows”) much narrower than the diameter of the cage
itself.[29–31] According to the previous studies,[31–32] when the
nitrogen capillary evaporation at 77 K from a cage-like pore
is delayed to the lower pressure limit of hysteresis, just as in
the case of SBA-16, the pore entrance diameter has to be


below 5 nm. The mesoporous material JLU-21140 exhibits
slightly different adsorption properties from the samples
prepared at low temperature. The capillary evaporation of
JLU-21140 begins at relative pressures much higher than the
lower limit of adsorption–desorption hysteresis, suggesting
the existence of pore entrances larger than 5 nm.[32] Similar
results, that is, that an increase in the synthesis temperature
can enlarge the entrances of the cages, have been found in
previous studies.[32–33] Notably, although the broadness of the
relative pressure range for the capillary evaporation suggests
a broad distribution of entrance sizes in JLU-21140, the pore
sizes of the cages are still very uniform as indicated by the
steep capillary condensation in the adsorption branch of the
isotherm.


After hydrothermal treatment in boiling water for 100 h,
there is only a 6% decrease in the BET surface area (from
556 m2g�1 to 525 m2g�1) for JLU-21, whereas it is 86% for
SBA-16 (from 852 m2g�1 to 114 m2g�1, Table 2). The meso-
pore volume of JLU-21 increases during the treatment from
0.65 cm3g�1 to 0.83 cm3g�1, whereas that of SBA-16 decreas-
es dramatically from 0.74 cm3g�1 to 0.25 cm3g�1 (Table 2). In
contrast, the same hydrothermal treatment for SBA-16 re-
sults in complete loss of the typical isotherm for a cubic
mesostructure (Figure 8A-e), indicating complete destruc-
tion of SBA-16. These results confirm the retention of
structural integrity in the treated JLU-21 and the better hy-
drothermal stability of JLU-21 compared with that of
SBA-16.


Interestingly, after the treatment in boiling water for
100 h, the broad hysteresis loop, which is characteristic of
materials with cagelike mesopores with much narrower en-
trances, disappears in the isotherm of JLU-21. Instead, the
treated JLU-21 displays a classical H1-type isotherm with a
narrow hysteresis loop, which is characteristic of materials
with a channel-like pore structure (Figure 8A-b). This
change may be attributed to the fact that the pore entrances
in JLU-21 has been enlarged during the hydrothermal treat-
ment so that their sizes are almost as large as those of the
interior diameter of the cages. The pore structure of JLU-21


Figure 8. N2 adsorption–desorption isotherms of calcined JLU-21140 (a),
calcined JLU-21140 treated in boiling water for 100 h (b), calcined JLU-
21180 (c), calcined SBA-16 (d), and calcined SBA-16 treated in boiling
water for 100 h (e). The isotherms for a, b, c, and d are offset from 1200,
900, 600, and 200 cm3g�1, respectively, for clarity.


Table 2. Properties of SBA-16 and JLU-21140 before and after hydrother-
mal treatment in boiling water for 100 h.


Sample Unit cell
parameter [N]


Pore cage
diameter[a]


[N]


Mesopore
volume
[cm3g�1][b]


BET surface
area
[m2g�1]


SBA-16 175 82 0.74 852
treated[c] –- –- 0.25 114
SBA-16140 159 –- 0.31 232
JLU-21140 165 78 0.65 556
treated 165 86 0.83 525
JLU-21100 172 56 1.12 735
JLU-21180 164 –- 0.31 102


[a] Pore cage diameter is estimated by using BJH methods developed for
cylindrical pores. There may be some underestimations because of the
spherical pores of these samples.[22] Because SBA-16 was rendered amor-
phous after the hydrothermal treatment, there are no unit-cell parame-
ters and pore size for the treated SBA-16 sample given in this table.
[b] BJH adsorption cumulative pore volume of pores between 20 and
200 N diameter. [c] Treated in boiling water for 100 h.
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becomes more open, that is, without the original restrictions
caused by narrow entrances. Additionally, the hydrothermal
treatment also results in an increase in pore cage diameter
(Table 2), which is indicated by the fact that the capillary
condensation takes place at a higher relative pressure range.


Figure 8A-c shows the isotherm of JLU-21180, which, due
to its irregularity, indicates a relatively disordered meso-
structure. This is consistent with the XRD result and shows
that an excessively high temperature is not favorable for the
retention of a well-ordered mesostructure. Notably, the 2D
hexagonal JLU-20 (p6mm) was successfully synthesized at
the ultra-high temperature of 190 8C and its structure was
still highly ordered.[15] In this case, however, the structural
ordering of cubic JLU-21 will be destroyed substantially if
the synthesis temperature used is more than 140 8C, as
shown by the results of XRD and N2 adsorption investiga-
tions above. This may be explained by the structural differ-
ence between JLU-20 and JLU-21. Unlike rodlike JLU-20,
the structure of JLU-21 is cagelike (spherical) with a much
higher surface curvature and lower density of siliceous spe-
cies on the walls. Therefore, further silica condensation asso-
ciated with the high synthesis temperature has more influ-
ence on the structure of JLU-21 and the retention of the
uniform structure of JLU-21 is more difficult at high tem-
peratures.


TEM investigations : Figure 9 shows HR TEM images of
large well-ordered areas of [100], [110], and [111] incidences


for calcined JLU-21140. Clearly, the arrays of these uniform
cages are highly ordered, demonstrating that JLU-21140 has
excellent structural ordering for a cubic space group
(Im3m).


Figure 10 shows HR TEM images of calcined JLU-21140


treated in boiling water for 100 h. In the TEM images of the
treated JLU-21140, large areas with uniform mesopore arrays


belonging to different incidence are clearly observed, reveal-
ing a well-retained cubic mesostructure. In the high magnifi-
cation image taken in the [100] direction, arrows indicate
that the pore entrances have been substantially enlarged.
Their size is close to the size of the cage pore itself, resulting
in an open porous structure such as those of the channel-
like samples. This is in good agreement with the conclusion
drawn from the N2 adsorption isotherm studies (Figure 8A-
b). Evidently, the enlargement of the pore size by hydrother-
mal treatment has hardly any influence on the whole struc-
ture symmetry. The highly open, ordered, 3D pore system
would facilitate diffusion and transport of molecules and
should be helpful for a variety of potential applications of
mesoporous silica materials.


29Si HR MAS NMR spectroscopy : Figure 11 shows the 29Si
MAS NMR spectra of as-synthesized SBA-16 and JLU-21,


Figure 9. TEM images of [100], [110], and [110] incidence of the cubic
JLU-21140, as shown separately. Insets are the selected-area ED and FFT
patterns of these images.


Figure 10. TEM images of JLU-21140 treated hydrothermally in boiling
water for 100 h. Insets are the corresponding ED and FFT patterns.
Arrows indicate the enlarged pore entrances (“windows”) that result in a
highly open mesoporous structure.
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which provide direct results for the different extent of silica
condensation in these samples. In mesoporous silica materi-
als, the most observed bands, centered at chemical shifts of
d=�112, �102, and �92 ppm, can be attributed to Si(OSi)4,
Si(OSi)3OH and Si(OSi)2(OH)2 units, respectively. As ob-
served in Figure 11, it is clear that the degree of silica con-
densation on the pore walls tends to increase with the syn-
thesis temperature. For example, the proportion of fully con-
densed silica units (Q4) in SBA-16 is relatively low with a
ratio of Q4/Q3+Q2 at 0.8, indicating the presence of large
amounts of terminal hydroxy groups in the walls. The Q4/
Q3+Q2 ratio of JLU-21100 is 1.2, obviously higher than that
of SBA-16. No Q2 signals are observed in the case of JLU-
21140 and JLU-21180. This indicates that they are primarily
made up of fully condensed Q4 silica units with a small con-
tribution from incompletely cross-linked Q3, as deduced
from the very high Q4/Q3 ratio (5.4 and 7.1 for JLU-21140


and JLU-21180, respectively). These results indicate that rela-
tively high synthesis temperatures are indeed favorable for
promoting silica condensation on the pore walls.


TGA analyses : The thermogravimetry curve of as-synthe-
sized JLU-21 shows a total weight loss of 36 wt%. This also
occurs in three steps, including water desorption (weight


loss of 8 wt%), F127 decomposition (weight loss of
13 wt%), and FC-4 decomposition (weight loss of 15 wt%),
just as discussed in the case of JLU-20. Moreover, we have
estimated that the content of fluorocarbon surfactant in as-
synthesised JLU-21 is near 18%, according to the result of
elemental analysis (the content of nitrogen in the as-synthe-
sized sample is 0.6%). These results also confirm that F127
and FC-4 coexist in as-synthesized JLU-21. During the syn-
thesis of JLU-21, FC-4 and F127 are possibly also entangled
to form mixed micelles.


Surface tension measurements : Figure 12 shows the surface
tension of aqueous solutions of FC-4, F127, and their mix-
ture (at a 1:1 weight ratio) versus the logarithm of concen-


tration at 20.0 8C, respectively. Interestingly, the aqueous
mixture of FC-4 and F127 also has only one CMC, indicat-
ing there is only one type of micelle in the aqueous mix-
ture.[24] Furthermore, the CMC value of this mixture
(3.020 gL�1) is also less than that of FC-4 (7.080 gL�1) and
F127 (44.667 gL�1). These results support the notion that
F127 and FC-4 are entangled with each other to form a
mixed micelle rather than independent micelles of F127 and
FC-4 in the aqueous solution.[26–28] When a silica source is
added to the synthesis system, hydrolyzed Si species can in-
teract with the mixed micelle of F127 and FC-4 to form the
mesostructure.[11–12] Notably, although F127 may decompose
partly at high temperature (>140 8C) under hydrothermal
conditions, FC-4 successfully prevents the collapse of the
fluorocarbon–hydrocarbon mixed micelles because of its
special stability towards high temperatures.


The complete silica condensation and high hydrothermal
stability of JLU-21 should be directly attributed to the high
temperature of the synthesis, just as discussed in the case of
the stable hexagonal mesoporous silica JLU-20. We have
tried to synthesize SBA-16 using F127 as template in the ab-
sence of FC-4 at relatively high temperature (140 8C), but


Figure 11. 29Si NMR spectra of as-synthesized JLU-21180 (a), JLU-21140


(b), JLU-21100 (c), and SBA-16 (d). Figure 12. Equilibrium surface tension (mNm�1) of FC-4 (a), F127 (b),
and their mixture (FC-4+F127) (c) in aqueous solutions as a function of
the logarithm of bulk concentration at 20 8C.
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the obtained material shows a disordered mesostructure
without uniform mesopores, as indicated by XRD and N2


adsorption isotherm. This result demonstrates the indispens-
ability of the fluorocarbon surfactant for the high-tempera-
ture synthesis of stable cubic mesoporous silica materials
(JLU-21).


Conclusion


Mesoporous silica materials (JLU-20) with a highly ordered
hexagonal mesostructure have been synthesized hydrother-
mally at high temperature (150–220 8C) using a fluorocar-
bon–hydrocarbon surfactant mixture as a template. The ma-
terials have fully condensed mesoporous walls, and exhibit
extraordinarily high thermal, hydrothermal, and mechanical
stability, which is superior to most other mesoporous materi-
als. Furthermore, the concept of “high-temperature synthe-
sis” is successfully extended to the preparation of 3D cubic
mesoporous silica materials by the assistance of the fluoro-
carbon surfactant as a co-template. The obtained material
JLU-21 also has a well-ordered cubic Im3m mesostructure
with fully condensed pore walls and shows unusually high
hydrothermal stability.


Experimental Section


Synthesis of materials : Typical synthesis procedures for various mesopo-
rous silica materials are as follows:
JLU-20 : The fluorocarbon surfactant FC-4 (1.2 g) and P123 (0.4 g) were
dissolved in H2O (20 mL) and HCl (5 mL, 10m), followed by the addition
of tetraethyl orthosilicate (TEOS, 2.4 mL). After stirring at 40 8C for
20 h, the mixture was transferred into an autoclave for further condensa-
tion. The crystallization temperature was slowly increased to 190 8C over
10 h and maintained there for 30 h. The product was collected by filtra-
tion, dried in air and calcined at 650 8C for 5 h to remove the surfactant
template. In comparison, the silica sample JLU-20(100), was hydrother-
mally synthesized at 100 8C using the same mixed micelle composition of
FC-4 and P123 in a strongly acidic medium. The silica samples named
SFC-4(100) and SFC-4(190) were hydrothermally synthesized at 100 8C
and 190 8C using FC-4 as a template in the absence of P123 in strongly
acidic media.


JLU-21: The fluorocarbon surfactant FC-4 (0.5 g) and F127 (0.5 g) were
dissolved in H2O (20 mL) and HCl (5 mL, 10m), followed by the addition
of tetraethyl orthosilicate (TEOS, 2.0 mL). After stirring at room temper-
ature for 20 h, the mixture was transferred into an autoclave for further
condensation at different temperatures (100, 140, or 180 8C) for 24 h. The
product was collected by filtration, dried in air and calcined at 650 8C for
5 h to remove the surfactant template. The products are denoted JLU-
21100, JLU-21140, and JLU-21180, respectively.


SBA-15 and SBA-15(B): The materials SBA-15 and SBA-15(B) with
thicker walls were synthesized at 100 8C and 37 8C for two days, respec-
tively, according to the procedure published by Zhao, Stucky et al.[21] In
comparison, the silica sample named SBA-15(190), was hydrothermally
synthesized at 190 8C using P123 as a template, in the absence of FC-4, in
a strongly acidic medium.


SBA-16 : The material SBA-16 was synthesized at 80 8C for 24 h, accord-
ing to the procedure published by Zhao, Stucky et al.[21] In comparison,
the silica sample SBA-16(140), was synthesized at 140 8C using F127 as a
template in a strongly acidic medium.


Stability tests : The hydrothermal stability of samples was tested by treat-
ment in boiling water (0.5 L of water per gram of solid) for 80–100 h or
in 100% steam at 800 8C for 2 h. Thermal stability of samples was tested


by calcination in air at 1000 8C for 4 h. To test the mechanical stability,
calcined samples were compressed in a steel die of 13 mm diameter for
10 min using a hand-operated press. The three different external pres-
sures applied (0, 300, and 740 MPa) were calculated from the external
force applied and the diameter of the die.


Characterization : X-ray diffraction patterns (XRD) were obtained with a
Siemens D5005 diffractometer using CuKa radiation. Transmission elec-
tron microscopy experiments were performed on a JEM-300CX electron
microscope (JEOL, Japan) with an acceleration voltage of 300 kV. The
nitrogen adsorption and desorption isotherms were measured at the tem-
perature of liquid nitrogen using a Micromeritics ASAP 2020M system.
The samples were degassed for 10 h at 300 8C before the measurements.
29Si NMR spectra were recorded on a Varian Infinity plus 400 spectrome-
ter. The samples were fitted in a 7 mm ZrO2 rotor, spinning at 8 kHz. A
Perkin-Elmer TGA 7 unit was used to carry out the thermogravimetric
analysis (TGA) in air at a heating rate of 20 8Cmin�1. Surface tensions of
aqueous surfactant solutions at various concentrations were measured
with a ZZHY-220 tensiometer. All measurements were carried out at
20.0�0.5 8C, and each experiment was repeated several times until repro-
ducibility was achieved. The critical micelle concentration (CMC) values
of FC-4, P123, F127, the mixture of FC-4 with P123 (1:1 weight ratio of
1:1), and the mixture of FC-4 with F127 (1:1 weight ratio) were deter-
mined by the sharp break point in the surface tension against the loga-
rithm of concentration curves.
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Structure and Dynamics of Homoleptic Beryllocenes: A Solid-State 9Be and
13C NMR Study


Ivan Hung, Charles L. B. Macdonald, and Robert W. Schurko*[a]


Introduction


Owing to its unusual structure, much work has been devoted
to the study of bis(cyclopentadienyl)beryllium, [Cp2Be]
(Cp=C5H5), since its preparation in 1959.[1] It was clear
from the outset that [Cp2Be] did not possess a highly sym-
metric geometry (as ferrocene does) because of various
measured properties,[2,3] including the dipole moment ob-
served in solution.[1] A structure for the compound was first
postulated by Almenningen and co-workers based upon
data from vapour-phase electron diffraction.[4] The hypothe-
sized structure consisted of two parallel, staggered Cp rings
and a beryllium atom lying at one of two alternate positions
along the fivefold principal axis of the molecule, 1.485(5) .
from one ring and 1.98(1) . from the other (Scheme 1, I).
The report of such an unusual C5v structure quickly drew
the attention of many researchers. Further investigation pro-


vided support for the existence of structure I.[4–7] Further-
more, a LCAO MO study comparing I and II for [Cp2Be]
found the C5v geometry to have a lower total electronic
energy,[8] and analysis of Raman and IR spectral data esti-
mated the average time spent by the Be at each of the alter-
nate positions to be on the order of 10�13 to 10�12 s.[9]


In 1972, Wong and co-workers reported the first low-tem-
perature (�120 8C) X-ray crystal structure analysis of
[Cp2Be].


[10] The two Cp rings were found to be more or less
parallel (as in ferrocene) and staggered with respect to each
other, however, one of the rings appeared as if it had “slip-
ped” sideways with its centroid 1.20 . away from the ideal
D5d fivefold axis, resulting in a structure in which the Be
atom is roughly equidistant from all five carbons of one Cp
ring and bound to only one carbon on the other Cp ring
(dubbed the “slip” sandwich structure; III in Scheme 1).
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Abstract: The correlation between ani-
sotropic 9Be NMR (quadrupolar and
chemical shielding) interactions and
the structure and dynamics in [Cp2Be],
[Cp*


2 Be], and [(C5Me4H)2Be] is exam-
ined by solid-state 9Be NMR spectro-
scopy, as well as by ab initio and
hybrid density functional theory calcu-
lations. The 9Be quadrupole coupling
constants in the three compounds cor-
respond well to the relative degrees of
spherical ground-state electronic sym-
metry of the environment about beryl-
lium. Theoretical computations of
NMR interaction tensors are in excel-
lent agreement with experimental


values and aid in understanding the
origins of NMR interaction tensors and
their correlation to molecular symme-
try. Variable-temperature (VT) 9Be and
13C NMR experiments reveal a highly
fluxional structure in the condensed
phase of [Cp2Be]. In particular, the
pathway by which the Cp rings of
[Cp2Be] GinvertH coordination modes is
examined in detail using hybrid density
functional theory in order to inspect


variations of the 9Be NMR interaction
tensors. The activation energy for the
GinversionH process is found to be
36.9 kJmol�1 from chemical exchange
analysis of 13C VT CP/MAS NMR
spectra. The low-temperature (ca.
�100 8C) X-ray crystal structures of all
three compounds have been collected
and refined, and are in agreement with
previously reported structures. In addi-
tion, the structure of the same Cp2Be
crystal was determined at 20 8C and
displays features consistent with in-
creased intramolecular motion, sup-
porting observations by 9Be VT NMR
spectroscopy.


Keywords: ab initio calculations ·
beryllium · metallocenes · NMR
spectroscopy · X-ray diffraction


Scheme 1. Proposed structures of [Cp2Be] with (I) C5v, (II) D5h/D5d and
(III) Cs symmetry.


Chem. Eur. J. 2004, 10, 5923 – 5935 DOI: 10.1002/chem.200400404 K 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5923


FULL PAPER







The discovery of a new [Cp2Be] structure quickly led re-
searchers to re-evaluate previous data. In one such study it
was noted that the bonding in the GslipH sandwich should be
described more appropriately as having polyhapto p coordi-
nation (hx) rather than a s bond between Be and the singly
bound Cp ring, due to the parallel arrangement of the Cp
rings.[11] Wong and co-workers went on to re-examine the
crystal structure of Cp2Be at room temperature,[12,13] and
found a similar structure to the one reported at �120 8C, but
with notable differences. These observations, along with the
appearance of a single resonance in solution 1H and 9Be
NMR spectra,[14,15] led to the proposition that [Cp2Be] had a
highly fluxional structure which underwent rapid ring reor-
ientation about their centroids and possibly exchange of the
Be atom between the two half-occupied crystallographic po-
sitions. A number of theoretical studies were performed to
examine the bonding in [Cp2Be] and determine its lowest
energy structure.[16–26] In contrast to previous results, all cal-
culations favoured structures II and III energetically over
the C5v-type structures. Further investigation of [Cp2Be] by
various techniques contributed increasing support for struc-
ture III.[27–32] In fact, comparison of IR spectra of vapor, so-
lution and solid [Cp2Be] suggests that some form of III ac-
tually persists in all phases.[33]


More recently, studies using Car–Parrinello molecular dy-
namics (MD) calculations,[34] and the synthesis of various
other beryllocenes with substituted Cp rings has been re-
ported. MD calculations predict that the ground state for
[Cp2Be] should have a structure resembling that of III, and
that this structure is energetically favoured over both the
D5d and D5h geometries by approximately 10 kJmol�1.[35]


Furthermore, two dynamic processes are observed in ac-
cordance with the initial proposition by Wong and co-work-
ers:[13] 1) 1,2-sigmatropic rearrangement of the h1-ring
wherein the Be�(h1-Cp) bond moves from one carbon atom
to an adjacent carbon atom, and 2) intramolecular exchange
caused by GinversionH of the coordination modes between
the h5- and h1-Cp rings.[36] These two processes are calculat-
ed to have activation barriers of 5 and 8 kJmol�1 at 400 K,
and rates of 1–4 and 0.3–1.5 ps�1, respectively, in close
agreement with the barrier (5.2 kJmol�1) for Cp ring inver-
sion determined from variable-temperature 13C solution
NMR spectra of [Cp2Be].


[31] A number of substituted- and
mixed-Cp’ beryllocenes have been prepared by Conejo and
co-workers, including [Cp*


2 Be] (Cp*=C5Me5),
[(C5Me4H)2Be] and [Cp*Be(C5Me4H)].[37–39] Through the re-
action of [Cp*


2 Be] and [(C5Me4H)2Be] with 2,6-dimethyl-
phenyl isocyanide (CNXyl), Conejo and co-workers have
provided experimental chemical evidence for the presence
of the h5,h1-isomer of [Cp*


2 Be] in solution and sigmatropic
rearrangement of the h1-ring in [(C5Me4H)2Be].


[40] This con-
clusion rests on the reasonable assumption that the observed
iminoacyl products result from coupling of the h5,h1 isomers
of the corresponding beryllocenes with CNXyl. Similarly,
evidence for molecular rearrangement (GinversionH) of the
h5- and h1-rings has also been provided by reactions of
[Cp*Be(C5Me4H)] with CNXyl.[41]


Solid-state NMR spectroscopy of metal nuclei at the heart
of metallocenes is a powerful means for studying structure


and dynamics in these molecules, since the orientation-de-
pendent NMR tensors are very sensitive to changes in the
electronic environment about the nuclei. Relevant solid-
state NMR examples include[42] 25Mg NMR spectroscopy of
[Cp2Mg],[43] 27Al NMR spectroscopy of [Cp*


2Al]+ ,[44]
11B NMR spectroscopy of [Cp*


2 B]
+ and [Cp*


2 BMe],[45] 7Li
NMR spectroscopy of lithocenes,[46] 23Na NMR spectroscopy
of CpNa-TMEDA,[47] 119Sn and 207Pb NMR spectroscopic
characterization of a variety of stannocenes and plumbo-
cenes,[48,49] single-crystal 59Co NMR spectroscopy of
[Cp2Co]NO3·H2O,[50] and a 171Yb CP/MAS NMR study of
[Cp’2YbII] complexes.[51]


Although 9Be is a half-integer quadrupolar nucleus with a
small nuclear quadrupole moment (nuclear spin I=3/2, Q=


5.288R10�30 m2),[52,53] 100% natural abundance and receptiv-
ity of 78.7 compared to 13C, there are relatively few exam-
ples of solid-state 9Be NMR spectroscopic studies in the lit-
erature, likely because of the extreme toxicity of beryllium-
containing compounds. Solid-state 9Be NMR spectra of
[Be(acac)2] have been reported,[42] along with studies that
focus mainly upon the characterization of beryllium sites in
minerals.[42,54–63] The 9Be quadrupole coupling constants
measured for these compounds all fall within the relatively
narrow range of 30–700 kHz. To the best of our knowledge,
there are no reported solid-state 9Be NMR studies on orga-
nometallic beryllium complexes, although various organo-
metallic complexes have been studied by solution 9Be NMR
spectroscopy and ab initio calculations.[14,31,42, 64–66]


Herein we present the solid-state 9Be and 13C NMR study
of [Cp2Be] (1), [Cp*


2 Be] (2), and [(C5Me4H)2Be] (3) (see
Figure 1). Experimentally determined and theoretically cal-
culated 9Be electric field gradient (EFG) and chemical
shielding (CS) tensors are reported, and the relationship be-
tween these NMR interaction tensors and the molecular
structure of the beryllocenes is probed. There has been
much recent progress in understanding the fluxional struc-
tures of beryllocenes, yet not much work on the study of the
intramolecular dynamics present in the solid state has been
reported. To address this, variable-temperature (VT) 9Be
and 13C NMR, as well as 13C/9Be/1H triple-resonance experi-
ments, are utilized to probe the changes in the NMR inter-
action tensors and isotropic NMR signals with intramolecu-
lar dynamics which occur on the dynamic NMR timescale.


Results and Discussion


X-ray crystallography : Representative crystals from the
samples subsequently used for the NMR experiments were
subjected to X-ray crystallographic analysis to confirm the
structural features of the materials. Figure 1a shows one
molecule from each of the low-temperature (either �100 8C
or �120 8C) crystal structures of 1–3 ; the metrical parame-
ters and the geometries of the refined structures agree with
those reported previously (Table 1). Crystallographic data
for the same crystal of 1 was also collected at 20 8C and re-
fined. As illustrated in Figure 1b, the model for the higher
temperature structure exhibits significantly larger thermal
ellipsoids than that of the lower temperature structure. In
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addition, whereas the structure at �100 8C is best described
as having an h5,h1 arrangement, the model at 20 8C is better
described as exhibiting an h5,h2 coordination of the Cp rings.
Furthermore, the inversion-related positions of the Be
atoms are significantly closer together at 20 8C (0.828 .)
than at low temperature (1.230 .) and there is less “slip-
page” of the two Cp rings at higher temperature. These re-
lated structural features are consequences of the increased
inter-ring separation at higher temperature (3.406 . at 20 8C
versus 3.346 . at �100 8C) that is accommodated by the in-
crease of the crystallographic c axis (from 10.550(2) . to
10.827(2) . using the P21/c space group for each unit cell).
While the structural features observed by the X-ray diffrac-
tion snapshots are consistent with significantly greater disor-
der in the structure of [Cp2Be] at 20 8C than at �100 8C, the
NMR experiments described herein provide more detailed
information about the nature of the motion in the solid
state.


Solid-state 9Be NMR spectroscopy : Experimental 9Be MAS
NMR spectra of 1–3 are shown in Figure 2 along with corre-
sponding numerical (Figures 2a, b) and analytical (Fig-
ure 2c) simulations. The 9Be quadrupolar coupling constants
of 1 and 2 are relatively small in magnitude (0.41(2) and
0.23(2) MHz, respectively), resulting in the absence of ob-
servable second-order quadrupolar effects in the central


transition powder pattern. Thus, acquisition of satellite tran-
sition (SATRAS) NMR spectra is necessary to extract the
9Be quadrupolar parameters (EFG and CS parameters de-
rived from spectral simulations are shown in Table 2 for 1–
3). In contrast to 1 and 2, the spectrum of 3 displays a char-
acteristic second-order quadrupolar powder pattern which
yields CQ=0.61(5) MHz and hQ=0.13(7). Notably, as the
spherical symmetry decreases in the order 2!1!3, the
magnitude of CQ(


9Be) increases correspondingly: 0.23!
0.41!0.61 MHz. It is intriguing that the CQ(


9Be) of 1 has an
intermediate value compared to 2 and 3, which reflects its
unusual equilibrium geometry consisting of h5,hx coordina-
tion to the Cp rings.


The experimental static 9Be NMR spectra of 1–3 are
shown in Figure 3 along with simulations including and ex-
cluding the effects of CSA. Comparison of simulated spectra
that only take into account the 9Be nuclear quadrupolar in-
teraction (top traces) with the experimental spectra (bottom
traces) immediately indicates the presence of Be CSA (con-
firmed by the simulations shown in the middle traces). Al-
though 9Be EFG parameters for the three species are mark-
edly different, the CS parameters (i.e., diso, W, and k in
Table 2) appear to be relatively similar. The differences
appear small because of the relatively small CS range of ber-
yllium (ca. +25 to �25 ppm).[67,68] In light of this, we note
that the CSA of 1 is significantly greater than the other two


Figure 1. a) Molecules of 1–3 from their respective crystal structures; b) molecular structures of 1 at �100 8C and 20 8C.
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compounds, and also that all three species display chemical
shielding spans on the order of the entire known Be chemi-
cal shift range for diamagnetic complexes. The large metal
CSA caused by coordination to Cp’ ligands are consistent
with observations from [Cp*


2Al]+ ,[44] [Cp*
2 B]


+ and
[Cp*


2 BMe].[45] It is also interesting to note that the Be nuclei
become more shielded with increasing hapticity (i.e. ,
diso(3):h


5,h1 > diso(1):h
5,hx > diso(2):h


5,h5), which also corre-
sponds to the trend observed for [Cp*


2Al]+ , [Cp*
2 B]


+ and
[Cp*


2 BMe].
Aside from the expected anisotropic powder pattern, the


static 9Be NMR spectrum of 1 reveals a small additional
peak at the isotropic position of the powder pattern
(marked with an asterisk in Figure 3a). Variable-tempera-
ture static 9Be NMR experiments were performed on 1 to
explore the possibility of observing the effects of intramo-
lecular dynamics on the powder pattern (Figure 4). As the
temperature is raised, the isotropic peak gradually increases
in magnitude until about 60 8C, where the anisotropic


powder pattern completely collapses leaving only the very
sharp isotropic signal; this process is reversible and no dy-
namic “coalescence point” is observed. The lack of a coales-
cence temperature suggests the onset of a phase change in
which the [Cp2Be] molecules start to undergo motion(s) ca-
pable of completely averaging both the CS and EFG ten-
sors. The large 9Be CSA patterns for all of the beryllocenes
suggest that this peak does not result from an intermediate
structure of higher symmetry, but rather from a portion of
the molecules in the condensed phase undergoing isotropic
“solution-like” motion (even at ambient temperature). The
sharp isotropic peak and complete absence of CSA effects
in the spectrum acquired at 60 8C result from melting of the
sample (m.p. 59 8C).[69] This process is reversible, since iden-
tical static spectra are obtained after cooling the sample
from 60 8C, meaning that it is possible to recrystallize
[Cp2Be] from the melt.


VT 9Be NMR experiments were also performed for 2 and
3. The VT 9Be SATRAS NMR spectra of 2 show a change


Table 1. Summary of X-ray crystallographic data for 1–3.


Compound 1 1 2 3


empirical formula C10H10Be C10H10Be C20H30Be C18H26Be
formula weight [g mol�1] 139.19 139.19 279.45 251.40
temperature [8C] 20 �100 �120 �100
wavelength [.] 0.71069 0.71069 0.71069 0.71069
crystal system monoclinic monoclinic monoclinic orthorhombic
space group P21/n


[a] P21/c C2/c Pnma
a [.] 5.8901(6) 5.9255(6) 15.1014(13) 12.9448(10)
b [.] 7.6768(9) 7.4919(10) 12.2367(10) 15.7223(13)
c [.] 9.3233(14) 10.5501(14) 9.5512(8) 7.6583(6)
a [8] 90 90 90 90
b [8] 92.297(11) 121.345(8) 95.020(2) 90
g [8] 90 90 90 90
volume [.3] 421.23(9) 400.00(9) 1758.2(3) 1558.6(2)
Z 2 2 4 4
1calcd [g cm�3] 1.097 1.156 1.056 1.071
n [mm�1] 0.059 0.063 0.057 0.058
F(000) 148 148 616 552
crystal size [mm] 0.50R0.30R0.30 0.50R0.30R0.30 0.70R0.50R0.30 0.60R0.50R0.30
q range [8] 3.44–27.56 3.54–27.49 2.15–27.55 2.59–24.98
index ranges: �7�h�7 �7�h�7 �19�h�19 �15�h�15


�9�k�9 �9�k�9 �15�k�15 �18�k�18
�11� l�12 �13� l�13 �12� l�12 �9� l�9


reflections collected 3964 3273 8454 9848
independent 976 904 2035 1406
reflections
R(int) 0.0351 0.0354 0.0274 0.0525
completeness to q [%] 99.9 98.2 100.0 98.8
absorption correction none none none none
refinement method full-matrix least-squares on F2


data/restraints/parameters 976/0/56 904/0/57 2035/0/97 1406/0/105
goodness of fit on F2 1.007 1.447 1.019 1.244
final R indices [I>2s(I)]
R1 0.0803, 0.1052, 0.0582, 0.0872,
wR2 0.2583 0.2219 0.1559 0.1928
R indices (all data)
R1 0.1477, 0.1105, 0.0863, 0.0983
wR2 0.3188 0.2240 0.1759 0.1980
largest diff. peak 0.237 and 0.248 and 0.183 and 0.310 and
and hole [eA�3] �0.113 �0.277 �0.151 �0.216
extinction coefficient 0.13(6) 0.07(2)


[a] The P21/n unit cell of [Cp2Be] at 20 8C corresponds to a P21/c cell with unit cell parameters: a=5.8901(6), b=7.6768(9), c=10.8266(12) ., b=
120.63(1)8.


K 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5923 – 59355926


FULL PAPER R. W. Schurko et al.



www.chemeurj.org





in isotropic shift from d=�23.1 to �25.7 ppm, as well as an
apparent increase in CQ(


9Be), as the temperature is de-
creased from 110 8C to �100 8C (Figure 1 in the Supporting
Information). The origin of the temperature-dependent
chemical shift variation is unknown; however, the lower
values of CQ with increased temperature is well understood,
and normally attributed to motional averaging of the EFG
tensors due to increased intramolecular motions at higher


temperatures.[70,71] VT 9Be NMR experiments on 3 do not
show any observable changes with temperature.


Solid-state 13C NMR spectroscopy: The 13C CP/MAS NMR
spectra of 1 and 2 (Figure 5a, 5b) display spinning-sideband
manifolds indicative of carbon CSA in the aromatic region,
which is common for metallocenes. The aromatic carbon
sites have the following CSA parameters: 1: diso=


108.2(2) ppm, W=130(2) ppm, k=1.0; 2 : diso=110(3) ppm,
W=112(1) ppm, k=1.0, while the Me carbon nuclei in 2
have diso=10.7(5) ppm—comparable to data reported for
other metallocenes. Both the axial symmetry of the aromatic
carbon CS tensors (i.e., k=1.0) and the observation of a
single Cp’ resonance are attributed to the fast reorientation
of the Cp’ moieties about their ring centroids.[43,44, 72,73] Due
to the lower overall molecular symmetry of 3, its 13C NMR
spectra (Figure 5c) are relatively complex compared to
those of 1 and 2. By spinning the sample at a frequency of
vrot=15 kHz, the spinning sidebands are removed, leaving


Figure 2. 9Be MAS NMR spectra of a) 1, b) 2, and c) 3 at B0=9.4 T. Sim-
ulations of 1 and 2 were performed with SIMPSON and that of 3 with
WSOLIDS.


Table 2. Experimental 9Be and 13C NMR parameters.


Parameter 1 2 3[a]


nucleus 9Be 13C 9Be 13C[b] 9Be
jCQ j [MHz] 0.41(2) – 0.23(2) – 0.61(5)
hQ


[c] 0.25(5) – 0.55(5) – 0.13(7)
diso [ppm][d] �21(1) 108.2(2) �24.4(7) 110(3) �19.8(5)
W [ppm][e] 65(2) 130(2) 55(5) 112(1) 54(4)
k[f] 0.83(4) 1.0 0.86(7) 1.0 0.85(8)
d11 [ppm][g] 2.5 151.5 �4.8 147.3 �0.5
d22 [ppm] �3 151.5 �8.6 147.3 �4.5
d33 [ppm] �62.5 21.5 �59.8 35.3 �54.5
a[h] [8] 0 – 90 – 90
b [8] 38(5) – 28 – 4(2)
g [8] 0 – 44 – 0


[a] Carbon CS parameters for (C5Me4H)2Be are shown in Table 3.
[b] Carbon chemical shift tensor corresponds to aromatic carbons.
[c] Quadrupolar asymmetry parameter, hQ= (V11–V22)/V33. [d] Isotropic
shift, diso= (d11+d22+d33)/3. [e] Span of the CS tensor, W=d11–d33.
[f] Asymmetry of the CS tensor, k=3(d22–diso)/W. [g] Principal compo-
nents of the CS tensor from least to most shielded: d11�d22�d33.
[h] Euler angles a, b, g for rotation of the EFG principal axis system into
the CS principal axis system.


Figure 3. Static 9Be NMR spectra of a) 1, b) 2, and c) 3 at B0=9.4 T.
Traces: bottom: experimental; middle: simulation including CSA; top:
simulation excluding CSA. Asterisk (*) points out resonance at the iso-
tropic position.
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only the isotropic peaks for each of the distinct carbon envi-
ronments. Analysis of the sideband manifolds in the slow-
spinning (vrot=4.0 kHz) spectrum by the method of Herz-
feld and Berger yields the carbon CS parameters shown in
Table 3. From high to low frequency, the 13C signals are as-
signed to the h1: a- (130.1 ppm), h1: b- (126.0 ppm), h5: b-
(112.0 ppm), h5: a- (110.6 ppm), h5: i- (101.9 ppm) and h1: i-
(C5Me4H)2Be carbons (56.8 ppm); the four remaining peaks
are collectively assigned to the eight methyl groups. These
assignments were based primarily on the values of the CS
parameters (i.e., diso, W and k) of each carbon site. As men-
tioned above, the axial symmetry (k=1) of Cp’ carbon CS
tensors has been shown to arise from time-averaging of the
d11 and d22 components caused by reorientation of the carbo-
cycles,[43,44, 72,73] also in agreement with the observation of a
single 13C NMR resonance for both rings in solution.[37] The
signals at d=112.0 and 110.6 ppm are therefore assigned to
the h5-Cp’ carbon atoms and those at d=130.1 and
126.0 ppm can be attributed to the h1-Cp’ carbon atoms. Dif-
ferentiation of the a and b sites in each of the C5Me4H rings
was accomplished by comparison of experimental values of
W and k with theoretical values obtained from ab initio cal-
culations (Table 3). Based upon 13C/9Be/1H CP/TRAP-
DOR[74] experiments (vide infra) and their chemical shifts
(diso=�100–130 ppm is characteristic of h5-Cp’ carbon
atoms), the signals at d=101.9 and 56.8 ppm are assigned to
the h5 : i-Cp’ and h1: i-Cp’ sites, respectively.


The 13C VT CP/MAS spectra of 1 are shown in Figure 6.
The resonance at diso=108.2 ppm gradually splits into two
peaks upon cooling to �2 8C (diso=110.0 and 106.3 ppm)
and remains as such all the way down to �110 8C. The aver-
age diso of the two peaks found at low temperature is equal
to the isotropic shift of the carbon signal at ambient temper-
ature, being highly indicative of chemical exchange. A de-
tailed analysis of the spectra between the temperatures +3
to �5 8C (see Figure 2 in the Supporting Information for de-
tails) reveals the coalescence point (��1 8C) and activation
energy (Ea=36.9 kJmol�1) for the chemical exchange proc-
ess. The measured Ea for the GinversionH process lies inter-
mediate to values calculated with the PRDDO method
(62.8–129.7 kJmol�1),[17] and those obtained from MD calcu-
lations at 400 K (8 kJmol�1)[36] and 9Be-13C spin–spin cou-
pling in solution 13C VT NMR spectra (5.2 kJmol�1).[31] It is
worth mentioning that although the 13C CP/MAS spectra of
1 at higher temperatures (ca. 40–60 8C) resemble the spec-
trum obtained at ambient temperature, the optimal contact
time was shorter (5 ms) and required the acquisition of
many more transients to achieve reasonable intensity than
spectra at lower temperatures. The apparent loss in cross-
polarization efficiency at higher temperatures may be
caused by increased rates of motion which serve to partially
average 1H–13C dipolar coupling. The effects of chemical ex-
change in the 13C NMR spectra of 1 correlate well with ob-
servations from 9Be VT NMR spectra: as the temperature is
lowered, the time spent by the Be atom at each crystallo-
graphic site increases compared to the time scale of the
NMR experiment, resulting in the observation of a single
Be site. At the same time, the equivalence of the Cp carbons
caused by rapid motion of the Be is nullified and results in


Figure 4. Static 9Be VT NMR spectra of 1 at B0=9.4 T.


Figure 5. 13C CP/MAS NMR spectra of a) 1, b) 2, and c) 3 at different
spinning frequencies. Inset in (c) shows the labeling scheme of the
carbon sites in 3.
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observation of the two nonequivalent Cp rings. However,
the low temperatures employed are insufficient to slow
down the very rapid reorientation of the Cp rings about
their five-fold axes, and therefore, the carbon sites within
each of the Cp rings cannot be differentiated.


13C/9Be/1H VT CP/TRAPDOR NMR experiments were
performed in order to examine the intramolecular dynamics
present in all three compounds. By examining the loss in in-
tensity observed in TRAPDOR spectra, it is possible to de-
termine the presence and relative magnitudes of dipolar
couplings between beryllium and various carbon nuclei. The


13C/9Be/1H CP/TRAPDOR
spectrum of 1 (not shown)
yields an integrated intensity,
including the spinning side-
bands, of 0.7 compared to the
CP/MAS experiment (normal-
ized integrated intensity of 1.0).
Only slight increases in the
TRAPDOR effect were ob-
served upon lowering the tem-
perature, and are not very diag-
nostic in terms of examining
temperature-dependent dynam-
ics.


The 13C/9Be/1H CP/TRAP-
DOR spectrum of 3 is shown in
Figure 7. As expected, the
TRAPDOR effect is most pro-
nounced for the h1: i-Cp’
carbon (marked with *), which
is directly bound to the berylli-
um. Interestingly, the methyl
resonances show a larger de-
crease in intensity under
TRAPDOR conditions than the
aromatic Cp’ carbons; the
origin of this effect is unknown
at this time. VT experiments
(not shown) from 80 8C to
�100 8C do not display any dif-
ferences in the TRAPDOR
effect compared to spectra ac-
quired at ambient temperature.
This suggests that the carbocy-
cles in 3 display relatively little
motion and are rather rigid in
contrast to 1 and 2.


13C/9Be/1H VT CP/TRAP-
DOR experiments for 2 are
shown in Figure 8. At ambient
temperature and higher,
TRAPDOR and control spectra
are almost identical, perhaps in-
dicating little or motionally
averaged 13C–9Be dipolar cou-
pling. Upon cooling, CP condi-
tions change such that the Cp*
and Me resonances quickly di-


minish until reaching �60 8C when both signals can no
longer be detected. With further cooling, the Me and Cp*
peaks slowly reappear with broader linewidths. The width at
half-height (Dv1/2) of the Cp* and Me isotropic peaks
change from 81 and 84 Hz at ambient temperature to 540
and 176 Hz at �100 8C, respectively. The dramatic change in
CP conditions and broad peak widths at lower temperatures
suggest a change in the rate of the Cp* fivefold reorienta-
tion. Furthermore, the significantly increased TRAPDOR
effect at low temperatures indicates an increase in 13C-9Be
dipolar coupling, supporting the notion of decelerating Cp*


Table 3. Experimental and theoretical 13C NMR CS parameters of 3.[a]


Site d11 d22 d33 diso W k
[ppm][b] [ppm] [ppm] [ppm] [ppm] [ppm]


experimental
h5 :a-C5Me4H


[c] 151.6 151.6 28.7 110.6 122.9 1.00
h5 :b-C5Me4H 151.5 151.5 32.9 112.0 118.6 1.00
h5 :i-C5Me4H 153.1 115.4 37.2 101.9 115.9 0.35
h1:a-C5Me4H 212.0 145.6 32.7 130.1 179.3 0.26
h1:b-C5Me4H 204.8 129.8 43.5 126.0 161.3 0.07
h1:i-C5Me4H – – – 56.8 – –


RHF/6–31G**
h5 :a 165.0 125.8 15.2 102.0 149.8 0.48
h5 :b 165.1 130.9 20.1 105.4 145.0 0.53
h5 :i 153.4 91.7 15.3 86.8 138.1 0.11
h1:a 225.6 135.9 16.0 125.8 209.7 0.14
h1:b 206.3 116.9 29.6 117.6 176.7 �0.01
h1:i 73.0 19.3 9.4 33.9 63.6 �0.69


RHF/6–311G**
h5 :a 159.8 117.6 0.5 92.6 159.3 0.47
h5 :b 158.9 122.7 5.4 95.6 153.5 0.53
h5 :i 146.5 80.3 2.7 76.5 143.8 0.08
h1:a 226.5 127.9 1.8 118.8 224.7 0.12
h1:b 206.1 106.3 15.2 109.2 190.9 �0.05
h1:i 61.9 6.9 �3.8 21.7 65.7 �0.67


RHF/6–311+G**
h5 :a 161.1 119.0 1.7 93.9 159.4 0.47
h5 :b 160.4 124.3 6.7 97.1 153.7 0.53
h5 :i 147.5 81.6 3.8 77.6 143.6 0.08
h1: a 227.6 129.5 3.2 120.1 224.4 0.13
h1:b 207.5 108.3 16.5 110.8 191.0 �0.04
h1:i 63.4 8.4 �2.4 23.2 65.8 �0.67


B3LYP/6–31G**
h5 :a 167.1 135.0 34.4 112.1 132.7 0.52
h5 :b 167.9 140.6 40.2 116.2 127.7 0.57
h5 :i 157.7 98.8 29.9 95.5 127.8 0.08
h1:a 210.9 143.8 34.6 129.8 176.2 0.24
h1:b 201.0 133.8 48.0 127.6 153.0 0.12
h1:i 91.7 32.9 26.6 50.4 65.0 �0.81


B3LYP/6–311G**
h5 :a 172.0 134.2 24.3 110.2 147.7 0.49
h5 :b 171.3 140.1 30.7 114.0 140.6 0.56
h5 :i 160.2 94.5 23.6 92.8 136.6 0.04
h1:a 222.3 143.2 25.8 130.5 196.5 0.20
h1:b 210.9 131.4 39.4 127.2 171.6 0.07
h1:i 89.6 27.3 19.1 45.3 70.4 �0.77


B3LYP/6–311+G**
h5 :a 172.9 135.4 25.1 111.1 147.8 0.49
h5 :b 172.7 142.1 30.8 115.2 141.9 0.57
h5 :i 160.3 96.2 24.2 93.5 136.1 0.06
h1:a 223.2 143.7 25.7 130.9 197.6 0.20
h1:b 212.8 132.6 40.7 128.7 172.2 0.07
h1:i 92.7 25.9 18.6 45.7 74.1 �0.80


[a] All CS parameters are defined as in Table 2. [b] Carbon shielding values were converted to shifts by refer-
encing to the carbon shielding of CO as diso=187.1 ppm (see Experimental Section). [c] Labeling Scheme of
carbon sites can be found in inset of Figure 5c.
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ring motion (at �100 8C, the methyl and aromatic Cp* sig-
nals retain about 8% and 46% of their integrated intensity
compared to the control experiment). Variable contact time
experiments (ct=0.1–25.0 ms) were also performed (not
shown) to examine the reason for loss in CP efficiency be-
tween �20 8C and �80 8C, however, spectra displayed no dif-
ference to those shown in Figure 8. The peak at diso=2 ppm,
which becomes more prevalent at lower temperatures, most
likely arises from an impurity in the sample.


Theoretical calculations : Theoretical 9Be CS tensors
(Table 4), obtained from calculations with standard methods


and basis sets show remarkable agreement with experimen-
tal data. In particular, both the RHF and B3LYP methods
perform exceptionally well in calculating diso and W for all
three compounds. The values of k show the largest discrep-
ancy with measured values, however, even those deviations
are minute.


Calculated values of CQ and hQ (Table 5) also show very
good agreement with experimental values. Notably, B3LYP/
6–31G** calculations yield the best agreement with mea-
sured values for 1 and 3, although all other calculations also
perform well. Relatively large deviations are seen for the
calculated CQ and hQ values of 2. These discrepancies are at-
tributed to rapid reorientation of the Cp* rings in 2, which
motionally averages the V33 component of the 9Be EFG
tensor and is unaccounted for in calculations (vide infra).


Not surprisingly, theoretical 9Be EFG and CS tensor ori-
entations do not vary due to the methods and basis set used.
In all three cases the beryllium CS tensor has near-axial
symmetry (1: k=0.83(4); 2 : k=0.86(7); 3 : k=0.85(8)) indi-
cating that the s11 and s22 components are similar in magni-
tude while s33 is distinct. Therefore, s11 and s22 should point
towards similar electronic environments, with s33 assuming
an orientation along a unique symmetry element or molecu-
lar axis. Indeed, s33 points in the general direction of the Cp’
ring centroid for all three compounds, while the s11 and s22


components lie on a plane parallel to the h5-Cp’ moieties
(Figure 9). The 9Be EFG tensors of 1 and 3 are also indica-
tive of high cylindrical ground state electronic symmetry (1:
hQ=0.25(5); 3 : hQ=0.13(7)), consequently, theoretical EFG
tensors have the V33 component aligned toward the Cp’
centroid also. However, the NMR interaction tensors for
both 1 and 3 are not coincident. In 3, V11 and s22 are coinci-
dent, and aV33-Be-s33 and aV22-Be-s11 are equal to 4.38
(Figure 9c); the corresponding Euler angles describing the
relative orientation of the two theoretical tensors are a=


90.08, b=4.38, and g=0.08, in very good agreement with ex-
perimentally measured values (a=908, b=4(2)8, g=08). For
1, V33 and s33 are offset by a V33-Be-s33 angle of 78, while
aV22-Be-s11 and aV11-Be-s22 are both approximately 288


Figure 6. 13C VT CP/MAS spectra employed for calculation of the activa-
tion energy (Ea=36.9 kJmol�1) for Cp ring GinversionH in 1. Expansion of
the isotropic resonances for each of the spectra are shown on the right.


Figure 7. 13C/9Be/1H CP/TRAPDOR spectra of 3 ; asterisk (*) marks the
h1:i-C5Me4H carbon resonance.


Figure 8. 13C/9Be/1H VT CP/TRAPDOR spectra of 2. Variable contact
time experiments display no difference compared to the spectra shown.
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apart (Figure 9a); the theoretical Euler angles obtained are
a=3.88, b=7.08 and g=57.98. These stand in contrast to the
relative orientation measured experimentally; however, one
must bear in mind that simulation parameters extracted
from NMR spectra are from a motionally averaged structure
wherein different intramolecular dynamic processes obvi-


ously affect the NMR interac-
tions observed, whereas theo-
retical results are derived from
purely stationary structures.
Furthermore, since both the ex-
perimental 9Be EFG and CS
tensors are axial, and the mag-
nitudes of both the span and
quadrupolar interaction result
in rather small anisotropic fre-
quency spreads, the relative ori-
entation of the lesser compo-
nents (Vii and dii ; i=1, 2) with
respect to each other is of
minor influence and observa-
tions show misalignment only
between V33 and d33 (a=08, b=
38(5)8, g=08).


The theoretical 9Be EFG
tensor of 2 takes on a very dis-
tinct orientation compared to
those of 1 and 3 as shown in
Figure 9b. In particular, the
plane in which V22, V33 and the
Be atom lie makes an angle of
468 with s22, while V11 approxi-
mately bisects the angle be-
tween s11 and s22. The corre-
sponding Euler angles relating
the orientation of the EFG and
CS tensors are a=89.38, b=


29.88 and g=46.98. Simulations
of the static 9Be NMR spectrum
of 2 using the theoretical Euler
angles provide very good agree-
ment; in fact, the experimental
values (a=908, b=288, g=448)
were arrived at by only minor
refinement of the calculated
values. As in the case of
[Cp2Mg],[43] offset of V33 from
the Cp* centroid suggests slight
distortions in the spherical/cy-
lindrical ground state symmetry
of the molecule. Indeed, the
crystal structure of 2[37] reveals
that the [Cp*


2 Be] unit has Ci


rather than D5d symmetry. For
2, the V33 component tilts to-
wards the two Cp* carbon
atoms which lie farthest from
the Be (Be�C distances range
from 1.969 to 2.114 .). Because


of the misalignment of V33 from the ring centroid, fivefold
reorientation of the Cp* rings reduces CQ(


9Be) so that only
an average value is detected, in contrast to the values ob-
tained from calculations.


To further explore the effects upon the 9Be NMR interac-
tion tensors from movement of the Be atom between the


Table 4. Experimental and theoretical beryllium chemical shift tensors.


Source d11 d22 d33 diso W k
[ppm][a] [ppm] [ppm] [ppm] [ppm]


[Cp2Be]
experimental 2.5 �3.0 �62.5 �21(1) 65(2) 0.83(4)
RHF/6–31G** 4.7 2.8 �62.3 �18.3 67.0 0.94
RHF/6–311G** 4.2 2.5 �64.0 �19.1 68.1 0.95
RHF/6–311+G** 4.7 2.7 �63.9 �18.8 68.6 0.94
B3LYP/6–31G** 3.8 1.4 �62.0 �18.9 65.8 0.93
B3LYP/6–311G** 3.3 1.5 �64.5 �19.9 67.8 0.95
B3LYP/6–311+G** 3.3 1.4 �64.5 �19.9 67.8 0.95


[Cp*
2 Be]


experimental �4.8 �8.6 �59.8 �24.4(7) 55(5) 0.86(7)
RHF/6–31G** �8.9 �9.3 �65.0 �27.7 56.1 0.98
RHF/6–311G** �13.4 �13.7 �68.3 �31.8 54.9 0.99
RHF/6–311+G** �13.1 �13.5 �68.2 �31.6 55.1 0.99
B3LYP/6–31G** 2.4 1.6 �51.2 �15.8 53.6 0.97
B3LYP/6–311G** �2.1 �2.7 �54.2 �19.7 52.0 0.98
B3LYP/6–311+G** 1.2 �1.2 �53.0 �17.7 54.1 0.91


[(C5Me4H)2Be]
experimental �0.5 �4.5 �54.5 �19.8(5) 54(4) 0.85(8)
RHF/6–31G** 1.8 �2.8 �54.0 �18.4 55.8 0.83
RHF/6–311G** 0.9 �3.0 �55.8 �19.3 56.6 0.86
RHF/6–311+G** 1.2 �2.8 �55.5 �19.0 56.7 0.86
B3LYP/6–31G** 1.5 �3.2 �53.0 �18.2 54.5 0.83
B3LYP/6–311G** 0.8 �3.3 �55.5 �19.3 56.3 0.86
B3LYP/6–311+G** 1.7 �3.2 �55.2 �18.9 56.8 0.83


[a] Absolute chemical shielding values were converted to chemical shifts with the formula sref�ssample, where
sref is the absolute chemical shielding of [Be(H2O)4]


2+ (see Experimental Section).


Table 5. Experimental and theoretical 9Be EFG parameters.


Source V11 V22 V33 jCQ j hQ


[a.u.][a] [a.u.] [a.u.] [MHz]


[Cp2Be]
experimental – – – 0.41(2) 0.25(5)
RHF/6–31G** �0.0129 �0.0182 0.0311 0.39 0.17
RHF/6–311G** �0.0092 �0.0148 0.0240 0.30 0.23
RHF/6–311+G** �0.0093 �0.0148 0.0241 0.30 0.23
B3LYP/6–31G** �0.0125 �0.0205 0.0330 0.41 0.24
B3LYP/6–311G** �0.0103 �0.0193 0.0296 0.37 0.30
B3LYP/6–311+G** �0.0104 �0.0192 0.0296 0.37 0.30


[Cp*
2 Be]


experimental – – – 0.23(2) 0.55(5)
RHF/6–31G** 0.0102 0.0263 �0.0364 0.45 0.44
RHF/6–311G** 0.0155 0.0308 �0.0464 0.58 0.33
RHF/6–311+G** 0.0155 0.0309 �0.0464 0.58 0.33
B3LYP/6–31G** 0.0103 0.0245 �0.0349 0.43 0.41
B3LYP/6–311G** 0.0164 0.0307 �0.0470 0.59 0.30
B3LYP/6–311+G** 0.0163 0.0306 �0.0469 0.58 0.30


[(C5Me4H)2Be]
experimental – – – 0.61(5) 0.13(7)
RHF/6–31G** �0.0270 �0.0315 0.0585 0.73 0.08
RHF/6–311G** �0.0270 �0.0290 0.0559 0.70 0.04
RHF/6–311+G** �0.0268 �0.0296 0.0563 0.70 0.05
B3LYP/6–31G** �0.0235 �0.0306 0.0541 0.67 0.13
B3LYP/6–311G** �0.0269 �0.0301 0.0571 0.71 0.06
B3LYP/6–311+G** �0.0267 �0.0308 0.0574 0.72 0.07


[a] Vii are the principal components of the EFG tensor, where jV33 j� jV22 j� jV11 j .
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two half-occupied crystallographic sites of [Cp2Be], a series
of B3LYP/6–311G** calculations were performed attempt-
ing to simulate the suspected “inversion” process or “shut-
tling” motion of the Be atom. For each calculation, the Be
atom was positioned at a different distance (a multiple of
1/8 of the total distance between the two crystallographic Be
sites) along a straight line which joins the two crystallo-
graphic Be sites in the low-temperature structure. Calcula-
tions for five different Be positions were done in total, be-
ginning at one of the crystallographic sites and ending at the
midpoint between the two crystallographic sites (hitherto re-
ferred to as the “midpoint”); the remaining points on the
other side of the midpoint were assumed to be equivalent to
those calculated. The calculated 9Be NMR parameters at
each of the points are shown in Table 6, where the Be posi-
tions are labeled by their distance from the midpoint, that
is, the 0.652 . site is the crystallographic site. According to
calculations, the “inversion” process has a classical energy
barrier of 11.07 kJmol�1 with the lowest and highest ener-
gies found for 0.489 . and the midpoint, respectively. The
calculated barrier is comparable to values determined from
MD calculations (8 kJmol�1)[36] and solution 13C VT NMR
spectroscopy (5.2 kJmol�1).[31] Variation of the self-consis-
tent field energy along the reaction coordinate can be fit to
the function f(r)=A + Bcos2(r)+Ccos4(r)+Dcos6(r) within
the range r=0.652 to �0.652 ., where r is the distance from
the midpoint, A=212.1(1.7), B=�645.9(6.3), C=602.0(7.8)
and D=�157.2(3.2). The expectation value for r is 0.5996 .


as opposed to the lowest energy position which lies 0.4894 .
from the midpoint. If the trends observed from calculations
are representative of the solid-state “inversion” barrier, the
beryllium in [Cp2Be] would be undergoing hindered passage
between the two half-occupied sites, spending the majority
of the time approximately 0.052 . from each of the crystal-
lographic sites.


In addition, according to calculations the 9Be NMR inter-
actions are also expected to vary because of the “inversion”
process (Table 6, see Figure 3 in the Supporting Information
for details). In moving from one of the crystallographic sites
to the other, CQ(


9Be) and hQ vary within the ranges 0.49–
1.58 MHz and 0.05–0.77, respectively, being greatest at the
midpoint in both cases. Similarly, in going from 0.652 . to
the midpoint, k increases to 0.976 from 0.924, while W


varies by merely 2.46 ppm. As discussed above, the Be atom
spends most of its time at or near the crystallographic sites
rather than at the midpoint, explaining why NMR parame-
ters calculated using the atomic positions from the crystal
structure display such good agreement with experimental
values. Thus, the observed 9Be NMR signal arises almost en-
tirely from beryllium occupying the crystallographic sites (or
nearby positions). The orientation of both the theoretical
9Be EFG and CS tensors display little variation along the
chosen Be atom trajectory.


Conclusion


Through a combination of solid-state 9Be and 13C NMR
spectroscopy, X-ray diffraction and molecular orbital calcu-
lations, the relationships between anisotropic NMR interac-
tions and molecular structure and dynamics in [Cp2Be],
[Cp*


2 Be] and [(C5Me4H)2Be] are elucidated. Notably, param-
eters measured by solid-state MAS and static 9Be NMR ex-
periments are correlated with molecular structure, which
confirm geometries measured by X-ray diffraction: 1)
CQ(


9Be) increases in magnitude as the degree of spherical
symmetry about the Be nuclei decreases, 2) large beryllium
chemical shift anisotropies which are comparable to the
entire known beryllium chemical shift range are consistent
with p–p bonding to Cp’ moieties, and 3) the isotropic 9Be


Figure 9. Theoretical 9Be EFG and CS tensors of a) 1 (top and side view
of molecule), b) 2 (top and side view of molecule), and c) 3. Methyl hy-
drogen atoms have been omitted in 2 and 3 for clarity.


Table 6. Theoretical (B3LYP/6–311G**) 9Be EFG and CS parameters at dif-
ferent beryllium stationary points along the reaction coordinates of the Ginver-
sionH process.


Parameter Absolute distance from center position [.]


0.000 0.163 0.326 0.489 0.652
jCQ j
[MHz]


1.58 1.48 1.21 0.83 0.49


hQ 0.77 0.74 0.63 0.39 0.05
V11 [a.u.] �0.014539 �0.015539 �0.017930 �0.020133 �0.018486
V22 [a.u.] �0.112587 �0.103642 �0.079196 �0.046134 �0.020617
V33 [a.u.] 0.127126 0.119180 0.097126 0.066267 0.039103
diso [ppm] �22.99 �22.79 �22.22 �21.24 �19.62
W [ppm] 67.96 67.35 66.11 65.50 66.95
k 0.976 0.976 0.974 0.961 0.924
d11 [ppm] �0.06 �0.07 0.11 1.02 3.55
d22 [ppm] �0.89 �0.89 �0.77 �0.26 0.99
d33 [ppm] �68.02 �67.42 �66.00 �64.48 �63.40
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chemical shift increases as the overall hapticity is decreased,
that is, diso increases in the order: [Cp*


2 Be] (h5,h5), [Cp0
2Be]


(h5,h1�3), and [(C5Me4H)2Be] (h
5,h1). On the other hand, var-


iable-temperature NMR experiments allow examination of
intramolecular dynamics: VT 9Be NMR experiments reveal
that a small portion of [Cp2Be] molecules undergo rapid iso-
tropic motion even at ambient temperature and that
[Cp*


2 Be] and [(C5Me4H)2Be] undergo relatively small varia-
tion in their molecular geometries with changing tempera-
ture. 13C VT CP/MAS NMR spectra of [Cp2Be] reveal
chemical exchange, indicating that the hapticities of the Cp
rings are GinvertedH through the motion of the beryllium
atom between the crystallographically equivalent sites; the
activation energy associated with this GinversionH process is
measured to be 36.9 kJmol�1. In the case of [Cp*


2 Be],
13C/


9Be/1H VT CP/TRAPDOR spectra show dramatic changes
upon cooling, which indicate a slowing down of the fivefold
reorientation of the Cp* ring.


Ab initio (RHF) and hybrid density functional theory
(B3LYP) calculations yield excellent agreement with experi-
mental NMR interaction parameters. In combination with
experimental data, theoretical calculations give a particular-
ly good indication as to the equilibrium geometry found in
the condensed phase of [Cp2Be], namely, that the Be atom
spends most of its time located at one of the two related
crystallographic sites and a relatively insignificant amount of
time in transit. Theoretical calculations aid in determining
the orientation of anisotropic NMR interaction tensors in
the molecular frame, which further correlates NMR parame-
ters with molecular structure. We hope to have shown that
solid-state NMR spectroscopy is an excellent complimentary
technique to X-ray diffraction for confirming molecular
symmetry, rapid checking of sample purity, relating magnet-
ic shielding tensors to molecular structure and enabling the
observation of unique solid-state intramolecular dynamics.


Experimental Section


Compounds 1–3 were prepared using literature procedures.[3,37] CAU-
TION: Extreme care must be taken in dealing with beryllium compounds
because they are very toxic and can cause serious irreversible effects.


X-ray crystallography : Crystalline samples of each of the beryllocenes
were obtained by cooling saturated pentane solutions of the compounds
to �30 8C. In a glove box containing a dry N2 atmosphere, the data crys-
tals were selected and mounted in thin-walled glass capillaries, which
were subsequently flame-sealed. The sealed capillaries were affixed to
brass specimen pins using epoxy. A Kryo-Flex low temperature device
was used for low-temperature experiments. Note that the same crystal of
[Cp2Be] was used to collect data at both 20 8C and �100 8C. The data
were collected on a Bruker APEX CCD diffractometer using a graphite
monochromator with MoKa radiation (l=0.71069 .). A hemisphere of
data was collected using a counting time of 30 s per frame. Details of
crystal data, data collection and structure refinement are listed in
Table 1. Data reduction was performed by using the SAINT software[75]


and the data were corrected for Lorentz, polarization and absorption ef-
fects using the SAINT and SADABS programs. The structures were
solved by direct methods using SIR97[76] and refined by full-matrix least-
squares on F2 with anisotropic displacement parameters for the non-H
atoms using SHELXL-97.[77] Neutral atom scattering factors and values
used to calculate the linear absorption coefficient are from the Interna-
tional Tables for X-ray Crystallography (1992).[78] Hydrogen atoms were
placed in calculated positions and were assigned coupled isotropic tem-


perature factors using an appropriate riding model.[79] CCDC-234475–
CCDC-234478 contain the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge CB21EZ, UK; fax:
(+44)1223-336-033; or deposit@ccdc.cam.ac.uk).


Solid-state NMR spectroscopy: 9Be and 13C NMR spectra were acquired
on a Varian Infinity Plus NMR spectrometer with an Oxford B0=9.4 T
(v0(


1H)=400 MHz) wide bore magnet operating at v0(
9Be)=56.2 MHz


and v0(
13C)=100.5 MHz. Samples were finely powdered and packed


under a nitrogen atmosphere into 4 mm outer diameter ZrO2 rotors.


Central transition selective p/2 pulse widths of 0.67, 1.0, and 2.2 ms with
rf fields of v1=62.5, 41.7, and 56.8 kHz, spectral widths (sw) of 40, 40,
and 20 kHz, and recycle delays of 2.1, 10, and 20 s were employed, re-
spectively, for the static 9Be NMR spectra of 1–3. The 9Be MAS spectrum
of 3 was acquired with the same parameters as the static spectrum but
with a 10 kHz spectral window. For the 9Be SATRAS spectra of 1 and 2,
central transition selective p/2 pulse widths of 1.5 and 2.25 ms with rf
fields of v1=90.9 and 55.6 kHz and recycle delays of 4 and 15 s were em-
ployed, respectively.


The 13C{1H} CP/MAS spectra of 1 were acquired at vrot=1415 and
4500 Hz with a proton p/2 pulse of 5.5 ms, contact time (ct) of 15 ms, sw=


40 kHz and recycle delay of 10 s; for 2 : vrot=1040 and 3500 Hz, proton
p/2 pulse=2.75 ms, ct=9 ms, sw=50 kHz and recycle delay=15 s, while
for 3 : vrot=4000 and 15000 Hz, proton p/2 pulse=4.5 ms, ct=15 ms, sw=


50 kHz and recycle delay=20 s. Variable-temperature (VT) 13C/9Be/1H
CP/TRAPDOR (TRAnsfer of Populations in DOuble Resonance) ex-
periments on all three species were recorded in a similar fashion as CP/
MAS spectra with additional on-resonance irradiation of beryllium nuclei
over one rotor period with rf fields of about 30, 40, and 60 kHz for 1–3.


Central transition selective pulse widths are non-selective pulse widths
which have been scaled by a factor of (I + 1/2)�1. Beryllium chemical
shifts were referenced to a concentrated aqueous solution of BeCl2 (diso=


0.0 ppm); carbon shifts are reported with respect to the Si(CH3)4 scale
(diso=0.0 ppm) by setting the chemical shift of the adamantane high-fre-
quency resonance to 38.57 ppm. Variable-temperature experiments were
performed within a temperature range of 110 8C to �120 8C with an accu-
racy of �1 8C at the extremes.


Spectral simulations : Analytical simulations of 9Be static and MAS NMR
spectra were performed with the WSOLIDS software package written
and developed by K. Eichele in R. E. WasylishenHs laboratory at Dalhou-
sie University. Further refinement of quadrupolar parameters for the
SATRAS NMR spectra of 1 and 2 was obtained by numerical simulations
with the SIMPSON software package.[80] SIMPSON simulations were ac-
complished by the direct method of powder averaging using the zcw4180
crystal file provided with the package. The gamma angles parameter was
set to (sw/vrot), where sw is the spectral width and vrot is the rate of spin-
ning; in the case of 2, sw had to be increased to 301.5 kHz to accommo-
date the equation for the gamma angles. The start and detect operators
were set to I1z and I1p, respectively, while all other parameters were set
equal to those employed experimentally. Simulated spectra were saved in
ASCII format as free induction decay (FID) files without any mathemati-
cal manipulation and converted to files readable by the NUTS (Acorn
NMR) software for further processing. Best-fit spectra were obtained by
comparison of root-mean-square difference spectra, and experimental
errors for the extracted NMR parameters were determined by bidirec-
tional variation. All experimental carbon chemical shift tensors were ob-
tained by analysis of 13C NMR spectra with the method of Herzfeld and
Berger.[81,82]


Conventions used for the specification of electric field gradient and
chemical shift parameters differ between the WSOLIDS and SIMPSON
simulation programs, and therefore, the reader is alerted to these differ-
ences. Whereas WSOLIDS uses the right-handed EFG and chemical
shift tensors given by (jVzz j� jVyy j� jVxx j ; CQ=eVzzQh�1; hQ=


(Vxx�Vyy)/Vzz) and (d11�d22�d33; W=d11�d33 ; k=3(d22�diso)/W), respec-
tively, the conventions employed in SIMPSON differ (jVzz j� jVxx j�
jVyy j ; CQ=eVzzQh�1; hQ= (Vyy�Vxx)/Vzz ; jdzz�diso j� jdxx�diso j� jdyy�
diso j ; d=dzz�diso ; k= (dyy�dxx)/d). In cases where the chemical shift and
EFG tensors do not coincide, Euler angles are implemented to describe
their relative orientation. One must be cautious in selecting Euler angles
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appropriate to the convention implemented within the simulation soft-
ware. The WSOLIDS conventions are followed in the present work.
Namely, the Euler angles a, b, and c are employed for unitary transfor-
mations in the order Rz’’(c)Ry’(b)Rz(a),


[83,84] where Ri(q) performs a
counter-clockwise (positive) rotation about the positive i axis by angle q,
producing a new rotation axis i’, such that a coordinate system initially
coincident with the EFG principal axis system (PAS) ends up coincident
with the chemical shift PAS after the transformation (i.e., an active trans-
formation).


Theoretical calculations : Calculations of EFG and chemical shielding
tensors were performed using Gaussian 98[85] on a Dell Precision 420
workstation with dual 733 MHz Pentium III processors running the Red
Hat Linux 6.2 operating system. Calculations were done on isolated mol-
ecules with molecular coordinates obtained from the crystal structures re-
solved by X-ray diffraction.[32,37] Computations were carried out using re-
stricted Hartree–Fock (RHF) and hybrid density functional theory
(DFT) with the B3LYP functional,[86–88] and the 6–31G**, 6–311G** and
6–311+G** basis sets for all nuclei. Quadrupole coupling constants (CQ)
were converted from atomic units (a.u.) to MHz by multiplying the larg-
est component of the EFG tensor, V33, by eQh�1R9.71736R1021 Vm�2,
where Q (9Be)=5.3R10�30 m2,[52,53] and e=1.602188R10�19 C. Chemical
shielding tensors were calculated using the GIAO method[89,90] excluding
relativistic effects. Calculated beryllium shielding data was referenced by
setting the theoretical isotropic chemical shielding of [Be(H2O)4]


2+ to
diso=0.0 ppm. Similarly, carbon CS tensors were referenced to the theo-
retical shielding of CO as a secondary reference by subtracting the theo-
retical shielding data of the compound from that of CO (calculated with
the corresponding theoretical method and basis set) and then adding
diso(CO)=187.1 ppm.[91]


Acknowledgement


This research was funded by Imperial Oil and the Natural Sciences and
Engineering Research Council (NSERC - Canada). R.W.S. is also grate-
ful to the Canadian Foundation for Innovation (CFI), the Ontario Inno-
vation Trust (OIT), and the University of Windsor for providing funding
for equipment in the Solid-State Laboratories at the University of Wind-
sor, including the Solid-State NMR Facility and X-ray diffractometers.
I.H. thanks the Centre for Catalysis and Materials Research (CCMR) at
the University of Windsor for a graduate research scholarship.


[1] E. O. Fischer, H. P. Hofmann, Chem. Ber. 1959, 92, 482.
[2] H. P. Fritz, R. Schneider, Chem. Ber. 1960, 93, 1171.
[3] H. P. Fritz, Chem. Ber. 1959, 92, 780.
[4] A. Almenningen, O. Bastiansen, A. Haaland, J. Chem. Phys. 1964,


40, 3434.
[5] M. Sundbom, Acta Chem. Scand. 1966, 20, 1608.
[6] G. B. McVicker, G. L. Morgan, Spectrochimica Acta Part A 1970, 26,


23.
[7] H. P. Fritz, D. Sellmann, J. Organomet. Chem. 1966, 5, 501.
[8] O. Y. Lopatko, N. M. Klimenko, M. E. Dyatkina, J. Struct. Chem.


1972, 13, 1044.
[9] S. P. Ionov, G. V. Ionova, Izvestiia Akademii nauk SSR, Seriia Khi-


miia 1970, 2836.
[10] C.-H. Wong, T.-Y. Lee, K.-J. Chao, S. Lee, Acta Crystallogr. Sect. B


1972, 28, 1662.
[11] D. A. Drew, A. Haaland, Acta Crystallogr. Sect. B 1972, 28, 3671.
[12] C.-H. Wong, K. J. Chao, C. Chih, T. Y. Lee, J. Chin. Chem. Soc.


1969, 16, 15.
[13] C. Wong, T. Y. Lee, T. J. Lee, T. W. Chang, C. S. Liu, Inorg. Nucl.


Chem. Lett. 1973, 9, 667.
[14] G. L. Morgan, G. B. McVicker, J. Am. Chem. Soc. 1968, 90, 2789.
[15] C.-H. Wong, S.-M. Wang, Inorg. Nucl. Chem. Lett. 1975, 11, 677.
[16] J. B. Collins, P. V. R. Schleyer, Inorg. Chem. 1977, 16, 152.
[17] D. S. Marynick, J. Am. Chem. Soc. 1977, 99, 1436.
[18] C.-S. Liu, J. Chin. Chem. Soc. 1977, 24, 79.
[19] J. Demuynck, M. M. Rohmer, Chem. Phys. Lett. 1978, 54, 567.
[20] M. J. S. Dewar, H. S. Rzepa, J. Am. Chem. Soc. 1978, 100, 777.


[21] N.-S. Chiu, L. Schaefer, J. Am. Chem. Soc. 1978, 100, 2604.
[22] E. D. Jemmis, S. Alexandratos, P. v. R. Schleyer, A. Streitwieser, Jr.,


H. F. Schaefer, III, J. Am. Chem. Soc. 1978, 100, 5695.
[23] O. P. Charkin, A. Veillard, J. Demuynck, M. M. Rohmer, Koord.


Khim. 1979, 5, 501.
[24] R. Gleiter, M. C. Boehm, A. Haaland, R. Johansen, J. Lusztyk, J.


Organomet. Chem. 1979, 170, 285.
[25] C. Glidewell, J. Organomet. Chem. 1981, 217, 273.
[26] L. A. Gribov, M. M. Raikhshtat, V. V. Zhogina, Koord. Khim. 1988,


14, 1368.
[27] J. Lusztyk, K. B. Starowieyski, J. Organomet. Chem. 1979, 170, 293.
[28] S. J. Pratten, M. K. Cooper, M. J. Aroney, Polyhedron 1984, 3, 1347.
[29] S. J. Pratten, M. K. Cooper, M. J. Aroney, S. W. Filipczuk, J. Chem.


Soc. Dalton Trans. 1985, 1761.
[30] K. W. Nugent, J. K. Beattie, J. Chem. Soc. Chem. Commun. 1986,


186.
[31] K. W. Nugent, J. K. Beattie, L. D. Field, J. Phys. Chem. 1989, 93,


5371.
[32] K. W. Nugent, J. K. Beattie, T. W. Hambley, M. R. Snow, Aust. J.


Chem. 1984, 37, 1601.
[33] K. W. Nugent, J. K. Beattie, Inorg. Chem. 1988, 27, 4269.
[34] R. Car, M. Parrinello, Phys. Rev. Lett. 1985, 55, 2471.
[35] P. Margl, K. Schwarz, P. E. Bloechl, J. Am. Chem. Soc. 1994, 116,


11177.
[36] P. Margl, K. Schwarz, P. E. Blochl, J. Chem. Phys. 1995, 103, 683.
[37] M. D. Conejo, R. Fernandez, E. Gutierrez-Puebla, A. Monge, C.


Ruiz, E. Carmona, Angew. Chem. 2000, 112, 2025; Angew. Chem.
Int. Ed. 2000, 39, 1949.


[38] M. D. Conejo, R. Fernandez, D. del Rio, E. Carmona, A. Monge, C.
Ruiz, Chem. Commun. 2002, 2916.


[39] M. D. Conejo, R. Fernandez, D. del Rio, E. Carmona, A. Monge, C.
Ruiz, A. M. Marquez, J. F. Sanz, Chem. Eur. J. 2003, 9, 4452.


[40] M. D. Conejo, R. Fernandez, E. Carmona, E. Gutierrez-Puebla, A.
Monge, Organometallics 2001, 20, 2434.


[41] M. D. Conejo, R. Fernandez, E. Carmona, R. A. Andersen, E. Gu-
tierrez-Puebla, M. A. Monge, Chem. Eur. J. 2003, 9, 4462.


[42] D. L. Bryce, R. E. Wasylishen, J. Phys. Chem. A 1999, 103, 7364.
[43] I. Hung, R. W. Schurko, Solid State Nucl. Magn. Reson. 2003, 24, 78.
[44] R. W. Schurko, I. Hung, C. L. B. Macdonald, A. H. Cowley, J. Am.


Chem. Soc. 2002, 124, 13204.
[45] R. W. Schurko, I. Hung, S. Schauff, C. L. B. Macdonald, A. H.


Cowley, J. Phys. Chem. A 2002, 106, 10096.
[46] D. Johnels, B. A. , U. Edlund, Magn. Reson. Chem. 1998, 36, S151.
[47] T. Pietrass, P. K. Burkert, Inorg. Chim. Acta 1993, 207, 253.
[48] C. Janiak, H. Schumann, C. Stader, B. Wrackmeyer, J. J. Zuckerman,


Chem. Ber. 1988, 121, 1745.
[49] B. Wrackmeyer, E. Kupce, G. Kehr, A. Sebald, Magn. Reson. Chem.


1992, 30, 964.
[50] H. W. Spiess, H. Haas, H. Hartmann, J. Chem. Phys. 1969, 50, 3057.
[51] J. M. Keates, G. A. Lawless, Organometallics 1997, 16, 2842.
[52] D. Sundholm, J. Olsen, Chem. Phys. Lett. 1991, 177, 91.
[53] P. Pyykko, Z. Naturforsch. Teil. A 1992, 47, 189.
[54] L. C. Brown, D. Williams, J. Chem. Phys. 1956, 24, 751.
[55] J. F. Hon, Phys. Rev. 1961, 124, 1368.
[56] G. J. Troup, J. Walter, J. Nucl. Mater. 1964, 14, 272.
[57] H. L. Reaves, T. E. Gilmer, Jr., J. Chem. Phys. 1965, 42, 4138.
[58] R. Blinc, J. Slak, J. Stepisnik, J. Chem. Phys. 1971, 55, 4848.
[59] W. J. Dell, R. V. Mulkern, P. J. Bray, M. J. Weber, S. A. Brawer,


Phys. Rev. B 1985, 31, 2624.
[60] E. T. Ahrens, P. C. Hammel, R. H. Heffner, A. P. Reyes, J. L. Smith,


W. G. Clark, Phys. Rev. B 1993, 48, 6691.
[61] T. H. Yeom, A. R. Lim, S. H. Choh, K. S. Hong, Y. M. Yu, J. Phys.


Condens. Matter 1995, 7, 6117.
[62] J. Skibsted, P. Norby, H. Bildsoe, H. J. Jakobsen, Solid State Nucl.


Magn. Reson. 1995, 5, 239.
[63] V. D. Kodibagkar, P. A. Fedders, C. D. Browning, R. C. Bowman, Jr.,


N. L. Adolphi, M. S. Conradi, Phys. Rev. B 2003, 67, Art. no.
045107.


[64] D. A. Drew, G. L. Morgan, Inorg. Chem. 1977, 16, 1704.
[65] M. Kanakubo, H. Ikeuchi, G. P. Sato, Faraday Trans. 1998, 94, 3237.
[66] D. A. Saulys, D. R. Powell, Organometallics 2003, 22, 407.
[67] R. A. Kovar, G. L. Morgan, J. Am. Chem. Soc. 1970, 92, 5067.


K 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5923 – 59355934


FULL PAPER R. W. Schurko et al.



www.chemeurj.org





[68] D. F. Gaines, K. M. Coleson, D. F. Hillenbrand, J. Magn. Reson.
1981, 44, 84.


[69] A. Almenningen, A. Haaland, J. Lusztyk, J. Organomet. Chem.
1979, 170, 271.


[70] T. P. Das, E. L. Hahn, Nuclear Quadrupole Resonance Spectroscopy,
Academic Press, New York, 1958.


[71] E. A. C. Lucken, Nuclear Quadrupole Coupling Constants, Academ-
ic Press, New York, 1969.


[72] D. E. Wemmer, D. J. Ruben, A. Pines, J. Am. Chem. Soc. 1981, 103,
28.


[73] D. E. Wemmer, A. Pines, J. Am. Chem. Soc. 1981, 103, 34.
[74] C. P. Grey, A. J. Vega, J. Am. Chem. Soc. 1995, 117, 8232.
[75] Bruker AXS, Inc., Madison, WI, 2001.
[76] A. Altomare, M. C. Burla, M. Camalli, B. Carrozzini, G. L. Cascara-


no, C. Giacovazzo, A. Guagliardi, A. G. G. Moliterni, G. Polidori, R.
Rizzi, J. Appl. Crystallogr. 1999, 32, 115.


[77] G. M. Sheldrick, Program for the Refinement of Crystal Structures,
University of Gottingen, Germany, 1997.


[78] International Tables for X-ray Crystallography, Vol. C (Ed.: A. J. C.
Wilson), Kluwer Academic Press, Boston, 1992, Tables 4.2.6.8 and
6.1.1.4.


[79] G. M. Sheldrick, Version 6.10 ed., Bruker AXS, Inc., Madison, WI,
1994.


[80] M. Bak, J. T. Rasmussen, N. C. Nielsen, J. Magn. Reson. 2000, 147,
296.


[81] M. M. Maricq, J. S. Waugh, J. Chem. Phys. 1979, 70, 3300.
[82] J. Herzfeld, A. E. Berger, J. Chem. Phys. 1980, 73, 6021.


[83] M. Mehring, Principles of High Resolution NMR in Solids, Springer,
New York, 1983.


[84] R. N. Zare, Angular Momentum: Understanding Spatial Aspects in
Chemistry and Physics, Wiley, Toronto, 1988.


[85] Gaussian 98, Revision A.9, M. J. Frisch, G. W. Trucks, H. B. Schlegel,
G. E. Scuseria, M. A. Robb, J. R. Cheeseman, V. G. Zakrzewski, J.
Montgomery, J. A., R. E. Stratmann, J. C. Burant, S. Dapprich, J. M.
Millam, A. D. Daniels, K. N. Kudin, M. C. Strain, O. Farkas, J.
Tomasi, V. Barone, M. Cossi, R. Cammi, B. Mennucci, C. Pomelli,
C. Adamo, S. Clifford, J. Ochterski, G. A. Petersson, P. Y. Ayala, Q.
Cui, K. Morokuma, D. K. Malick, A. D. Rabuck, K. Raghavachari,
J. B. Foresman, J. Cioslowski, J. V. Ortiz, A. G. Baboul, B. B. Stefa-
nov, G. Liu, A. Liashenko, P. Piskorz, I. Komaromi, R. Gomperts,
R. L. Martin, D. J. Fox, T. Keith, M. A. Al-Laham, C. Y. Peng, A.
Nanayakkara, M. Challacombe, P. M. W. Gill, B. Johnson, W. Chen,
M. W. Wong, J. L. Andres, C. Gonzalez, M. Head-Gordon, E. S. Re-
plogle, J. A. Pople, Gaussian, Pittsburgh, PA, 1998.


[86] A. D. Becke, Phys. Rev. A 1988, 38, 3098.
[87] C. Lee, W. Yang, R. G. Parr, Phys. Rev. B 1988, 37, 785.
[88] A. D. Becke, J. Chem. Phys. 1993, 98, 5648.
[89] R. Ditchfield, Molecul. Phys. 1974, 27, 789.
[90] K. Wolinski, J. F. Hinton, P. Pulay, J. Am. Chem. Soc. 1990, 112,


8251.
[91] A. K. Jameson, C. J. Jameson, Chem. Phys. Lett. 1987, 134, 461.


Received: April 26, 2004
Published online: October 14, 2004


Chem. Eur. J. 2004, 10, 5923 – 5935 www.chemeurj.org K 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5935


Homoleptic Beryllocenes 5923 – 5935



www.chemeurj.org






Characterization of Isolated Ga2 Molecules by Resonance Raman
Spectroscopy and Variations of Ga�Ga Bonding


Hans-Jçrg Himmel* and Benjamin Gaertner[a]


Introduction


There is something special about the Ga�Ga bond. In solid
a-Ga metal, for example, Ga2 pairs seem to be present, and
the shortest Ga�Ga distances are 248.2 pm.[1,2] On this basis,
the a-Ga modification has been described as a “molecular
structure” with Ga2 dumbbells as covalently bonded central
molecular units.[2] It has been argued by von Schnering and
Nesper, however, that there is more “quasi-localized” bond-
ing in the structure, and that a-Ga can also be understood
as an inorganic polymer.[1] As a consequence of the presence
of the Ga2 dumbbells, the Raman spectrum of solid gallium
shows a strong signal at 246 cm�1 which was assigned to the
symmetric ag combination of the stretching vibrations from
two Ga2 units.


[3] There is some indication of the coexistence
of monoatomic and diatomic molecular fluid character in
liquid gallium.[4] A Ga2 unit (Ga�Ga 233 pm) was also
found in the center of the metalloid cluster compound
[Ga84{N(SiMe3)2}20]


4�.[5] All these results show that Ga2 is an
important building block, and have stimulated interest in
the properties exhibited by a direct Ga�Ga bond.
Several molecules featuring a direct Ga�Ga bond are


now known, and examples include molecules with a Ga�Ga
single bond. Thus, the [Ga2Cl6]


2� ions in Li2[Ga2Cl6]
[6] or


Ga2[Ga2I6]
[7] are formally valence-isoelectronic with per-


chloroethane, C2Cl6, and exhibit Ga�Ga bonds the lengths
of which are 238.7(5) and 239.2 pm, respectively. Neutral
but electron-deficient monomeric compounds of the form
Ga2R4, where R is a sterically demanding organic group,
have also been characterized. Although these molecules
should also feature Ga�Ga single bonds, the data show that
the bond lengths are significantly greater than those deter-
mined for the dianionic species. For instance, the Ga�Ga
bond length in Ga2[CH(SiMe3)2]4 is 254.1(1) pm.


[8] It is sur-
prising, at first glance, that the bond length in the neutral
species should exceed that in a dianionic species for which
coulombic repulsion is expected to be significant. The accu-
mulated data show that a Ga�Ga single bond can adopt a
variety of bond lengths with a spread of more than 15 pm.
Recent studies have also produced examples of anionic spe-
cies with the formula Ga2R4


� (e.g. [(2,4,6-iPr3C6H2)4Ga2]
�),[9]


and the Ga�Ga bond length (234.2(2) pm) is found to be in-
termediate between those adopted in the neutral and the di-
anionic species. Finally, species of the form Na2Ga2R2 [for
example, R=2,6-(2,6-iPr2C6H3)2C6H3] are known.


[10] The un-
usually short Ga�Ga distance in these compounds
(231.9 pm) might have been thought to indicate the presence
of [RGaGaR]2� dianions with Ga�Ga triple bond charac-
ter.[11] It has been shown subsequently, however, that the
compound is better regarded as a Na2Ga2 cluster and that
the Ga�Ga bond cannot adequately be described as a triple
bond.[12,13–14] Meanwhile, the neutral compound HGaGaH
was characterized in matrix-isolation experiments,[15,16] and
some derivatives RGaGaR (e.g. R=2,4,6-iPr3C6H2)


[17] were
structurally analyzed. The data show that, as in the corre-
sponding dianionic species, a trans-bent structure is adopted,
and the long Ga�Ga distance of 262.7 pm is in agreement


[a] Priv.-Doz. Dr. H.-J. Himmel, Dipl.-Chem. B. Gaertner
Institut fAr Anorganische Chemie der UniversitCt Karlsruhe
Engesserstrasse, Geb. 30.45, 76128 Karlsruhe (Germany)
Fax: (49)721-608-4854
E-mail : himmel@chemie.uni-karlsruhe.de


Abstract: Isolated Ga2 dimers were
characterized in an argon matrix with
the aid of resonance Raman and UV/
Vis spectroscopy. The resonance
Raman spectra gave evidence of not
only the n(Ga�Ga) fundamental, but
also four overtones. Each of the signals
exhibits 69Ga/71Ga isotopic splitting
leading to the triplet pattern character-


istic of two equivalent Ga atoms. On
the basis of the experimental data, a
harmonic frequency and anharmonicity
constant have been determined for


Ga2. An estimate of the dissociation
energy on the assumption of a Morse-
type potential energy curve results in a
De value (upper limit) of about
145 kJmol�1. The force constant
(64.8�0.3 Nm�1) and dissociation
energy of Ga2 are compared with those
of other diatomics and those of mole-
cules featuring Ga�Ga bonds.


Keywords: gallium · matrix
isolation · metal atom dimers ·
resonance Raman spectroscopy


J 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200400621 Chem. Eur. J. 2004, 10, 5936 – 59415936


FULL PAPER







with the description of a donor–acceptor interaction be-
tween two GaR units.
In the light of all these results, a detailed characterization


of an isolated Ga2 molecule is highly desirable. This species
can be generated and retained with the aid of the matrix-
isolation technique. In the past we have started to study its
reactivity, and interesting findings have emerged. Thus, it
has been shown that Ga2 is highly reactive, being much
more willing to engage in spontaneous reactions than is a
Ga atom in its ground electronic state. For example, sponta-
neous reaction with H2 takes place, leading to the D2h-sym-
metric, four-membered ring Ga(m-H)2Ga, a species fully
characterized by IR and Raman spectroscopy.[15,16] SiH4 and
SnH4 show also signs of spontaneous reactions with Ga2.
The reaction products in these two cases are believed to be
Ga(m-SiH3)GaH with a terminal Ga�H bond and a bridging
SiH3 unit,


[18] and the nido-type cluster Ga2Sn(m-H)4, respec-
tively (see Figure 1).[19] This superior reactivity of Ga2 is per-


haps surprising since the Ga�Ga bond in Ga2 is quite weak
(D0=ca. 110 kJmol


�1) according to gas-phase estimates[20]


and quantum-chemical calculations.[21] An analysis of the re-
action mechanism for the reaction with H2 has shown, how-
ever, that excited states of Ga2 are involved in the reactions
and that the low energy of these excited states is responsible
for the reactivity.[21]


It is worth mentioning that quantum-chemical calculations
for a diatomic like Ga2 are not trivial and multireference
methods have to be applied. There are several excited elec-
tronic states energetically close to the ground state. This has
led in the past to wrong assignments. On the basis of UV/
Vis experiments, for example, a 1�g


+ state was first tenta-
tively assumed to be the ground state.[22] Some DFT calcula-
tions predict a 3�g


� state to be the ground state, having a
slightly lower energy (by 0.06 eV) than a 3


Q
u state.


[23] How-
ever, ab initio methods favor the 3


Q
u ground state.


[24–26] Ac-
cording to complete active-space SCF calculations followed
by first-order CI[25] and multireference configuration interac-
tion (MRD-CI) calculations,[26] the 3Q


u state has an energy
0.05 and 0.09 eV, respectively, lower than the 3�g


� state.
Very recent laser-induced fluorescence studies provide the


first direct experimental evidence for a 3
Q


u ground state.
[27]


The energy difference between the 3Q
u state and the


1�g
+


electronic state is also small (ca. 19.0 kJmol�1 for CASSCF
and 46 kJmol�1 for MP2 calculations).[21] According to the
calculations, the three states that are still possible candidates
for the ground state, 3


Q
u,
3�g


� , and 1�g
+ , differ significantly


in the wavenumber of the n(Ga�Ga) fundamental. Thus,
values of 188, 238, and 153 cm�1, respectively, were calculat-
ed with MP2.[21] This opens up the possibility of deciding on
the ground state on the basis of Raman experiments.
Here we present the results of a thorough Raman spectro-


scopic investigation of isolated Ga2 molecules at low tem-
peratures. Some of the signals observed in our work were
previously observed and already tentatively assigned to
Ga2.


[28] In contrast to this previous work, though, the high
resolution of our spectrometer allowed the detection of the
69Ga/71Ga isotopic pattern in the signal attributable to the vi-
brational fundamental and those arising from four over-
tones. The isotopic patterns prove not only that all the sig-
nals belong to the same molecule, but also that this mole-
cule is indeed Ga2. The series of overtones can be used to
determine accurately the f(Ga�Ga) force constant in Ga2
from the harmonic frequency. An anharmonicity constant
was also determined, and the data thus allow an estimate of
the dissociation energy. Finally, the bond properties of Ga2
are compared with those of other diatomics and of known
molecules containing direct Ga�Ga bonds. For elevated con-
centrations of gallium in the matrix, our spectra also give
evidence for the presence of small gallium clusters.


Experimental Section


Gallium metal was purchased from Aldrich (99.98%). Argon (purity
99.999%) was used as delivered by Messer. Gallium vapor, emitted from
a Knudsen-type evaporation cell at about 900 8C in a high-vacuum appa-
ratus, was deposited together with an excess of argon on a polished
copper block kept at 12 K with the aid of a closed-cycle refrigerator
(Leybold LB 510). A microbalance was used to determine the rate of
deposition of gallium (between 0.5 and 1.0 mgh�1). Details of the matrix-
isolation technique can be found elsewhere.[29]


Raman spectra were recorded with the aid of a Dilor XY800 spectrome-
ter equipped with two pre-monochromators and a spectrograph and a
CCD camera (Wright Instruments) as detector. The 514 and 488 nm lines
of an Ar+ ion laser (Coherent, Innova 90–5) were used for excitation.
All spectra were recorded with a resolution of 0.5 cm�1.


UV/Vis spectra were measured with an Oriel Multispec spectrograph and
a photodiode array detector. An Xe-arc lamp (Oriel) was used as the
light source.


Results and Discussion


Ga2 : The UV/Vis spectra of an Ar matrix containing two
different concentrations of gallium are shown in Figure 2. In
addition to the strong and sharp absorption at 350 nm, al-
ready assigned to the 2S !2P electronic transition of Ga
atoms,[27,30] the spectrum contained another, broader absorp-
tion with its maximum at 420 nm. This band has previously
been tentatively assigned to Ga2.


[30,31] Another very weak
and broad absorption could be found near 610 nm. The rela-


Figure 1. Spontaneous reactions of matrix-isolated Ga2 molecules.
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tive intensities of the bands at 420 and 610 nm varied for
different concentrations of gallium in the matrix. The two
bands cannot therefore both belong to Ga2. On the basis of
experiments with different gallium concentrations, the broad
feature at 610 nm (together with a very small band at about
385 nm) is tentatively assigned to Ga3.
The 514-nm line of an Ar+ ion laser was used in the


Raman experiments. As can be seen from Figure 2, the laser
line is not very close to the maximum of the band presumed
to be due to Ga2. Nevertheless, as will be shown in the fol-
lowing account, it was possible to detect relatively intense
signals attributable to Ga2 at low laser intensities (50 mW,
1200 s exposure time). It seems therefore that a resonance
or pre-resonance effect is at work.[32] The 420 nm band has
an extremely broad shoulder on the low-energy side which
might be responsible for this resonance effect. Another pos-
sibility is that another electronic transition (giving rise to a
weaker and undetected absorption) can be accessed at
wavelengths in the order of 500 nm.
Figure 3 shows the resonance Raman spectrum obtained


for Ga2 isolated in an Ar matrix at 12 K. The spectrum is


dominated by a strong signal with its maximum at
176.4 cm�1. This signal contains two shoulders on its high
and low energy sides (at 177.4 and 175.4 cm�1). Additional,
weaker signals exhibiting a clearly resolved triplet pattern
were located at 348.4/350.8/353.1, 520.7/524.4/528.0, 692.0/


696.6/701.1, and 861.5/867.7/874.2 cm�1 (Table 1). The rela-
tive intensities of the three maxima in each triplet remain
unchanged for all the regions. On the other hand, the wave-
number differences between the maxima increase for triplets
at higher wavenumber. Experiments with different concen-
trations of gallium in the matrix indicate that all these sig-
nals belong to the same species. The obvious inference is
that the splitting of the signals arises from different iso-
topomers. The separations of one triplet and the next all lie
between 170 and 177 cm�1, and thus close to the wavenum-
ber of the strongest group of signals at 175.4/176.4/
177.4 cm�1. On this basis we assign the signal at 175.4/176.4/
177.4 cm�1 to the n(Ga�Ga) fundamental and the other sig-
nals to the first four overtones of this fundamental.
In Figure 4 the isotopic patterns observed for the first and


second overtones of Ga2 are compared to a simulated spec-
trum taking into account the relative abundance of the two
gallium isotopes, 69Ga and 71Ga (60.1:39.9). On the basis of
these abundances, the presence of three bands with relative
intensities of 15.9:48.0:36.1 (for 71Ga71Ga:69Ga71Ga:69Ga69-
Ga) is expected. The signal with the highest wavenumber in
each triplet should thus belong to the 69Ga69Ga isotopomer,
that with the lowest wavenumber to the 71Ga71Ga isotopom-


Figure 2. UV/Vis spectrum of an Ar matrix containing a low (a) and a
high (b) gallium concentration.


Figure 3. Resonance Raman spectrum of Ga2 in an Ar matrix at 12 K
measured with the 514-nm line of an Ar+ ion laser.


Table 1. Experimentally observed wavenumbers (in cm�1) for 69Ga69Ga,
69Ga71Ga, and 71Ga71Ga.


Transition n(69Ga69Ga) n(69Ga71Ga) n(71Ga71Ga)


0!1 177.4 176.4 175.4
0!2 353.1 350.8 348.4
0!3 528.0 524.4 520.7
0!4 701.1 696.6 692.0
0!5 874.2 867.7 861.5


Figure 4. Bottom: Experimentally observed isotopic splitting for the first
two overtones of the n(Ga�Ga) stretch of Ga2. Top: Simulated pattern
on the basis of the natural abundances of 69Ga and 71Ga.
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er, and that in the middle with the highest intensity to the
69Ga71Ga isotopomer. The simulated spectrum is in excellent
agreement with the measured one.
The measured isotopic splitting leaves little doubt about


the presence of more or less unperturbed Ga2 molecules. On
the assumption of a harmonic oscillator, the wavenumber
expected for the 69Ga71Ga isotopomer can be calculated ac-
cording to Equation (1). For example, by using Equation (1)
and an observed wavenumber of 528.0 cm�1 in the case of
n(69Ga69Ga) for the second overtone, the signal due to
n(69Ga71Ga) is expected to occur at 524.2 cm�1. The ob-
served wavenumber of 524.4 cm�1 is in pleasing agreement
with this estimate.


nð69Ga71GaÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
69þ 69
71þ 69


r
nð69Ga69GaÞ ð1Þ


Having thus established that isolated Ga2 molecules are
responsible for the Raman signals, we now turn our atten-
tion to the analysis of the anharmonicity and the calculation
of the harmonic frequency of the molecule. The wavenum-
ber differences between neighboring triplets decrease slight-
ly with increasing wavenumber (175.7, 174.9, 173.1, and
173.1 cm�1 for 69Ga69Ga; 174.4, 173.6, 172.2, and 171.1 cm�1


for 69Ga71Ga; and 173.0, 172.0, 171.6, and 169.5 cm�1
71Ga71Ga). Such results confirm that the Raman signals do
indeed belong to the n(Ga�Ga) fundamental and four over-
tones of a Ga2 molecule, and that the potential energy curve
for Ga2 is not that of a harmonic oscillator. The anharmonic-
ity constant xe and the harmonic frequency we can be deter-
mined from the difference DG(n+1 !n) of the vibrational
level energies G(n+1) and G(n) (in cm�1) for the vibration-
al quantum numbers n + 1 and n.[33] A plot of DG(n+
1 !n) as a function of n + 1 is shown in Figure 5. According
to Equation (2), the slope of the line through the experi-
mentally obtained data points equals �2wexe and the inter-
cept equals we. Hence we obtain we=178.2 cm


�1 and wexe=
0.6 cm�1 for 69Ga69Ga, we=177.4 cm


�1 and wexe=0.6 cm
�1


for 69Ga71Ga, and we=176.3 cm
�1 and wexe=0.7 cm


�1 for


71Ga71Ga. It is noteworthy and of immediate importance for
the following discussion that the anharmonicity constant is
relatively small.


DGðnþ 1 nÞ ¼ we�2wexeðnþ 1Þ ð2Þ


The harmonic frequency of 178.2 cm�1 for the 69Ga69Ga
isotopomer is in good agreement with the value calculated
for the 3


Q
u state of Ga2 (188 cm


�1)[21] and the value estimat-
ed previously (165 cm�1).[34] It is, on the other hand, signifi-
cantly smaller than that calculated for the 3�g


� state
(238.4 cm�1) and significantly greater than that calculated
for the 1�g


+ state (153 cm�1). The experiments therefore
lend cogent support to the conclusion that the 3Q


u state is
indeed the electronic ground state of Ga2. In this


3Q
u


ground state, one of the two unpaired electrons resides in
the sg molecular orbital formed by the two p orbitals orient-
ed in the direction of the Ga–Ga axis. The second unpaired
electron can be found in one of the two bonding pu molecu-
lar orbitals which result from combination of the two p orbi-
tals oriented perpendicular to the Ga–Ga axis (see also
Figure 5 in ref. [21]). However, there are other configura-
tions that contribute to a certain extent to the ground state,
reflecting the fact that the angular momentum quantum
number (L) is not a hard quantum number as is the sum J
(=S + L). Nevertheless, we can conclude that a rough de-
scription of the bond properties of Ga2 includes the pres-
ence of half a s bond and half a p bond.


Having determined the harmonic wavenumbers for the
three isotopomers, the force constant of Ga2 can be calculat-
ed. Values of 64.5, 64.9, and 65.0 Nm�1 were obtained for
69Ga69Ga, 69Ga71Ga, and 71Ga71Ga. The average of these
values, 64.8�0.3 Nm�1, is then the best estimate of the
force constant on the basis of our experiments. The experi-
mentally derived harmonic wavenumber and the anharmo-
nicity constant can also be used to obtain a rough estimate
(upper limit) of the dissociation energy of Ga2. With the as-
sumption of a Morse potential, the dissociation energy D0


can be calculated from Equation (3). If zero-point vibration-
al energy corrections are included, the De value (upper
limit) can be estimated to fall in the range 130–160 kJmol�1,
comparing satisfactorily with a relatively new gas-phase esti-
mate of about 110 kJmol�1[20] and an older estimate of
135 kJmol�1.[34]


D0 ¼
we


2


4wex
ð3Þ


It is of interest to compare the force constant and dissoci-
ation energy derived for Ga2 with those of other known dia-
tomics of the same period of the periodic table. For K2 and
Ca2, harmonic wavenumbers of 92.0


[35] and 64.9 cm�1,[36] re-
spectively, have been measured. Thus, as anticipated, K2 and
Ca2 exhibit very small force constants (f) of not more than
about 10 and 5 Nm�1, respectively. Br2 has a force constant
of 246 Nm�1.[34] Ti2 is an example of an electron-poor transi-
tion-metal dimer with a harmonic wavenumber of
407.0 cm�1 and f=234.2 Nm�1.[37] On the other hand, Ni2, an
electron-rich transition-metal dimer, has a harmonic wave-


Figure 5. Determination of the harmonic frequency. The slope of the line
drawn through the observed data points equals 2wexe and the intersect
equals we.
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number of 259.2 cm�1 (for the 58Ni58Ni isotopomer), result-
ing in f=115 Nm�1.[38] All these data show that the force
constant of Ga2 is relatively small.
However, knowledge of the stretching force constant is


obviously not a sufficient criterion of the strength of a bond.
A comparison should also take into account the dissociation
energy. Since, given a Morse-type behavior, the dissociation
energy is proportional not only to f but also to (wexe)


�1, the
anharmonicity is of importance in this context. As already
mentioned, Ga2 has a relatively small anharmonicity con-
stant, so that the dissociation energy is higher than expected
purely on the basis of the force constant. With a value of up
to about 145 kJmol�1, it is, for example, close to that of
Ti2,


[37, 39] for which the force constant and anharmonicity con-
stant are larger. It is much larger than that determined for
Ca2 (13.2 kJmol�1),[40] but smaller than that of Br2
(193 kJmol�1).[41]


According to our CASSCF calculations, Ga2 exhibits a
bond length of 276 pm in its 3


Q
u ground state.


[21] The bond
length can also be estimated on the basis of the empirical
but well tried relationship described by Herschbach and
Laurie[42] linking stretching force constants to bond lengths
(re). Using f=64.8 Nm


�1, a bond length re of 276 pm results,
a value that matches exactly the one calculated by quantum
chemical calculations. The bond length is significantly longer
than the shortest Ga�Ga distance in a-Ga (248.2 pm).[1] The
wavenumber of 246 cm�1 measured for the ag n(Ga�Ga)
mode in a-Ga[3] is also not in line with the presence of iso-
lated Ga2 pairs in the


3Q
u electronic ground state. For the


3�g
� excited state of Ga2, on the other hand, a Ga�Ga bond


length of 251 pm and a wavenumber of 204 cm�1 for the
n(Ga�Ga) mode have been calculated,[21] giving values
closer to those found in a-Ga. It is interesting that the a-Ga
structure is very similar in energy to the other modifications
in which Ga2 pairs are no longer present. Thus the energy
differences between the Ga-II, b-, and the fcc-phase are no
more than 4, 9, and 11 kJmol�1, respectively.[2] The small
energy gaps may reflect the relatively small dissociation
energy of Ga2. It seems likely therefore that the characteri-
zation of isolated Ga2 will aid an understanding of the dif-
ferent forms of solid Ga and also, possibly, differences in the
structures of other Goup 13 elements.
Finally, the properties determined for the Ga�Ga bond in


Ga2 should be compared with those of other known mole-
cules featuring a direct Ga�Ga bond. The Ga�Ga bond
length calculated for HGaGaH is 262 pm.[15] X-ray diffrac-
tion results available for some derivatives of the type
RGaGaR (e.g. R=2,4,6-iPr3C6H2)


[17] are in excellent agree-
ment with this value. The n(Ga�Ga) fundamental is calcu-
lated to occur at 163 cm�1. Unfortunately, this mode has not
been detected in experiments. The dissociation energy of
HGaGaH was calculated to be not more than 57 kJmol�1.[43]


Ga2, which has approximately half a s bond and half a p


bond, therefore exhibits a dissociation energy about twice as
big as HGaGaH. This points again to the weakness of the
Ga�Ga bond in HGaGaH, in line with the description of a
donor–acceptor interaction.
Ga2H4 has been sighted in matrix-isolation experiments.


[44]


Derivatives such as Ga2Cl4 or the hydride Ga2Cl3H have


been synthesized and characterized by single-crystal X-ray
diffraction.[45,46] Like Ga2Cl4, Ga2H4 seems to prefer a C3v
symmetric structure, which can be described roughly as an
ion pair Ga+[GaH4]


� .[47] The isomer H2GaGaH2 (with D2d


symmetry) featuring a direct Ga�Ga bond (247 pm) is about
50 kJmol�1 higher in energy. The dissociation energy of the
D2d symmetric isomer into two GaH2 fragments has been
calculated to be about 260 kJmol�1 (according to
CCSD(T)).[43] If the calculations are correct, this molecule,
which should exhibit a Ga�Ga s bond, has a dissociation
energy much higher than that of Ga2. Vibrational spectra
measured for Ga2Cl4·2 L


[48] and Ga2I4·2 L
[49] (where L are li-


gands, for example, THF or dioxane) span regions of 213–
258 cm�1 and 118–145 cm�1, respectively, for the n(Ga�Ga)
fundamental. UV/Vis absorptions were also assigned to
transitions of electrons in the Ga�Ga bond (e.g. at ca.
370 nm for tetrakis[bis(trimethylsilyl)methyl]digallane),[50]


occurring in the same range as the band detected for Ga2
(ca. 400 nm).


Small Gan clusters : Figure 6 compares the resonance Raman
spectra recorded for two different concentrations of gallium
in the matrix. The spectrum at high gallium concentrations


gives evidence for a second series of signals at 212.1, 411.4,
and 595.6 cm�1, which might belong to Ga3. Several theoreti-
cal studies have addressed the structure of this molecule.
These studies indicate that the molecule probably adopts a
cyclic structure with a 2A1 ground electronic state.


[23,51] Re-
sults from EPR experiments also tend to favour a 2A1
ground state.[52] Unfortunately it was not possible to resolve
isotopic structure within these three signals, but the anhar-
monicity constant is much higher than for the n(Ga�Ga)
fundamental of Ga2. Additional signals were detected at
182.9, 190.5, 197.5, and 325.6 cm�1 in the experiments using
high concentrations of gallium, possibly arising from larger
gallium clusters.


Figure 6. Comparison between the resonance Raman spectra measured
for different concentrations of gallium in Ar. a:b=1:2.
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Conclusions


Ga2 molecules isolated in an Ar matrix at 12 K have been
characterized experimentally. The resonance Raman spectra
give evidence for the n(Ga�Ga) fundamental and four over-
tones. The two naturally occurring isotopes 69Ga and 71Ga
cause each signal to exhibit a triplet pattern which is fully
consistent with the presence of more or less unperturbed
Ga2 dimers in the matrix. The series of overtones can be
used to determine the harmonic wavenumber and anharmo-
nicity constant of Ga2. The f(Ga�Ga) force constant is com-
pared with those of other diatomics and molecules featuring
a direct Ga�Ga bond. Using a Morse-potential model, the
dissociation energy of Ga2 in an Ar matrix can be estimated.
The upper limit of about 145 kJmol�1 that results invites
comparison with the dissociation energies of other diatom-
ics. The new data are of importance also to the understand-
ing of the solid a-Ga structure, in which Ga2 dumbbells are
present. The relatively small dissociation energy of Ga2 may
also be relevant to the small energy differences between this
and the other modifications of solid Ga.
With elevated concentrations of gallium in the matrix, the


Raman and UV/Vis spectra also give evidence for the pres-
ence of small gallium clusters. For one of the vibrational
modes, a progression possibly attributable to Ga3 is ob-
served. It has not been possible, however, to measure any
isotopic splitting of the signals and so determine the exact
number of Ga atoms in any of these clusters.
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Self-Assembly of Folic Acid Derivatives: Induction of Supramolecular
Chirality by Hierarchical Chiral Structures


Yuko Kamikawa, Masayuki Nishii, and Takashi Kato*[a]


Introduction


Intensive studies have been focused on the development of
molecular self-assembled materials obtained through nonco-
valent interactions.[1] Hydrogen bonding has been shown to
be useful in molecular self-assembly, because this noncova-
lent interaction has moderate bonding energy, reversibility,
and selectivity. Synthetic approaches to the construction of
dynamically functional materials that use hydrogen bonds
have been achieved for self-assembly in systems such as
supramolecular liquid crystals,[2] ionophores,[3] nano-ob-
jects,[4] and supramolecular polymers.[5]


Our intention here is to develop functional materials
based on biomolecules, because of their capability for mo-
lecular recognition and supramolecular association. Here we
focus on folic acid, a vitamin, because of its self-assembling
nature. The molecule consists of a pterin ring and a glutamic


acid moiety, and self-assembly of folic acids and related mol-
ecules through intermolecular hydrogen bonds can result in
the formation of self-organized materials.[6] We have previ-
ously developed thermotropic liquid-crystalline folic acids.[7]


The addition of alkali metal salts to folic acid derivatives
changes their self-assembled structures. Recently, we have
found that folic acid derivatives form supramolecular liquid-
crystalline cubic structures.[7a]


Another interesting feature of biomolecules is chirality.
Folic acid is a useful candidate for such a chiral building
block, because of its self-assembling nature and the molecu-
lar chirality in its amino acid component. Gottarelli, Spada,
and co-workers reported that folic acids self-assembled in
the presence of alkali metal salts to form chiral lyotropic
liquid crystals.[6a–c] We have observed supramolecular chirali-
ty of folic acid derivatives in the thermotropic cubic phase.
In these materials, p-stacked columnar assemblies play key
roles in the induction of chirality.[7a,8] To date, a variety of
supramolecular assemblies of chiral molecules have been re-
ported.[9]


Columnar assemblies made up of stacked aromatic mole-
cules have been explored widely in liquid-crystalline and
dilute solution states. These p-stacked materials are basic
structural motifs of discotic liquid crystals,[10] which are
useful as electronic and photoconductive materials.[11] In
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Abstract: Hierarchical chiral structures
made up of dendritic oligo(l- or d-glu-
tamic acid) moieties of folic acid deriv-
atives induce supramolecular chirality
in the self-assembled columnar struc-
tures of the folic acids. These folic
acids self-assemble through the inter-
molecular hydrogen bonds of the
pterin rings to form disklike tetramers.
In the neat states, the stacked tetram-
ers form thermotropic hexagonal col-
umnar phases over wide temperature
ranges, including room temperature.
Addition of alkali metal salts induces
chirality in the columnar phases. In
dilute solution states in a relatively


polar solvent (chloroform), the folic
acid derivatives form non-chiral, self-
assembled structures. In the presence
of sodium triflate, the folic acid forms
chiral columnar assemblies through the
oligo(l-glutamic acid) moiety, similar
to those formed in the liquid-crystalline
(LC) states. The enantiomer of the
folic acid induces columnar assemblies
with reversed helicity. In the case of


the diastereomer, no induced helicity is
observed. Application of an apolar sol-
vent (dodecane) drives the folic acid
derivatives to form chiral assemblies in
the absence of ions. In this case, lipo-
philic interactions promote nanophase
segregation, which enhances the forma-
tion of chiral columns. Interestingly,
the chiral supramolecular structure of
the diastereomer induces the most in-
tense circular dichroism. In both cases,
the molecular chirality in the oligo(glu-
tamate) moieties yields supramolecular
chirality of the folic acids that self-as-
semble through cooperative molecular
interactions.


Keywords: chirality · hydrogen
bonds · liquid crystals ·
self-assembly · supramolecular
chemistry
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contrast, association of molecules in dilute solution is
strongly influenced by solvent and temperature, since the at-
tractive strengths of simple aromatic surfaces are generally
weak. Several investigations into the creation of stable col-
umnar assemblies through the use of cooperation between
two or more secondary interactions, such as hydrogen bonds
and lipophilic interactions, have been carried out.[12] Intro-
duction of chirality into the side-chains of disk-shaped com-
ponents induces helical stacked arrays that can be detected
by CD spectroscopy. Molecular chirality is transferred to the
central aromatic core, and is subsequently often amplified
through the formation of supramolecular helical columns.[13]


The potential for tuning of the supramolecular chirality of
the columnar assemblies by external stimuli makes the de-
velopment of new chiral architectures with dynamic proper-
ties particularly interesting.


Here we describe the induction and tuning of supramolec-
ular chirality in the self-assembled folic acids 1a–c in polar
and apolar solution states and in bulk states (Scheme 1).
Molecules 1a–c are new chiral molecules with three-compo-
nent structures consisting of pterin rings, chiral glutamate
parts, and lipophilic alkyl parts, with the chiral glutamate
part located between the pterin ring and the lipophilic part.
We report on how such chiral molecular structures induce
supramolecular chiral structures. We have synthesized the
enantiomer of 1a (1b) from d-glutamic acid, and also the di-
astereomer (1c). Their self-assembly properties have been
examined. An analogous molecule of 1a with undecyl
chains forms a chiral cubic phase in the neat state.[7a] To the
best of our knowledge, tuning of supramolecular chirality


through these hierarchical chiral groups in one molecule has
not yet been reported. We have found that molecular chiral-
ity greatly affects the supramolecular self-assembled struc-
tures in such hierarchical chirality.


Results and Discussion


Synthesis of the folic acid derivative 1: Folic acid derivative
1 was prepared as shown in Scheme 2. 2-[3,4-Bis(hexyloxy)-
phenyl]ethanol (4), N-Fmoc-glutamic acid, and N10-(trifluoro-
acetyl)pteroic acid were synthesized according to the litera-
ture.[7d] Esterification of 4 with N-Fmoc-l-glutamic acid, fol-
lowed by deprotection with piperidine as a base, gave 5a in
a yield of 67%. Similarly, esterification of 4 with N-Fmoc-d-
glutamic acid and subsequent deprotection afforded 5b in
75% yield. Oligo(glutamate) derivatives 2a–c were obtained
in moderate yields after repetition of the same procedure
with 5a and 5b as starting materials. Finally, 1a–c were pre-
pared after coupling of compounds 2 with N10-(trifluoro-
acetyl)pteroic acid.


Self-assembly of 1 in neat states and structural analysis :
Compounds 1a–c exhibit hexagonal columnar phases over
wide temperature ranges (Table 1). Compounds 1a and 1b
show identical thermal properties, while the diastereomer 1c
has a clearing point of 173 8C, 11 8C higher than that of 1a.
Interestingly, the chiral structural change between 1a and
1c induces thermal stabilization.


Scheme 1. Design and structures of folic acid derivatives 1a–c.
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The isotropization temperature of 1a and 1b is 162 8C,
while for folic acid derivatives 3 (n=18) with one glutamic
acid moiety, more thermally stable columnar phases are ob-
served over 200 8C.[7d] Steric repulsion of the bulky alkyl
part of 1a may suppress effective stacking, resulting in de-
creasing isotropization temperatures.


Variable-temperature infrared (IR) spectra show the for-
mation of hydrogen bonds involving the pterin rings. The
pterin ring N�H stretching bands show three broad peaks
(3334, 3160, and 3054 cm�1), indicating the disklike aggrega-
tion of the folic acid derivatives[7d] (see Supporting Informa-
tion). Small-angle X-ray scattering (SAXS) measurements
show that the diameters of the self-assembled columns of 1a
and 1c are 48 and 49 K, respectively (see Supporting Infor-
mation). These values agree well with that estimated by the
MM2 method for the tetramer (50 K). Folic acid is known
to form disklike tetramers through these intermolecular hy-
drogen bonds.[6a–c,7] The current observations suggest that
compounds 1a–c self-assemble into disklike tetramers
through intermolecular pterin ring hydrogen bonds, and that
these tetramers stack to form hexagonal columnar struc-
tures.


For 1a and 1b, the addition of sodium triflate (NaO-
SO2CF3, 25 mol%) increases their clearing points from 162
to 169 8C, and also induces the cubic phases above 143 8C
(Table 1). No thermal stabilization of the mesophases is ob-
served for the complex of diastereomer 1c and sodium tri-
flate (25 mol%). We have recently reported that a com-
pound analogous to 1a but possessing undecyl chains shows
a chiral cubic phase.[7a] We focus here on the columnar
phase relevant to self-assembled structures in the solution
state. The SAXS profiles of 1a–c forming columnar phases
in the presence of NaOSO2CF3 show the same trends as
those of 1a–c alone (see Supporting Information); these re-
sults suggests that diastereomer 1c and its complex with


sodium salts forms stacked
structures similar to compounds
1a and 1b (Scheme 3).


Circular dichroism (CD) and
UV/Vis spectra of thin films of
1a and 1a/NaOSO2CF3 were
measured in the hexagonal col-
umnar states (Figure 1). The
samples were prepared on
quartz plates by casting solu-
tions of the compounds pre-
pared in chloroform. The CD
spectrum of pure 1a is inactive
(Figure 1a), indicating that the
columnar structures formed do


Scheme 2. a) N-Fmoc-glutamic acid, DMAP, EDC, CH2Cl2, r.t., 1 d;
b) piperidine, CHCl3, RT, 1 h; c) N10-(trifluoroacetyl)pteroic acid, iBuO-
COCl, Et3N, THF/DMF, 40 8C, 3 d, dark.


Table 1. Liquid-crystalline behavior of 1 and complexes of 1/NaOSO2CF3 on the second heating.


Compounds[a] Phase transition behavior[c] Lattice
parameter [K][e]


1a G �28 Colh 162 (4.4) Iso 48.3
1b G �28 Colh 162 (6.4) Iso 47.7
1c G �19 Colh 173 (5.3) Iso 48.8
1a+1b[b] G �28 Colh 162 (6.7) Iso 48.5
1a/NaOSO2CF3 G �22 Colh 143 (–[d]) Cub 169 (6.9) Iso 51.0
1b/NaOSO2CF3 G �22 Colh 143 (–[d]) Cub 169 (6.4) Iso 51.3
1c/NaOSO2CF3 G �16 Colh 143 (–[d]) Cub 171 (11) Iso 51.2
(1a+1b)/NaOSO2CF3


[b] G �22 Colh 143 (–[d]) Cub 169 (2.8) Iso 50.2


[a] Molar ratio of 1/NaOSO2CF3=0.25. [b] Racemic mixture of 1a and 1b. [c] Transition temperatures [8C]
and enthalpy changes [kJmol�1] in parentheses. G: glassy; Colh: hexagonal columnar; Cub: cubic; Iso: isotrop-
ic. [d] Transitions from columnar to cubic phases were not detected on DSC thermograms. [e] Colh phase at
60 8C.
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not have chiral order. In contrast, the addition of sodium tri-
flate to 1a gives rise to a positive CD spectrum in the ab-
sorption wavelength ranges of pterin rings (Figure 1a,c).
These results show that the introduction of sodium ions into
the columnar assemblies leads to the formation of supra-
molecular chiral structures along the columnar axis. Sodium
salts play important roles not only in the stabilization of the
self-assembled structures, but also in the induction of the
supramolecular chiral assemblies, in which helical stacking
may be induced. For 1c, less active CD spectra are seen
both in the presence and in the absence of sodium ions (Fig-
ure 1d), suggesting that the molecular structure of 1c is not
suitable for the formation of chiral columnar structures.


Self-assembly of 1 in solution : We have examined the self-
assembly behavior of 1 in dilute solution states and have
found that supramolecular chirality in solution is induced by
the salt for self-assembled 1. Particularly interesting are the


effects of polar and apolar envi-
ronments on supramolecular
chirality induction of 1.


The CD and UV/Vis spectra
of 1a in chloroform are shown
in Figure 2. The absorption of
the pterin rings of 1a appears
at 280 and 352 nm (Figure 2b),
and an inactive CD spectrum is
observed (Figure 2a). The 1a/
NaOSO2CF3 complex (molar
ratio of 1a/NaOSO2CF3=


1:0.25) induces a coupled CD
curve centered at 280 nm with a
positive extreme at 293 nm, a
negative extreme at 272 nm,
and a broad negative CD band
around 360 nm (Figure 2a).


It is considered that disklike
tetramers of 1 stack to form
columnar assemblies in the
presence of NaOSO2CF3 for
the following reasons:


1) In our previous work on
folic acid derivatives in neat
states,[7a] we reported that
an analogous folic acid com-
pound possessing undecyl
chains formed the disklike
tetramer in the presence of
alkali metal ions.


2) The infrared spectrum
(3000–3500 cm�1) of 1 in
concentrated chloroform is
almost identical to those of


Scheme 3. Schematic representation of self-assembled 1a/NaOSO2CF3 in hexagonal columnar phases.


Figure 1. a) CD spectra of 1a (broken line) and 1a/NaOSO2CF3 (solid line; molar ratio=0.25); b) CD spectra
of 1b (broken line) and 1b/NaOSO2CF3 (solid line; molar ratio=0.25); c) UV spectra of 1a (broken line) and
1a/NaOSO2CF3 (solid line; molar ratio=0.25); d) CD spectra of 1c (broken line) and 1c/NaOSO2CF3 (solid
line). All spectra were measured in the hexagonal columnar phase at 60 8C.


Figure 2. a) CD and b) UV/Vis spectra of 1a (broken line) and 1a/NaO-
SO2CF3 (solid line; molar ratio=0.25) in chloroform (5.0M10�3


m) at
20 8C.
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1 in the LC states and of the tetramer form of 3 (n=
11)[7d] (see Supporting Information).


3) Moreover, an aqueous solution of a simple sodium folate
exhibits an induced CD spectrum generated through hel-
ical stacking of self-assembled tetramers of folic
acids.[6b,c]


4) For guanosine derivatives with the same hydrogen-
bonded pattern as 1, a single-crystal X-ray structure de-
termination shows the formation of the same hydrogen-
bonded pattern as seen in the stacked tetramer structure
of 1 in the presence of alkali metal ions.[3a] When dis-
solved in tetrachloroethane, these G-quadruplex crystals
produced a strong CD spectrum in the absorption ranges
of the guanine chromophores, originating from helical
stacking of tetramers.


These results suggest that compounds 1 self-assemble in
chloroform to form disklike tetramers, which should stack to


form columnar assemblies through ion–dipolar interactions
between sodium salts and the carbonyl groups of the pterin
rings (Scheme 4).


Compound 1a has three chiral groups, and we are inter-
ested in how the molecular chirality of these three amino
acids in 1a affects its self-assembled structures in solution.
The CD spectra of 1b and 1c and their complexes are com-
pared with those of 1a and its complex in Figure 3. Each of
the single components of 1a–c has only a weak CD spec-
trum (Figure 3a), while the complex of the enantiomer 1b
and NaOSO2CF3 shows a negative Cotton effect (Figure 3b),
which is a mirror image of the induced CD spectrum of 1a/
NaOSO2CF3. These results indicate the formation of the
same chiral columnar assemblies of 1b as in 1a, but with re-
versed helicity. In contrast, no supramolecular chirality is
observed for 1c either in the presence or in the absence of
sodium salts, and the diastereomer 1c/NaOSO2CF3 shows
only an inactive CD spectrum. Thus, compound 1c may


form columnar structures con-
sisting of randomly stacked tet-
ramers.


A racemic mixture of equi-
molar 1a and 1b was also pre-
pared; Figure 3b shows that no
CD effect is observed for the
racemic mixture in the presence
of sodium salts.


When 1a/NaOSO2CF3 was
mixed with 1b/NaOSO2CF3 in a
different molar ratio, the CD
intensity decreased in propor-
tion to the added amount of 1b
(within experimental error), in-
dicating that no specific cooper-
ative interactions were occur-
ring. The 1H NMR spectrum of
an equimolar mixture of (1a+
1b)/NaOSO2CF3 is identical to
those of 1a or 1b alone in the
presence of the salts (see Sup-
porting Information). These re-
sults suggest that homochiral
tetramers are formed and that
no cooperative interactions
exist between the columns.[9f, 14]


It is difficult to distinguish by
spectroscopic methods whether
a column consists of pure enan-
tiomers or stacks of segmented
homochiral columns. For neat
columnar materials, a racemic
mixture of 1a and 1b shows the
same thermal properties as 1a
alone, both in the presence and
in the absence of sodium salts
(Table 1). Moreover, XRD pro-
files are identical for the colum-
nar liquid crystals of the race-
mic mixture and the enantio-Scheme 4. Schematic representation of self-assembled 1a/NaOSO2CF3 in chloroform solution state.
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merically pure components. These results are consistent with
our proposed formation of homochiral columns.


The 1H NMR spectrum of 1 in CDCl3 at the same concen-
tration as used in the CD measurements is shown in
Figure 4. No difference in the spectrum of 1 is observed in
the absence or in the presence of NaOSO2CF3 (Figure 4a,b).
The two complexes of 1a and 1b with NaOSO2CF3 have
identical spectra, as would be expected (Figure 4b,c), while
for 1c/NaOSO2CF3, the amide proton peaks appear at
7.8 ppm (Figure 4d), due to weak hydrogen bonding. The
hydrogen-bonded structures of self-assembled 1c/NaO-
SO2CF3 are different from those of 1a and 1b, although
these hydrogen-bonding properties are the same for the
complex of 1c/NaOSO2CF3 and compound 1c alone (Fig-
ure 4d,e).


These results suggest that supramolecular chirality in-
duced in the aggregates of 1a–c is dependent on the chirali-
ty of the oligo(glutamate) parts (Scheme 5). Moreover, co-
operative interactions such as ion–dipolar interactions and
hydrogen bonds play key roles in transferring the molecular
chirality of the oligo(glutamate) parts to the supramolecular
chirality of the assemblies.


Self-assembly of 1 in a lipophilic environment : In apolar sol-
vents we expected that molecular assembly of the columnar
structures for 1a–c should proceed due to lipophilic interac-
tions between the alkyl chains of 1 and the solvent (dodec-
ane). The three components of the molecules undergo mi-


crophase segregation at the nanometer scale and the lipo-
philic units surround the column. Self-assembly behavior in
dodecane was examined for 1a–c. The UV/Vis and CD spec-
tra of 1a alone in dodecane are compared with those in
chloroform in Figure 5. A strong negative CD spectrum is
induced for 1a in dodecane, whereas no appreciable CD is
observed in chloroform (Figure 5a). The red shift from
357 nm to 367 nm in the UV/Vis spectra indicates that the
tetramers of 1a stack in dodecane, resulting in p–p interac-
tions between the pterin rings (Figure 5b). These results sug-
gest that use of dodecane as solvent results in self-organiza-


Figure 3. CD spectra of 1a–c a) in the absence and b) in the presence of
NaOSO2CF3 (molar ratio=0.25) in chloroform (5.0M10�3


m, 20 8C).


Figure 4. a) 1H NMR spectrum of 1a ; b) 1H NMR spectrum of 1a/NaO-
SO2CF3; c)


1H NMR spectrum of 1b/NaOSO2CF3; d)
1H NMR spectrum


of 1c/NaOSO2CF3; e)
1H NMR spectrum of 1c. Asterisks denote amide


protons of oligo(glutamate) parts. All spectra were measured in chloro-
form-d (5.0M10�3


m).


Scheme 5. Schematic representation of the formation of chiral columnar
assemblies in chloroform solution.
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tion of compound 1a in the absence of salts, the chiral as-
semblies being formed solely through cooperative hydrogen
bonds and lipophilic interactions. In this case, the lipophilic
fraction of the material increases and the microphase-segre-
gated structures are enhanced, resulting in the induction of
supramolecular chirality without the need for the ion. The
IR spectrum (3000–3500 cm�1) of a concentrated solution of
1a in dodecane (1.0M10�2


m) is similar to those in chloro-
form in the presence of salts and in the LC state; these re-
sults indicate that compound 1a undergoes disklike aggrega-
tion in hydrocarbon solvents.


The effects of hierarchical molecular chirality on the self-
assembled structures were also studied for 1a–c in dodecane
(Figure 6). The induced CD spectra of 1a and 1b are mirror
images, as in the solutions prepared in chloroform. Com-
pound 1b induces a positive CD spectrum, in contrast to 1a.
It is of interest that the positive CD spectrum of 1c is simi-
lar to that of 1b, while its intensity is greater than that of
1b. The stronger Cotton effect should be due to more stable
chiral aggregates formed by 1c. These results indicate that
the supramolecular chirality of the assemblies depends on


the internal chirality (the Chiral I part of 1a–c in Scheme 1)
of the oligo(glutamic acid) parts; that is, the chirality closest
to the pterin rings. The effects of the apolar environment on
the self-assembly of 1a–c are summarized in Scheme 6.


It should be noted that 1c adopts the same supramolec-
ular chiral structures as 1b in dodecane. However, 1c forms
a different structure both in chloroform and in columnar
liquid crystal states, as shown in the CD spectra of 1 (Fig-
ures 1 and 3). These observations suggest that this series of
molecules is capable of changing its supramolecular chiral
structures depending on external environments.


Meijer reported that disk-shaped molecules helically as-
semble in an apolar hydrocarbon solvent, while they molec-
ularly dissociate in chloroform.[13b] Unlike MeijerNs com-
pounds, the materials in this study—the disk-shaped folic
acid tetramers in chloroform—helically assemble to exhibit
Cotton effects in the presence of salts. In dodecane they as-
semble in a different manner, to induce circular dichroism
in the absence of salts. It should be noted that the folic acid
derivatives form chiral columnar structures both in polar
and in apolar solvents.


The helical stacked disklike tetramers should be formed
in dodecane solution. In the case of lyotropic liquid crystal-
line properties of compound 3 (n=11), which forms a ther-
motropic smectic phase in the bulk state, the compound
shows hexagonal and nematic columnar phases without
added ions.[7c] The formation of nematic columnar phases
supports the involvement of the stacked tetramer. Without
templating sodium salts, self-assembly of compounds 1a–c
should be strongly affected by hydrogen bonds of peripheral
glutamic acid parts. The diastereomer 1c forms the same
chiral structure as 1b, as shown in Figure 6. The inner chiral
parts of the oligo(glutamate) moieties in 1b and 1c have the
same stereoregularity. Thus, from this model we suggest that
the chirality of the self-assembled columns is determined by
the chiral part closest to the pterin ring (Scheme 6). Anoth-


Figure 5. a) CD and b) UV/Vis spectra of 1a in chloroform (broken line)
and in dodecane (solid line) solution (5.0M10�4


m at 20 8C).


Figure 6. CD spectra of 1a–c in dodecane solution (5.0M10�4
m at 20 8C).


Scheme 6. Schematic representation of the formation of chiral columnar
assemblies in dodecane solution.


F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5942 – 59515948


FULL PAPER T. Kato et al.



www.chemeurj.org





er possible structure would be supramolecular pterin helices
similar to guanosine helices, as recently suggested by Gottar-
elli and co-workers.[6d] These helices are formed through the
same disklike hydrogen bonding of pterin rings in the ab-
sence of templating ions. Furthermore, the CD patterns of
solutions of 1a–c in chloroform and dodecane are similar to
those of guanosine derivatives in dichloroethane and dodec-
ane. According to modeling simulations,[6d] the energies of
the two assembled structures are almost the same for guano-
sine materials.


Conclusion


This paper reports supramolecular chirality arising from hi-
erarchical chiral structures in oligo(glutamate) moieties in
folic acid derivatives 1a–c. The self-assembled columns of
the folic acid derivatives are formed through cooperative
secondary interactions, such as hydrogen bonds, stacking in-
teractions, ion–dipolar interactions, and nanophase segrega-
tion of molecular block structures. The addition of salts trig-
gers chiral self-assembly of 1a–c in the liquid-crystalline
state and in polar environments, whereas chiral self-assem-
bly in 1a–c proceeds spontaneously in apolar environments,
induced by lipophilic interactions. The chiral behavior of the
compounds depends on their environments. This is the first
example of tuning of supramolecular chirality through hier-
archical chiral block structures. The results presented here
may provide a new design strategy for developing chiral
functional materials.


Experimental Section


General methods and materials : All starting materials were obtained
from commercial suppliers and were used without further purification.
Analytical thin-layer chromatography (TLC) was performed on 0.25 mm
silica gel plates (E. Merck, Silica Gel F254), and silica gel column chroma-
tography was carried out with silica gel 60 (Kanto Chemicals, Silica
Gel 60, spherical, 40–50 mm). Recycling preparative GPC was carried out
with a Japan Analytical Industry LC-908 chromatograph. IR measure-
ments were conducted on a JASCO FT/IR-660 Plus instrument in KBr.
1H and 13C NMR spectra were recorded on a JEOL JNM-LA400 instru-
ment, while 19F NMR spectra were recorded on a Varian Mercury 300
machine at 282 MHz. Chemical shifts of 1H, 13C, and 19F NMR signals are
expressed in parts per million (d) with use of the internal standards
Me4Si (d=0.00 ppm), CDCl3 (d=77.00 ppm), and CFCl3 (d=0.00 ppm),
respectively. Coupling constants (J) are reported in Hertz (Hz). Mass
spectra were recorded on a PerSeptive Biosystems Voyager-DE STR
spectrometer. Elemental analyses were carried out on a Perkin–Elmer
CHNS/O 2400 apparatus. DSC measurements were conducted on a Met-
tler DSC 30 to determine the thermal transitions (scanning rate:
10 8Cmin�1). An Olympus BH-2 polarizing optical microscope fitted with
a Mettler FP82HT hot stage was used for visual observation. X-ray dif-
fraction measurements were carried out on a Rigaku RINT 2100 diffrac-
tometer with a heating stage and with use of Ni-filtered CuKa radiation.


Absorbance and circular dichroism measurements : The UV/Vis absorp-
tion spectra were recorded on an Agilent 8453 spectrophotometer in
1 mm and 100 mm rectangular quartz cells. Circular dichroism spectra
were recorded on a Jasco J-700 spectropolarimeter fitted with a Jasco
PTC-423 L temperature controller in 1 mm and 100 mm rectangular
quartz cells. UV/Vis and CD measurements in LC states were conducted
on the same spectrometer fitted with a Mettler FP82HT hot stage in
200 mm quartz plates.


Synthesis


Bis{2-[3,4-bis(hexyloxy)phenyl]ethyl} l-glutamate (5a): 1-Ethyl-3-(3-di-
methylaminopropyl)carbodiimide hydrochloride (EDC, 6.65 g,
34.7 mmol), dissolved in dry CH2Cl2 (30 mL), was added to a mixture of
4 (8.69 g, 26.9 mmol), N-Fmoc-l-glutamic acid (4.81 g, 13.0 mmol), and 4-
dimethylaminopyridine (DMAP, 0.244 g, 2.00 mmol) dissolved in dry
CH2Cl2 (100 mL). The solution was stirred under an Ar atmosphere at
room temperature for 12 h. The reaction mixture was extracted three
times with ethyl acetate, the collected organic fractions were washed with
saturated aquesous NaCl and dried over MgSO4, and the solvent was re-
moved in vacuo. The residue was dissolved in CHCl3 (100 mL), piperi-
dine (5.0 mL) was added, and the mixture was left stirring at room tem-
perature for 1 h. The reaction mixture was poured into saturated aqueous
NH4Cl (150 mL) and was extracted with CHCl3 (3M100 mL). The collect-
ed organic fractions were washed with saturated aqueous NaHCO3 and
dried over MgSO4, and the solvent was removed under reduced pressure.
The crude product was purified by silica gel column chromatography
(hexane/ethyl acetate 1:1) to afford 5a (6.86 g, 9.08 mmol, 67%) as a pale
yellow oil.Spectroscopic data for 5a are given in our previous paper.[7d]


Bis{2-[3,4-bis(hexyloxy)phenyl]ethyl} d-glutamate (5b): N-Fmoc-d-gluta-
mic acid (2.51 g, 6.80 mmol) and DMAP (0.163 g, 1.33 mmol) were added
to a solution of 4 (4.31 g, 13.4 mmol) and dry CH2Cl2 (100 mL). EDC
(6.65 g, 34.7 mmol) dissolved in dry CH2Cl2 (30 mL) was added to the
mixture, followed by constant stirring under an Ar atmosphere at room
temperature for 12 h. The procedure was the same as that used for 5a.
Yield: 3.79 g, 5.02 mmol, 75%. The spectroscopic data for 5b were identi-
cal to those for 5a.


Tetra{2-[3,4-di(hexyloxy)phenyl]ethyl} ester of a,g-bis(l-glutamoyl)-l-
glutamic acid (2a): N-Fmoc-l-glutamic acid (0.545 g, 1.48 mmol) and
DMAP (35.4 mg, 0.290 mmol) were added to a solution of 5a (2.18 g,
2.88 mmol) and dry CH2Cl2 (100 mL). EDC (0.693 g, 3.62 mmol), dis-
solved in dry CH2Cl2, (30 mL) was added to the solution, which was
heated at reflux under an Ar atmosphere at 50 8C for 3 h. The reaction
mixture was extracted with ethyl acetate (3M50 mL), the collected organ-
ic fractions were washed with saturated aqueous NaCl and dried over
MgSO4, and the solvent was removed under reduced pressure. The resi-
due was dissolved in CHCl3 (100 mL), piperidine (5 mL) was added, and
the reaction mixture was stirred at room temperature for 1 h. The reac-
tion mixture was poured into saturated aqueous NH4Cl (150 mL) and ex-
tracted with CHCl3 (3M50 mL). The collected organic fractions were
washed with saturated aqueous NaHCO3 and dried over MgSO4, and the
solvent was removed in vacuo. The crude product was purified by flash
column chromatography (silica gel, gradient hexane/ethyl acetate/chloro-
form 2:5:3 followed by CHCl3/MeOH 10:1) to give 2a (1.30 g,
0.804 mmol, 56%) as a colorless solid. Rf=0.20 (hexane/ethyl acetate
2:5); 1H NMR (400 MHz, CDCl3): d=8.02 (d, J=9 Hz, 1H), 7.60 (d, J=
8 Hz, 1H), 6.68–6.83 (m, 12H), 4.70–4.71 (m, 1H), 4.59–4.64 (m, 1H),
4.20–4.32 (m, 8H), 3.92–3.98 (m, 16H), 3.23–3.32 (m, 1H), 2.80–2.89 (m,
8H), 2.30–2.41 (m, 6H), 2.13–2.19 (m, 4H), 1.77–1.84 (m, 18H), 1.22–
1.47 (m, 48H), 0.90 ppm (t, J=6 Hz, 24H); IR: ñ=3444, 3312, 3217,
3048, 2956, 2931, 2859, 1732, 1686, 1652, 1590, 1519, 1468, 1428, 1392,
1264, 1236, 1171, 1140, 1071, 1017, 799 cm�1; MS (MALDI): m/z : 1623.06
[M+H]+ ; calcd 1623.11; elemental analysis calcd (%) for C95H151N3O18: C
70.29, H 9.38, N 2.59; found: C 70.67, H 9.47, N 2.93.


Tetra{2-[3,4-di(hexyloxy)phenyl]ethyl} ester of a,g-bis(d-glutamoyl)-d-
glutamic acid (2b): N-Fmoc-d-glutamic acid (0.781 g, 2.12 mmol) and
DMAP (52.4 mg, 0.429 mmol) were added to a solution of 5b (3.14 g,
4.15 mmol) and dry CH2Cl2 (100 mL). EDC (0.944 g, 4.92 mmol) dis-
solved in dry CH2Cl2 (30 mL) was added to the solution, which was
heated at reflux under an Ar atmosphere at 50 8C for 3 h. The procedure
was the same as that used for 2a. Yield: 2.27 g, 1.40 mmol, 67%. The
spectroscopic data for 2b were identical to those for 2a.


Tetra{2-[3,4-di(hexyloxy)phenyl]ethyl} ester of a,g-bis(l-glutamoyl)-d-
glutamic acid (2c): N-Fmoc-d-glutamic acid (0.622 g, 1.68 mmol) and
DMAP (68.2 mg, 0.558 mmol) were added to a solution of 5a (2.48 g,
3.28 mmol) and dry CH2Cl2 (100 mL). EDC (1.10 g, 5.74 mmol), dissolved
in dry CH2Cl2, (100 mL) was added to the solution, which was heated at
reflux under an Ar atmosphere at 50 8C for 3 h. The procedure was the
same as that used for 2a. Yield: 1.26 g, 0.780 mmol, 48%; Rf=0.20
(hexane/ethyl acetate 2:5); 1H NMR (400 MHz, CDCl3): d=8.17 (d, J=
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8 Hz, 1H), 7.38 (d, J=8 Hz, 1H), 6.69–6.81 (m, 12H), 4.62–4.67 (m, 2H),
4.21–4.33 (m, 8H), 3.92–3.99 (m, 16H), 3.61 (t, J=5 Hz, 1H), 2.81–2.90
(m, 8H), 2.22–2.40 (m, 6H), 2.03–2.15 (m, 4H), 1.74–1.83 (m, 18H),
1.24–1.47 (m, 48H), 0.90 ppm (t, J=7 Hz, 24H); MS (MALDI): m/z :
1622.68 [M+H]+ ; calcd 1623.11; elemental analysis calcd (%) for
C95H151N3O18: C 70.29, H 9.38, N 2.59; found: C 70.26, H 9.38, N 2.70.


Tetra{2-[3,4-di(hexyloxy)phenyl]ethyl} ester of a,g-bis(l-glutamoyl)-N-
[N10-(trifluoroacetyl)pteroyl]-l-glutamic acid (1a): N10-(Trifluoroacetyl)p-
teroic acid (0.556 g, 1.36 mmol) was dried over P2O5 for 24 h in vacuo,
dry DMF (10 mL) was added, and the mixture was stirred under an Ar
atmosphere. Triethylamine (230 mL, 1.66 mmol) and isobutyl chlorofor-
mate (198 mL, 1.51 mmol) were added dropwise to the resulting dark red
solution, which was stirred for 1 h at room temperature. Compound 2a
(1.18 g, 0.730 mmol), dissolved in dry THF (20 mL), was then added, and
the mixture was left stirring for 3 days in the dark at 40 8C under an Ar
atmosphere. The reaction mixture was filtered through a Celite pad and
was washed with CHCl3 (50 mL) and EtOH (10 ml), and the solvent was
removed in vacuo. The residue was purified by flash column chromatog-
raphy (silica gel, CHCl3/EtOH/benzene 13:1:1), followed by GPC to
yield 1a (0.572 g, 0.284 mmol, 39%) as a yellow wax. Rf=0.56 (CH2Cl2/
MeOH 10:1); 1H NMR (400 MHz, CDCl3): d=8.78 (br s, 1H), 8.09–8.29
(m, 1H), 7.88 (d, J=8 Hz, 2H), 7.55–7.76 (m, 1H), 7.42 (d, J=8 Hz),
6.69–6.79 (m, 12H), 5.14 (br s, 2H), 4.64–4.81 (m, 1H), 4.43–4.60 (m,
1H), 4.10–4.43 (m, 8H), 3.78–4.03 (m, 16H), 3.64–3.69 (m, 1H), 2.67–
3.00 (m, 8H), 2.28–2.57 (m, 6H), 1.90–2.26 (m, 6H), 1.64–1.90 (m, 16H),
1.17–1.55 (m, 48H), 0.74–1.06 ppm (m, 24H); 19F NMR (300 MHz,
CDCl3): d=�67.7 ppm; IR: ñ=3366, 2956, 2932, 2860, 1734, 1699, 1653,
1540, 1517, 1473, 1429, 1395, 1263, 1212, 1163, 1141, 1018, 802, 668 cm�1;
MS (MALDI): m/z : 2013.28 [M+H]+ ; calcd 2013.17; elemental analysis
calcd (%) for C111H160F3N9O21: C 66.21, H 8.01, F 2.83, N 6.26, found: C
66.25, H 8.17, N 6.70.


Tetra{2-[3,4-di(hexyloxy)phenyl]ethyl} ester of a,g-bis(d-glutamoyl)-N-
[N10-(trifluoroacetyl)pteroyl]-d-glutamic acid (1b): N10-(Trifluoroace-
tyl)pteroic acid (0.608 g, 1.49 mmol) was dried over P2O5 for 24 h in
vacuo, dry DMF (10 mL) was added, and the mixture was stirred under
an Ar atmosphere. Triethylamine (238 mL, 1.72 mmol) and isobutyl chloro-
formate (215 mL, 1.64 mmol) were added dropwise to the solution, and
the mixture was left to stir for 1 h at room temperature. Compound 2b
(1.87 g, 1.15 mmol), dissolved in dry THF (20 mL), was then added to the
mixture, which was left to stir for 3 days in the dark at 40 8C under an Ar
atmosphere. The workup procedure was the same as that used for 1a.
Yield: 0.965 g, 0.479 mmol, 42%. The spectroscopic data for 1b were
identical to those for 1a.


Tetra{2-[3,4-di(hexyloxy)phenyl]ethyl} ester of a,g-bis(l-glutamoyl)-N-
[N10-(trifluoroacetyl)pteroyl]-d-glutamic acid (1c): N10-(Trifluoroacetyl)p-
teroic acid (0.386 g, 0.945 mmol) was dried over P2O5 for 24 h in vacuo,
dry DMF (10 mL) was added, and the mixture was stirred under an Ar
atmosphere. Triethylamine (151 mL, 1.09 mmol) and isobutyl chlorofor-
mate (137 mL, 1.04 mmol) were added dropwise to the solution, which
was stirred for 1 h at room temperature. Compound 2c (1.16 g,
0.72 mmol), dissolved in dry THF (20 mL), was then added to the reac-
tion mixture, which was stirred for 3 days in the dark at 40 8C under an
Ar atmosphere. The workup procedure was the same as that used for 1a.
Yield: 0.685 g, 0.340 mmol, 47%; Rf=0.56 (CH2Cl2/MeOH, 10:1); 1H
NMR (400 MHz, CDCl3): d=8.78 (s, 1H), 7.90 (d, J=7 Hz, 2H), 7.75–
7.83 (m, 1H), 7.60–7.69 (m, 1H), 7.45 (d, J=7 Hz, 2H), 6.59–6.87 (m,
12H), 4.94–5.11 (m, 2H), 4.75–4.86 (m, 1H), 4.48–4.66 (m, 1H), 4.07–
4.34 (m, 8H), 3.87–3.97 (m, 16H), 2.77–2.85 (m, 8H), 2.28–2.54 (m, 6H),
2.07–2.27 (m, 6H), 1.63–1.90 (m, 16H), 1.17–1.54 (m, 48H), 0.72–
0.97 ppm (m, 24H); MS (MALDI): m/z 2013.44 [M+Na]+; calcd=
2013.17; elemental analysis calcd (%) for C111H160F3N9O21: C 66.21, H
8.01, F 2.83, N 6.26; found: C 66.42, H 8.08, N 6.53.
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New Types of Soluble Polymer-Supported Bisphosphine Ligands with a
Cyclobutane Backbone for Pd-Catalyzed Enantioselective Allylic
Substitution Reactions
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Introduction


The asymmetric catalysis of organic reactions to provide
enantiomerically enriched products is of central importance
to modern synthetic and pharmaceutical chemistry.[1] The
development of chiral ligands is crucial if high enantioselec-
tivity of catalytic asymmetric reactions is to be achieved.[2]


Therefore, the design of novel chiral ligands has been an
eternal theme in the research of asymmetric catalysis. Be-
cause some C2-symmetric bisphosphine ligands (such as
BINAP[3] and Trost$s ligand (1)[4]) have shown excellent
asymmetric induction in many kinds of asymmetric reac-
tions, we are interested in the development of a new type of
C2-symmetric bisphosphine ligand (3), which has a cyclobu-
tane backbone and carboxylate functional groups and which


can be considered an analogue of 1 and 2.[5] Herein, we
report the synthesis of bisphosphine ligands 3 and 4 and
their polyethylene glycol(PEG)-supported derivatives 5, as
well as their application in Pd-catalyzed asymmetric allylic
substitution reactions.[6] Meanwhile, an efficient and practi-
cal resolution of anti head-to-head racemic coumarin dimer


[a] D. Zhao, J. Sun, Prof. K. Ding
State Key Laboratory of Organometallic Chemistry Shanghai Insti-
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Abstract: A highly efficient and practi-
cal optical resolution of anti head-to-
head racemic coumarin dimer 7 has
been achieved by molecular complexa-
tion with TADDOL, (�)-8, through a
hydrogen bonding interaction to afford
the corresponding two enantiomers,
(�)- and (+)-7, in 70 and 75% yields,
respectively, with >99% ee. Starting
from enantiopure (�)-7, a new type of
C2-symmetric bisphosphine ligand
(S,S,S,S)-3 with a cyclobutane back-
bone has been synthesized in good
yield by facile transformations. The
asymmetric induction efficiency of
these chiral bisphosphine ligands in Pd-
catalyzed asymmetric allylic substitu-
tion reactions was evaluated. Under


the experimental conditions, the allylic
substitution products could be obtained
in excellent yields (up to 99%) and
enantioselectivities (up to 98.9% ee).
By taking advantage of the high enan-
tioselectivity of this catalytic reaction
and the easily derivable carboxylate
groups on the cyclobutane backbone of
ligand (S,S,S,S)-3, a new type of analo-
gous ligand (S,S,S,S)-4 as well as the
MeO-PEG-supported soluble ligand


(S,S,S,S)-5 (PEG=polyethylene glycol)
have also been synthesized and utilized
in asymmetric allylic substitution reac-
tions. In particular, the MeO-PEG sup-
ported (S,S,S,S)-5b had a synergistic
effect on the enantioselectivity of the
reaction compared with its nonsupport-
ed precursor (S,S,S,S)-4c, affording the
corresponding allylation products 14a
and 14b with excellent enantioselectivi-
ties (94.6 and 97.2% ee, respectively).
Moreover, the Pd complex of (S,S,S,S)-
5b could easily be recovered and recy-
cled several times without significant
loss of enantioselectivity and activity in
the allylic substitution reactions.


Keywords: allylic substitutions ·
asymmetric catalysis · bisphosphine ·
immobilization · optical resolution ·
P ligands · palladium · soluble
polymers
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(� )-7 has also been achieved by molecular complexation
with (R,R)-(�)-trans-4,5-bis(hydroxydiphenylmethyl)-2,2-di-
methyl-1,3-dioxacyclopentane (TADDOL, (�)-8) to give
enantiopure 7, a key intermediate in the synthesis of 3–5.


Results and Discussion


Practical optical resolution of anti head-to-head racemic
coumarin dimer (� )-7: As shown in Scheme 1, the prepara-
tion of anti head-to-head racemic coumarin dimer (� )-7 was


carried out by following a literature method;[7] coumarin 6
was irradiated in benzene solution in the presence of benzo-
phenone as a sensitizer to give (� )-7 in >90% yield
(0.2 mol scale). Although the optical resolution of (� )-7
could be achieved by stepwise recrystallization of its diaster-
eomers formed with enantiopure a-phenylethylamine, acidic
hydrolysis, and recyclization of the hydroxy carboxylic
acid,[8] the process is somewhat convoluted. The direct syn-
thesis of enantiopure (S,S,S,S)-7 through topochemically
controlled [2+2] photodimerization of coumarin 6 included
in a TADDOL ((�)-8) host in the solid state or in an aque-
ous suspension was recently reported by Toda and co-work-
ers to give (�)-(S,S,S,S)-7 in 99% yield with 100% ee.[9] De-
spite the difficulties associated with the large-scale prepara-
tion of (�)-(S,S,S,S)-7 by using this strategy, the perfect mo-
lecular recognition between (�)-8 and (�)-7 in the product
prompted us to utilize TADDOL (�)-8, which is readily


available,[10] as a chiral host to resolve the two enantiomers
of 7 by molecular complexation through hydrogen bonding.
Thus, by heating a mixture of an equimolar amount of (� )-
7 and the resolving agent (�)-8 in ethyl acetate and then
cooling the homogeneous solution to room temperature mo-
lecular crystals of (�)-8 and (�)-7 were formed with (�)-7
in 88.3% ee. The crystals that precipitated were collected by
filtration and washed with ethyl acetate; these crystals were
characterized as 2:1 molecular crystals of (�)-8 and (�)-7
by 1H NMR spectroscopy. The enantiomeric excess of the
opposite enantiomer [(+)-7] remaining in the mother liquor
was 81.7%. Further recrystallization of the molecular crys-
tals (�)-7·[(�)-8]2 from ethyl acetate afforded enantiopure
(�)-7·[(�)-8]2 in 70% yield. Decomposition of the molecu-
lar crystals (�)-7·[(�)-8]2 with DMF gave (�)-7 in 99%
yield. The absolute configuration of (�)-7 was assigned as
S,S,S,S by comparison of its optical rotation with that report-
ed in the literature.[9a] The enantiomeric excess of (+)-7 in
the mother liquor could be further enriched to 99% by fur-
ther recrystallization from ethanol and then recyclization in
AcOH.


Synthesis of bisphosphine ligands (S,S,S,S)-3a–h with a cy-
clobutane backbone : With the enantiopure 7 in hand, we ex-
tended its application to the synthesis of a new type of C2-
symmetric bisphosphine ligand 3. As shown in Scheme 2,
heating an ethanolic solution of (S,S,S,S)-7 resulted in lac-
tone ring-opening to give ethyl ester (S,S,S,S)-9a in quantita-
tive yield. Treatment of (S,S,S,S)-9a with (CF3SO2)2O in the
presence of Et3N gave the ditriflate derivative (S,S,S,S)-10a
in 97.3% yield. Compound (S,S,S,S)-10a underwent a cou-
pling reaction with diarylphosphine oxides in the presence
of Pd(OAc)2/dppp (dppp=1,3-bis(diphenyl-phosphino)pro-
pane) and diisopropylethylamine to give the corresponding
1,2-bis(2-diarylphosphinoylphenyl)cyclobutane derivatives
(S,S,S,S)-11a–f in good-to-excellent yields. The target bi-
sphosphine ligands (S,S,S,S)-3a–f could be easily obtained
by the reduction of their oxides (S,S,S,S)-11a–f with HSiCl3
in the presence of N,N-dimethylaniline in 74–91% yields.
Two analogous ligands (S,S,S,S)-3g,h were also designed


and synthesized following a similar procedure to that used
for the preparation of (S,S,S,S)-3a–f. As shown in Scheme 2,
the preparation of methyl ester derivative (S,S,S,S)-3g was
quite simple and the total yield from the enantiopure cou-
marin dimer was >70%. In contrast, the coupling reaction
of benzyl ester (S,S,S,S)-10c with diphenylphosphine oxides
in the presence of Pd(OAc)2/dppp produced a lot of benzyl-
diphenylphosphine oxide (PhCH2P(O)Ph2) in addition to
the expected phosphine oxide (S,S,S,S)-11h. The total yield
for the last two steps including C�P bond formation and
HSiCl3 reduction of the phosphine oxide was only 30%.


Application of bisphosphine ligands (S,S,S,S)-3a–f in Pd-cat-
alyzed enantioselective allylic substitution : Pd-catalyzed
enantioselective allylic substitution is one of the most impor-
tant C�C or C�N bond-forming reactions in modern asym-
metric catalysis.[4,11] To demonstrate the asymmetric induc-
tion efficiency of the chiral ligands (S,S,S,S)-3a–f, Pd-cata-
lyzed enantioselective allylic substitution was taken as the


Scheme 1. Optical resolution of coumarin dimer 7 by molecular complex-
ation with TADDOL (�)-8.
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model reaction. Accordingly, 1,3-diphenylprop-2-enyl ace-
tate (12) was employed as the substrate, and dimethyl malo-
nate 13a or benzylamine 13b was utilized as the nucleo-
phile. As shown in Table 1, all of the chiral ligands


[(S,S,S,S)-3a–f] showed excel-
lent asymmetric induction in
the model reaction to give the
corresponding allylation prod-
ucts in 91–99% yield and with
95.6–98.9% ee. These results
clearly demonstrate that this
type of bisphosphine ligands
(S,S,S,S)-3a–f with cyclobutane
backbone are very promising in
asymmetric catalysis.
The use of this catalyst


system was extended to the al-
lylic substitution of cyclic sub-
strate 15[11e–h] ; the reaction pro-
ceeded smoothly to give the
corresponding cyclic allylation
products 16a and 16b in good
yields (74–85%) and enantiose-
lectivities (73.2–87.5% ee) by
using 5 mol% of the catalyst
(Scheme 3). These results com-
bined with those obtained
above indicate that this type of


ligand is particularly useful in Pd-catalyzed allylic substitu-
tion reactions, which encouraged us to further investigate
their structure–property relationship and immobilization in
asymmetric catalysis.


The impact of carboxylate groups on the enantioselectivity
of the allylic substitutions : The investigation into the rela-
tionship between the carboxylate groups on the cyclobutane
backbone of the bisphosphine ligands and the enantioselec-
tivity of the reaction will provide useful information regard-
ing their immobilization on an organic polymer support by
taking advantage of the easily derivable carboxylic groups.
To investigate the impact of the ester groups of the chiral li-
gands 3 on their asymmetric induction, ligands (S,S,S,S)-3a
or (S,S,S,S)-3g,h were submitted to Pd-catalyzed enantiose-
lective allylic substitution of 12 with dimethyl malonate 13a
and benzylamine 13b, respectively, under the optimized con-
ditions indicated in Table 1. As shown in Figure 1, the enan-


Scheme 2. Transformation of enantiopure coumarin dimer (S,S,S,S)-7 to a new type of chiral bisphosphine li-
gands (S,S,S,S)-3a–h : a) Ar=C6H5, R=Et; b) Ar=4-MeOC6H4, R=Et; c)Ar=4-tBuC6H4, R=Et; d) Ar=3-
MeC6H4, R=Et; e) Ar=3,5-(Me)2C6H3, R=Et; f) Ar=4-MeC6H4, R=Et; g) Ar=C6H5, R=Me; h) Ar=
C6H5, R=Bn.


Table 1. Pd-catalyzed enantioselective allylic substitution reactions using
bisphosphine ligands 3a–f.[a]


Entry Ligand Base NuH Product Yield ee
[%][b] [%][c]


1 3a BSA 13a 14a 99 96.8
2 3b BSA[d] 13a 14a 99 98.0
3 3c BSA[d] 13a 14a 99 97.5
4 3c BSA 13a 14a 99 98.9
5 3d BSA[d] 13a 14a 99 96.1
6 3e BSA[d] 13a 14a 99 97.3
7 3 f BSA[d] 13a 14a 99 95.8
8 3a – 13b 14b 99 95.6
9 3b – 13b 14b 91 96.2
10 3c – 13b 14b 97 96.2
11 3d – 13b 14b 96 96.4
12 3e – 13b 14b 94 96.7
13 3 f – 13b 14b 91 97.5


[a] The molar ratio of 12/NuH/[{(h-allyl)PdCl}2] /3=1:2:0.025:0.06. All
the ligands 3a–f used were of the S,S,S,S configuration. [b] Yield of isolat-
ed product. [c] The enantiomeric excesses were determined by HPLC on
a Chiralcel OJ or AD column. The absolute configurations of 14a and
14b were assigned as S and R, respectively, based on their optical rota-
tions. [d] BSA (2 equiv) was added in the presence of LiOAc (5 mol%).


Scheme 3. Pd-catalyzed enantioselective allylic substitution reactions of
cyclohex-2-enyl acetate using bisphosphine ligand (S,S,S,S)-3a.
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tioselectivities of both reactions dramatically decreased as
the size of the ester groups was increased. When the bis-
phosphine ligand (S,S,S,S)-3h, which contains benzyl ester
groups on the cyclobutane backbone, was used, the enantio-
selectivities of the reactions dropped to around 80%. This
substituent effect on the enantioselectivities of the reactions
might cause a reduction in the enantioselectivity of the reac-
tion when this type of ligand is immobilized on a large poly-
mer support by the formation of an ester link. Therefore, we
decided to investigate the effect of modifying the ligands by
reducing the carboxylate groups to hydroxymethyl moieties
((S,S,S,S)-4a–c), which can also be easily immobilized on a
polymer support containing a carboxylic group.


Synthesis of analogous bisphosphine ligands (S,S,S,S)-4a–f
with a cyclobutane backbone and their application in enan-
tioselective allylic substitutions : As shown in Scheme 4, the


reduction of ethoxycarbonyl functional groups in (S,S,S,S)-
3a–c using LiAlH4 resulted in the formation of the corre-
sponding hydroxymethyl analogues (S,S,S,S)-4a–c in 85–
99% yields. The structure of (S,S,S,S)-4a was confirmed by


X-ray crystal structural analysis (Figure 2).[12] The molecule
of (S,S,S,S)-4a adopts a C2-symmetric geometry. Evidently,
the two chelating phosphorus atoms in the ligand have a


trans configuration. The distance between them is 7.673 O.
There is no intramolecular hydrogen-bonding interaction be-
tween the two trans-hydroxymethyl groups. The reaction of
(S,S,S,S)-4a with an excess of acetic acid or benzoic acid in
the presence of 4-dimethylaminopyridine (DMAP) using di-
cyclohexylcarbodiimide (DCC) as condensation reagent af-
forded the corresponding acetate and benzoate derivatives
(S,S,S,S)-4d and -4e in 81 and 85% yields, respectively. Sim-
ilarly, (S,S,S,S)-4 f could be obtained from (S,S,S,S)-4c in
85% yield.
As summarized in Table 2, the analogous bisphosphine li-


gands (S,S,S,S)-4a–f showed good to excellent asymmetric
induction in PdII-catalyzed allylic substitution reactions with
similar activities to those of (S,S,S,S)-3a–h when the ligands
contain hydroxymethyl ((S,S,S,S)-4a—-c) or carboxylate
groups ((S,S,S,S)-4d–f) on the cyclobutane backbone. The
absolute configurations of the products obtained using li-


Figure 1. The influence of the ester groups of the ligands 3 on the enan-
tioselectivities of Pd-catalyzed allylic substitution reactions of 12 with di-
methyl malonate 13a (dotted line) and benzylamine 13b (solid line).


Scheme 4. Modification of bisphosphine ligands by reduction of ethoxy-
carbonyl groups followed by esterification.


Figure 2. Molecular structure of (S,S,S,S)-4a (ORTEP drawing; 30%
probability thermal ellipsoids).


Table 2. Pd-catalyzed enantioselective allylic substitution reactions using
bisphosphine ligands 4.[a]


Entry Ligand Base NuH Product Yield ee
[%][b] [%][c]


1 4a BSA[d] 13a 14a 81.3 86.8
2 4b BSA[d] 13a 14a >99 80.9
3 4c BSA[d] 13a 14a >99 90.8
4 4d BSA[d] 13a 14a >99 89.9
5 4e BSA[d] 13a 14a >99 81.8
6 4 f BSA[d] 13a 14a >99 89.3
7 4a – 13b 14b >99 84.7
8 4b – 13b 14b 90.3 88.1
9 4c – 13b 14b >99 87.0
10 4d – 13b 14b >99 96.4
11 4e – 13b 14b 66.5 98.7
12 4 f – 13b 14b 78.8 90.7


[a] The molar ratio of 12/NuH/[h-allylPdCl]2/4=1:2:0.025:0.06. All the li-
gands 4a–f used were of S,S,S,S configuration. [b] Yield of isolated prod-
uct. [c] The enantiomeric excesses were determined by HPLC on a Chir-
alcel OJ or AD column. The absolute configurations of 14a and 14b
were assigned as S and R, respectively, based on their optical rotations.
[d] BSA (2 equiv) was added.
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gands (S,S,S,S)-4a–f were the same as those attained with li-
gands (S,S,S,S)-3a–h, which illustrates that the substituents
on the cyclobutane backbone only have a small impact on
the sign of the asymmetric induction in the catalysis. The
protection of hydroxy groups of (S,S,S,S)-4a with acetate
could improve the enantioselectivities of the allylic substitu-
tion reactions (Table 2, en-
tries 1, 7 versus 4, 10, respec-
tively), particularly when using
benzylamine as the nucleophile.
The performance of the ben-
zoate derivative (S,S,S,S)-4e
was inferior to that of the ace-
tate analogue (S,S,S,S)-4d
(Table 2, entry 5 versus 4), al-
though the enantioselectivity of
allylic amination could be as
high as 98.7% using (S,S,S,S)-
4e, which has a relatively low
catalytic activity (Table 2,
entry 11). Therefore, acetate
might be an ideal protecting
group in the PEG-supported
ligand (S,S,S,S)-5. The conven-
ient preparation of ligands
(S,S,S,S)-4a and (S,S,S,S)-4c and their facile esterification as
well as the synergistic effect of the ester groups of the li-
gands on the enantioselectivity of the reactions have provid-
ed an excellent opportunity for anchoring the hydroxymeth-
yl ligands (S,S,S,S)-4a–c on polymeric supports that possess
carboxylic acid functional groups.


Synthesis of MeO-PEG-supported bisphosphine ligands
(S,S,S,S)-5a–d for enantioselective allylic substitution reac-
tions—homogeneous catalysis and heterogeneous recovery
of the catalyst : Although significant developments in homo-
geneous asymmetric catalysis have been achieved in recent
decades,[1] its application has been limited mainly due to
problems with the separation and recycling of the expensive
chiral catalyst. To overcome these problems, the immobiliza-
tion of homogeneous catalysts on insoluble polymer sup-
ports has received considerable attention, which has made
the recovery and reuse of the catalysts possible, as well as
their adaptation to continuous-flow-type processes.[13] How-
ever, the immobilization of the chiral catalysts on insoluble
supports often results in lower activities and enantioselectiv-
ities than those observed for their homogeneous counter-
parts. Alternatively, homogeneous catalysts can be achieved
by utilizing soluble polymer supports in the immobilization,
and which may have catalytic activities and stereoselectivi-
ties similar to those of the homogeneous parent systems.[14]


When the reaction is completed, the catalyst can be separat-
ed by either solvent or heat precipitation, membrane filtra-
tion or size-exclusion chromatography. Owing to the high
order of asymmetric induction of ligands (S,S,S,S)-4 in Pd-
catalyzed allylic substitution reactions, as well as the easy
modification of hydroxy groups on the cyclobutane back-
bone of the ligands, we decided to prepare a new type of
soluble polymer-supported bisphosphine ligand (S,S,S,S)-5


for use in Pd-catalyzed enantioselective allylic substitution
by using polyethylene glycol monomethyl ether (MeO-
PEG) as the support.
As shown in Scheme 5, a MeO-PEG based-support


(MeO-PEG-O2CCH2CH2CO2H, 18) containing a carboxylic
acid end group was prepared by the reaction of MeO-PEG


(Mn=2000, 17) with succinic anhydride in the presence of
Et3N according to the literature procedure.[15i] The conden-
sation of support 18 with (S,S,S,S)-4a or -4c in the presence
of DCC/DMAP as condensation reagent afforded the mono-
ester (S,S,S,S)-5a or (S,S,S,S)-5b in 79 and 89% yields, re-
spectively. An excess (5 equiv) of (S,S,S,S)-4a or (S,S,S,S)-4c
was employed to ensure the complete conversion of support
18 and a 1:1 ratio of support and bisphosphine unit in the
anchored (S,S,S,S)-5a and (S,S,S,S)-5b. The separation and
purification of (S,S,S,S)-5a and (S,S,S,S)-5b was quite con-
venient. After removal of dicyclohexylurea (DCU), which
was formed in the reaction, by simple filtration, the filtrate
was concentrated to dryness under reduced pressure, and
then a minimum amount of dichloromethane was added to
the crude product to ensure the complete dissolution of the
residue. Addition of diethyl ether allowed the precipitation
of supported ligands (S,S,S,S)-5a or (S,S,S,S)-5b as white
solids. This procedure was repeated three times to guarantee
products of high purity. Their 1H NMR, 31P NMR, and
MALDI-TOF spectra (Figure 3) were consistent with the
expected structures and demonstrated the high purity of the
ligands (S,S,S,S)-5a and (S,S,S,S)-5b. The unreacted starting
hydroxymethyl derivatives, (S,S,S,S)-4a and (S,S,S,S)-4c,
were readily recovered from the filtrate by column chroma-
tography on silica gel. The remaining hydroxy group of
(S,S,S,S)-5a and (S,S,S,S)-5b could be further protected with
acetate by the reaction with two equivalents of acetic acid
following the same procedures as those used for the prepa-
ration and purification of (S,S,S,S)-5a and (S,S,S,S)-5b to
afford (S,S,S,S)-5c and (S,S,S,S)-5d in 78 and 74% yields, re-
spectively.
With the MeO-PEG-supported ligands (S,S,S,S)-5a–


(S,S,S,S)-5d in hand, we next investigated their asymmetric
induction and the impact of the MeO-PEG support on the


Scheme 5. Synthesis of MeO-PEG-supported bisphosphine ligands (S,S,S,S)-5a–d.
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enantioselectivity of the Pd-catalyzed allylic substitution of
12 with dimethyl malonate 13a or benzylamine 13b. As
shown in Table 3, ligand (S,S,S,S)-5b gave the best perform-
ance for the reactions in terms of both reactivity and enan-
tioselectivity (Table 3, entries 2 and 6). It is evident that the


coupling of the MeO-PEG support to the dihydroxy bis-
phosphine (S,S,S,S)-4c (ligand (S,S,S,S)-5b) significantly im-
proved the enantioselectivities from 90.8 and 87.0% ee to
94.7 and 97.3% ee, respectively (entries 3 and 9 in Table 2
versus entries 2 and 6 in Table 3), which demonstrates the
synergistic effect of the polymeric support on the enantiose-
lectivity of the reaction. On the other hand, the acetate-pro-
tected analogue (S,S,S,S)-5d exhibited reduced enantioselec-
tivity compared with (S,S,S,S)-5b (Table 3, entries 4 and 8
versus entries 2 and 6, respectively). The other advantage of
the present catalyst system is the convenient recovery of the
catalyst. After the reaction was complete, diethyl ether was
added to the reaction mixture and the catalyst precipitated
as a yellow solid. Simple filtration afforded the catalyst in
>90% recovery and the flash chromatography of the fil-
trate conveniently afforded the product.


Recyclablity of the Pd complex of the MeO-PEG-supported
ligand (S,S,S,S)-5b in allylic substitution reactions : On the
basis of the findings mentioned above, we then examined
the reusability of the recovered Pd complex of (S,S,S,S)-5b
in enantioselective allylic alkylation and amination reactions
in order to demonstrate further advantages of this type of li-
gands. After the first run of the reaction, diethyl ether was
added to the reaction mixture so that the catalyst formed a
precipitate which was filtered off under an argon atmos-
phere and washed with diethyl ether three times. The recov-
ered catalyst was submitted to the next catalytic reaction
without any further addition of Pd. The recovered catalyst
could be recycled with only a slight loss in the activity and
enantioselectivity of the allylic alkylation reaction (from
94.6% ee in the first run to 86.0% ee in the fourth run;
Table 4, entries 1–4). In particular, the recovered catalyst
could be reutilized nine times in the allylic amination reac-
tion with high enantioselectivities (89.5–97.2% ee ; Table 4,
entries 5–13) although the catalytic activity diminished grad-
ually after the fifth run (Table 4, entries 10–13). These re-
sults demonstrate that the MeO-PEG-bound ligand


Figure 3. MALDI-TOF spectra of MeO-PEG-supported ligands
a) (S,S,S,S)-5a and b) (S,S,S,S)-5c.


Table 3. Pd-catalyzed enantioselective allylic substitution reactions using
MeO-PEG-supported bisphosphine ligands 5a–d.[a]


Entry Ligand Base NuH Product Yield ee
[%][b] [%][c]


1 5a BSA[d] 13a 14a 45.4 85.4
2 5b BSA[d] 13a 14a >99 94.7
3 5c BSA[d] 13a 14a 84.3 90.1
4 5d BSA[d] 13a 14a 61.0 87.5
5 5a – 13b 14b 97.8 96.4
6 5b – 13b 14b >99 97.3
7 5c – 13b 14b >99 96.4
8 5d – 13b 14b >99 90.8


[a] The molar ratio of 12/NuH/[h-allylPdCl]2/5=1:3:0.025:0.06. All the li-
gands 5a–d used were of S,S,S,S configuration. [b] Yield of isolated prod-
uct. [c] The enantiomeric excesses were determined by HPLC on a Chir-
alcel OJ or AD column. The absolute configurations of 14a and 14b
were assigned as S and R, respectively, based on their optical rotations.
[d] BSA (3 equiv) was added.


Table 4. Recyclability of the Pd complex of (S,S,S,S)-5b in allylic substi-
tution reactions.[a]


Entry Ligand Base NuH Product Yield ee
[%][b] [%][c]


1[d] 1st 1 13a 14a >99 94.6
2[d] 2nd 4 13a 14a >99 93.8
3[d] 3rd 8 13a 14a >99 91.7
4[d] 4th 16 13a 14a 88.3 86.0
5 1 st <0.5 13b 14b >99 97.2
6 2nd 0.5 13b 14b >99 93.4
7 3rd <1 13b 14b >99 89.5
8 4th 1 13b 14b >99 91.0
9 5th 2 13b 14b 95.9 92.2
10 6th 12 13b 14b >99 91.8
11 7th 20 13b 14b 63.6 90.5
12 8th 30 13b 14b 69.0 89.6
13 9th 30 13b 14b 81.0 91.1


[a] The molar ratio of 12 :NuH:[{(h-allyl)PdCl}2]: (S,S,S,S)-5b=
1:3:0.025:0.06. [b] Yield of isolated product. [c] The enantiomeric excess-
es were determined by HPLC on a Chiralcel OJ or AD column. The ab-
solute configurations of 14a and 14b were assigned as S and R, respec-
tively, based on their optical rotations. [d] BSA (3 equiv) was added.
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(S,S,S,S)-5b has the advantage of easy recovery and reutili-
zation in asymmetric allylic substitution reactions in addi-
tion to its facile preparation.


Conclusions


In summary, a highly efficient and practical optical resolu-
tion of anti head-to-head racemic coumarin dimer 7 by mo-
lecular complexation with TADDOL 8 through hydrogen
bonding and a convenient transformation of enantiopure
(�)-7 to a new type of C2-symmetric bisphosphine ligands
(S,S,S,S)-3 have been achieved. The asymmetric induction
efficiency of these chiral bisphosphine ligands in Pd-cata-
lyzed asymmetric allylic substitution reactions was evaluat-
ed. Under the experimental conditions, the allylic substitu-
tion products were obtained in excellent yields (up to 99%)
and enantioselectivities (up to 98.9% ee). By taking advant-
age of the high enantioselectivity of the catalytic reaction
and the easily derivable carboxylate groups on the cyclobu-
tane backbone of ligands 3, a new type of analogous ligands
(S,S,S,S)-4, as well as MeO-PEG-supported soluble ligands
(S,S,S,S)-5 have also been synthesized and utilized in asym-
metric allylic substitution reactions. In particular, the MeO-
PEG support in ligand (S,S,S,S)-5b displayed a synergistic
effect on the enantioselectivity of the reaction compared
with its precursor (S,S,S,S)-4c, affording the corresponding
allylation products 14a and 14b with excellent enantioselec-
tivities (94.6 and 97.2% ee, respectively). Moreover, the Pd
complex of (S,S,S,S)-5b could be easily recovered and recy-
cled several times without significant loss of enantioselectiv-
ity and activity of the allylic substitution reactions. Accord-
ingly, this new strategy for efficient and practical optical res-
olution of anti head-to-head racemic coumarin dimer 7, the
excellent asymmetric induction of the chiral ligands 3–5 de-
veloped on the basis of enantiopure 7, as well as the high
functional capacity of coumarin dimer 7 and bisphosphine li-
gands 3 and 4 disclosed in this work will definitely stimulate
further research on the uses of enantiopure 7 as a privileged
scaffold for the synthesis of various chiral ligands or chiral
polymers for use in asymmetric catalysis or for other as-
pects.


Experimental Section


General considerations : 1H and 13C NMR spectra were recorded in
CDCl3 on a Bruker AM300 spectrometer at 25 8C. The chemical shifts
are given in ppm with TMS (d=0 ppm) and the residue signal of CDCl3
(d=77 ppm) as the internal standards for 1H and 13C NMR spectroscopy,
respectively. The 31P NMR spectra were recorded on a Bruker AM300 in-
strument in CDCl3 with 85% H3PO4 as the external reference and the
19F NMR spectra were recorded in CDCl3 on a Varian Mercury 300 in-
strument. Melting points were measured on an XT-4 apparatus and are
uncorrected. Optical rotations were measured on a PE-341 automatic po-
larimeter; [a]D values are given in units of 10


�1 degcm2g�1. Liquid chro-
matographic analyses were conducted on a JASCO 1580 system. The IR
spectra were measured on a Rio-Rad FTS-185 spectrometer using KBr
pellets. EI and ESI mass spectra were obtained on HP5989A and Mari-
ner LC-TOF spectrometers, respectively. HRMS spectra were deter-
mined on a Kratos Concept, Q-Tof micro or APEXIII 7.0 TESLA FTMS


instrument. MALDI-TOF mass spectra were taken on a PerSeptive Bio-
systems Voyager DE-STR equipped with a 337 nm nitrogen laser. Ele-
mental analyses were performed on an Elemental VARIO EL apparatus.
All the experiments sensitive to moisture or air were carried out under
argon atmosphere using standard Schlenk techniques. Commercial re-
agents were used as received without further purification unless other-
wise noted. Dichloromethane and CH3CN were freshly distilled from cal-
cium hydride and THF, diethyl ether, and toluene from sodium benzo-
phenone ketyl.
Racemic anti head-to-head coumarin dimer 7: The preparation of the
anti head-to-head racemic coumarin dimer (� )-7 was carried out by fol-
lowing a literature method in 0.2 mol scale;[7] coumarin 6 was irradiated
in benzene solution in the presence of benzophenone as a sensitizer.


Optical resolution of 7 by molecular complexation with (�)-TADDOL
((�)-8): By heating a mixture of an equimolar amount of (� )-7 and the
resolving agent (�)-8 in ethyl acetate and then cooling the homogeneous
solution to room temperature molecular crystals of (�)-8 and (�)-7 were
formed with (�)-7 in 88.3% ee. The crystals that precipitated were col-
lected by filtration and washed with ethyl acetate; these crystals were
characterized as 2:1 molecular crystals of (�)-8 and (�)-7 by 1H NMR
spectroscopy. The enantiomeric excess of the opposite enantiomer ((+)-
7) remaining in the mother liquor was 81.7%. Further recrystallization of
the molecular crystals (�)-7·[(�)-8]2 from ethyl acetate afforded enantio-
pure (�)-7·[(�)-8]2 in 70% yield. (�)-7·[(�)-8]2 : m.p. 220–222 8C (lit. :[9a]
228–232 8C); [a]21D=�72.0 (c=1.00 in C6H6); [a]


21
435=�157.5 (c=1.00 in


C6H6);
1H NMR (300 MHz, CDCl3, TMS): d=1.05 (s, 12H), 3.89–3.95


(m, 8H), 4.60 (s, 4H), 7.10–7.60 (m, 48H) ppm; elemental analysis calcd
(%) for C80H72O12: C 78.41, H 5.92; found: C 78.58, H 5.84.


Treatment of the 1:2 complex (�)-7·[(�)-8]2 (10.00 g) with DMF/H2O
(5:1; 50 mL) gave a 1:1 complex of (�)-8 and DMF as colorless needles
in 99% yield (8.60 g). (�)-8·DMF: M.p. 211–212 8C; [a]20D=�76.2 (c=
1.02 in C6H6);


1H NMR (300 MHz, CDCl3, TMS): d=1.03 (s, 6H), 3.85
(s, 3H), 4.29 (br, 2H), 4.57 (s, 2H), 7.20–7.60 (m, 20H) ppm; EI-MS
(70 eV): m/z (%): 105 (100), 183 (63), 207 (50), 208 (29), 77 (23), 237
(20), 179 (19), 225 (17); IR (KBr): n=3256, 2929, 2901, 1652, 1495, 1414,
1388, 1370, 1333, 1243, 1221, 1207, 1168, 1102, 1082, 1054, 1016, 886, 769,
743, 701, 667, 641, 561, 507 cm�1; elemental analysis calcd (%) for
C34H37NO5: C 75.67, H 6.91, N 2.60; found: C 75.66, H 6.86, N 2.62.


The filtrate containing optically pure (�)-7 was concentrated under re-
duced pressure to give (�)-7 in quantitative yield. (�)-(S,S,S,S)-7: M.p.
168.5–169 8C; [a]21D=�9.0 (c=1.00 in C6H6); [a]


21
435=�65.8 (c=1.00 in


C6H6);
1H NMR (300 MHz, CDCl3, TMS): d=3.85–3.95 (m, 4H), 7.10–


7.40 (m, 8H) ppm; IR (KBr): n=1760, 1490, 1450, 775, 765 cm�1. (+)-
(R,R,R,R)-7: M.p. 168.5–169 8C; [a]21D=++9.0 (c=1.00 in C6H6); [a]


21
435=++


65.8 (c=1.00 in C6H6);
1H NMR (300 MHz, CDCl3, TMS): d=3.85–3.95


(m, 4H), 7.10–7.40 (m, 8H) ppm; IR (KBr): n=1760, 1490, 1450, 775,
765 cm�1.


The complex (�)-8·DMF (5.40 g) was dissolved in ethyl acetate (15 mL)
and washed with water (3R8 mL). The organic phase was then dried over
anhydrous sodium sulfate and concentrated under reduced pressure to
give TADDOL (�)-8 in >99% yield. M.p. 195–196 8C; [a]21D=�87.0 (c=
1.00 in C6H6); [a]


21
435=�183.0 (c=1.00 in C6H6);


1H NMR (300 MHz,
CDCl3, TMS): d=1.00 (s, 6H), 3.95 (s, 2H), 4.60 (s, 2H), 7.20–7.60 (m,
20H) ppm; IR (KBr): n=3437, 3211, 3091, 3059, 3025, 2988, 2891, 1494,
1462, 1447, 1382, 1371, 1243, 1222, 1191, 1170, 1096, 1080, 1047, 1016,
889, 759, 740, 698, 666, 639, 554, 507 cm�1. The recovered resolving re-
agent could be used directly in the next run of the optical resolution of
(� )-7 without any change in its efficiency.
(�)-(S,S,S,S)-9a : A suspension of the anti head-to-head coumarin dimer
(�)-(S,S,S,S)-7 (5.0 g, 17.1 mmol) in ethanol (160 mL) was refluxed for
48 h. The solution was concentrated and dried in vacuo to obtain the
product (S,S,S,S)-9a as a white solid (6.57 g, 99%). M.p. 159–161 8C
(lit. :[9b] 174–175 8C); [a]20D=�129.2 (c=1.01 in CHCl3);


1H NMR
(300 MHz, CDCl3, TMS): d=0.83 (t, J=7.1 Hz, 6H), 3.05 (br, 1H), 3.71–
3.91 (m, 6H), 4.87 (d, J=8.36 Hz, 2H), 6.66–7.06 (m, 8H), 8.85 (br,
1H) ppm; IR (KBr): n=3341, 3070, 3039, 2981, 2937, 2905, 1691, 1607,
1596, 1507, 1455, 1413, 1373, 1336, 1315, 1281, 1247, 1217, 1186, 1121,
1086, 1035, 936, 864, 855, 754, 732, 642, 471 cm�1; the enantiomeric excess
was determined by HPLC on a Chiralcel OJ column by using hexane/2-
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propanol (90:10) as eluent, flow rate=1.2 mLmin�1, UV detection at l=
220 nm, tR1=14.8 min (R,R,R,R isomer), tR2=20.0 min (S,S,S,S isomer).


(�)-(S,S,S,S)-9b : Following the same procedure as described above for
the preparation of (S,S,S,S)-9a, the reaction of (�)-(S,S,S,S)-7 with
MeOH afforded (S,S,S,S)-9b as an amorphous white solid (98% yield).
[a]D


20=�160.0 (c=1.00 in THF); 1H NMR (300 MHz, CDCl3, TMS): d=
3.40 (s, 6H), 4.04 (d, J=8.7 Hz, 2H), 4.96 (d, J=8.7 Hz, 2H), 6.76–7.12
(m, 8H) ppm; IR (KBr): n=3509, 3346, 1725, 1708, 1610, 1595, 1506,
1453, 1436, 1367, 1355, 1336, 1324, 1300, 1264, 1227, 1208, 1187, 1173,
1152, 1136, 1104, 1089, 1029, 896, 763, 750, 479 cm�1; EI-MS (70 eV): m/z
(%): 146 (100), 775 (80), 149 (63), 118 (48), 212 (44), 147 (36), 148 (30),
178 (22), 115 (20), 356 ([M]+ , 1).


(�)-(S,S,S,S)-9c : Following the same procedure as described above for
the preparation of (S,S,S,S)-9a, the reaction of (�)-(S,S,S,S)-7 with
BnOH using TiCl4 (10 mol%) as a catalyst afforded (S,S,S,S)-9c as a
white solid (84% yield). M.p. 106–110 8C; [a]20D=�68.4 (c=1.01 in THF);
1H NMR (CDCl3, 300 MHz, TMS): d=2.86 (s, 1H), 4.04 (d, J=9.3 Hz,
2H), 4.60 (d, J=12.3 Hz, 2H), 4.84 (d, J=12.3 Hz, 2H), 5.07 (d, J=
9.0 Hz, 2H), 6.71–7.25 (m, 18H) ppm; EI-MS (70 eV): m/z (%): 91 (100),
146 (95), 118 (61), 79 (32), 108 (27), 147 (26), 77 (22), 107(21); IR (KBr):
n=3053, 2980, 1722, 1605, 1586, 1509, 1477, 1464, 1435, 1369, 1328, 1303,
1266, 1216, 1159, 1134, 1093, 1070, 1035, 998, 745, 695, 546, 497, 416 cm�1;
elemental analysis calcd (%) for C32H28O6: C 75.57, H 5.55; found: C
75.31, H 5.49.


(�)-(S,S,S,S)-10a : Trifluoromethanesulfonic anhydride (0.41 mL,
2.4 mmol) was slowly added to a solution of (S,S,S,S)-9a (0.384 g,
1.0 mmol) and Et3N (0.675 mL, 4.8 mmol) in dried CH2Cl2 (3 mL) at
�78 8C. The reaction mixture was stirred for 1 h, and then warmed to
room temperature. After the removal of the solvent under reduced pres-
sure, the resulting residue was submitted to chromatographic separation
on silica gel using hexane/EtOAc (5:1) as eluent to give (S,S,S,S)-10a as
a white solid (0.63 g, 97%). M.p. 73–75 8C; [a]20D=�59.7(c=1.00 in
CHCl3);


1H NMR (300 MHz, CDCl3, TMS): d=0.86 (t, J=7.1 Hz, 6H),
3.85 (q, J=7.1 Hz, 4H), 3.93 (d, J=4.4 Hz, 2H), 4.92 (d, J=4.4 Hz, 2H),
7.20–7.40 (m, 8H) ppm; 19F NMR (282 MHz, CDCl3): d=�74.4 ppm; 13C
NMR (75 MHz, CDCl3): d=170.82, 147.75, 130.62, 129.18, 128.55, 128.44,
121.11, 120.67, 116.43, 60.80, 43.79, 38.01, 13.61 ppm; EI-MS (70 eV): m/z
(%): 127 (38), 147 (54), 175 (100), 181 (45), 210 (98), 501 (39), 574
([M]+ , 30); IR (KBr): n=2980, 1728, 1708, 1492, 1454, 1420, 1404, 1373,
1343, 1319, 1250, 1226, 1204, 1142, 1076, 1047, 1035, 941, 894, 876, 826,
786, 771, 743, 729, 620, 607, 573, 520, 481 cm�1; elemental analysis calcd
(%) for C24H22O10F6S2: C 44.44, H 3.42; found; C 44.47, H 3.45.


(�)-(S,S,S,S)-10b : Following the same procedure as described above for
the preparation of (S,S,S,S)-10a, the reaction of (S,S,S,S)-9b with Tf2O af-
forded (S,S,S,S)-10b as a white solid (99% yield). M.p. 54–56 8C; [a]20D=
�74.6 (c=0.99 in CHCl3); 1H NMR (300 MHz, CDCl3, TMS): d=3.37 (s,
6H), 3.98 (d, J=9.0 Hz, 2H), 4.93 (d, J=9.0 Hz, 2H), 6.26–7.38
(m, 8H) ppm; 19F NMR (282 MHz, CDCl3): d=�74.5 ppm; 13C NMR
(75 MHz, CDCl3): d=171.26, 147.66, 130.40, 129.25, 128.43, 128.38,
121.03, 120.64, 116.41, 51.69, 43.83, 37.97 ppm; IR (KBr): n=1734,
1489, 1452, 1423, 1406, 1338, 1290, 1251, 1218, 1162, 1139, 1078,
908, 861, 817, 769, 745, 648, 628, 603 cm�1; ESI-MS [M+


H]: 621.3.


(�)-(S,S,S,S)-10c : Following the same procedure as described above for
the preparation of (S,S,S,S)-10a, the reaction of (S,S,S,S)-9c with Tf2O af-
forded (S,S,S,S)-10c as a white solid (95% yield). [a]20D=�28.1 (c=1.25
in CHCl3);


1H NMR (CDCl3, 300 MHz, TMS): d=4.02 (d, J=8.7 Hz,
2H), 4.76 (d, J=12.3 Hz, 2H), 4.86 (d, J=12.3 Hz, 2H), 4.92 (d, J=
8.7 Hz, 2H), 7.05–7.27 (m, 18H) ppm; 19F NMR (282 MHz, CDCl3): d=
�74.3 ppm; 13C NMR (75 MHz, CDCl3): d=171.26, 147.66, 130.40,
129.25, 128.43, 128.38, 121.03, 120.64, 116.41, 51.69, 43.83, 37.97 ppm; IR
(KBr): n=1729, 1490, 1453, 1421, 1404, 1382, 1332, 1250, 1216, 1139,
1078, 904, 863, 769, 697, 605 cm�1; ESI-MS [M++Na]: 731.1; HRMS
(FT): calcd for C34H26O10NaF6 [M


++Na]: 731.1322; found: 731.1317.


(�)-(S,S,S,S)-11a : DMSO (6 mL) and diisopropylethylamine (1.8 mL,
10.0 mmol) were added to a mixture of (S,S,S,S)-10a (0.648 g, 1.0 mmol),
diphenylphosphine oxide (0.808 g, 4.0 mmol), Pd(OAc)2 (24.0 mg,
0.10 mmol), and dppp (74.8 mg, 0.15 mmol) and the mixture was stirred
at 100 8C for 12 h. After cooling to room temperature, the reaction mix-
ture was diluted with ethyl acetate, washed with water twice and then


with brine. The organic phase was dried over Na2SO4, filtered and then
concentrated under reduced pressure. The resulting residue was submit-
ted to chromatographic separation on silica gel using EtOAc as eluent to
give (S,S,S,S)-11a as an amorphous solid (0.74 g, 99%). [a]20D=�95.7 (c=
1.01 in CHCl3);


1H NMR (300 MHz, CDCl3, TMS): d=0.86 (t, J=
7.13 Hz, 6H), 2.95 (d, J=4.3 Hz, 2H), 3.72 (q, J=5.8 Hz, 4H), 5.38 (d,
J=4.3 Hz, 2H), 7.00–7.80 (m, 28H) ppm; 31P NMR (121.46 MHz,
CDCl3): d=31.1 ppm;


13C NMR (75 MHz, CDCl3): d=171.19, 142.34,
142.24, 133.16, 133.10, 132.98, 132.57, 132.21, 132.17, 132.08, 132.04,
131.73, 132.61, 131.21, 129.13, 129.00, 128.51, 128.35, 126.31, 126.14, 60.04,
44.80, 42.30, 42.23, 13.79 ppm; IR (KBr): n=3582, 3420, 3056, 2985, 2939,
1709, 1653, 1591, 1438, 1372, 1313, 1232, 1178, 1140, 1116, 1099, 1069,
1033, 998, 769, 753, 736, 725, 697, 554, 546, 511, 490 cm�1; EI-MS (70 eV):
m/z (%): 201 (70), 303 (80), 431 (43), 485 (45), 579 (36), 633 (92),679
(100), 680 ([M+], 34),752 (4); HRMS (EI): calcd for C46H42O6P2 [M


+]:
752.2457; found: 752.2439.


(�)-(S,S,S,S)-11b : Following the same procedure as described above for
the preparation of (S,S,S,S)-11a, the reaction of (S,S,S,S)-10a with bis(4-
methoxyphenyl)phosphine oxide afforded (S,S,S,S)-11b as an amorphous
a white solid (88% yield). [a]20D=�75.9 (c=1.01 in CHCl3); 1H NMR
(300 MHz, CDCl3, TMS): d=0.81 (t, J=6.7 Hz, 6H), 3.04 (d, J=6.7 Hz,
2H), 3.05–3.81 (m, 16H), 5.36 (d, J=6.7 Hz, 2H), 6.87–7.65 (m,
24H) ppm; 31P NMR (121.46 MHz, CDCl3): d=12.5 ppm; 13C NMR
(75 MHz, CDCl3): d=171.19, 162.10, 162.06, 162.02, 142.39, 142.29,
133.94, 133.79, 133.48, 133.03, 132.83, 132.12, 131.72, 131.74, 129.13,
129.00, 126.10, 125.93, 125.02, 124.85, 123.56, 123.39, 113.93, 113.76, 59.86,
55.16, 44.72, 42.21, 42.14, 29.52, 14.00, 13.80 ppm; IR (KBr): n=3423,
3063, 2976, 2840, 1720, 1598, 1570, 1504, 1464, 1442, 1407, 1369, 1338,
1296, 1255, 1177, 1118, 1025, 935, 830, 801, 757, 729, 664, 622, 551,
458 cm�1; EI-MS (70 eV): m/z (%): 261 (100), 363 (62), 575 (41), 611
(66), 612 (27), 700 (46), 799 (82), 800 (37),872 (8); HRMS (EI): calcd for
C50H50O10P2 [M


+]: 872.2880; found: 872.2879.


(�)-(S,S,S,S)-11c : Following the same procedure as described above for
the preparation of (S,S,S,S)-11a, the reaction of (S,S,S,S)-10a with bis(4-
tert-butylphenyl)phosphine oxide afforded (S,S,S,S)-11c as an amorphous
white solid (92% yield). [a]20D=�69.0 (c=1.01 in CHCl3); 1H NMR
(300 MHz, CDCl3, TMS): d=0.87 (t, J=11.9 Hz, 6H), 1.32 (s, 36H), 2.99
(d, J=7.3 Hz, 2H), 3.71 (m, 4H), 5.40 (d, J=7.3 Hz, 2H), 7.03–7.68 (m,
24H) ppm; 31P NMR (121.46 MHz, CDCl3): d=12.6 ppm; 13C NMR
(75 MHz, CDCl3): d=171.22, 154.87, 154.83, 154.79, 142.62, 142.51,
133.17, 133.10, 133.00, 132.09, 131.96, 131.88, 131.74, 130.37, 130.29,
129.30, 129.17, 129.00, 128.89, 126.19, 126.02, 125.44, 125.30, 125.28, 59.90,
44.54, 42.39, 42.31, 34.91, 31.13, 31.09, 29.64, 13.93 ppm; IR (KBr): n=
3439, 3062, 2964, 2928, 2870, 1726, 1599, 1498, 1465, 1444, 1394, 1366,
1308, 1264, 1189, 1137, 1114, 1093, 1038, 1018, 829, 802, 751, 613, 592,
567, 520, 490 cm�1; EI-MS (70 eV): m/z (%): 313 (53), 415 (59), 653 (40),
663 (78), 804 (64), 903 (96), 904 (100), 976 (23), 903 (96); HRMS (EI):
calcd for C62H74O6P2 [M


+�COOEt]: 903.4671; found: 903.4665.
(�)-(S,S,S,S)-11d : Following the same procedure as described above for
the preparation of (S,S,S,S)-11a, the reaction of (S,S,S,S)-10a with di(3-
tolyl)phosphine oxide afforded (S,S,S,S)-11d as an amorphous white solid
(97% yield). [a]20D=�80.8 (c=1.01 in CHCl3);


1H NMR (300 MHz,
CDCl3, TMS): d=0.86 (t, J=6.7 Hz, 6H), 2.34 (s, 3H), 2.38 (s, 3H), 2.96
(d, J=8.6 Hz, 2H), 3.73 (q, J=8.4 Hz, 4H), 5.33 (d, J=8.5 Hz, 2H),
6.98–7.66 (m, 24H) ppm; 31P NMR (121.46 MHz, CDCl3): d=12.7 ppm;
13C NMR (75 MHz, CDCl3): d=170.74, 142.17, 142.06, 138.08, 138.05,
137.92, 137.90, 133.05, 132.84, 132.67, 132.41, 132.29, 132.19, 132.11,
132.06, 131.81, 131.698, 131.49, 129.09, 129.04, 128.96, 128.91, 128.77,
128.07, 127.93, 127.90, 126.00, 125.83, 59.61, 44.62, 42.18, 42.10, 21.13,
13.67 ppm; IR (KBr): n=2980, 1722, 1592, 1477, 1444, 1370, 1307, 1222,
1174, 1114, 1036, 871, 785, 697, 559, 464 cm�1; EI-MS (70 eV): m/z (%):
229 (58), 331 (49), 580 (56), 690 (51), 734 (59), 735 (96), 736 (100), 737
(36), 808 (18); HRMS (EI): calcd for C50H50O6P2 [M


+]: 808.3083; found:
808.3076.


(�)-(S,S,S,S)-11e : Following the same procedure as described above for
the preparation of (S,S,S,S)-11a, the reaction of (S,S,S,S)-10a with di(3,5-
xylyl)phosphine oxide afforded (S,S,S,S)-11e as an amorphous white solid
(95% yield). [a]20D=�99.4 (c=1.00 in CHCl3);


1H NMR (300 MHz,
CDCl3, TMS): d=0.86 (t, J=7.3 Hz, 6H), 2.29 (s, 12H), 2.32 (s, 12H),
2.93 (d, J=4.3 Hz, 2H), 3.75 (q, J=6.7 Hz, 4H), 5.24 (d, J=4.3 Hz, 2H),
7.00–7.40 (m, 20H) ppm; 31P NMR (121.46 MHz, CDCl3): d=31.0 ppm;
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13C NMR (75 MHz, CDCl3) : d=171.02, 142.36, 142.26, 138.16, 138.10,
137.99, 137.93, 133.27, 133.13, 132.98, 131.96, 131.77, 129.81, 129.76,
129.69, 129.63, 128.97, 126.19, 126.02, 59.89, 45.01, 42.46, 21.25,
13.90 ppm; IR (KBr): n=3012, 2980, 1723, 1600, 1444, 1369, 1307, 1274,
1185, 1129, 1037, 871, 850, 693, 582, 525, 423 cm�1; EI-MS (70 eV): m/z
(%): 257 (55), 359 (33), 360 (43), 608 (68), 746 (35), 791 (90), 792 (100),
793 (48), 864 (24); HRMS (EI): calcd for C54H58O6P2 [M


+]: 864.3709;
found: 864.3733.


(�)-(S,S,S,S)-11 f : Following the same procedure as described above for
the preparation of (S,S,S,S)-11a, the reaction of (S,S,S,S)-10a with di(4-
tolyl)phosphine oxide afforded (S,S,S,S)-11 f as an amorphous white solid
(83% yield). [a]20D=�72.0 (c=1.00 in CHCl3);


1H NMR (300 MHz,
CDCl3, TMS): d=0.86 (t, J=7.3 Hz, 6H), 2.40 (s, 12H), 3.04 (d, J=
7.0 Hz, 2H), 3.73 (m, 4H), 5.38 (d, J=7.0 Hz, 2H), 6.95–7.65 (m,
24H) ppm; 31P NMR (121.46 MHz, CDCl3): d=12.7 ppm; 13C NMR
(75 MHz, CDCl3): d=171.25, 142.57, 142.47, 141.97, 141.93, 141.87,
133.20, 133.12, 132.95, 132.25, 132.12, 131.84, 130.44, 130.30, 129.22,
129.14, 129.05, 128.90, 126.14, 125.97, 59.97, 44.81, 42.37, 42.29, 29.64,
21.59, 13.87, 0.97 ppm; IR (KBr): n=2962, 2925, 2854, 1724, 1602, 1500,
1444, 1399, 1369, 1309, 1262, 1216, 1184, 1114, 1099, 1036, 807, 756, 725,
659, 634, 620, 545, 524, 459 cm�1; EI-MS (70 eV): m/z (%): 91 (43), 226
(67), 229 (100), 245 (84), 331 (35), 579 (41), 688(29), 735 (66), 808 (12);
HRMS (EI): calcd for C50H50O6P2 [M


+]: 808.3083; found: 808.3085.


(�)-(S,S,S,S)-11g : Following the same procedure as described above for
the preparation of (S,S,S,S)-11a, the reaction of (S,S,S,S)-10b with diphe-
nylphosphine oxide afforded (S,S,S,S)-11g as an amorphous white solid
(98% yield). [a]20D=�50.0 (c=1.06 in CHCl3);


1H NMR (300 MHz,
CDCl3, TMS): d=2.95 (d, J=9.0 Hz, 2H), 3.23 (s, 6H), 5.33 (d, J=
8.7 Hz, 2H), 6.91–7.75 (m, 28H) ppm; 31P NMR (121.46 MHz, CDCl3):
d=31.5 ppm; 13C NMR (75 MHz, CDCl3): d=171.50, 142.27, 142.18,
133.28, 133.20, 133.14, 133.02, 132.73, 132.31, 132.28, 132.22, 132.17,
132.09, 132.04, 131.91, 131.75, 131.71, 131.64, 131.60, 131.37, 128.93,
128.80, 128.54, 128.51, 128.38, 128.35, 126.39, 126.22, 51.15, 45.14, 42.39,
42.32 ppm; IR (KBr): n=1728, 1437, 1189, 1135, 1117, 1100, 751, 721,
696, 553, 514 cm�1; ESI-MS [M++H]: 825.2; HRMS (FT): calcd for
C44H38O6P2Na [M


++Na]: 747.2036; found: 747.2044.


(�)-(S,S,S,S)-11h : Following the same procedure as described above for
the preparation of (S,S,S,S)-11a, the reaction of (S,S,S,S)-10c with diphe-
nylphosphine oxide afforded a mixture of the by-product BnP(O)Ph2 and
(S,S,S,S)-11h. Isolation of the desired pure (S,S,S,S)-11h proved to be
very difficult. The mixture was directly used in subsequent reduction to
(�)-(S,S,S,S)-3h without further purification (see synthesis of (�)-
(S,S,S,S)-3h) To get an unambiguous identification of compound
(S,S,S,S)-11h, however, its pure form was obtained in quantitative yield
by oxidation of (�)-(S,S,S,S)-3h with 30% H2O2 in THF. The spectros-
copic data are as follows: [a]20D=�75.8 (c=1.01 in CHCl3); 1H NMR
(300 MHz, CDCl3, TMS): d=3.05 (d, J=8.7 Hz, 2H), 4.43 (d, J=8.4 Hz,
2H), 4.57 (d, J=12.3 Hz, 2H), 4.74 (d, J=12.3 Hz, 2H), 6.90–7.70 (m,
38H) ppm; 31P NMR (121.46 MHz, CDCl3): d=31.3 ppm; 13C NMR
(75 MHz, CDCl3): d=170.11, 141.39, 141.28, 134.40, 132.22, 132.14,
132.11, 131.44, 131.27, 131.24, 131.14, 131.10, 130.73, 130.60, 128.11,
127.98, 127.55, 127.50, 127.38, 127.34, 127.21, 127.02, 125.47, 125.31, 65.37,
43.73, 41.53, 41.45, 28.67 ppm; IR (KBr): n=1723, 1438, 1306, 1262, 1186,
1160, 1134, 1116, 1100, 1071, 1027, 752, 722, 695, 553, 513 cm�1; ESI-MS
[M++H]: 877.3; HRMS (FT): calcd for C56H46O6P2Na [M++Na]:
899.2662; found: 899.2667.


(�)-(S,S,S,S)-3a : HSiCl3 (2.85 mL, 25.0 mmol) was added to a solution of
(S,S,S,S)-11a (0.752 g, 1.0 mmol) and PhNMe2 (7.2 mL, 25.0 mmol) in
dried toluene (8 mL) at 0 8C. The reaction mixture was stirred for 0.5 h,
and then heated at 100 8C with stirring for an additional 12 h. The reac-
tion was quenched at room temperature with concentrated aqueous
NaHCO3. The mixture was filtered through Celite, and the filtrate was
extracted with diethyl ether, washed with water and brine. The organic
phase was dried over Na2SO4, filtered and concentrated under reduced
pressure. The residue was submitted to chromatographic separation on
silica gel using hexane/EtOAc (10:1) as eluent to give an amorphous
white solid (0.53 g, 74%). [a]20D=�111.2 (c=1.00 in CHCl3); 1H NMR
(300 MHz, CDCl3, TMS): d=0.77 (t, J=7.2 Hz, 6H), 3.72 (m, 6H), 5.21
(d, J=3.3 Hz, 2H), 6.70–7.40 (m, 28H) ppm; 31P NMR (121.46 MHz,
CDCl3): d=�13.2 ppm; EI-MS (70 eV): m/z (%): 183 (12), 201 (19), 287
(23), 471 (11), 535 (100), 536 (26), 563 (9), 580 (9); IR (KBr): n=3053,


2980, 1722, 1605, 1586, 1509, 1477, 1464, 1435, 1369, 1328, 1303, 1266,
1216, 1159, 1134, 1093, 1070, 1035, 998, 745, 695, 546, 497, 416 cm�1; ele-
mental analysis calcd (%) for C46H42O4P2: C 76.65, H 5.87; found: C
76.59, H 5.93.


(�)-(S,S,S,S)-3b : Following the same procedure as described above for
the preparation of (S,S,S,S)-3a, the reduction of (S,S,S,S)-11b afforded
(S,S,S,S)-3b as an amorphous white solid (80% yield). [a]20D=�69.0 (c=
1.22 in CHCl3);


1H NMR (300 MHz, CDCl3, TMS): d=0.73 (t, J=7.3 Hz,
6H), 3.58–3.80 (m, 18H), 5.05 (d, J=4.3 Hz, 2H), 6.63–7.25 (m,
24H) ppm; 31P NMR (121.46 MHz, CDCl3): d=�16.5 ppm; 13C NMR
(75 MHz, CDCl3): d=171.43, 160.13, 160.05, 141.18, 140.87, 138.55,
138.36, 135.85, 135.61, 135.56, 135.33, 132.00, 127.99, 127.52, 127.42,
126.83, 126.73, 126.52, 114.12, 114.01, 113.92, 59.81, 54.93, 54.88, 43.59,
42.25, 41.95, 29.46, 13.64 ppm; IR (KBr): n=3055, 2836, 1722, 1594, 1568,
1498, 1463, 1441, 1369, 1305, 1286, 1248, 1177, 1135, 1095, 1031, 827, 797,
752, 531, 501, 419 cm�1; ESI-MS [M++H]: 841.5; HRMS (FT): calcd for
C50H51O8P2 [M


++H]: 841.3053; found: 841.3033.


(�)-(S,S,S,S)-3c : Following the same procedure as described above for
the preparation of (S,S,S,S)-3a, the reduction of (S,S,S,S)-11c afforded
(S,S,S,S)-3c as an amorphous white solid (91% yield). [a]20D=�67.8 (c=
0.99 in CHCl3);


1H NMR (300 MHz, CDCl3, TMS): d=0.75 (t, J=6.7 Hz,
6H), 1.31 (s, 18H), 1.33 (s, 18H), 3.65–3.76 (m, 4H), 3.82 (d, J=4.3 Hz,
2H), 5.18 (d, J=4.3 Hz, 2H), 6.72–7.69 (m, 24H) ppm; 31P NMR
(121.46 MHz, CDCl3): d=�15.9 ppm; 13C NMR (75 MHz, CDCl3): d=
171.70, 151.64, 151.56, 141.85, 141.52, 138.17, 137.99, 134.25, 133.98,
133.93, 133.67, 133.27, 133.14, 132.85, 132.73, 128.26, 126.86, 126.56,
126.53, 125.51, 125.41, 125.34, 59.99, 43.84, 43.78, 42.42, 42.12, 34.63,
34.60, 31.31, 31.24, 13.83 ppm; IR (KBr): n=2964, 2904, 2869, 1725, 1600,
1510, 1494, 1463, 1393, 1365, 1331, 1305, 1268, 1142, 1094, 1084, 1037,
1016, 923, 827, 752, 592, 560 cm�1; ESI-MS [M++H]: 945.8; HRMS (FT)
calcd for C62H75O4P2 [M


++H]: 945.5135; found: 945.5138.


(�)-(S,S,S,S)-3d : Following the same procedure as described above for
the preparation of (S,S,S,S)-3a, the reduction of (S,S,S,S)-11d afforded
(S,S,S,S)-3d as an amorphous white solid (76% yield). [a]20D=�70.6 (c=
1.04 in CHCl3);


1H NMR (300 MHz, CDCl3, TMS): d=0.77 (t, J=6.7 Hz,
6H), 2.31 (s, 6H), 2.32 (s, 6H), 3.67–3.79 (m, 6H), 5.18 (d, J=4.3 Hz,
2H), 6.76–7.51 (m, 24H) ppm; 31P NMR (121.46 MHz, CDCl3): d=


�13.2 ppm; 13C NMR (75 MHz, CDCl3): d=171.45, 141.71, 141.38,
137.91, 137.81, 137.76, 137.65, 137.57, 137.38, 136.41, 136.26, 135.90,
135.77, 135.08, 134.77, 134.45, 132.64, 131.52, 131.28, 131.06, 130.84,
129.39, 129.41, 128.98, 128.37, 128.25, 128.14, 126.87, 126.50, 59.90, 43.87,
42.50, 42.18, 21.30, 13.65 ppm; IR (KBr): n=3422, 3056, 2980, 2925, 2870,
1721, 1592, 1489, 1477, 1444, 1405, 1370, 1332, 1307, 1246, 1219, 1174,
1136, 1114, 1036, 998, 925, 872, 784, 758, 697, 566, 559, 464 cm�1; ESI-MS
[M++H]: 777.5; HRMS (ESI) calcd for C50H51O4P2 [M


++H]: 777.3263;
found: 777.3235.


(�)-(S,S,S,S)-3e : Following the same procedure as described above for
the preparation of (S,S,S,S)-3a, the reduction of (S,S,S,S)-11e afforded
(S,S,S,S)-3e as an amorphous white solid (74% yield). [a]20D=�131.9 (c=
1.01 in CHCl3);


1H NMR (300 MHz, CDCl3, TMS): d=0.70 (t, J=6.7 Hz,
6H), 2.16 (s, 12H), 2.20 (s, 12H), 3.66 (m, 6H), 5.25 (d, J=4.2 Hz, 2H),
6.60–7.00 (m, 20H); 31P NMR (121.46 MHz, CDCl3): d=�12.5 ppm; IR
(KBr): n=3396, 2980, 2921, 2862, 1723, 1600, 1467, 1444, 1370, 1307,
1274, 1182, 1130, 1073, 1037, 872, 851, 757, 723, 693, 581, 525, 468 cm�1;
EI-MS (70 eV): m/z (%): 343 (14), 416 (8), 555 (23), 591 (100), 592 (30),
593 (9), 727 (8), 759 (10); elemental analysis calcd (%) for C54H58O4P2: C
77.86, H 7.02; found: C 77.66, H 7.18.


(�)-(S,S,S,S)-3 f : Following the same procedure as described above for
the preparation of (S,S,S,S)-3a, the reduction of (S,S,S,S)-11 f afforded
(S,S,S,S)-3 f as an amorphous white solid (76% yield). [a]20D=�76.4 (c=
0.75 in CHCl3);


1H NMR (300 MHz, CDCl3, TMS): d=0.79 (t, J=9.2 Hz,
6H), 2.38 (s, 6H), 2.35 (s, 6H), 3.66–3.80 (m, 6H), 5.17 (d, J=3.6 Hz,
2H), 6.71–7.29 (m, 24H) ppm; 31P NMR (121.46 MHz, CDCl3): d=


�15.2 ppm; 13C NMR (75 MHz, CDCl3): d=171.67, 141.71, 141.38,
138.56, 138.07, 137.88, 134.54, 134.27, 133.99, 133.36, 133.24, 132.76,
132.64, 132.54, 129.37, 129.28, 129.18, 128.24, 126.87, 126.71, 126.64, 60.03,
43.87, 43.82, 42.48, 42.17, 29.67, 21.34, 13.76 ppm; IR (KBr): n=2958,
2924, 2854, 1723, 1497, 1463, 1441, 1369, 1304, 1215, 1186, 1160, 1093,
1036, 806, 750, 628, 508 cm�1; ESI-MS [M++H]: 777.5; HRMS (FT) calcd
for C50H51O4P2 [M


++H]: 777.3263; found: 777.3257.
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(�)-(S,S,S,S)-3g : Following the same procedure as described above for
the preparation of (S,S,S,S)-3a, the reduction of (S,S,S,S)-11g afforded
(S,S,S,S)-3g as an amorphous white solid (75% yield). [a]20D=�110.5 (c=
1.02 in CHCl3);


1H NMR (300 MHz, CDCl3, TMS): d=3.25 (s, 6H), 3.72
(d, J=9.0 Hz, 2H), 5.23 (d, J=7.5 Hz, 2H), 6.83–7.41 (m, 28H) ppm; 31P
NMR (121.46 MHz, CDCl3): d=�13.2 ppm; 13C NMR (75 MHz, CDCl3):
d=171.94, 141.74, 141.40, 137.14, 136.65, 136.51, 136.04, 135.90, 134.49,
134.22, 134.14, 133.87, 132.88, 128.68, 128.56, 128.47, 128.42, 128.32,
127.05, 126.54, 126.46, 51.11, 44.17, 44.11, 42.59, 42.26 ppm; IR (KBr):
n=2947, 1728, 1434, 1334, 1305, 1161, 1026, 744, 696, 498 cm�1; ESI-MS
[M++H]: 693.2; HRMS (FT) calcd for C44H38O4P2Na [M++Na]:
715.2138; found: 715.2168.


(�)-(S,S,S,S)-3h : Following the same procedure as described above for
the preparation of (S,S,S,S)-3a, the reduction of (S,S,S,S)-11h afforded
(S,S,S,S)-3h as an amorphous white solid (yield of the last two steps from
(S,S,S,S)-10c, 30%). [a]20D=�109.0 (c=1.00 in CHCl3); 1H NMR (CDCl3,
300 MHz, TMS): d=3.79 (d, J=9.0 Hz, 2H), 4.57 (d, J=12.3 Hz, 2H),
4.74 (d, J=12.3 Hz, 2H), 5.22–5.25 (m, 2H), 6.72–7.38 (m, 38H); 31P
NMR (121.46 MHz, CDCl3): d=�13.4 ppm; 13C NMR (75 MHz, CDCl3):
d=171.56, 141.57, 141.24, 137.71, 137.52, 136.44, 136.29, 135.77, 135.63,
135.35, 134.58, 134.47, 134.38, 134.20, 134.11, 132.79, 128.75, 128.68,
128.61, 128.52, 128.49, 128.37, 128.26, 127.97, 127.13, 126.58, 66.42, 43.96,
42.73, 42.40 ppm; IR (KBr): n=3053, 1723, 1435, 1301, 1216, 1157, 1133,
1026, 1001, 744, 695, 499 cm�1; ESI-MS [M++H]: 845.3; HRMS (FT)
calcd for C56H47O4P2 [M


++H]: 845.2944; found: 845.2963.


(�)-(S,S,S,S)-4a : Compound (S,S,S,S)-1a (1.07 g, 1.5 mmol) in Et2O
(20 mL) was added to a Schlenk tube containing LiAlH4 (0.46 g,
12.0 mmol) and dried Et2O (30 mL) at 0 8C. The mixture was stirred for
10 min, and then the reaction was quenched with water. The precipitate
was filtered and washed with CH2Cl2 three times. The combined organic
phases were dried over Na2SO4, filtered and concentrated under reduced
pressure. The resulting amorphous white solid was recrystallized in
EtOAc to give (�)-(S,S,S,S)-4a as white crystals (0.80 g, 85%). M.p.
190.0–191.0 8C; [a]20D=�88.4 (c=0.975 in CHCl3); 1H NMR (300 MHz,
CDCl3, TMS): d=2.58 (d, J=6.3 Hz, 2H), 3.31–3.44 (m, 4H), 4.62 (d, J=
6.3 Hz, 2H), 6.67–7.41 (m, 28H) ppm; 31P NMR (121.46 MHz, CDCl3):
d=�12.7 ppm; IR (KBr): n=3360, 3047, 1584, 1432, 1066, 1032, 762, 750,
741, 695 cm�1; EI-MS (70 eV): m/z (%): 451 (100), 287 (92), 549 (92), 183
(90), 363 (66), 361 (55), 559 (54), 471 (42); elemental analysis calcd (%)
for C42H38O2P2: C 79.23, H 6.02; found: C 79.01, H 6.10.


Crystal data : C42H38O2P2, formula weight 636.66, orthorhombic, space
group P212121, a=8.0449(12), b=16.257(2), c=26.605(4) O, V=


3479.5(9) O3, Z=4, 1calcd=1.215 gcm
�3, F(000)=1344, m(Mo


Ka)=
1.60 cm�1. Data collection and refinement: diffraction data were mea-
sured in the range 2qmax=2.94–56.628. A total of 7797 unique reflections
with positive intensities were recorded. The final refinement, based on
F2, converged at R=0.0490 (wR2=0.0873) for 3284 observations having
Io>2s(Io) and R=0.1299 (wR2=0.1053) for 7797 unique data. At conver-
gence, S=0.342 and D1=�0.205 eO�3.


(�)-(S,S,S,S)-4b : Following the same procedure as described above for
the preparation of (S,S,S,S)-4a, the reduction of (S,S,S,S)-3b afforded
(S,S,S,S)-4b as an amorphous white solid (99% yield). [a]20D=�47.4 (c=
0.97 in CHCl3);


1H NMR (300 MHz, CDCl3, TMS): d=1.82 (br, 2H),
2.59 (d, J=6.0 Hz, 2H), 3.34–3.39 (m, 4H), 3.79 (s, 6H), 3.83 (s, 6H),
4.53 (d, J=6.0 Hz, 2H), 6.56–7.30 (m,24H) ppm; 31P NMR (121.46 MHz,
CDCl3): d=�16.7 ppm; 13C NMR (75 MHz, CDCl3): d=160.34, 160.28,
141.97, 141.66, 138.25, 138.07, 135.97, 135.68, 135.56, 135.28, 132.36,
128.31, 127.54, 127.44, 126.67, 126.57, 126.52, 126.45, 126.36, 114.34,
114.30, 114.23, 114.19, 63.16, 55.29, 55.14, 55.10, 40.66, 40.60, 39.96, 39.71,
29.28 ppm; IR (KBr): n=2926, 1594, 1567, 1498, 1461, 1440, 1285, 1247,
1177, 1095, 1029, 827, 797, 747, 532 cm�1; ESI-MS [M++H]: 757.3;
HRMS (FT) calcd for C46H47O6P2 [M


++H]: 757.2842; found: 757.2833.


(�)-(S,S,S,S)-4c : Following the same procedure as described above for
the preparation of (S,S,S,S)-4a, the reduction of (S,S,S,S)-3c afforded
(S,S,S,S)-4c as an amorphous white solid (95% yield). [a]20D=�47.6 (c=
1.02 in CHCl3);


1H NMR (300 MHz, CDCl3, TMS): d=1.32 (s, 18H),
1.36 (s, 18H), 2.57 (d, J=7.5 Hz, 2H), 3.36–3.39 (m, 4H), 4.51 (d, J=
7.5 Hz, 2H), 6.64–7.42 (m,24H) ppm; 31P NMR (121.46 MHz, CDCl3):
d=�14.9 ppm; 13C NMR (75 MHz, CDCl3): d=151.96, 151.92, 142.32,
142.00, 137.80, 137.62, 134.34, 134.07, 133.84, 133.58, 132.92, 132.81,


132.71, 132.34, 132.22, 128.39, 126.36, 125.57, 125.49, 63.26, 48.91, 40.78,
40.71, 40.06, 39.81, 34.63, 34.59, 33.87, 31.28, 31.19, 31.06, 25.56,
24.90 ppm; IR (KBr): n=3384, 3055, 2963, 2868, 1494, 1463, 1392, 1363,
1268, 1201, 1084, 1031, 1016, 827, 751, 591, 560 cm�1; EI-MS (70 eV): m/z
(%): 546 (100), 775 (80), 774 (66), 57 (62), 399 (57), 640 (51), 641 (51),
477 (50), 860 (33), 861 (30) [M++H]; HRMS (EI) calcd for C58H70O2P2
[M+]: 860.4851; found: 860.4828.


(�)-(S,S,S,S)-4d : AcOH (80.0 mL, 1.38 mmol) was added to a mixture of
(S,S,S,S)-4a (0.175 g, 0.276 mmol), DCC (0.285 g, 1.38 mmol) and DMAP
(0.017 g, 0.138 mmol) in CH2Cl2 (3 mL). The reaction mixture was stirred
for 12 h and the precipitated urea was removed by filtration through
Celite. The filtrate was concentrated under reduced pressure and then
submitted to chromatographic separation on silica gel using hexane/
EtOAc (5:1) as eluent to give an amorphous white solid (0.143 g, 81%).
[a]20D=�65.0 (c=0.80 in CHCl3); 1H NMR (300 MHz, CDCl3, TMS): d=
1.78 (s, 6H), 2.75 (d, J=7.5 Hz, 2H), 3.85–3.88 (m, 4H), 4.71 (d, J=
7.5 Hz, 2H), 6.67–7.42 (m, 28H) ppm; 31P NMR (121.46 MHz, CDCl3):
d=�12.0 ppm; 13C NMR (75 MHz, CDCl3): d=170.92, 141.99, 141.66,
136.76, 136.59, 136.49, 136.35, 135.93, 135.79, 134.59, 134.32, 133.90,
133.649, 132.958, 128.957, 128.908, 128.751, 128.658, 128.560, 126.73,
126.64, 64.33, 40.18, 39.93, 37.41, 37.34, 20.73 ppm; IR (KBr): n=3056,
2925, 2853, 1739, 1590, 1463, 1437, 1368, 1238, 1187, 1116, 1031, 917, 748,
722, 697, 546 cm�1; EI-MS (70 eV): m/z (%): 536 (100), 535 (86), 537
(33), 550 (31), 549 (27), 287 (20), 472 (20), 471 (19), 720 (7) [M+];
HRMS (EI) calcd for C46H42O4P2 [M


+]: 720.2509; found: 720.2534.


(�)-(S,S,S,S)-4e : Following the same procedure as described above for
the preparation of (S,S,S,S)-4d, the esterification of (S,S,S,S)-4a with ben-
zoic acid afforded (S,S,S,S)-4e as an amorphous white solid (85% yield).
[a]20D=�88.3 (c=0.875 in CHCl3); 1H NMR (300 MHz, CDCl3, TMS):
d=2.84–2.88 (m, 2H), 3.96 (t, J=9.0 Hz, 2H), 4.21 (t, J=9.0 Hz, 2H),
4.85 (d, J=7.0 Hz, 2H), 6.72–7.90 (m, 38H) ppm; 31P NMR (121.46 MHz,
CDCl3): d=�12.8 ppm; 13C NMR (75 MHz, CDCl3): d=166.68, 141.93,
141.61, 137.32, 137.15, 136.73, 136.59, 135.97, 135.83, 134.94, 134.67,
134.36, 134.10, 133.28, 132.97, 130.43, 129.90, 129.22, 129.18, 129.07,
128.98, 128.89, 128.79, 128.44, 127.03, 65.18, 40.31, 40.03, 38.21, 38.14,
30.41, 29.95 ppm; IR (KBr): n=2925, 2854, 1717, 1435, 1315, 1264, 1176,
1112, 1070, 1026, 804, 745, 711, 696, 545, 501 cm�1; ESI-MS [M++H]:
845.3; HRMS (FT) calcd for C56H47O4P2 [M


++H]: 845.2944; found:
845.2938.


(�)-(S,S,S,S)-4 f : Following the same procedure as described above for
the preparation of (S,S,S,S)-4d, the esterification of (S,S,S,S)-4c with
AcOH afforded (S,S,S,S)-4 f as an amorphous white solid (85% yield).
[a]20D=�90.5 (c=0.99 in CHCl3); 1H NMR (300 MHz, CDCl3, TMS): d=
1.30 (s, 18H), 1.38 (s, 18H), 1.79 (s, 6H), 2.67 (d, J=6.0 Hz, 2H), 3.80–
3.85 (m, 4H), 4.64 (d, J=6.0 Hz, 2H), 6.70–7.42 (m, 24H) ppm; 31P NMR
(121.46 MHz, CDCl3): d=�14.3 ppm; 13C NMR (75 MHz, CDCl3): d=
170.81, 151.94, 151.88, 141.72, 141.40, 137.58, 137.40, 134.40, 134.13,
133.64, 133.38, 132.90, 132.78, 132.64, 132.46, 132.35, 128.26, 126.50,
125.63, 125.54, 125.46, 64.43, 39.96, 39.71, 37.18, 37.11, 34.62, 34.58, 31.27,
31.17, 20.76 ppm; IR (KBr): n=2963, 2905, 2869, 1743, 1494, 1462, 1390,
1364, 1269, 1236, 1084, 1032, 1016, 827, 751, 582, 560 cm�1; ESI-MS [M+


+H]: 946.5; HRMS (FT) calcd for C62H75O4P2 [M
++H]: 945.5135; found:


945.5137.


MeO-PEG-O2CCH2CH2CO2H (18):[15i] NEt3 (1.40 mL, 10.0 mmol) was
added to a mixture of poly(ethylene glycol) methyl ether (MeO-PEG,
Mn=2000, 2.0 g, 1.0 mmol), succinic anhydride (0.50 g, 5.0 mmol), and
DMAP (0.122 g, 1.0 mmol) in CH2Cl2 (20 mL). The reaction mixture was
stirred for 12 h and the precipitated urea was removed by filtration
through Celite. The filtrate was concentrated under reduced pressure and
then the residue was dissolved in CH2Cl2 (2 mL). Et2O (50 mL) was
added slowly to the solution with vigorous stirring at 0 8C. The precipitate
formed was isolated by filtration and then dried over P2O5 in vacuo to
give the MeO-PEG derivative 18 (1.93 g, 92%). 1H NMR (300 MHz,
CDCl3, TMS): d=2.59–2.67 (m, 4H), 3.38 (s, 3H), 3.39–3.77 (polyethy-
lene glycol peaks), 4.21–4.23 (m, 2H) ppm; IR (KBr): n=2889, 2695,
1967, 1737, 1648, 1468, 1361, 1344, 1281, 1243, 1150, 1113, 1060, 964, 842,
529 cm�1.


(�)-(S,S,S,S)-5a : DCC (1.40 g, 0.63 mmol) was added to a mixture of 18
(0.125 g, 0.059 mmol), (S,S,S,S)-4a (0.20 g, 0.313 mmol) and DMAP
(0.004 g, 0.0313 mmol) in CH2Cl2 (2 mL). The reaction mixture was stir-
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red for 12 h and the precipitated urea was removed by filtration through
Celite. The filtrate was concentrated under reduced pressure and then
dissolved in CH2Cl2 (2 mL). Et2O (50 mL) was added slowly to the mix-
ture with vigorous stirring at 0 8C. The precipitate formed was isolated by
filtration as a white solid and purified by repeated precipitation from di-
ethyl ether as mentioned above. The solids obtained were then dried
over P2O5 in vacuo to give (�)-(S,S,S,S)-5a (0.144 g, 89%). 1H NMR
(300 MHz, CDCl3, TMS): d=2.36 (t, J=6.0 Hz, 2H), 2.50 (t, J=6.0 Hz,
2H), 2.60–2.70 (m, 2H), 3.38 (s, 3H), 3.65–3.71 (polyethylene glycol
peaks), 4.18–4.21 (m, 2H), 4.57–4.60 (m, 2H), 6.60–7.37 (m, 28H) ppm;
31P NMR (121.46 MHz, CDCl3): d=�12.391, �12.558 ppm; IR (KBr):
n=3474, 3053, 2887, 2742, 2696, 1967, 1736, 1585, 1468, 1436, 1361, 1344,
1281, 1242, 1149, 1112, 1061, 964, 843, 747, 699, 505 cm�1; MALDI-MS
[M++K]: 2415.4.


(�)-(S,S,S,S)-5b : Following the same procedure as described above for
the preparation of (S,S,S,S)-5a, the esterification of (S,S,S,S)-4c with 18
afforded (S,S,S,S)-5b as a white solid (78.6% yield). 1H NMR (300 MHz,
CDCl3, TMS): d=1.30 (s, 18H), 1.34 (s, 18H), 2.39–2.43 (m, 2H), 2.51–
2.56 (m, 2H), 2.64–2.67 (m, 2H), 3.38 (s, 3H), 3.65–3.71 (polyethylene
glycol peaks), 4.22–4.26 (m, 2H), 4.52 (d, J=7.0 Hz, 2H), 6.60–7.41 (m,
24H) ppm; 31P NMR (121.46 MHz, CDCl3): d=�14.6, �14.8 ppm; IR
(KBr): n=3447, 2949, 2887, 2742, 2696, 1967, 1735, 1700, 1653, 1599,
1559, 1467, 1394, 1361, 1344, 1281, 1242, 1149, 1114, 1060, 964, 947, 842,
756, 638, 614, 591, 562, 528 cm�1; MALDI-MS [M++K]: 2691.6.


(�)-(S,S,S,S)-5c : AcOH (3.0 mL, 0.0516 mmol) was added to a mixture of
(S,S,S,S)-5a (0.07 g, 0.0258 mmol), DCC (0.011 g, 0.0516 mmol), and
DMAP (0.002 g, 0.013 mmol) in CH2Cl2 (1 mL). The reaction mixture
was stirred for 12 h and the precipitated urea was removed by filtration
through Celite. The filtrate was concentrated under reduced pressure and
then dissolved in CH2Cl2 (2 mL). Et2O (50 mL) was slowly added to the
mixture with vigorous stirring at 0 8C. The precipitate was isolated by fil-
tration as a white solid and purified by repeated precipitation from dieth-
yl ether as mentioned above. The solids obtained were then dried over
P2O5 in vacuo to give (�)-(S,S,S,S)-5c (0.056 g, 78.2%). 1H NMR
(300 MHz, CDCl3, TMS): d=1.79 (s, 3H), 2.31–2.38 (m, 2H), 2.49–2.54
(m, 2H), 2.73 (d, J=7.0 Hz, 2H), 3.38 (s, 3H), 3.65–3.71 (polyethylene
glycol peaks), 4.24 (t, J=4.8 Hz, 2H), 4.70 (d, J=7.0 Hz, 2H), 6.68–7.72
(m, 28H) ppm; 31P NMR (121.46 MHz, CDCl3): d=�12.0, �12.7 ppm;
IR (KBr): n=2887, 1738, 1627, 1467, 1436, 1361, 1344, 1281, 1242, 1149,
1112, 1060, 964, 842, 747, 698 cm�1; MALDI-MS [M++K]: 2457.4.


(�)-(S,S,S,S)-5d : Following the same procedure as described above for
the preparation of (S,S,S,S)-5c, the esterification of (S, S, S, S)-5b with
AcOH afforded (S,S,S,S)-5d as a white solid (73.6% yield). 1H NMR
(300 MHz, CDCl3, TMS): d=1.31 (s, 18H), 1.35 (s, 18H), 1.74–1.77 (m,
3H), 2.40–2.56 (m, 4H), 2.65–2.67 (m, 2H), 3.38 (s, 3H), 3.65–3.71 (poly-
ethylene glycol peaks), 4.22–4.26 (m, 2H), 4.50–4.52 (m, 2H), 6.00–7.68
(m, 24H) ppm; 31P NMR (121.46 MHz, CDCl3): d=�14.27, �14.73 ppm;
IR (KBr): n=3855, 3328, 2888, 2742, 1968, 1736, 1627, 1598, 1467, 1395,
1361, 1344, 1281, 1243, 1149, 1114, 1061, 964, 842, 756, 639, 613, 591, 567,
528 cm�1; MALDI-MS [M++K]: 2736.7.


Representative procedure for the allylic substitution using dimethyl mal-
onate as a nucleophile : Dried CH3CN (2 mL) was added to a Schlenk
tube containing [{Pd(C3H5)Cl}2] (1.3 mg, 0.0036 mmol, 2.5 mol%) and
chiral ligand (�)-(S,S,S,S)-3 (0.009 mmol, 6.0 mol%) and the mixture was
stirred at room temperature for 30 min. Then, 1,3-diphenylprop-2-en-1-yl
acetate 12 (37.8 mg, 0.15 mmol) was added to the reactor and the mixture
was stirred for an additional 10 min. Dimethyl malonate 13a (35.2 mL,
0.30 mmol) and N,O- bis(trimethylsilyl)acetamide (78.0 mL, 0.30 mmol)
were finally added to the reaction mixture. The reaction process was
monitored by TLC and the resulting mixture was diluted with diethyl
ether (5 mL) and quenched with a saturated aqueous NH4Cl solution
(5 mL). The aqueous phase was extracted with diethyl ether (3R10 mL).
The combined organic phases were dried over Na2SO4, filtered through
Celite and concentrated under reduced pressure. The residue was submit-
ted to flash chromatography on silica gel using hexane/EtOAc (5:1) as
eluent to give the product (S)-14a[6] as a colorless oil (see Table 1 for
yields). 1H NMR (300 MHz, CDCl3, TMS): d=3.52 (s, 3H), 3.70 (s, 3H),
3.95 (d, J=10.8 Hz, 1H), 4.23–4.30 (m, 1H), 6.30 (dd, J=8.8, 15.8 Hz,
1H), 6.44 (d, J=15.8 Hz, 1H), 7.20–7.32 (m, 10H); the enantiomeric
excess was determined by HPLC on a Chiralpak AD column using


hexane/2-propanol (90:10) as eluent, flow rate=1.0 mLmin�1, UV detec-
tion at l=254 nm, tR1=9.5 min (R isomer), tR2=12.9 min (S isomer).


Representative procedure for the allylic substitution using benzylamine
as the nucleophile : Dried CH3CN (2 mL) was added to a Schlenk flask
containing [{Pd(C3H5)Cl}2] (1.3 mg, 0.0036 mmol, 2.5 mol%) and chiral
ligand (�)-(S,S,S,S)-3 (0.009 mmol, 6.0 mol%). The mixture was stirred
at room temperature for 30 min and then 1,3-diphenylprop-2-en-1-yl ace-
tate 12 (37.8 mg, 0.15 mmol) was added. The mixture was stirred for an
additional 10 min. Benzylamine 13b (36.2 mL, 0.30 mmol) was introduced
to the reactor through a microsyringe. The reaction process was moni-
tored by TLC. After completion of the reaction, the product was purified
by flash chromatography using hexane/EtOAc (10:1) as eluent to yield
(R)-14b[6] as a colorless oil (see Table 1 for yields). 1H NMR (300 MHz,
CDCl3, TMS): d=3.75–3.81 (m, 2H), 4.43 (d, J=7.4 Hz, 1H), 6.31 (dd,
J=7.4, 15.9 Hz, 1H), 6.58 (d, J=15.9 Hz, 1H), 7.17–7.45 (m, 15H) ppm;
the enantiomeric excess was determined by HPLC on a Chiralcel OJ
column using hexane/2-propanol (93:7) as eluent, flow rate=
0.6 mLmin�1, UV detection at l=254 nm, tR1=18.8 min (S isomer), tR2=
21.8 min (R isomer).


(R)-Dimethyl cyclohex-2-enylmalonate (16a):[6] Compound 16a was pre-
pared in 85% yield. [a]20D=++32.0 (c=1.21 in CH2Cl2); 87.5% ee ; 1H
NMR (300 MHz, CDCl3, TMS): d=1.26–1.81 (m, 4H), 1.96–2.06 (m,
2H), 2.86–2.95 (m, 1H), 3.29 (d, J=9.6 Hz, 1H), 3.75 (s, 6H), 5.52 (dd,
J=2.3, 9.9 Hz, 1H), 5.74–5.82 (m, 1H); the enantiomeric excess was de-
termined by HPLC on a Chiralcel OB-H column using hexane/2-propa-
nol (90:10(, flow rate=0.8 mLmin�1, UV detection at l=230 nm, tR1=
8.3 min (R isomer), tR2=10.8 min (S isomer).


(R)-N-Benzyl(cyclohex-2-enyl)amine (16b):[6] Compound 16b was pre-
pared in 74% yield. [a]20D=++45.6 (c=0.99 in CH2Cl2); 73.2% ee ; 1H
NMR (300 MHz, CDCl3, TMS): d=1.43–2.00 (m, 6H), 3.21–3.25 (m,
1H), 3.80–3.89 (m, 2H), 5.75 (m, 2H), 7.2–7.4 ppm (m, 5H); the enantio-
meric excess was determined by HPLC on a Chiralcel OB-H column
using hexane/2-propanol (95:5), flow rate=0.5 mLmin�1, UV detection
at l=230 nm, tR1=11.0 min (R isomer), tR2=12.2 min (S isomer).


General procedure for the recycling experiment with MeO-PEG-bound
ligand 5b : The reaction was performed in a glove box under a nitrogen
atmosphere. After completion of the reaction, most of the CH3CN was
removed under reduced pressure and the residue was treated with diethyl
ether (50 mL) at �20 8C. The precipitated polymeric catalyst was collect-
ed by filtration and then washed with Et2O (2R10 mL). The recycled cat-
alyst was submitted to the next run of the reaction and the catalyst load-
ing was kept at 5 mol% Pd. The filtrate collected was purified by flash
chromatography in order to determine the yield and enantiomeric excess
of the reaction.
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Enantioselective Catalysis of the Hetero-Diels–Alder Reaction between
Brassard�s Diene and Aldehydes by Hydrogen-Bonding Activation:
A One-Step Synthesis of (S)-(+)-Dihydrokawain


Haifeng Du, Dongbo Zhao, and Kuiling Ding*[a]


Introduction


Since the pioneering work of List, Barbas, and MacMillan
and their co-workers in 2000,[1] the enantioselective catalysis
of organic reactions involving small organic molecules as
catalysts has become a rapidly growing area of research in
the field of chiral chemistry because these reactions mimic
enzyme processes.[2] In most of the asymmetric reactions in-
volving carbonyl compounds, a central tenet is the selective
activation of the carbonyl group by the catalyst through the
coordination of its lone pair with a Lewis acid.[3] In princi-
ple, the proton can be considered the smallest hard Lewis
acid. Accordingly, carbonyl activation by hydrogen bonding
could be a viable strategy for catalysis and pave the way for
asymmetric carbonyl reactions.[4] Several catalytic enantiose-
lective reactions have been achieved very recently by hydro-
gen-bonding activation.[5] Of these, one of the most exciting


developments is the 1-naphthyl-TADDOL-promoted
hetero-Diels–Alder (HDA) reaction of 1-amino-3-siloxybu-
tadiene with aldehydes reported by Rawal and co-workers
(TADDOL=a,a,a’,a’-tetraaryl-1,3-dioxolan-4,5-dimetha-
nol), which affords the corresponding 2-substituted 2,3-dihy-
dro-4H-pyran-4-ones in excellent yields and enantioselectivi-
ties.[5b] Although a variety of catalytic asymmetric HDA re-
actions between dienes and carbonyl compounds have been
reported to give dihydropyrones,[6] that can be converted to
the corresponding d-lactone derivatives, a type of heterocy-
cle with extensive synthetic applications in biologically im-
portant natural and unnatural products,[7] the enantioselec-
tive HDA reaction of electron-rich 1,3-dimethoxy-1-(trime-
thylsiloxy)butadiene (Brassard4s diene) with aldehydes to di-
rectly give d-lactones has not yet been successful. Herein,
we report our results on the development of the catalytic
enantioselective HDA reaction of Brassard4s diene with al-
dehydes through asymmetric hydrogen-bonding activation,
as well as a one-step synthesis of (S)-(+)-dihydrokawain.


Results and Discussion


This research was inspired by our recent discovery during
the optical resolution of the anti head-to-head coumarin
dimer through molecular complexation with the diol host
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Abstract: The first catalytic enantiose-
lective hetero-Diels–Alder reaction be-
tween Brassard4s diene and aldehydes
has been achieved through hydrogen-
bonding activation using TADDOL de-
rivatives as catalysts to afford the cor-
responding d-lactone derivatives in
moderate-to-good yields and with high
enantioselectivities (up to 91% ee).
The reactions can be carried out either
under solvent-free conditions or in tol-
uene. On the basis of the absolute con-
figurations of the products and the hy-
drogen-bonding interaction pattern be-


tween TADDOL (a,a,a’,a’-tetraaryl-
1,3-dioxolan-4,5-dimethanol) and the
carbonyl group disclosed by X-ray dif-
fraction analysis, a possible mechanism
for the catalytic reaction has been pro-
posed. To demonstrate the usefulness
of the methodology, a natural product,


(S)-(+)-dihydrokawain, has also been
prepared in 50% isolated yield and
with 69% enantioselectivity in one step
starting from 3-phenylpropionaldehyde
by using this methodology. Therefore,
this catalytic system is one of the most
direct approaches to the construction
of d-lactone units, which will make the
methodology very attractive for the
synthesis of a variety of biologically
important compounds and natural
products.


Keywords: asymmetric catalysis ·
hetero-Diels–Alder reactions ·
hydrogen-bonding activation ·
lactones · organo catalysis ·
TADDOL


D 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim DOI: 10.1002/chem.200400515 Chem. Eur. J. 2004, 10, 5964 – 59705964


FULL PAPER







molecule, (R,R)-(�)-trans-4,5-bis(hydroxydiphenylmethyl)-
2,2-dimethyl-1,3-dioxacyclopentane (TADDOL, (R,R)-
1a).[8,9] Decomposition of the molecular crystals formed be-
tween (R,R)-1a and the coumarin dimer in N,N-dimethylfor-
mamide (DMF) results in the formation of a new molecular
complex, (R,R)-1a·DMF (2), and releases the enantiopure
coumarin dimer. X-ray crystal structural analysis of the mo-
lecular crystal 2 showed that intramolecular hydrogen bond-
ing exists between the two hydroxy groups of TADDOL
and that a DMF molecule is included in the TADDOL host
molecule through an intermolecular hydrogen-bonding in-
teraction between one of the hydroxy groups and the lone
pair of electrons of the carbonyl oxygen atom in DMF
(Figure 1).[10] This structural information encouraged us to


carry out further asymmetric
reactions involving activation of
the carbonyl group through hy-
drogen bonding by replacing
the DMF in the molecular com-
plex with other carbonyl sub-
strates, such as aldehydes or ke-
tones.
Although the synthesis of op-


tically active d-lactones through
the reaction of Brassard4s diene
(3) with optically active alde-
hydes has been achieved in the
presence of Lewis acid cata-
lysts,[11] to the best of our
knowledge, no successful cata-
lytic enantioselective HDA re-
actions of 3 with aldehydes (4),
by using either organometallic
catalysts or organocatalysts,
have been reported. On the


basis of the interaction between TADDOL (1a) and DMF
mentioned above, we decided to investigate the viability of
the catalytic enantioselective HDA reaction between 3 and
4 using TADDOL[8] as the catalyst. The reaction was carried
out at room temperature with 0.5 mmol of 3 and 2.5 mmol
of benzaldehyde (4a) using 20 mol% of (R,R)-1a under sol-
vent-free conditions. The reaction proceeded enantioselec-
tively to give 4-methoxy-6-phenyl-5,6-dihydropyran-2-one
[(�)-5a] in 30% yield although the enantioselectivity was
low (Table 1, entry 1). This result encouraged us to improve
the enantioselectivity of the reaction by tuning the structure
of the catalysts and the reaction conditions. As shown in
Table 1, the use of catalyst (R,R)-1b, which was found to be
highly efficient in Rawal4s system,[5b] enhanced the yield and
enantioselectivity of the reaction (Table 1, entry 2) under
the same experimental conditions. By lowering the reaction
temperature to �30 8C, the enantioselectivity was further
improved to 71% with a yield of 70% if the reaction time
was extended to 24 h (Table 1, entry 3). When the catalyst
loading was reduced to 10 mol%, the enantioselectivity of
the reaction remained constant although the yield dropped
to 50% (Table 1, entry 4). In contrast, the use of 2-naphthyl-
TADDOL derivative (R,R)-1c as catalyst gave the racemic
product (Table 1, entry 5), which clearly demonstrates that
aryl groups have a significant impact on the efficiency of
asymmetric induction. Moreover, changing the R group in
the backbone of TADDOL from methyl [(R,R)-1b] to 1,4-
butylene (R,R)-1d] (Scheme 1) affected the enantioselectivi-
ty only slightly, but resulted in a lower yield (Table 1,
entry 6). Therefore, from the performances of catalysts
(R,R)-1a–d, the TADDOL derivative (R,R)-1b is evidently
the best choice for the present reaction system in terms of
both enantioselectivity and reactivity. Because the solvent-
free reaction system was very viscous at a low reaction tem-
perature (the melting point of benzaldehyde is �56 8C), tol-
uene was added to the reaction system in order to reduceFigure 1. Molecular structure of (R,R)-1a·DMF (2).


Table 1. Enantioselective hetero-Diels–Alder reaction between Brassard4s diene (3) and benzaldehyde (4a).[a]


Entry Catalyst Solvent Temp. Time Yield ee
[mL] [8C] [h] [%][b] [%][c]


1 1a free RT 12 30 7
2 1b free RT 12 40 50
3 1b free �30 24 70 71
4[d] 1b free �30 24 50 72
5[d] 1c free �30 24 40 0
6[d] 1d free �30 24 37 74
7 1b toluene (0.05) �30 24 70 75
8 1b toluene (0.1) �30 24 68 76
9 1b toluene (0.2) �60 48 67 83
10 1b toluene (0.4) �60 48 50 86
11 1b toluene (0.2) �78 48 26 89


[a] All the reactions were carried out with 2.5 mmol of benzaldehyde and 0.5 mmol of Brassard4s diene.
[b] Yield of isolated product based on Brassard4s diene. [c] The enantiomeric excesses of the products were de-
termined by HPLC on a Chiralpak AD column; the sign of the optical rotation is “�”. [d] 10 mol% of catalyst
was used.
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the viscosity of the mixture. It was found that the addition
of a small amount of toluene was favorable for the enantio-
selectivity (Table 1, entries 7 and 8), and it also allowed the
reaction temperature to be further decreased to �60 8C,
which afforded (�)-5a with 83–86% ee without a significant
reduction in yield (Table 1, entries 9 and 10). Although the
enantioselectivity of the reaction could be improved to 89%
by reducing the reaction temperature to �78 8C, the yield of
(�)-5a was poor (Table 1, entry 11).
BINOL-Ti and BINOL-Zn complexes have previously


been reported to be efficient catalysts in the enantioselec-
tive hetero-Diels–Alder reaction of Danishefsky4s diene and
aldehydes.[12] These organometallic catalysts were also em-
ployed in the asymmetric hetero-Diels–Alder reactions be-
tween Brassard4s diene (3) and benzaldehyde (4a) in order
to compare the two catalytic systems. The optimized results
are summarized in Table 2, and clearly demonstrate the ad-


vantages of organocatalysis over organometallic catalysis in
this reaction system. Moreover, the reactions catalyzed by
the organometallic catalysts hardly gave reproducible yields,
which is probably due to the fact that Brassard4s diene (3)
decomposed in the presence of the Lewis acid before it re-
acted with the aldehydes.[13]


Under the optimized conditions, the substrate scope of
this reaction system was then examined using 1b as the cata-
lyst. As shown in Table 3, this catalyst was effective for the
reactions of a variety of aromatic aldehydes to give the cor-
responding 6-substituted 4-methoxy-5,6-dihydropyran-2-ones
in 45–85% yields and with 68–91% ee. When solid alde-
hydes were employed as the substrates, it was necessary to
use more toluene to ensure that the reaction mixture was an
homogeneous solution (Table 3, entries 4–7). In particular,
when 3-phenylpropionaldehyde 4 i was used as the substrate,


a natural product, (S)-(+)-dihydrokawain (5 i),[14] was ob-
tained in one step in 50% isolated yield and with 69% ee
(Scheme 2). Therefore, this catalytic system has provided


one of the most direct and con-
venient approaches to the syn-
thesis of d-lactone derivatives,
which are very useful in the
synthesis of natural products
and chiral drugs (for example,
all of the Statin drugs, such as
Lipitor, Zocor, and Pravacol,
contain the chiral b-hydroxy-d-
lactone subunit).[15] Hence, this
methodology will be very at-
tractive from a synthetic point
of view.


The absolute configuration of (+)-5e was determined un-
ambiguously by the Bijvoet method to be R with a Flack pa-
rameter of �0.004(15) on the basis of the anomalous disper-
sion of the bromine heavy atom (Figure 2). To determine
the absolute configurations of the other products, the CD
spectra of 5a–g and 5 i were measured in CHCl3. As shown
in Figure 3, compounds (+)-5c–g exhibited a similar (+)


Scheme 1. The chiral diol catalysts employed in asymmetric catalysis.


Table 2. Enantioselective HDA reactions between Brassard4s diene (3) with benzaldehyde (4a) using chiral
Lewis acids as the catalysts.[a]


Entry Ligand Metal Solvent Temp. Time Yield ee
[8C] [h] [%][b] [%][c]


1 7 (R)-BINOL-Ti[d] toluene RT 24 38 70
2 7 (R)-BINOL-Ti[e] toluene RT 24 50 17
3 8 (R)-6,6’-Br2-BINOL-Zn


[f] DME[g] �30 24 50 62


[a] The reactions were carried out with 0.25 mmol of benzaldehyde and 0.5 mmol of Brassard4s diene in
1.0 mL of solvent using 10 mol% of the catalyst. [b] Yield of isolated product of 5a. [c] The enantiomeric ex-
cesses of the products were determined by HPLC on a Chiralpak AD column. The optical rotation of 5a is
“+”. [d] BINOL/[Ti(OiPr)4]=2:1. [e] BINOL/[Ti(OiPr)4]=1:1. [f] 6,6’-Br2-BINOL/Et2Zn=1:1.4. [g] DME=


ethylene glycol dimethyl ether.


Table 3. The reaction of Brassard4s diene with aldehydes catalyzed by
1b.[a]


Entry Ar Toluene Temp. Yield ee
[mL] [8C] [%][c] [%][d]


1[b] Ph 5a 0.2 �60 67 83 (S)
2[b] furyl 5b 0.2 �60 80 87 (S)
3 o-MeC6H4 5c 0.2 �30 54 68 (R)
4 p-ClC6H4 5d 0.4 �30 85 76 (R)
5 p-BrC6H4 5e 0.4 �30 72 78 (R)[e]


6 m-BrC6H4 5 f 0.4 �60 67 89 (R)
7 o-BrC6H4 5g 0.4 �60 75 82 (R)
8 m-MeOC6H4 5h 0.2 �60 45 91[f]


[a] All the reactions were carried with 2.5 mmol of benzaldehyde and
0.5 mmol of Brassard4s diene. [b] The catalyst employed in this case was
(R,R)-1b. [c] Yield of isolated product. [d] The enantiomeric excesses of
the products were determined by HPLC on a Chiralpak AD column. The
absolute configurations were assigned by comparing the Cotton effect of
the CD spectra with that of 5e. [e] The absolute configuration was deter-
mined by X-ray crystal structural analysis of 5e on the basis of the anom-
alous dispersion of the heavy bromine atom. [f] The absolute configura-
tion was not assigned.


Scheme 2. One-step synthesis of (S)-(+)-dihydrokawain (5 i).
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Cotton effect in their CD spectra. It can be deduced that
these compounds possess the same R configuration as (+)-
5e. On the other hand, compound (�)-5a and -5b, which
were obtained with the opposite enantiomer of catalyst
(R,R)-1b, exhibited a (�) Cotton effect and hence their ab-
solute configurations can be assigned as S. Accordingly, it
can be concluded that the reaction of the aromatic alde-
hydes afforded (R)-5,6-dihydropyran-2-one derivatives when
(S,S)-1b was used whilst the reaction of the aliphatic alde-
hyde 4 i gave (S)-5 i with the same catalyst.
On the basis of the observed absolute configurations of


the products and the hydrogen-bonding interaction pattern
in the crystal structure of 2, a possible mechanism for asym-
metric induction in this catalytic system can be outlined
(Figure 4). When (S,S)-1b was used as the catalyst, the
steric hindrance of the naphthyl moiety shields the Si face
of the aldehyde, while the Re face is available to accept the
attacking diene to give the products with the R configura-
tion as expected. Although this model cannot quantitatively
explain the impact of the aryl groups of TADDOL deriva-
tives on their asymmetric induction in HDA reactions, it is
evident that the strength of the intermolecular hydrogen
bonding between the catalyst and the substrate, the greater
steric hindrance of the 1-naphthyl group, and the p–p inter-


action between the naphthyl ring and the carbonyl group of
the substrate all play important roles in the control of the
enantioselectivity of the catalytic reactions.[5b]


Conclusions


In conclusion, the first catalytic enantioselective hetero-
Diels–Alder reaction of Brassard4s diene with aldehydes has
been achieved by catalysis with TADDOL derivatives
through hydrogen-bonding activation to afford the corre-
sponding d-lactone derivatives in moderate-to-good yields
and with high enantioselectivities (up to 91% ee). On the
basis of the absolute configurations of the products and the
hydrogen-bonding interaction pattern between TADDOL
and the carbonyl group disclosed by X-ray diffraction analy-
sis, a possible mechanism for the enantioselective catalytic
reaction has been proposed. Moreover, a natural product,
(S)-(+)-dihydrokawain, has also been prepared in one step
by using this methodology. Therefore, this catalytic system
has provided one of the most direct and convenient ap-
proaches to the construction of d-lactone units, which will
make the methodology very attractive for the synthesis of a
variety of biologically important compounds and natural
products.[15]


Experimental Section


General considerations : 1H NMR spectra were recorded on a Bruker
AM300 NMR spectrometer (300 MHz) with CDCl3 or [D6]DMSO as sol-
vent; chemical shifts are measured in ppm and coupling constants, J, in
hertz. Mass spectra (EI, 70 eV) were recorded on a HP5989A spectrome-
ter. HRMS data were measured on a Kratos Concept instrument. Ele-
mental analysis was preformed on an Elemental VARIO EL apparatus.
Melting points are uncorrected. Optical rotations were measured on a
Perkin-Elmer 341 automatic polarimeter; [a]D values are given in units
of 10�1 degcm2g�1. CD spectra were recorded on a JASCO 810 spectrom-
eter in CHCl3 at room temperature. HPLC analyses were carried out on
a JASCO 1580 liquid chromatograph with a JASCO CD-1595 detector
(l=254 nm) and AS-1555 autosampler. Toluene and tetrahydrofuran
were distilled from sodium benzophenone ketyl under argon and de-
gassed before use. All reactions were performed under argon.


Preparation of Brassard�s diene (3):[11c] A solution of anhydrous THF
(100 mL) and diisopropylamine (12.0 g, 118 mmol, 17.0 mL) was cooled
to 0 8C, and nBuLi (1.6m in hexane, 70 mL, 112 mmol) was added drop-
wise over 10 min. The pale yellow solution was stirred at 0 8C for 1 h and
then cooled to �78 8C. Methyl 3-methoxy-2-butenoate (12.0 g, 100 mmol)
was added slowly to the lithium diisopropylamide (LDA) solution, which


Figure 2. Molecular structure of (R)-(+)-5e in the crystal.


Figure 3. CD spectra of compounds 5a–g and 5 i (c=0.01m in CHCl3).


Figure 4. Possible mechanism for asymmetric induction in the enantio-
selective HDA reaction between Brassard4s diene and aldehydes.
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was then stirred for 30 min at �78 8C. Chlorotrimethylsilane (20.0 mL,
16.9 g, 156 mmol) was slowly added to the solution at �78 8C, and the so-
lution was stirred for 10 min. Then the mixture was allowed to warm to
room temperature over 1 h. The solution was diluted with hexane
(100 mL) and filtered. The solution was then concentrated to remove the
solvent and the residue was distilled in vacuo (60–62 8C/2 mmHg) to
afford Brassard4s diene (3) (13.6 g, 78% yield) as a colorless liquid
(E/Z>95%). 1H NMR (300 MHz, CDCl3): d=4.36 (d, J=1.5 Hz, 1H),
4.03 (d, J=1.2 Hz, 1H), 3.99 (d, J=1.2 Hz, 1H), 3.57 (s, 3H), 3.56 (s,
3H), 0.26 (s, 9H) ppm.


Preparation of (R,R)-1-naphthyl-TADDOL [(R,R)-1b]:[16] Magnesium
(2.0 g, 84 mmol), anhydrous THF (24 mL), and a grain of iodine were
added to a flame-dried three-necked flask. 1-Bromonaphthane (16.6 g,
80 mmol) in THF (80 mL) was then added dropwise to prepare 1-naph-
thylmagnesium bromide. (R,R)-O,O’-Isopropylidene-l-tartaric acid dieth-
yl ester (2.46 g, 10 mmol) in THF (50 mL) was added dropwise to the so-
lution of 1-naphthylmagnesium bromide at room temperature over 1 h,
and then the reaction mixture was refluxed for an additional 6 h. The re-
action mixture was cooled to room temperature, and saturated NH4Cl
aqueous solution was added carefully to quench the reaction. The organic
layer was separated, and the aqueous phase was extracted with diethyl
ether (3Q50 mL). The combined organic phase was then dried over
Na2SO4 and concentrated in vacuo. The crude material was purified by
flash chromatography on silica gel using toluene as eluent to give (R,R)-
1b (3.3 g, 50% yield) as a white solid. 1H NMR (300 MHz, [D6]DMSO):
d=8.50 (br s, 1H), 8.36 (br s, 1H), 7.98–7.64 (brm, 18H), 7.27–6.98 (brm,
8H), 6.72 (br s, 2H), 5.20 (br s, 2H), 0.05 (br s, 6H) ppm; IR (KBr): n=
3569, 3352, 3047, 1598, 1509, 1395, 1381, 1370, 1235, 1216, 1168, 1057,
778 cm�1.


By following the same procedure as described above, TADDOL deriva-
tives 1a, 1c, and 1d were prepared and their spectral data are summar-
ized below.


(R,R)-1a : Yield 76%; m.p. 195–196 8C (lit.[16] 195–196 8C); 1H NMR
(300 MHz, CDCl3): d=7.20–7.60 (m, 20H), 4.60 (s, 2H), 3.95 (s, 2H),
1.00 (s, 6H) ppm; IR (KBr): n=3589, 3398, 3055, 2976, 2904, 2872, 1494,
1448, 1441, 1336, 1270, 1206, 1178, 1156, 1109 cm�1


(R,R)-1c : Yield 82%; m.p. 213–215 8C (lit.[16] 213–214.5 8C); 1H NMR
(300 MHz, [D6]DMSO):


[16] d=8.21 (s, 2H), 7.97–7.91 (m, 8H), 7.80–7.72
(m, 6H), 7.65–7.43 (m, 12H), 7.32 (d, J=8.7 Hz, 2H), 4.78 (s, 2H), 1.13
(s, 6H) ppm; IR (KBr): n=3550, 3248, 3056, 2985, 1631, 1599, 1505,
1454, 1434, 1380, 1371, 1273, 1241, 1217, 1165, 1124, 1093, 1060, 1018,
886, 858, 815, 792, 756, 746 cm�1.


(R,R)-1d : Yield 60%; m.p. 187–189 8C; [a]20D=�24.7 (c=1.0 in CHCl2);
1H NMR (300 MHz, [D6]DMSO): d=8.50 (brm, 2H), 8.47–7.71 (brm,
18H), 7.23–6.95 (m, 8H), 6.72–6.70 (brm, 2H), 5.17 (br s, 2H), 1.01–0.97
(brm, 4H), 0.45–0.40 (brm, 2H), 0.02 to �0.02 (brm, 2H) ppm;
MALDI-MS [M++Na): 715.3; HRMS (MALDI): calcd for C49H40O4Na:
715.2849; found: 715.2819; elemental analysis calcd. (%) for C49H40O4: C
84.94, H 5.82; found: C 84.64, H 5.79; IR (KBr): n=3569, 3350, 3047,
2955, 1598, 1509, 1395, 1334, 1199, 1121, 964, 899, 778 cm�1.


General procedure for the catalytic asymmetric hetero-Diels–Alder reac-
tion between Brassard�s diene and aldehydes using 1b as catalyst :
TADDOL derivative (R,R)-1b (66.6 mg, 0.1 mmol), freshly distilled ben-
zaldehyde (4a) (265 mg, 2.5 mmol), and toluene (0.2 mL) were added to
a dried Schlenk tube filled with argon. The Schlenk tube was then im-
mersed in a cooling bath for 30 min to attain a temperature of �60 8C,
and finally Brassard4s diene (3) (102 mg, 0.5 mmol) was quickly added.
The reaction mixture was stirred at �60 8C for 48 h, and then methanol
(0.5 mL) was added. Evaporation of the solvent in vacuo gave the crude
product which was purified by flash chromatography on silica gel with
hexanes/ethyl acetate (2:1) as eluent to afford (S)-4-methoxy-6-phenyl-
5,6-dihydropyran-2-one ((S)-5a) (68 mg, 67% yield) as a white solid with
83% ee (determined by HPLC on a Chiralpak AD column using hexane/
2-propanol (85:15) as eluent, flow rate=1.0 mLmin�1, tR1=13.5 min
(minor), tR2=15.4 min (major)). [a]


20
D=�156.0 (c=1.17 in CHCl3); m.p.


124–126 8C; 1H NMR (300 MHz, CDCl3): d=7.42–7.36 (m, 5H), 5.44 (dd,
J=12.0, 3.6 Hz, 1H), 2.25 (d, J=0.9 Hz, 1H), 3.79 (s, 3H), 2.89–2.79 (m,
1H), 2.64–2.57 (m, 1H) ppm; 13C NMR (75 MHz, CDCl3): d=172.5,
166.8, 138.1, 128.6, 128.5, 125.9, 90.5, 77.4, 56.1, 35.0 ppm; EI-MS: m/z
(%): 204 ([M]+ , 16.83), 98 (100), 68 (55.91), 69 (33.84), 40 (21.59), 77


(18.65), 39 (17.47), 105 (16.18); HRMS (EI): calcd for C12H12O3:
204.0781; found: 204.0787; IR (KBr): n=3064, 2983, 2947, 2913, 1718,
1620, 1456, 1384, 1290, 1228, 1070, 1025, 997, 761, 702 cm�1.


General procedure for the catalytic asymmetric hetero-Diels–Alder reac-
tion between Brassard�s diene and benzaldehyde using chiral metal com-
plexes as catalysts : A chiral diol ligand (7 or 8, 0.025 mmol), dried tolu-
ene or DME (1.0 mL), and a specific amount of [Ti(OiPr)4] or Et2Zn
were added to a dried Schlenk tube filled with argon (see Table 2). The
mixture was stirred at room temperature for 0.5 h and then freshly distil-
led benzaldehyde (4a) (26.5 mg, 25 mmol, 25 mL) was introduced. The
temperature of the reaction system was adjusted to the appropriate tem-
perature (see Table 2), and finally Brassard4s diene 3 (102 mg, 0.5 mmol,
100 mL) was quickly added. The reaction mixture was stirred for 24 h,
and then methanol (0.5 mL) was added to quench the reaction. Evapora-
tion of the solvent in vacuo gave the crude product which was purified by
flash chromatography on silica gel with hexanes/ethyl acetate (2:1) as
eluent to afford (R)-4-methoxy-6-phenyl-5,6-dihydropyran-2-one ((R)-
5a) as a white solid. The results are summarized in Table 2.


(S)-4-Methoxy-6-(2-furyl)-5,6-dihydropyran-2-one ((S)-5b): A white solid
prepared in 80% yield and 87% ee (determined by HPLC on a Chiral-
pak AD column using hexane/2-propanol (85:15) as eluent, flow rate=
1.0 mLmin�1, tR1=21.2 min (minor), tR2=22.8 min (major)); [a]


20
D=�56.0


(c=0.95 in CHCl3); m.p. 124–126 8C;
1H NMR (300 MHz, CDCl3): d=


7.44 (s, 1H), 6.45–6.44 (m, 1H), 6.40–6.38 (m, 1H), 5.47 (dd, J=11.4,
4.2 Hz, 1H), 5.22 (s, 1H), 3.76 (s, 3H), 3.13–3.03 (m, 1H), 2.68–2.61 (m,
1H) ppm; 13C NMR (75 MHz, CDCl3): d=172.2, 166.2, 150.1, 143.0,
110.4, 108.9, 90.2, 70.3, 56.1, 31.0 ppm. EI-MS: m/z (%): 194 ([M]+ ,
16.83), 39 (100), 68 (83.59), 69 (45.55), 38 (25.45), 55 (24.19), 98 (16.15);
HRMS (EI): calcd for C10H10O4: 194.0574; found: 194.0572; IR (KBr):
n=3143, 3129, 3113, 3029, 2930, 1709, 1621, 1597, 1379, 1347, 1289, 1233,
1201, 1026, 1013, 823, 761 cm�1.


(R)-4-Methoxy-6-(2-tolyl)-5,6-dihydropyran-2-one ((R)-5c): This product
was obtained by using (S,S)-1b as the catalyst : a white solid prepared in
54% yield and 68% ee (determined by HPLC on a Chiralpak AD
column using hexane/2-propanol (85:15) as eluent, flow rate=
1.0 mLmin�1, tR1=12.6 min (major), tR2=14.5 min (major)); [a]20D=
+146.2 (c=1.17 in CHCl3); m.p. 96–98 8C;


1H NMR (300 MHz, CDCl3):
d=7.51–7.48 (m, 1H), 7.28–7.22 (m, 2H), 7.19–7.16 (m, 1H), 5.61 (dd,
J=12.3, 3.6 Hz, 1H), 5.25 (d, J=1.5 Hz, 1H), 3.79 (s, 3H), 2.86–2.76 (m,
1H), 2.54–2.47 (m, 1H), 2.36 (s, 3H) ppm; 13C NMR (75 MHz, CDCl3):
d=172.8, 167.1, 136.1, 134.7, 130.6, 128.4, 126.4, 126.0, 90.4, 74.6, 56.1,
33.8, 19.0 ppm; EI-MS m/z (%): 218 ([M]+ , 5.33), 98 (100), 68 (88.54),
172 (75.07), 91 (59.59), 69 (58.52), 130 (39.40), 99 (38.06), 119 (36.97);
HRMS (EI): calcd for C13H14O3: 218.0937; found: 218.0940; IR (KBr):
n=2978, 2975, 1711, 1620, 1386, 1287, 1244, 1231, 1070, 1026, 991,
780 cm�1.


(R)-4-Methoxy-6-(4-chlorophenyl)-5,6-dihydropyran-2-one ((R)-5d): This
product was obtained by using (S,S)-1b as the catalyst : a white solid pre-
pared in 85% yield and 76% ee (determined by HPLC on a Chiralpak
AD column using hexane/2-propanol (85:15), flow rate=1.0 mLmin�1,
tR1=18.2 min (major), tR2=21.9 min (minor)); m.p. 180–182 8C; [a]


20
D=


+141.0 (c=1.07 in CHCl3);
1H NMR (300 MHz, CDCl3): d=7.38 (s,


1H), 5.42 (dd, J=12.0, 3.9 Hz, 1H), 5.25 (d, J=1.5 Hz, 1H), 3.80 (s, 3H),
2.84–2.74 (m, 1H), 2.63–2.56 (m, 1H) ppm; 13C NMR (75 MHz, CDCl3):
d=172.3, 166.5, 136.7, 134.3, 128.8, 127.3, 90.5, 76.3, 56.2, 34.9. EIMS m/z
(relative intensity): 238 ([M]+ , 13.57), 98 (100), 68 (56.07), 69 (32.77), 139
(16.57), 111 (11.84), 127 (5.73); HRMS (EI): calcd for C12H11ClO3:
238.0392; found: 238.0390; elemental analysis calcd (%) for C12H11ClO3:
C 60.39, H 4.65; found: C 60.38, H 4.66; IR (KBr): n=3085, 3035, 2993,
2945, 2899, 1705, 1620, 1493, 1456, 1441, 1386, 1288, 1230, 1176, 1072,
1029, 1013, 999, 834 cm�1.


(R)-4-Methoxy-6-(4-bromophenyl)-5,6-dihydropyran-2-one ((R)-5e): This
product was obtained by using (S,S)-1b as the catalyst : a white solid pre-
pared in 72% yield and 78% ee (determined by HPLC on a Chiralpak
AD column using hexane/2-propanol (85:15), flow rate=1.0 mLmin�1,
tR1=19.4 min (major), tR2=23.6 min (minor)); m.p. 165–167 8C; [a]


20
D=


+117.2 (c=1.09 in CHCl3);
1H NMR (300 MHz, CDCl3): d=7.56 (d, J=


8.4 Hz, 2H), 7.33 (d, J=8.4 Hz, 2H), 5.43 (dd, J=12.3, 4.2 Hz, 1H), 5.28
(s, 1H), 3.82 (s, 3H), 2.85–2.75 (m, 1H), 2.65–2.68 (m, 1H) ppm; 13C
NMR (75 MHz, CDCl3): d=172.3, 166.5, 137.2, 131.7, 127.6, 122.5, 90.4,
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76.3, 56.2, 34.8 ppm; EI-MS: m/z (%): 282 ([M]+ , 11.93), 98 (100), 68
(54.94), 69 (31.96), 183 (12.03), 284 (11.78), 155 (7.91); HRMS (EI):
calcd. for C12H11BrO3: 281.9886; found: 281.9892; elemental analysis
calcd (%) for C12H11BrO3: C 50.91, H 3.92; found: C 50.76, H 3.84; IR
(KBr): n=3085, 2991, 2943, 2898, 1703, 1620, 1490, 1440, 1384, 1286,
1230, 1177, 1072, 1029, 1010, 924, 842, 829 cm�1.


(R)-4-Methoxy-6-(3-bromophenyl)-5,6-dihydropyran-2-one ((R)-5 f): This
product was obtained by using (S,S)-1b as the catalyst : a white solid pre-
pared in 67% yield and 89% ee (determined by HPLC on a Chiralpak
AD column using hexane/2-propanol (85:15), flow rate=1.0 mLmin�1,
tR1=14.0 min (major), tR2=17.0 min (minor)); m.p. 88–90 8C; [a]20D=
+162.2 (c=1.09 in CHCl3);


1H NMR (300 MHz, CDCl3): d=7.58 (s,
1H), 7.47 (d, J=8.4 Hz, 2H), 7.34–7.22 (m, 2H), 5.38 (dd, J=12.0,
0.9 Hz, 1H), 5.24 (s, 1H), 3.78 (s, 3H), 2.82–2.76 (m, 1H), 2.62–2.55 (m,
1H) ppm; 13C NMR (75 MHz, CDCl3): d=172.3, 166.4, 140.4, 131.6,
130.2, 129.0, 124.5, 122.7, 90.5, 76.2, 56.2, 34.9 ppm; EI-MS: m/z (%): 282
([M]+ , 11.94), 98 (100), 68 (47.51), 69 (29.18), 40 (11.64), 284 (11.55), 183
(7.99), 155 (5.17); HRMS (EI): calcd for C12H12O3: 204.0781; found:
204.0787; elemental analysis calcd (%) for C12H11BrO3: C 50.91, H 3.92;
found: C 51.11, H 3.92; IR (KBr): n=3106, 3014, 2942, 1712, 1626, 1568,
1386, 1355, 1227, 1174, 1072, 1028, 994, 877, 834, 802, 690 cm�1.


(R)-4-Methoxy-6-(2-bromophenyl)-5,6-dihydropyran-2-one ((R)-5 g):
This product was obtained by using (S,S)-1b as the catalyst : a white solid
prepared in 75% yield and 82% ee (determined by HPLC on a Chiral-
pak AD column with hexane/isopropanol (85:15), flow rate=
1.0 mLmin�1, tR1=11.0 min (major), tR2=12.4 min (minor)); m.p. 142–
144 8C; [a]20D=++210.4 (c=1.04 in CHCl3);


1H NMR (300 MHz, CDCl3):
d=7.68 (d, J=7.2 Hz, 1H), 7.58 (d, J=8.4 Hz, 1H), 7.42 (t, J=7.5 Hz,
1H), 7.29–7.24 (m, 1H), 7.57 (dd, J=12.3, 3.6 Hz, 1H), 5.29 (s, 1H), 3.82
(s, 3H), 2.87–2.80 (m, 1H), 2.66–2.57 (m, 1H) ppm; 13C NMR (75 MHz,
CDCl3): d=172.5, 166.7, 137.6, 132.8, 129.9, 127.7, 121.0, 90.4, 76.4, 56.2,
33.7 ppm; EI-MS: m/z (%): 282 ([M]+ , 6.23), 98 (100), 68 (59.58), 69
(36.49), 40 (24.66), 159 (22.97), 115 (7.36), 183 (6.04); HRMS (EI): calcd.
for C12H11BrO3: 281.9886; found: 281.9885; IR (KBr): n=3078, 2979,
2947, 2854, 1712, 1620, 1386, 1233, 1184, 1073, 1022, 996, 850, 775 cm�1.


4-Methoxy-6-(3-methoxyphenyl)-5,6-dihydropyran-2-one (5h): This prod-
uct was obtained by using (S,S)-1b as the catalyst: a white solid prepared
in 45% yield and 91% ee (determined by HPLC on a Chiralpak AD
column using hexane/2-propanol (85:15), flow rate=1.0 mLmin�1, tR1=
17.6 min (major), tR2=20.7 min (minor)); m.p. 90–92 8C; [a]


20
D=++167.2


(c=1.0 in CHCl3);
1H NMR (300 MHz, CDCl3): d=7.31 (t, J=7.8 Hz,


1H), 6.99–6.97 (m, 1H), 6.91–6.88 (m, 1H), 5.41 (dd, J=12.3, 4.2 Hz,
1H), 5.26 (s, 1H), 3.83 (s, 3H), 3.79 (s, 3H), 2.83–2.78 (m, 1H), 2.64–2.56
(m, 1H) ppm; 13C NMR (75 MHz, CDCl3): d=172.6, 166.8, 159.8, 139.8,
129.7, 118.1, 114.1, 111.4, 90.5, 76.9, 56.1, 55.3, 35.0 ppm; EI-MS: m/z
(%): 234 (M+ , 63.44), 98 (100), 68 (86.24), 69 (50.88), 135 (35.81), 77
(31.80), 176 (7.93); HRMS (EI): calcd for C13H12O4: 234.0887; found:
2234.0883; IR (KBr): n=3096, 3013, 2945, 2838, 1702, 1625, 1585, 1490,
1458, 1448, 1388, 1289, 1244, 1227, 1202, 1032, 998, 786 cm�1.


(S)-4-Methoxy-6-(2-phenylethyl)-5,6-dihydropyran-2-one ((S)-5 i): This
product was obtained by using (S,S)-1b as the catalyst : a white solid pre-
pared in 50% yield and 69% ee (determined by HPLC on a Chiralcel
OB-H column using hexane/isopropanol (85:15), flow rate=
1.2 mLmin�1, tR1=42.5 min (R, minor), tR2=56.1 min (S, major)). The ab-
solute configuration of 5 i was determined to be S by comparison of its
chiroptical rotation with that reported in the literature.[14] [a]20D=++18.5
(c=0.97 in CHCl3); m.p. 56–58 8C;


1H NMR (300 MHz, CDCl3): d=7.33–
7.27 (m, 2H), 7.23–7.19 (m, 3H), 5.15 (d, J=1.5 Hz, 1H), 4.40–4.34 (m,
1H), 3.74 (s, 1H), 2.90–2.79 (m, 2H), 2.58–2.48 (m, 1H), 2.34–2.29 (m,
1H), 2.18–2.10 (m, 1H), 1.92 (m, 1H) ppm; 13C NMR (75 MHz, CDCl3):
d=172.7, 167.3, 104.8, 128.5, 128.4, 126.1, 90.3, 74.7, 56.0, 36.3, 33.0,
30.9 ppm; EI-MS: m/z (%): 232 ([M]+ , 30.04), 127 (100), 91 (70.87), 39
(55.20), 117 (43.82), 68 (37.02), 200 (23.23), 141 (20.00), 155 (16.30);
HRMS (EI): calcd. for C14H16O3: 232.1094; found: 232.1102; IR (KBr):
n=3087, 3063, 3028, 2943, 2857, 1708, 1625, 1605, 1497, 1456, 1444, 1396,
1374, 1295, 1396, 1374, 1249, 1224, 1039, 1000, 912, 824, 732, 701 cm�1.


X-ray crystallographic analysis of 2 :[10] A single crystal of 2 was obtained
by recrystallization of TADDOL in DMF/H2O (5:1). X-ray crystallo-
graphic analysis was performed at 20 8C by using a Rigaku AFC7R dif-
fractometer with graphite monochromated MoKa radiation (l=


0.71069 R). A total of 3870 reflections were measured and 1933 were
unique [I>2.50s(I)]. The structure was solved by direct methods
(SHELX-97)[17] and refined by full-matrix least-squares to R=0.063,
wR=0.072. Crystal data for 2 (C34H37O5N): orthorhombic, P212121, a=
10.277(4), b=29.928(6), c=9.616(3) R, a=b=g=908, V=2957(1) R3,
1calcd=1.212 gcm


�3, Z=4.


X-ray crystallographic analysis of (R)-(+)-5e :[10] A single crystal of (+)-
5e was obtained by slow evaporation of its solution in dichloromethane/
hexane (1:2) at room temperature. X-ray crystallographic analysis was
performed with a Bruker SMART CCD-APEX at 20 8C using graphite
monochromated MoKa radiation (l=0.71073 R). A total of 6832 reflec-
tions were measured and 2517 were unique (Rint=0.0800). The structure
was solved by direct methods (SHELX-97)[17] and refined by full-matrix
least-squares to R=0.0455, wR=0.1016. Crystal data for (+)-5e
(C12H11BrO3): orthorhombic, P212121, a=7.0582(9), b=8.4182(11), c=
19.142(2) R, a=b=g=908, V=1137.3(3) R3, 1calcd=1.653 gcm


�3, Z=4.
The absolute configuration of (+)-5e was determined unambiguously by
the Bijvoet method to be R with a Flack parameter of �0.004(15) on the
basis of the anomalous dispersion of the bromine heavy atom.
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Novel Hypervalent Complexes of Main-Group Metals by Intramolecular
Ligand!Metal Electron Transfer*


Matthias Driess,* Nicoleta Dona, and Klaus Merz[a]


Introduction


Intramolecular electron-transfer (ET) processes in coordina-
tion compounds MLn are strongly dependent on the ratio of
the redox states between the coordination center M and li-
gands L. Complexes containing unsaturated, polyanionic
chelate ligands L are predestined for intramolecular
ligand!metal (L!M) ET, as impressively shown for Schiff
bases, several 2,2’-diphenolamines,[1] and related systems.[2]


While this is widespread in the coordination chemistry of
transition metals, leading to important tools for catalysis,[3]


such processes are much less common in main-group
chemistry. Some years ago, Arduengo et al. reported on the
astonishing coordination chemistry of the simple diketoa-
mine HN[CH2C(O)tBu]2 (1),[4] which can function simulta-
neously as a tridentate ligand and an intramolecular two-
electron reducing agent toward the heavier Group 15 ele-


ments (phosphorus, arsenic, and antimony), leading to un-
usual hypervalent (10 valence electrons (VE)) compounds
with trigonal-planar coordinate E atoms (10-E-3 systems) in
the oxidation state +1.[5] The latter results prompted us to
investigate the coordination and reduction ability of 1
toward the more electropositive Group 14 metals, germani-
um, tin, and lead. There has been only one report on tin,
showing that SnCl4 reacts with 1 exclusively to give the hy-
pervalent stannylene 2 (10-Sn-4 system, Scheme 1).[6]


We report here the unusual reactivity of 1 and its lithiated
enolate derivatives toward GeCl4 and the Group 14 metal
dichlorides MCl2 (M=Ge, Sn, Pb), respectively, which leads
to the four novel types of hypervalent main-group metal di-
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Lehrstuhl f9r Anorganische Chemie I: Cluster-
und Koordinationschemie
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Fax: (+49) 234-32-14378
E-mail : matthias.driess@rub.de


Abstract: New fascinating electronic
features of the simple diketoamine che-
late ligand HN[CH2C(tBu)=O]2 (1) are
described. Unexpectedly, the corre-
sponding trianionic amido-dienolate
form of 1 is capable of reducing main-
group metal atoms M after initial coor-
dination and intramolecular L!M
two-electron transfer and of stabilizing
main-group elements in unusual low
oxidation states. This is impressively
shown by the synthesis and structural
characterization of the novel Ge and
Sn complexes 4–6 by redox reactions of
lithiated 1 with the corresponding
metal halides GeCl4 and MCl2 (M=


Ge, Sn). Surprisingly, conversion of
tris-lithiated 1 with GeCl4 readily con-
sumes two molar equivalents of GeCl4


and results in the formation of the neu-
tral GeCl3 complex 4 and GeCl2. The
former represents the second example
of a structurally characterized neutral
octahedrally coordinated germanium
compound. Reaction of dilithiated 1
with GeCl2 does not lead to the expect-


ed ClGe(+2) complex but affords the
novel dimeric germylene 5, whereas
similar reaction using SnCl2 furnishes
the monomeric stannylene (ClSn(+2)
complex) 2 and elemental tin due to
the higher oxidation potential of Sn-
(+2). Unexpectedly, a similar redox re-
action of dilithiated 1 with PbCl2 fur-
nishes the first air- and water-stable
lithium 1,2-diketoimine–enolate 7 and
elemental lead. Compound 7 is tetra-
meric in the solid state and consists of
a strongly distorted Li4O4 cubic core
with trigonal-bipyramidal coordinated
Li+ ions.


Keywords: carbene homologues ·
charge-transfer complexes · hyper-
valent compounds · lithium
enolates · N,O ligands


Scheme 1. Synthesis of the hypervalent stannylene 2.
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ketoimino–enolate complexes 4–7, respectively (see
Scheme 2–4).


Results and Discussion


Synthesis and crystal structure of the GeCl3 complex 4 : In
contrast to the reactivity of 1 towards SnCl4, the chelate
ligand 1 reacts readily with two molar equivalents of GeCl4


in the presence of NEt3 as an auxiliary base to afford GeCl2


and the neutral GeCl3 complex 4 with a hexacoordinate
Ge(+4) atom (Scheme 2).


The composition and structure of 4 was elucidated by 1H
and 13C NMR spectroscopy, mass spectrometry, and a single-
crystal X-ray diffraction analysis. The latter revealed that 4
consists of a Ge(+4) center, which adopts a distorted octa-
hedral coordination geometry, surrounded by the mono-
anionic, tridentate C4NO2-diketoimine–enolate ligand and
three Cl ligands (Figure 1). Compound 4 is the second ex-
ample of a neutral octahedrally coordinated germanium
compound in which a GeCl3 moiety has been characterized
structurally.[7]


Each of the almost identical ring C�C (av 143 pm), C�N
(av 132 pm), and C�O distances (av 126 pm) for the C4NO2


skeleton is in accordance with full p-resonance stabilization
of the 1,2-diketoimine–enolate ligand. Notably, the Ge�Cl
distances are considerably different (Ge1�Cl2 (214.4(2) pm)


versus Ge1�Cl1 (225.9(2) pm) and Ge1�Cl3 (228.1(2) pm),
reflecting the electron redistribution around the Ge atom
and the different donor ability of the donor atoms.[8] The
elongated Ge1�Cl3 distance is partially due to the close
proximity of the Cl3A atom and the H2AB atom of a neigh-
boring molecule (278 pm versus 297 pm for the sum of van
der Waals radii), leading to a infinite chain with attractive
Cl···H interactions (Figure 1 b).[8] Although no intermediate
could be detected, we assume that the formation of 4 occurs
via 3’ and 3 as transient species (Scheme 2). The latter are
formed in analogy to the stannylene homologue 2. Remark-
ably and in contrast to the Sn(+2) atom in 2, the Ge(+2)


atom in 3 is readily oxidized
even by the relatively weak
chlorinating reagent GeCl4 to
afford 4 and GeCl2 (Scheme 2).
The same products result from
the conversion of the corre-
sponding trilithium bis-
(enolate)amide derivative of 1,
irrespective of the molar ratio
of the components (1:1 or 1:2).
This suggests that the electron-
rich Ge atom in 3 shows a more
hypervalent germanide- than a


germylene-like reactivity. Noteworthy are also the results of
the conversion of dilithiated 1 with the Group 14 metal di-
chlorides MCl2 (E=Ge, Sn, Pb).


Synthesis of the novel carbene-homologues 5 and 6 : Be-
cause of its remarkable ability to stabilize main-group ele-
ments in low oxidation states, we have extensively studied
the reactivity of the dilithiated ligand 1 toward the Group
14 dichlorides, with the aim of isolating new hypervalent
carbene-homologues. Whereas the conversion of
GeCl2·dioxane with dilithiated 1 affords the novel hyperva-
lent germylene 5, the same reaction pathway using SnCl2


does not lead to the expected tin-homologue 6, but solely to
the Sn(+2) complex 2 and elemental tin (Scheme 3). The
different reactivity of SnCl2 is due to its higher oxidation


Scheme 2. Synthesis of the germanium complex 4.


Figure 1. a) Molecular structure of 4 ; H atoms are omitted for clarity. Selected distances [pm] and angles [8]: Ge1�O1 193.6(6), Ge1�O2 196.7(6), Ge1�
N1 201.9(6), Ge1�Cl1 225.9(2), Ge1�Cl2 214.4(2), Ge1�Cl3 228.1(2), C1�O2 127.0(11), C4�O1 125.4(11), C1�C2 142.6(13), C3�C4 143.4(12); O1-Ge1-
O2 160.7(2), O1-Ge1-N1 80.3(3), O2-Ge1-N2 80.4(3), N1-Ge1-Cl2 179.0(2), Cl1-Ge1-Cl3 173.0(1). b) Intermolecular Cl···H interactions of 4 in the crys-
tal.
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potential toward dilithiated 1 which favors a two-electron
oxidation of the ligand. However, the Sn(+2) homologue 6
is accessible in almost quantitative yield by reaction of the
“free” ligand 1 with the less-oxidizable Sn(+2) amide
[Sn{N(SiMe3)2}2]. According to the similar NMR spectro-
scopic data (1H, 13C) of 5 and 6 and their mass spectra, the
complexes represent novel heteroleptic carbene-homologue
dimers.


The molecular structure of 6 was elucidated by a single-
crystal X-ray diffraction analysis (Figure 2), which revealed
that each stannylene unit consists of a new tautomeric form
of dianionic 1 that coordinates the Sn(+2) atom in a triden-
tate fashion. Apparently, this tautomeric form is preferred


by C=C�N=C p conjugation.
The two stannylene units are
cis-oriented to each other and
linked through two intermolec-
ular O(donor)�Sn(acceptor)
bonds, leading to a 10-Sn-4
system with pseudo-trigonal-bi-
pyramidal-coordinate Sn atoms.
Its structure displays for each
Sn atom two relatively short
Sn�O distances (Sn1�O1
207.6(14), Sn1�O3
216.9(12) pm) and one longer
Sn�O bond (Sn1�O4
241.0(13) pm), reflecting the
different O-donor ability, the
geometric constraints, and the
electronic saturation at tin.
Similar distinctly different Sn-


(+2)�O distances have been observed in related hyperva-
lent stannylenes.[9]


The Sn�N distances (av 227 pm) are shorter than those in
2 and related hypervalent stannylenes.[9] Complex 6 can be
selectively converted to the stannylene 2 by oxidation of the
ligand backbone with PbCl2 in the presence of a base,
whereas under similar conditions 5 undergoes oxidation of
the ligand and of the Ge(+2) atom at the same time, afford-
ing solely the GeCl3 complex 4. This again confirms the
higher sensitivity of the Ge(+2) atom even toward gentle
oxidation reagents (Scheme 3).


Synthesis and crystal structure of the Li4O4 enolate cluster
7: The convenient access to the hypervalent stannylene 2 as
described in the previous section prompted us to apply simi-
lar redox reactions for the synthesis of the plumbylene ho-
mologue. However, attempts to synthesize a hypervalent
plumbylene through conversion of dilithiated 1 with PbCl2


in THF/hexane failed but led us to the first lithium 1,2-dike-
toimine-enolate 7 and elemental lead (Scheme 4).


The formation can be explained by the fact that the oxida-
tion potential of Pb(+2) is higher than that of Ge(+2) and
Sn(+2) toward polyanionic 1. However, it seems peculiar
that 7 does not react with PbCl2 even in boiling toluene or
THF, probably because the Pb(+2) complexation is much
weaker than that of Li+ or Sn(+2) (Scheme 3 and
Scheme 5).


The composition and constitution of 7 was confirmed by
NMR spectroscopy, elemental analysis, and single-crystal X-
ray diffraction studies. The tetramer crystallizes in the or-
thorhomic space group Pccn and consists of a strongly dis-
torted Li4O4 cubic core with trigonal-bipyramidal-coordinat-
ed Li+ ions (Figure 3). The range of different Li�O distan-
ces is tremendous, and varies from 192 to 266 pm due to dif-
ferent coordination numbers (2 and 4) of the oxygen atoms,
geometric constraints, and steric congestion. Less distorted
geometrical features around lithium and oxygen have been
observed for chelated lithium phenolates[10] and other relat-
ed compounds.[11] The slightly different pairs of C�O, C�C,
and C�N distances suggest undisturbed p-resonance stabili-


Scheme 3. Synthesis and conversion of the complexes 5 and 6.


Figure 2. Molecular structure of 6 ; H atoms are omitted for clarity. Se-
lected distances [pm] and angles [8]: Sn1�O1 207.6(14), Sn1�O3
216.9(12), Sn1�O4 241.0(13), Sn1�N1 227.1(16), Sn2�O1 237.9(13), Sn2�
O2 215.5(15), Sn2�O4 205.7(15); O1-Sn1-O3 92.6(5), O1-Sn1-N1 93.6(5),
O3-Sn1-N1 73.5(5), O1-Sn1-O4 75.0(5), O3-Sn1-O4 140.2(4).
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zation within each C4NO2


ligand framework despite ag-
gregation. The tetrameric struc-
ture of 7 is retained in aromatic
solvents (1H, 13C NMR, osmo-
metric measurements) but dis-
sociates in donor solvents (e.g.,
THF and MeCN). Surprisingly,
solutions of 7 in aprotic donor
solvents are air- and water-
stable (1H NMR), in contrast to
the high sensitivity of other
keto- or imino-substituted lithi-
um enolates.[11]


This can be explained by the
substantial p-resonance stabili-
zation of the negative charge
and tight chelate coordination
of the Li+ ion. However, the
Li+ ions can be replaced by re-
action of 7 with SnCl2 and
GeCl4 in THF (molar ratio of
1:4), affording the expected hy-
pervalent stannylene 2 and the
GeCl3 complex 4, respectively.
The lithium complex 7 seems to
be the perfect precursor for the
synthesis of the Ge(+2) homo-
logue 3. Unfortunately, the syn-
thesis of the monomeric germy-
lene-homologue 3 from 7 and
GeCl2·dioxane, failed because


of its high sensitivity, although no GeCl4 was present to oxi-
dize the hypervalent germylene 3.


Conclusion


The simple diketoamine ligand 1 allows quite unusual reduc-
tion processes even toward the electropositive Group 14
metals in different oxidation states. Surprisingly, the lithiat-
ed, electron-rich ligand 1 is able to transfer two electrons
from its trianionic amido-bis(enolate) chelate skeleton to
M(+4) and M(+2) ions (M=Ge, Sn, Pb), leading to unusu-
al germanium and tin complexes and the first water-stable
lithium enolate. Since the direction and completeness of the
electron transfer between ligand and metal is strongly de-
pendent on the redox potential of the metal ion, it is a feasi-
ble objective to synthesize novel redox-active catalysts with
transition metals in low-oxidation states. Such investigations
are currently in progress in our laboratory.


Experimental Section


General remarks : All manipulations were carried out under anaerobic
conditions in dry argon using standard Schlenk techniques. Solvents were
refluxed over an appropriate drying agent, and distilled and degassed
prior to use. NMR spectra were recorded on a Bruker Avance250 spec-


Scheme 4. Synthesis of the tetrameric Li4O4 enolate cluster 7.


Scheme 5. Formation of 2 and 7 by oxidation of lithiated 1 (1A) with MCl2 (M=Sn, Pb).


Figure 3. Molecular structure of 7; H atoms are omitted for clarity. Se-
lected distances [pm] and angles [8]: Li1�O1 203.6(9), Li1�O2 266.4(9),
Li1�O3 193.0(9), Li2�O3 192.1(8), Li2�O2 192.5(9), Li1A�O2 192.0(8),
Li1�N1 203.0(9), Li2�N2A 203.3(9), O1�C1 122.2(5), O2�C8 127.5(5),
C1�C2 144.9(7), C7�C8 139.7(6); O1-Li1-N1 81.1(3), O1-Li1-O2
149.6(4), O2-Li1-N1 68.7(3), O2-Li1-O3 83.2(3).


E 2004 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5971 – 59765974


FULL PAPER M. Driess et al.



www.chemeurj.org





trometer at 250.1 MHz (1H), 63 MHz (31C), 93.2 MHz (119Sn) and
97.2 MHz (7Li). The chemical shifts are reported relative to TMS at d=


0.00 ppm (1H), CDCl3 at 77 ppm (13C), 1m LiCl at 0.00 ppm (7Li) and
SnMe4 at 0.00 ppm (119Sn). The starting ligand 5-aza-2,2,8,8-tetramethyl-
nonane-3,7-dione (1) was prepared by the established literature proce-
dure.[4]


4 : BuLi (0.93 g, 14.22 mmol) in hexane was added to a stirring solution
of diisopropylamine (1.48 g, 14.22 mmol) in THF (10 mL) at �70 8C. The
solution was allowed to warm up to room temperature and stirred for
0.5 h. To this solution of lithium diisopropylamide (LDA) a solution of 1
(1.02 g, 4.74 mmol) in THF (10 mL) was added dropwise over 10 min at
�20 8C. The reaction mixture was allowed to warm up to room tempera-
ture and stirred overnight. All volatile components were removed in
vacuo (10�3 Torr), and the red solid of threefold-lithiated 1 was redis-
solved in THF. This solution was slowly treated with GeCl4 (2.02 g,
9.48 mmol) diluted in THF (10 mL) at �30 8C. After the reaction mixture
had been stirred overnight at room temperature, the solvent was re-
moved in vacuo and the residue redissolved in CH2Cl2 (30 mL) to afford
a red solution. After filtration and evaporation of the solvent, the residue
was recrystallized from solutions in Et2O (10 mL) to afford 4 (1.11 g;
60% yield) in the form of a yellow powder. M.p. 160 8C (decomp).
1H NMR (250 MHz, CDCl3, 298 K): d=1.44 (s, 18H; CH3), 7.64 ppm (s,
2H; CH); 13C NMR (62.9 MHz, CDCl3, 298 K): d=27.28 (s; CH3), 40.8
(s; CCH3), 111.47 (s; CN), 200.4 ppm (s; CO); MS (70 eV): m/z (%): 354
(17) [M+�Cl]; elemental analysis calcd (%) for C12H20Cl3NO2Ge (389.2):
C 37.01, H 5.15, N 3.60; found: C 36.66, H 5.60, N 3.21.


5 : A solution of 1 (0.8 g, 3.75 mmol) in THF (10 mL) was slowly treated
with a solution of BuLi (0.48 g, 7.51 mmol) in hexane at �80 8C. The so-
lution was allowed to warm up to room temperature and stirred for 3 h.
The latter solution was treated with GeCl2·dioxane (0.86 g, 3.75 mmol)
dissolved in THF (10 mL) at �40 8C. The reaction mixture was allowed
to warm up to room temperature and stirred for additional 3 h. After
evaporation of the solvents in vacuo, the residue was redissolved in tolu-
ene (30 mL) to afford a slightly green suspension. The salt was filtered
off and the clear solution concentrated in vacuo to about 10 mL. Cooling
at �20 8C furnished 5 (1.05 g; 100 % yield) in the form of a colorless
powder. M.p. 210–212 8C. 1H NMR (250 MHz, CD2Cl2, 298 K): d=0.79
(s, 18H; CH3), 1.03 (s, 18H; CH3), 4.09 (d, spJ(H,H)=2.51 Hz, 2H; CH),
6.18 (s, 2 H; CH), 7.67 (d, spJ(H,H)=2.51 Hz, 2H; CH); 13C NMR
(62.9 MHz, CD2Cl2, 298 K): d=26.54 (s; CH3), 28.19 (s; CH3), 35.43 (s;
CCH3), 37.57 (s; CCH3), 79.64 (s; CHO), 107.60 (s; CN), 159.32 (s;
CN=), 176.08 ppm (s; CO); MS (70 eV): m/z (%): 567 (7) [M+]; elemen-
tal analysis calcd (%) for C24H42N2O4Ge2 (567.2): C 50.07, H 7.40, N 4.93,
found: C 50.31, H 7.43, N 4.74.


6 : A solution of bis[bis(trimethylsilyl)amino]stannylene (4.6 g,
10.5 mmol) in n-pentane (20 mL) was added to a solution of 1 (2.21 g,
10.5 mmol) in n-pentane (50 mL) under stirring. The reaction mixture
was stirred at room temperature for 14 h. The brown precipitate was fil-
tered off to afford 6 (2.16 g). The filtrate was concentrated to a volume
of 20 mL to give at �20 8C additionally 1.05 g of 6 in the form of color-
less crystals (3.21 g, 93 %). M.p. 138–140 8C. 1H NMR (250 MHz, CDCl3,
298 K): d=0.93 (Sn sat. , J(Sn,H)=63.1 Hz, 18H; CH3), 1.18 (Sn sat. ,
J(Sn,H)=63.1 Hz, 18H; CH3), 4.67 (d, spJ(H,H)=2.51 Hz, 2 H; CH), 6.46
(s, 2H; CH), 7.84 ppm (d, spJ(H,H)=2.51 Hz, Sn sat. J(Sn,H)=9.73 Hz,
2H; CH); 13C NMR (62.9 MHz, CDCl3, 298 K): d=26.73 (s; CH3), 28.64
(s; CH3), 35.57 (s; CCH3), 37.34 (s; CCH3), 80.94 (s; CHO), 106.38 (s;
CN), 156.80 (s; CN=), 177.58 ppm (s; CO); 119Sn NMR (93.2 MHz,
CDCl3, 298 K): d=�348.98; MS (70 eV): m/z (%): 660 (30) [M+]; ele-
mental analysis (%) calcd for C24H42N2O4Sn2 (659.98): C 43.60, H 6.36, N
4.24; found: C 43.24, H 6.58, N 4.38.


7: A solution of BuLi (0.87 g, 13.70 mmol) in hexane at �80 8C was
added dropwise to a solution of 1 (1.46 g, 6.85 mmol) in THF (30 mL).
The reaction mixture was allowed to warm up to room temperature and
stirred for 4 h. This solution was added dropwise to a stirred suspension
of PbCl2 (1.23 g, 4.56 mmol) in THF (20 mL) at �20 8C. The reaction
mixture was allowed to warm up to room temperature and stirred over-
night. The black precipitate (Pb) was filtered off and the solvent was re-
moved in vacuo. The residue was redissolved in toluene (60 mL) and fil-
tered to give a clear yellow solution. Crystallization from concentrated
solutions (10 mL) afforded 7 (0.95 g; 95 % yield) in the form of a bright
yellow powder. M.p. 238–240 8C. 1H NMR (250 MHz, CD2Cl2, 298 K): d=


1.04 (s, 72 H; CH3), 1.17 (s, 72H; CH3), 7.10 (s, 4 H; CH), 7.57 ppm (s,
4H; CH); 13C NMR (62.9 MHz, CD2Cl2, 298 K): d=27.07 (s; CH3), 28.19
(s; CH3), 40.06 (s; CCH3), 41.19 (s; CCH3), 118.02 (s; CN), 127.49 (s;
CN), 199.12 (s; CO), 204.15 ppm (s; CO); 1H NMR ([D8]THF): d=1.04
(s, 18 H; CH3), 7.23 ppm (s, 2H; CH); 13C NMR ([D8]THF): d=27.64 (s;
CH3), 40.19 (s; CCH3), 118.52 (s; CN), 199.54 ppm (s, CO); 7Li NMR
(97.2 MHz, CD2Cl2, 298 K) d=�0.98 ppm; 7Li NMR ([D8]THF): d=


�1.23 ppm; elemental analysis calcd (%) for C48H80N4O8Li4 (868.0): C
66.36, H 9.21, N 6.45, Li 3.22; found: C 65.51, H 9.55, N 7.13, Li 2.90.


4 from 5 : A solution of BuLi (0.05 g, 0.818 mmol) in hexane at �80 8C
was added dropwise to a solution of 5 (0.27 g, 0.409 mmol) in THF
(15 mL). The reaction mixture was allowed to warm up to room tempera-
ture and stirred for 2 h. This solution was added dropwise to a stirred sus-
pension of PbCl2 (0.44 g, 1.630 mmol) in THF (10 mL) at �20 8C. The re-
action mixture was allowed to warm up to room temperature and stirred
for 3 h. The black precipitate (Pb) was filtered off and the solvent was re-
moved in vacuo. The residue was redissolved in CH2Cl2 (30 mL) to
afford a white solid and a yellow solution. After filtration and evapora-
tion of the solvent, the residue was recrystallized from solutions in Et2O
(10 mL) to afford 4 (0.20 g; 56% yield). The NMR data of 4 synthesized
by this route are identical with that for the product synthesized from trili-
thiated ligand and GeCl4.


2 from 6 : A solution of BuLi (0.05 g, 0.818 mmol) in hexane at �80 8C
was added dropwise to a solution of 6 (0.27 g, 0.409 mmol) in THF
(15 mL). The reaction mixture was allowed to warm up to room tempera-
ture and stirred for 2 h. This solution was added dropwise to a stirred sus-
pension of PbCl2 (0.22 g, 0.818 mmol) in THF (5 mL) at �20 8C. The re-
action mixture was allowed to warm up to room temperature and stirred
for 3 h. The black precipitate (Pb) was filtered off and the solvent was re-
moved in vacuo. The residue was dissolved in Et2O (10 mL) and crystal-
lized at �30 8C to afford 2 (0.25 g; 86 % yield) as a orange solid. Its
NMR data are identical with that of authentic samples.


X-ray crystal structure analyses


4 (C12H20Cl3NO2Ge): Orthorhombic, Pna21, a=23.345(5), b=11.571(2),
c=6.524(1) Q, V=1762.3(6) Q3, 1calcd=1.467 gcm�3, Z=4, m=


2.190 mm�1, 6394 collected reflections (2qmax=50.18), 2639 independent
[I>2s(I)], 2136 observed (F0>4s(F0)), 172 parameters, R1=0.0481 (ob-
served reflections), wR2 (all data)=0.1235.


6 (C24H42N2O4Sn2): Monoclinic, P21/c, a=21.67(2), b=11.139(9), c=
11.870(8) Q, b=97.61(2)8, V=2841(4) Q3, 1calcd=1.543 gcm�3, Z=4, m=
1.787 mm�1, 3259 collected (2qmax=50.368), 3259 independent [I>2s(I)],
2266 observed (F0>4s(F0)), 289 parameters, R1=0.0960 (observed re-
flections), wR2 (all data)=0.2563.


7 (C48H80Li4N4O8) Orthorhombic, Pccn, a=22.985(7), b=11.829(4), c=
19.739(7) Q, V=5367(3) Q3, 1calcd=1.075 gcm�3, Z=4, m=0.071. 15595
collected reflections (2qmax=45.08), 3424 independent [I>2s(I)], 2152
observed (F0 > 4s(F0)), 289 parameters, R1=0.0795, wR2 (all data)=
0.2202.


The intensities were measured with a Bruker-axs-SMART diffractometer
(MoKa radiation, l=0.71707 Q, w-scan, The structures were solved by
direct methods (SHELXS 97). Refinements were carried out with the
SHELXL-97 package.[12] All non-hydrogen atoms were refined with ani-
sotropic temperature factors. The hydrogen atoms were placed in calcu-
lated positions and refined isotropically in riding mode. All refinements
were made by full-matrix least-squares on F2.


CCDC-237516 (4), CCDC-237517 (6), and CCDC-237518 (7) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Data Centre, 12, Union Road,
Cambridge CB2 1EZ, UK; fax: (+44) 1223-336-033; or deposit@ccdc.
cam.ac.uk).
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Theoretical Studies of Aluminoxane Chains, Rings, Cages, and
Nanostructures


Mikko Linnolahti,*[a] Tommi N. P. Luhtanen,[a] and Tapani A. Pakkanen*[b]


Introduction


The rich chemistry of the main group compounds originates
from their ability to form various chains, rings, cages, and
clusters. In the case of carbon, the infinite number of combi-
nations and permutations leads to organic chemistry. While
the chemistry of aluminoxanes has been explored less, they
can form linear, cyclic, and cage structures as well. From an
industrial point of view, an important class of aluminoxanes
is methylaluminoxanes (MAOs), which are excellent co-cat-
alysts for olefin polymerization by metallocene catalysis.[1]


The exact structure of the MAOs is unknown, which has
caused a substantial barrier to the understanding of the pol-
ymerization process. MAO is prepared by controlled hydrol-
ysis of AlMe3; the complex product solution, which contains
MAO together with free and associated AlMe3, acts as a co-
catalyst in the process. While the exact structure of MAO is
unknown, it has been suggested that it contains linear
chains, cycles, and cagelike clusters, consisting of approxi-
mately 5–20 Al�O�Me units.[2] The works of Sinn[3] and


Barron and co-workers[4] suggest that cage structures are the
most plausible. The latter group has successfully crystallized
cagelike tert-butyl analogues of MAO. An extensive compu-
tational study by Ziegler et al. has shown that AlMe3-free
MAO should consist of a mixture of cages of variable size,
of which (AlOMe)12 is the most abundant.


[5]


The well-known chemistry of carbon enables the struc-
tures of many other compounds to be rationalized. The
structural analogy between hydrocarbons and boron nitrides
is known, and originates from the location of boron and ni-
trogen on either side of carbon in the periodic table. A dis-
tinct example of the similarity between hydrocarbons and
boron nitrides is provided by borazine,[6] an inorganic ana-
logue of benzene. Whereas these isoelectronic compounds
have practically identical structures, they differ from each
other owing to the polarity of the B�N bond. Consequently,
benzene is aromatic, whereas borazine is not.[7] Several iso-
valent electronic analogues can be considered, for instance,
by moving down the periodic table (Si6H6, Ge6H6).


[8,9] Re-
cently, the similarity between benzene and one form of
methylaluminoxane, Al3O3Me3,


[10] was discussed.
In the theoretical approach described herein, the struc-


tures of aluminoxanes were explored by using the analogy
between hydrocarbons and aluminoxanes. The analogy is ex-
tended beyond benzene, and shows how aluminoxanes can
be constructed on the basis of the analogous parent hydro-
carbons. We start with linear, branched, and cyclic struc-
tures, followed by the analogues of cages, such as fullerenes
and nanotubes. Throughout the work reported herein, the
focus is not on methylaluminoxanes, but on unsubstituted
aluminoxanes. As a consequence, conclusions on the struc-
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Abstract: Alumina nanostructures and
three families of aluminoxanes, linear,
cyclic, and cagelike structures, have
structures that resemble their isovalent
electronic hydrocarbon analogues. Spe-
cific examples of each family are the
counterparts of fullerene, allene, ben-
zene, and cubane, respectively. The alu-
minoxanes and alumina nanostructures
are related to each other; the latter can


be regarded as a hydrogen- or alkyl-
free form of aluminoxane. By exploit-
ing this relationship, the relative stabili-
ties of the three families of aluminox-


anes, alumina nanostructures, and alu-
mina crystal lattices have been estimat-
ed. According to ab initio calculations,
aluminoxane cages, which take the
form of a truncated octahedron and re-
lated polyhedra, are favored. The sta-
bility of the preferred cage, T-symmet-
ric Al28O28H28, is practically equal to
that of the a-alumina crystal lattice.


Keywords: ab initio calculations ·
aluminoxanes · cage compounds ·
nanostructures · structure elucida-
tion
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tures of aluminoxanes are drawn at a general level, without
consideration of the substitution pattern.


Computational Details


The aluminoxanes were fully optimized by using the Hartree–Fock
method, which has been shown to be suitable for organoaluminum com-
plexes.[10,11] For aluminum and oxygen, we employed the 8-5-11G* and 8-
411G* basis sets, respectively, which have been optimized for aluminum
oxides by Catti et al.[12] For hydrogen, the standard 6-31G** basis set was
applied. Linear, branched, and cyclic aluminoxanes were optimized with-
out symmetry constraints, whereas cagelike structures were constrained
to the symmetry in question. Frequency calculations were performed to
confirm the character of the stationary point, and to obtain Gibbs free
energies. Geometry optimizations and frequency calculations were car-
ried out by Gaussian 03 quantum chemistry software.[13] Periodic Har-
tree–Fock calculations on a-alumina and aluminum hydride were per-
formed with the CRYSTAL03[14] program using 65K points in the irredu-
cible part of the first Brillouin zone, and convergence criteria of 10�8


Hartree for both eigenvalues and total energies.


Results and Discussion


The structural families : The boron nitride analogues of hy-
drocarbons together with the corresponding aluminoxanes
are illustrated in Figure 1. Four structural families, allene,
benzene, cubane, and fullerene, were considered. The alumi-


noxane counterpart of allene is Al2OH4, which possesses a
linear D2d-symmetric structure. This structure arises from p-
electron donation from the oxygen lone pair to the vacant p
orbital of aluminum, as has been reported previously.[10, 15]


While such a p interaction is weaker than the strong p bond
of allene, it is sufficient to define the structure of the alumi-
noxane, and the Al�O bond order can be considered to be
greater than one. The valence electron count of 16 is equal
to that of allene. For boron nitrides, the corresponding
16 valence electron species is a linear D2d-symmetric
[B2NH4]


� anion.[16]


The aluminoxane counterpart of benzene is the D3h-sym-
metric Al3O3H3. The planarity of the structure originates
from the p interaction between oxygen and aluminum, simi-
lar to that in the allene analogue. Unlike benzene, Al3O3H3
is not aromatic owing to the significant difference in the
electronegativities of aluminum and oxygen which prevents
the delocalization of electrons.[10] This is also the case for
the D3h-symmetric borazine (B3N3H6), which is known to be
nonaromatic.[7] Each compound possesses 30 valence elec-
trons.
The equal valence electron count also applies to the Td-


symmetric boron nitride and aluminoxane counterparts of
cubane, each species containing 40 valence electrons. Similar
to the C�C single bonds in the saturated cubane, the alumi-
noxane cage also contains Al�O single bonds. This is appa-
rent from the calculated Al�O bond distances of 1.817 K,


which is within the typical Al�O single
bond length range of 1.8–2.0 K.[17] It is
notable that the calculated Al�O bond
lengths in the allene and benzene ana-
logues are much shorter, 1.662 K and
1.681 K, respectively, owing to the p-
electron donation from oxygen to the
electron-deficient three-coordinated
aluminum.
The structural and electronic similari-


ties between fullerenes and alumina
nanostructures have recently been dem-
onstrated.[18] Similar to fullerenes, the
alumina nanostructures, being made of
Al5O5 and Al6O6 rings, prefer to adopt
the shape of Ih-symmetric balls. A link
exists between alumina nanostructures
and aluminoxanes, but it is not a simple
link. The molecular formula of alumi-
noxanes is typically (AlOR)n(AlR3)m,
with the trialkylaluminum moieties
being incorporated into the basic frame-
work of the aluminoxane. In the case of
the chain, ring, and cage structures, the
relationship is apparent. The isovalent
electronic aluminoxane analogue of
allene has a molecular formula of (AlO-
H)(AlH3), whereas the benzene and
cubane counterparts are free of trial-
kylaluminum groups, having molecular
formulae of (AlOH)n, where n=3 and
4, respectively. By using the same ex-


Figure 1. Isovalent electronic boron nitride and aluminoxane analogues of allene, benzene, cubane,
and fullerene.
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pression for the alumina analogue of C60 fullerene, its mo-
lecular formula would be (AlOH)30(AlH3)�10, which is
Al20O30, and it would contain 240 valence electrons, which is
equal to the valence electron count of C60 fullerene. Hence,
alumina nanostructures can be considered to be aluminox-
anes from which hydrogen atoms or alkyl groups have been
completely removed in the form of trialkylaluminum. The
molecular formulas of the allene, benzene, cubane, and ful-
lerene analogues of aluminoxanes are summarized in
Table 1. For boron nitrides, the corresponding 240 valence-
electron structure is not applicable as it would necessitate
the presence of five-membered rings which cannot be fulfil-
led without introducing unstable B�B and N�N bonds[19]


into the nanostructure. Instead, boron nitride fullerenes
favor alternating four-membered B2N2 and six-membered
B3N3 rings.


[20]


The isovalent electronic analogy between hydrocarbons
and aluminoxanes was then used to explore the structures
beyond the allene, benzene, cubane, and fullerene counter-
parts. We examined the four aluminoxane groups in detail,
determining the lowest energy structures within each group.
Finally, the stabilities of the groups were compared with
each other, and conclusions on the preferred structural char-
acteristics of the studied aluminoxanes were drawn at a gen-
eral level.


Linear and branched aluminoxanes : The (AlOH)(AlH3)
allene analogue was systematically built up to (AlOH)5-
(AlH3) to investigate the corresponding higher oligomers.
Note that several other structures would be obtained if the
number of AlH3 units was increased as well. Such structures,
however, have no electronic analogy with hydrocarbons, and
were therefore not considered in this work. All the confor-
mations of each isomer were considered, these conforma-
tions arising from the possibility that the four consecutive
aluminum atoms have a dihedral angle of either 90 or
�908.[10] The structures of the isomers and their conforma-
tions together with their total energies and Gibbs free ener-
gies at 298.15 K are illustrated in Figure 2.
The two smallest structures, the allene counterparts (AlOH)-


(AlH3) and (AlOH)2(AlH3), have only one linear isomer.


Table 1. Molecular formulae of the allene, benzene, cubane, and fuller-
ene analogues of aluminoxanes.


Hydrocarbon analogue Molecular formula (AlOH)n(AlH3)m
n m


allene Al2OH4 1 1
benzene Al3O3H3 3 0
cubane Al4O4H4 4 0
fullerene Al20O30 30 �10


Figure 2. Structures, relative total energies, and relative Gibbs free energies (T=298.15 K) for the isomers of (AlOH)n(AlH3) aluminoxanes, where n=
1–5.
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The Al�O�Al angles are 1808 and the hydrogen atoms
bonded to adjacent aluminum atoms are perpendicular to
each other. These structural characteristics have been re-
ported previously for linear methylaluminoxanes,[10] and are
due to p interactions between the oxygen lone pairs and the
vacant p orbitals of the aluminum atoms. Note that the
structural analogy to hydrocarbons is lost when moving to
(AlOH)2(AlH3), which is isovalent electronic with vinylal-
lene (1,2,4-pentatriene). The next smallest structure, (AlO-
H)3(AlH3), has two isomers, linear (1a) and branched (2a).
In terms of the total energy, the linear structure is favored
by 9.6 kJmol�1, but this difference is reduced to 6.4 kJmol�1


after vibrational and thermal corrections, as can be seen in
the Gibbs free energy. In the case of the branched isomer,
the p-electron donation to the middle aluminum atom is dis-
tributed over three oxygen atoms, which apparently is not
preferable. The same also applies to the isomers of (AlO-
H)4(AlH3), the branched isomer (2a) being approximately
10 kJmol�1 higher in total energy than the linear isomers.
The two conformations of the linear (AlOH)4(AlH3) are dis-
tinguished by the dihedral angles of the adjacent Al-Al-Al-
Al torsions, which are 908 in 1a, but 90 and �908 in 1b. The
possible combination of dihedral angles (�908) for Al-Al-
Al-Al torsions give three linear conformations for (AlO-
H)5(AlH3) with very similar energies (1a–c). Successive
branching of the linear chain appears to have a constant de-
stabilizing effect of approximately 10 kJmol�1. Consequent-
ly, structures that contain one side chain (2a, 2b, and 3a) are
10 kJmol�1 higher in energy than the linear isomers, while
the doubly branched 4a is destabilized by approximately
20 kJmol�1. Gibbs free energies are generally in line with
the total energies. While none of the aluminoxane structures
has been experimentally characterized, the structural ana-
logue of (AlOH)(AlH3) with CH(SiMe3)2 substituents has
been determined.[21] Furthermore, several corresponding alu-
minoxanes that contain two-coordinate oxygen atoms and
four- or five-coordinate aluminum atoms have been structur-
ally characterized.[4a,22]


Comparison of the relative stabilities of the linear and
branched aluminoxanes of formula (AlOH)n(AlH3) as a
function of n is not straightforward because of the extra
AlH3 unit. An attempt to perform this comparison is pre-
sented later when the relative stabilities of the four structur-
al families of aluminoxanes are compared.


Cyclic aluminoxanes : Mono-, bi-, and tricyclic aluminoxanes
of the formula (AlOH)n were studied up to n=6. The struc-
tures were systematically constructed from combinations of
rings containing even numbers of atoms, hence forming
structures similar to annulenes and polycyclic aromatics.
The combinations that were studied are schematically pre-
sented in Figure 3. Notwithstanding several theoretical
choices, the number of resulting isomers is rather small.
Most of the polycyclic aluminoxanes either open up to form
monocyclic structures, or alternatively begin to transform to-
wards cagelike structures. The obtained geometry minima
and relative stabilities are shown in Figure 4.
The two smallest cyclic aluminoxanes, (AlOH)2 and


(AlOH)3, both have one unique isomer. The D2h-symmetric


(AlOH)2, which consists of a four-membered Al2O2 ring, is
the isovalent electronic analogue of cyclobutadiene, both
having 20 valence electrons. The D3h-symmetric (AlOH)3 is
the isovalent electronic analogue of benzene, as was dis-
cussed above. The aluminoxane analogue of cyclooctate-
traene, or [8]annulene, differs somewhat from its hydrocar-
bon counterpart. Whereas (AlOH)4 adopts a planar D4h-
symmetric structure, [8]annulene prefers the D2d-symmetric
tub conformation.[23] Wehmschulte and Power have deter-
mined the crystal structure of a planar tetrakis(m2-
oxo)(2,4,6-tri-tert-butylphenyl)aluminum, which is an ana-
logue of monocyclic (AlOH)4 with bulky tert-butyl substitu-
ents.[24] The bicyclic isomer of (AlOH)4, which consists of
fused Al2O2 and Al3O3 rings, corresponds to the Cs-symmet-


Figure 3. Schematic structures of conceivable mono-, bi-, and tricyclic
(AlOH)n aluminoxanes, where n=2–6.
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ric isomer of [8]annulene. The monocyclic aluminoxane is
preferred by 44 kJmol�1 over its bicyclic isomer.
The planarity of the monocycle is lost when switching to


(AlOH)5, which is the isovalent electronic analogue of
[10]annulene. The same applies to [10]annulene itself, which
has been extensively studied by theoretical methods. Never-
theless, its preferred isomer has not been unambiguously de-
termined, the nonplanar boat, azulene-like, heart, naphtha-
lene-like and twist isomers being among the favored struc-
tures.[25] The (AlOH)5 monocycle is Cs-symmetric, and corre-
sponds to the boat conformation of [10]annulene. The dis-
tortion of the monocycle from the planar arrangement is
due to sp2-hybridized aluminum atoms, which prefer O-Al-
O bond angles of approximately 1208. Interestingly, the
(AlOH)5 monocycle is not the preferred isomer. The tricycle
(a), which consists of a six-membered and two four-mem-
bered rings, is favored by 39 kJmol�1 in terms of the total
energy and 16 kJmol�1 in terms of the Gibbs free energy.
Two other polycycles, bicyclic with Al2O2 and Al4O4 rings,
and tricyclic (b), with one Al3O3 and two Al2O2 rings have
much higher energies. The difference between the (a) and
(b) isomers of the tricycles is the position of the four-mem-
bered rings, which, in the case of the preferred (a) isomer,
are connected to each other, and in the case of (b), which is
higher in energy, are separated by an Al�O bond.


The (AlOH)6 monocycle can adopt two conformations: A
D3d-symmetric chair (a) and a C2-symmetric boat (b) struc-
ture. The chair conformer is slightly favored in terms of the
total energy. Entropy effects, however, cause the order of
stability to be reversed. The isovalent electronic hydrocar-
bon analogue is [12]annulene, which has several low-energy
isomers, the C1- and D2-symmetric structures being prefer-
red.[26] In addition to the monocycle, we found two bicycles,
(a) and (b), as well as four tricycles, (a–d). The bicycle pre-
fers a combination of Al2O2 and Al5O5 rings, instead of
Al3O3 and Al4O4 rings. The tricyclic (d) isomer, in which
two six-membered rings are connected through two Al�O
bonds, is the clearly favored hexamer. The three other tricy-
clic isomers (a–c) are combinations of two Al2O2 and one
Al4O4 rings. Similar to the corresponding pentamers, their
stabilities systematically decrease as the separation between
the four-membered rings increases.
The observed stability orders can be interpreted by means


of two competing effects: 1) Reorganization of the ring
system, which is a destabilizing effect, and 2) the formation
of four-coordinated aluminum centers, which is a stabilizing
effect. This is best seen by comparing the stabilities of
monocycles with bicycles as a function of the number of
AlOH units. In the case of the tetramer and pentamer, the
monocycle is preferred over the bicycle owing to the prefer-


Figure 4. Structures, relative energies of the isomers (DE, DG), and relative energies per AlOH unit (DE/n, DG/n) for the isomers of cyclic (AlOH)n alu-
minoxanes, where n=2–6. The stabilities per AlOH unit are given relative to the (AlOH)2 monocycle. Gibbs free energies are given at T=298.15 K.
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ence of (AlOH)3 and (AlOH)4 rings to adopt a planar ar-
rangement of atoms. This planarity is lost in the bicycles,
and the energy lost in the reorganization of the ring system
is somewhat larger than that gained by the formation of a
four-coordinated aluminum center. The situation is very dif-
ferent for the bicyclic (a) isomer of the hexamer, in which
four- and ten-membered rings are connected to each other.
Since the ten-membered (AlOH)5 monocycle does not
prefer a planar arrangement, it does not suffer from reor-
ganization of the ring. However, it does benefit from the re-
sulting four-coordinated aluminum, and therefore it has a
higher stability. These competing effects, the reorganization
of the ring and four-coordination of aluminum, dominate
the stabilities of tricycles as well. Starting from n=5, the
formation of tricycles is preferred to the formation of mono-
cycles. The tricyclic (d) isomer of the hexamer, in which two
four-coordinate aluminum centers are formed without loss
of the planarity of the six-membered rings, is clearly the pre-
ferred structure of the whole series of ring systems. Conse-
quently, six-membered rings, which are connected by two
Al�O bonds, appear to be the basic structural elements of
cyclic aluminoxanes.


Aluminoxane cages : Cagelike aluminoxane clusters are de-
rived from Platonic solids and Archimedean polyhedra. Five
Platonic solids exist: tetrahedron, cube, octahedron, dodeca-
hedron, and icosahedron. As far as the analogy with hydro-
carbons is concerned, only those polyhedra in which three
faces meet at each vertex are applicable owing to the tetra-
valence of sp3-hybridized carbon atoms. Three Platonic
solids meet this criterion: tetrahedron, cube, and dodecahe-
dron. In the case of aluminoxanes, polyhedra that consist of
odd-numbered polygons are ruled out since they would re-
quire the formation of Al�Al and O�O bonds. These two
criteria leave us with only one Platonic solid, that is, the
cube. The same criteria apply to the Archimedean polyhe-
dra as well. Of a total of 13 Archimedean polyhedra, three
meet the required conditions. These are the truncated octa-
hedron, the truncated cuboctahedron and the truncated ico-
sidodecahedron. The structures of hydrocarbon polyhe-
dranes together with their applicable aluminoxane counter-
parts are illustrated in Figure 5.
Owing to the composition of the polyhedron framework


of two distinct atoms, aluminum and oxygen, the symmetries
of the aluminoxane cages are lower than their parent poly-
hedra. The aluminoxanes are, however, isovalent electronic
with their polyhedrane analogues. The analogue of the Oh-
symmetric cubane is the Td-symmetric (AlOH)4, both pos-
sessing 40 valence electrons. As far as the Archimedean poly-
hedra are concerned, the simplest aluminoxane is the Th-
symmetric (AlOH)12, which is the analogue of the Oh-sym-
metric truncated octahedrane. This structure consists of a
combination of six Al2O2 and eight Al3O3 rings and has a
total of 120 valence electrons, that is, the same as its polyhe-
drane counterpart. With 240 valence electrons the O-sym-
metric (AlOH)24 is the isovalent electronic analogue of the
Oh-symmetric truncated cuboctahedrane. The structure con-
sists of twelve Al2O2, eight Al3O3 and six Al4O4 rings. The I-
symmetric (AlOH)60 is derived from the largest Archime-


dean polyhedra, the truncated icosidodecahedron. It is the
isovalent electronic analogue of the Ih-symmetric truncated
icosidodecahedrane, both containing 600 valence electrons.
The cage consists of 30 Al2O2, 20 Al3O3 and 12 Al5O5 rings.
The relative stabilities of the aluminoxane cages derived


from regular polyhedra are given in Table 2. The analogue


Figure 5. From regular polyhedra to (AlOH)n aluminoxane cages.
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of cubane, (AlOH)4, is clearly the least stable, followed by
the counterparts of truncated icosidodecahedrane,
(AlOH)60, and truncated cuboctahedrane, (AlOH)24. Con-
sisting of four- and six-membered rings, the analogue of
truncated octahedrane, (AlOH)12, is favored in terms of
both the total energy and the Gibbs free energy. This is in
line with cyclic aluminoxanes, which prefer fused four- and
six-membered rings, and also with experimental structure
determinations. Barron and co-workers have synthesized
(AlOtBu)n cages, where n=6, 8, 9, and 12.


[4] Each of the
structures consists of a combination of four- and six-mem-
bered Al2O2 and Al3O3 rings. The (AlOtBu)12 cage has a
similar structure to that of the analogue of truncated octahe-
drane, (AlOH)12, and is the smallest cage not to contain
square-square edges. These aluminoxane cages, with methyl
substituents instead of tert-butyl groups, have been studied
theoretically by Ziegler and co-workers,[5] who demonstrated
that the analogue of truncated octahedrane, (AlOMe)12, is
favored.
The preference for a combination of four- and six-mem-


bered rings with no square-square edges is apparently due
to the minimization of angular strain. In the case of hydro-
carbon polyhedranes, dodecahedrane has the lowest total
angular strain per carbon atom followed by truncated octa-
hedrane.[27] This is also the case for the aluminoxanes, which
however cannot adopt a dodecahedron structure as it is
composed of pentagons. Hence, the aluminoxanes adopt the
structure with the next lowest strain, that is, truncated octa-
hedrane. The truncated octahedrane hydrocarbon has not
been synthesized, although the dodecahedrane with the
least strain has been[28] along with the polyhedranes derived
from other appropriate Platonic solids, that is, cubane[29] and
tetrahedrane[30] hydrocarbons.
Owing to the preference of aluminoxanes to adopt the


truncated octahedron structure, we systematically derived
and optimized larger tetrahedral aluminoxane zonohedra[31]


up to (AlOH)64, each consisting of a combination of six
Al2O2 and n�4 Al3O3 rings. The structures, molecular for-
mulae, and symmetries of the aluminoxane cages together
with their relative stabilities are presented in Figure 6.
The tetrahedral complexes have Th, Td, or T symmetries.


The analogue of the Th-symmetric truncated octahedron,
(AlOH)12, is followed in size by the Td-symmetric (AlOH)16,
which is favored by 5.0 kJmol�1 per AlOH unit in terms of
the total energy, and by 3.6 kJmol�1 per AlOH unit in terms
of the Gibbs free energy. The congener of (AlOH)16 with
methyl substituents has been studied by Ziegler and co-
workers,[5] who found that (AlOH)16 is favored in terms of
the total energy, and (AlOH)12 in terms of the Gibbs free
energy. We verified these results by B3LYP calculations,


which gave practically the same
energy differences as given
above, (AlOH)16 being favored
by 5.1 kJmol�1 per AlOH unit
in total energy, and 3.9 kJmol�1


per AlOH unit in Gibbs free
energy. Apparently, the re-
versed stability order noted by
Ziegler and co-workers does


not arise from the level of theory, but may be due to the
substitution pattern. We also compared the performance of
the Hartree–Fock (HF) method with that of the MP2/6-
311G** calculations in the case of the three smallest mono-
cyclic aluminoxanes, (AlOH)n, where n=2–4, and the two
smallest cages, Td-symmetric (AlOH)4 and Th-symmetric
(AlOH)12. The total energies of the structures relative to the
smallest ring are �94.1, �112.7, �154.8, and �237.2 kJmol�1
per AlOH unit by the HF method, and correspondingly
�84.2, �97.8, �140.0, and �221.4 kJmol�1 per AlOH unit


Table 2. Relative total energies and Gibbs free energies (T=298.15 K) of (AlOH)n aluminoxane cages derived
from Platonic solids per AlOH unit. The energies are given relative to the(AlOH)2 monocycle.


Parent Formula n Symm. E/n G/n DE/n DG/n
polyhedra [a.u.] [a.u.] [kJmol�1] [kJmol�1]


cube Al4O4H4 4 Td �317.508173 �317.500819 �154.8 �136.5
truncated octahedron Al12O12H12 12 Th �317.539546 �317.528199 �237.2 �208.4
truncated cuboctahedron Al24O24H24 24 O �317.537327 �317.525190 �231.4 �200.5
truncated icosidodecahedron Al60O60H60 60 I �317.530619 �317.518123 �213.7 �181.9


Figure 6. Structures, relative total energies, and relative Gibbs free ener-
gies (T=298.15 K) for tetrahedral (AlOH)n aluminoxane zonohedra con-
sisting of Al2O2 squares and Al3O3 hexagons. The energies are given rela-
tive to the (AlOH)2 monocycle.
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by the MP2 method. The qualitative trends obtained by HF
are, therefore, in good agreement with those obtained by
the MP2 method. Interestingly, the T-symmetric (AlOH)28,
which has a framework that has not been reported for alu-
minoxanes before, is the most stable cage structure in terms
of both the total energy and the Gibbs free energy. Com-
pared with the analogue of truncated octahedrane,
(AlOH)12, it is favored by 8.8 kJmol


�1 per AlOH unit in
total energy, and 5.8 kJmol�1 per AlOH unit in Gibbs free
energy. As n in (AlOH)n increases upwards of 28, the rela-
tive energies begin to rise, the larger structures up to
(AlOH)64 still being quite stable, and generally with higher
stabilities than the Th-symmetric (AlOH)12.


Alumina nanostructures : The nanostructures of aluminum
oxides can be considered to be aluminoxanes from which
hydrogen or alkyl groups have been completely removed in
the form of trialkylaluminum. By using the expression fre-
quently applied to the molecular formula of aluminoxanes,
the alumina nanostructures are of the form (AlOR)3n-
(AlR3)�n. The molecular structures of alumina nanoballs
and nanotubes have recently been studied.[18] Their structur-
al characteristics are briefly summarized below.
Similar to the aluminoxane cages, the structures of alumi-


na nanoballs can also be derived from Platonic solids and
Archimedean polyhedra (Figure 7). Because the nanostruc-
tures are composed of (AlO)n rings, where n is the type of
polygon in the parent polyhedra, all those polyhedra in
which three faces meet at each vertex are applicable. The Ih-
symmetric Al60O90, which has the shape of a truncated icosa-
hedron, is favored. Interestingly, the preferred structure is a
structural analogue of the Ih-symmetric C60 fullerene, con-
sisting of 12 Al5O5 rings and 20 Al6O6 rings, the same
number of C5 and C6 rings in C60 fullerene. Furthermore,
with 720 valence electrons, the Ih-symmetric Al60O90 truncat-
ed icosahedron is isovalent electronic with the C180 fuller-
ene, whereas the C60 fullerene is isovalent electronic with a
smaller alumina nanostructure, the Ih-symmetric Al20O30 do-
decahedron. Alumina nanotubes can be derived from Ih-
symmetric nanoballs. The resulting tubes have either D5d or
D5h symmetries, and are capped by icosahedral hemispheres.
While alumina nanoballs have not been synthesized, several
alumina nanotubes have been.[32] Octahedral Al24O24 could
also be a plausible structure.[33]


Relative stabilities of structural groups : Comparison of the
stabilities of the four basic structural families of aluminox-
anes is of interest, but not straightforward owing to the dif-
ferent stoichiometries of aluminum, oxygen, and hydrogen.
Cages and cycles can be easily compared as both have mo-
lecular formula of the form (AlOH)n. However, the compar-
isons with linear aluminoxanes of formula (AlOH)n(AlH3),
and with nanostructures of formula (Al2O3)n or (AlOH)3n-
(AlH3)�n are complicated: The linear aluminoxanes because
of the extra AlH3 unit, and the alumina nanostructures be-
cause of the absence of hydrogen. Since the only variable af-
fecting the stoichiometries is the number AlH3 units incor-
porated into the structures, elimination reactions can be
used for qualitative energy comparisons. When all the hy-


drogen atoms are removed from the aluminoxanes, we end
up with the composition (Al2O3)n, each product having the
same stoichiometry of Al/O=2:3. The conversion of alumi-
noxanes to aluminum oxides through elimination of hydro-
gen enables comparisons with alumina crystal structures,


Figure 7. From regular polyhedra to (Al2O3)n alumina nanostructures. Re-
produced from reference [18].
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which are experimentally well-characterized. In this context,
we selected a-alumina, that is, corundum,[34] as the refer-
ence, with which the alumina nanostructures and the three
families of aluminoxanes were compared.
A practical issue, which needs to be addressed in the re-


moval of hydrogen, is the form in which AlH3 is eliminated.
Knowledge of aluminum hydride compounds is limited, the
recently detected dialane, (AlH3)2, being the only identified
species.[35] This does not prove, however, that (AlH3)2 is the
preferred structure. On the basis of computational studies,
the trimer should also be stable,[36] as may other higher
oligomers as well. The association of AlH3 units ultimately
leads to the solid-state structure of aluminum hydride,[37]


which is thermodynamically unstable with respect to decom-
position to the elements.[38] In terms of the total energy,
however, aluminum hydride is favored over elemental alu-
minum and hydrogen. Since Gibbs free energies were not
available from periodic calculations, we estimated the stabil-
ities on the basis of the total energies. Hence, we ran a peri-
odic calculation on the aluminum hydride crystal lattice to
obtain the lowest total energy of AlH3. The reaction for the
elimination of hydrogen is given in Equation (1).


ðAlOHÞnðAlH3Þm ! ðAlH3Þx þ ðAl2O3Þy ð1Þ


The comparison of three types of aluminoxanes, alumina
nanostructures, and the a-alumina crystal lattice is presented
in Table 3. For each structural family, the preferred structure
was selected. In the case of linear aluminoxanes, conformer
1a of (AlOH)5(AlH3) is favored in terms of the total energy.
Of the aluminoxane cycles and cages, the tricyclic (d)
isomer of (AlOH)6 and the T-symmetric (AlOH)28 are pre-
ferred, respectively. We re-optimized the truncated icosahe-
dral Al60O90 alumina nanoball, which is the favored alumina
nanostructure as far as the regular polyhedra are concerned,


by using the same basis sets as applied to the aluminoxanes.
Furthermore, periodic Hartree–Fock calculations were car-
ried out on a-alumina to quantify the stabilities of the com-
plexes. Elimination of 8=3 AlH3 units from the linear (AlO-
H)5(AlH3) leaves us with


5=3 Al2O3 units. Since the energies
are given per Al2O3 unit at the end, dealing with fractions
does not affect the procedure. By following the same proce-
dure for the cyclic (AlOH)6 two AlH3 units are eliminated,


thus producing (Al2O3)2, whereas the removal of
28=3 AlH3


units from the (AlOH)28 cage results in
28=3 Al2O3 units. The


energy per Al2O3 unit is obtained by dividing the total
energy of the structure, from which the energy derived from
the periodic calculation of AlH3 multiplied by the number
of eliminated units is subtracted, by the number of Al2O3
units.
The linear aluminoxane is clearly disfavored, the energy


per Al2O3 unit being approximately 460 kJmol
�1 higher than


that of the a-alumina crystal. The low stabilities of the
linear aluminoxanes can be attributed to the presence of
three-coordinated aluminum atoms, which are electron defi-
cient. The electron deficiency is somewhat reduced by p-
electron donation from the lone pairs of the oxygen atoms.
This interaction, however, is relatively weak[10] and therefore
insufficient to stabilize the compound. Since aluminoxanes
with three-coordinated aluminum atoms generally tend to
oligomerize, this type of compound can only exist in the
presence of bulky substituents which prevent oligomeriza-
tion.[39] The only crystallographically characterized structure
that exactly matches the linear aluminoxanes of formula
(AlOR)(AlR3) is the one with bulky CH(SiMe3)2 substitu-
ents.[21]


The Al60O90 alumina nanostructure, in terms of the elec-
tron deficiency of the aluminum atoms, basically belongs to
the same category as the linear aluminoxanes. Each alumi-
num atom is three-coordinated, the relatively weak O�Al p
interaction somewhat stabilizing the compound. While the
stability of the alumina nanostructure is approximately
300 kJmol�1 per Al2O3 unit lower than that of the a-alumina
crystal, it is significantly more stable than the linear alumi-
noxane. Furthermore, it is notable that the alumina nano-
stuctures are stabilized as a function of the size of the struc-
ture.[18] This may account for the existence of large alumina
nanostructures, such as the experimentally known long


nanotubes.[32]


Whereas monocyclic alumi-
noxanes, owing to the presence
of three-coordinated aluminum
atoms, possess practically the
same stabilities as their linear
congeners,[10] polycycles have
lower energies. This is due to
the presence of the preferred
four-coordinated aluminum
atoms that connect the adjacent
rings. The stabilities of the poly-
cyclic aluminoxanes are still
much lower than that of the a-
alumina crystal, the preferred
of the studied polycycles, the


tricyclic (d) isomer of (AlOH)6, being 320 kJmol
�1 per


Al2O3 unit higher in energy. Furthermore, owing to the flexi-
bility arising from the high ionic character of the aluminox-
anes, the synthesis of linear and cyclic aluminoxanes could
be considered much more difficult than the synthesis of the
corresponding carbon compounds. As discussed above, the
polycyclic aluminoxanes have a strong tendency to trans-
form into cagelike structures, thereby maximizing the


Table 3. Relative stabilities of the three forms of aluminoxanes, an alumina nanostructure and the alumina
crystal lattice per Al2O3 unit.


Linear Cyclic Cage Nanostructure Crystal
lattice


aluminoxane (AlOH)5(AlH3) (AlOH)6 (AlOH)28
isomer 1a tri, d T-symmetric truncated icosahe-


dron
a-alumina


no. of AlH3 units (x)
8=3 2 28=3 0 0


parent aluminum oxide (Al2O3)5=3 (Al2O3)2 (Al2O3)28=3 (Al2O3)30 (Al2O3)¥
no. of Al2O3 units (y)


5=3 2 28=3 30 ¥
E�xE(AlH3)[a] [a.u.] �1181.349331 �1417.728092 �6617.170063 �21266.077966
[E�xE(AlH3)]/y [a.u.] �708.809598 �708.864046 �708.982507 �708.869266 �708.985951
D[E�xE(AlH3)]/y
[kJmol�1]


463.3 320.3 9.0 306.6 0.0


[a] Energy per AlH3 unit from periodic calculation of aluminum hydride: E(AlH3)=�243.646186 a.u.
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number of four-coordinate aluminum atoms. The stabilities
of aluminoxane cages are incomparable to other aluminox-
ane families, being practically equal to that of the a-alumina
crystal lattice. Apparently, aluminoxanes tend to form cages,
but which type of cage is not evident. Since aluminoxanes
generally have the formula (AlOR)n(AlR3)m, several cage-
like structures could be generated if a variable number of
trialkylaluminum groups were taken into consideration.
Within the scope of this work, where m=0, the aluminoxane
cages prefer to adopt the form of a truncated octahedron
and other related polyhedra.


Conclusions


Linear, cyclic, and cagelike aluminoxanes and alumina nano-
structures were explored by ab initio methods. The four
families of compounds can be rationalized by a topological
analogy with hydrocarbons. Linear and branched aluminox-
anes, which have a molecular formula of (AlOH)n(AlH3),
are isovalent electronic with allene and its derivatives. Cor-
respondingly, cyclic and cagelike aluminoxanes of the for-
mula (AlOH)n are the counterparts of annulenes and poly-
hedranes, respectively. Alumina nanostructures, which are
isostructural and isovalent electronic analogues of fuller-
enes, are related to aluminoxanes through the elimination of
hydrogen or alkyl groups in the form of trialkylaluminum.
In general a similar analogy can also be made between
boron nitrides and hydrocarbons, and could be considered
for other isoelectronic systems. Note, however, that isoelec-
tronic compounds, such as aluminum fluorides, may have a
very different chemistry.
The structures of the linear and branched aluminoxanes


are dominated by p-electron donation from the lone pairs of
the oxygen atoms to the vacant p orbitals of the electron-de-
ficient three-coordinated aluminum atoms. Linear structures
are preferred to branched ones. Polycyclic aluminoxanes
with fused Al2O2 and Al3O3 rings are preferred to monocy-
clic aluminoxanes due to the presence of the preferred four-
coordinate aluminum centers that connect the adjacent
rings. Cagelike aluminoxanes prefer to take the shape of a
truncated octahedron and related polyhedra consisting of
Al2O2 and Al3O3 rings. The T-symmetric Al28O28H28, which
is composed of six Al2O2 and 24 Al3O3 rings, is favored. The
relative stabilities of the three classes of aluminoxanes, to-
gether with the alumina nanostructures and a-alumina crys-
tal lattice, were compared by considering an elimination re-
action in which hydrogen is removed from the aluminoxanes
in the form of aluminum hydride. Aluminoxane cages are
clearly favored over their linear and cyclic congeners and
alumina nanostructures, the energies per Al2O3 unit being
similar to that of the crystal lattice of a-alumina.
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New Strategy for the Synthesis of 3’,5’-Bifunctionalized Oligonucleotide
Conjugates through Sequential Formation of Chemoselective Oxime Bonds


Om Prakash Edupuganti, Yashveer Singh, Eric Defrancq,* and Pascal Dumy[a]


Introduction


The use of synthetic oligonucleotides for the specific inhibi-
tion of gene expression represents an attractive therapeutic
approach for the treatment of cancer and various other viral
diseases.[1–3] These oligonucleotides may cause selective in-
hibition of gene expression either by targeting the mRNA
by an antisense or siRNA mechanism,[4,5] double stranded
DNA by triplex formation[6] or proteins by aptamer selec-
tion.[7] These strategies suffer, however, from the poor cell
penetration and cellular targeting of these agents and sensi-
tivity towards nuclease activity.[8] A very promising approach
to overcome the problem of poor uptake is to attach these
oligonucleotides to a variety of available cell penetrating
and localizing peptides.[9] It has been reported that such pep-
tide–oligonucleotide conjugates show enhanced cell specific
targeting, cellular uptake efficiency and stability to degrada-
tion in comparison to unmodified oligonucleotides.[9–11] Be-
sides, in many cases, improved binding strength with target
sequence has been observed.[12] Similarly, conjugation with
carbohydrates has also been explored to enhance cell target-
ing via lectin recognition.[13]


In this context, the chemical synthesis of peptide–oligonu-
cleotide conjugates (POCs) has generated considerable in-
terest. Different methods for the preparation of POCs have
been described and can be categorized into two broad ap-


proaches. The first involves the total synthesis of peptide
and oligonucleotide fragments on the same solid support.
The synthesis of peptide is followed by that of oligonucleo-
tide,[14] or vice versa,[15] and in many cases a branched linker
may be attached to the support to permit the independent
growth of the peptide and oligonucleotide fragments.[15] The
method suffers from the poor compatibility of the peptide
and oligonucleotide chemistries and has not found much
favour in spite of some promising advances in this area.[16]


The second approach (the fragment approach) involves the
separate solid phase assembly of peptide and oligonucleo-
tide, deprotection and purification (when necessary), and
the coupling of the two fragments in solution phase. This is
done by introducing mutually reactive groups into each frag-
ment during or after the solid phase synthesis and involves
the formation of linkages like disulfide,[17] thioether,[18]


amide,[19] maleimide,[20] oxime,[21] thiazolidine,[21a,b] and hy-
drazone.[21b,22] This fragment approach is more frequently
used on account of excellent coupling efficiencies and ease
of purification. The method also offers an opportunity to
ligate a number of other reporter molecules (carbohydrates,
fluorophores, etc.) onto the oligonucleotide.
Complementary to this monoconjugation, it would be of


great interest to anchor two different reporter groups to the
oligonucleotides. For instance, attachment of two peptides
with different properties may improve the biological activity
of the oligonucleotide (for example, enhancement of cell
penetration and targeting, increasing of the concentration
into the nucleus or stabilization of the duplex) by using a
specific peptide according to the property desired. Similarly,
bisconjugates could combine a fluorescent moiety with a
peptide residue, the fluorophore serving as a probe to detect
the transport of the peptide–oligonucleotide conjugate. In
this context, the preparation of phosphorothioate oligonu-
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Abstract: A convenient strategy for the synthesis of bifunctionalized oligonucleo-
tide conjugates bearing two different reporters at the 3’ and 5’ ends of the oligonu-
cleotide is presented. The method involves the preparation of oligonucleotides
bearing an aldehyde and/or aminooxy functionality at each end, followed by reac-
tion to form oxime bonds with appropriately functionalized reporters. The conju-
gation reactions are carried out under mild aqueous conditions with good reaction
yield.
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cleotides substituted with a 5’-protected thiol function and a
3’-amino group has been described. The 3’-amino functional-
ity was used to ligate a peptide (NLS) and the 5’-thiol to
anchor a fluorescent reporter group.[23a] 3’,5’-Bisconjugates
have also been prepared by on-column derivatization using
photolabile solid phase synthe-
sis supports.[23d] To our knowl-
edge, little has been reported
on the synthesis of oligonu-
cleotides bearing two different
peptides at the 3’ and 5’ ends.
Therefore, the effort to devel-
op suitable synthetic methods
for the preparation of such bi-
functionalized peptide–oligo-
nucleotide conjugates should
be of great interest.
Earlier work from our labo-


ratory has focussed on the de-
velopment of oxime and thia-
zolidine linkages for the effi-
cient preparation of peptide–
oligonucleotide conjugates. It
has been shown that chemose-
lective oxime and thiazolidine
linkages can be successfully employed to prepare peptide–
oligonucleotide conjugates bearing peptides at either the 3’
or 5’ terminus of the oligonucleotide.[21,24] The methodology
has been further explored by our group for the labelling of
oligonucleotides and RNA[25] and for anchoring the oligonu-
cleotide on glass support.[26] Earlier results from our group
and others have shown that oxime and thiazolidine bonds
do have certain advantages over other types of linkages. For
instance, the oxime bonds give high efficiency of coupling,
require the use of no activation or stabilization steps and do
not suffer from non-regiospecific ligation as is the case with
thio or amine based ligation.[21a,b] Since the oxime ligation is
carried out at slightly acidic pH at which the free amino
groups in peptides are protonated, it also helps to solubilize
the peptide in water either alone or with a cosolvent.[21b]


In a recent work, we have described the preparation of
3’,5’-bisfunctionalized oligonucleotide conjugates bearing
same groups at both the termini.[21d] The method involves si-
multaneous conjugation at the two extremities of the oligo-
nucleotide functionalized with aldehyde groups. However,
the procedure has only limited applicability as it does not
permit the anchoring of different groups at the two extremi-
ties of the oligonucleotide. The
preparation of such conjugates
would require the use of differ-
ent orthogonal protecting
groups so that the generation
of the aldehyde function and
subsequent conjugation at the
two termini of the oligonucleo-
tide could be carried out in a
sequential fashion. Herein, we
present a new method for the
preparation of 3’,5’-derivatized


oligonucleotide conjugates bearing two different reporter
groups, both with two different peptides and with a peptide
and a fluorescent probe. The method is based on the se-
quential formation of chemoselective oxime bonds using
two different strategies (Figure 1). The first involves the se-


quential generation of an aldehyde function on both ends of
the oligonucleotide and subsequent conjugation reaction
with the reporter group containing an aminooxy moiety
(Figure 1a). The second requires the sequential generation
of an aldehyde and an aminooxy function on the oligonu-
cleotide followed by conjugation with appropriately derivat-
ized reporters (Figure 1b).
The relevance of the work has been emphasized by using


two different peptides of biological significance (Figure 2).
Firstly, a cyclopentapeptide consisting of an arginine-gly-
cine-aspartic acid (RGD) motif known for selectivity to-
wards the avb3 integrin receptor.


[27] The RGD peptide has
also been studied for tumour targeting[27b] and DNA deliv-
ery.[27c,d] Secondly, the NLS peptide, a nuclear localizing
signal sequence with the basic peptide APKKKRKVED de-
rived from the simian virus 40 antigen. The oligonucleotide
conjugate with this sequence has been reported and affinity
for the target sequence has been studied.[12b] A cytomegalo-
virus luciferase gene bearing this sequence has also been
studied for transfection[28a] and the ability of this sequence
for non-viral gene delivery has been thoroughly investigated
recently.[28b] The fluorescein derivative 10 has been used as
fluorescent reporter group.


Figure 1. General strategy for the preparation of 3’,5’-bisfunctionalized oligonucleotides.


Figure 2. Structure of the different peptides P1–P4 and fluorescein derivative 10.
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Results and Discussion


Bisconjugation via 3’,5’-aldehyde functionality (Scheme 1):
This strategy consists of a first conjugation reaction with the
aldehyde at the 3’ end followed by the liberation of the
second aldehyde moiety at the 5’ end and a subsequent
second conjugation. The generation of aldehyde function at
the 3’ end requires the modification of the solid support.
Since depurination is observed during the acidic deprotec-
tion a post oxidation strategy is preferable for the introduc-
tion of the aldehyde moiety at the 3’ end. In the present
work we have used the commercially available solid support
1 (3-[(4,4’-dimethoxytrityl) glyceryl-1-succinyl] long chain al-
kylamino controlled pore glass, CPG) to introduce the alde-
hyde function. The preparation of oligonucleotides bearing
an aldehyde function at the 5’ end has been described earli-
er by using a modified phosphoramidite linker carrying a
masked 1,2-diol group.[21a] The aldehyde was generated by
mild oxidation with sodium periodate. However, the meth-
oxybenzylidene acetal protection of the 5’-diol linker was
found unsuitable for our strategy. In fact, cleavage of the 5’-
diol protecting group occurred both during the purification
step and the conjugation reaction. The benzylidene acetal
protection was chosen, therefore, as it is reported to be
more stable. The phosphoramidite linker 3 carrying a pro-
tected 1,2-diol was prepared in two steps starting from com-
mercially available 1,2,6-hexanetriol. The 1,2-diol was first
protected as benzylidene acetal 2 using benzaldehyde di-
methyl acetal in the presence of a catalytic amount of PPTS.
Phosphitylation with 2-cyanoethyl diisopropylchlorophos-
phoramidite afforded the desired modified phosphoramidite


linker 3 carrying the protected diol. It should be noted that
this linker would also aid in oligonucleotide purification be-
cause of its hydrophobic nature.
The 3’,5’-bifunctionalized undecamer d(5’XCGCACA-


CACGCY3’), in which X represents the 5’-diol linker and Y
the 3’-diol linker, was prepared by automated DNA synthe-
sis, according to standard b-cyanoethylphosphoramidite
chemistry by using the aforementioned support 1. The phos-
phoramidite 3 was incorporated during the last step of the
automated DNA synthesis. After cleavage from the solid
support and deprotection of the nucleobases by usual am-
monia treatment (28% ammonia, 16 h at 55 8C), the oligo-
nucleotide 4 carrying the free 3’-diol and the protected 5’-
diol linker was purified by reverse phase HPLC. Oligonu-
cleotide 4 was obtained as a single peak by reverse phase
HPLC (Figure 3a). No hydrolysis of the 5’-benzylidene pro-
tected group was observed (which would give an oligonu-
cleotide bearing a diol moiety at both ends, unsuitable for
subsequent monoconjugation). Further oxidation with
sodium periodate in water gave the desired 3’-aldehyde oli-
gonucleotide 5 in 70% isolated yield. The 3’-conjugation re-
action was then performed with the RGD peptide P1 bear-
ing an aminooxy function (Figure 2). Reaction was carried
out in ammonium acetate buffer at slightly acidic pH (4.6)
and was monitored by HPLC. The reaction proceeded to
completion within 4 h to yield the 3’-RGD conjugate 6 as
the major product (Figure 3b). No cleavage of the 5’-pro-
tecting group was observed in the slightly acidic conditions
used for the coupling reaction. The 3’-RGD,5’-protected diol
conjugate 6 was obtained after HPLC purification in 58%
isolated yield. The conjugate 6 was then treated with 80%


Scheme 1. Preparation of conjugates 9 and 11. a) benzaldehyde dimethylacetal, PPTS; b) 2-cyanoethyldiisopropylchloro phosphoramidite, DIEA; c) auto-
mated oligonucleotide synthesis; d) NaIO4; e) RGD peptide P1; f) 80% aqueous AcOH; g) NLS peptide P2 ; h) fluorescein derivative 10. PPTS=pyridi-
nium paratoluenesulfonate; DIEA= diisopropylethylamine.
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aqueous acetic acid solution for 1 h to remove the 5’-pro-
tecting group and give the 3’-RGD,5’-diol conjugate 7. It is
important to note that in these slightly acidic conditions,
which are commonly employed for 5’-detritylation, no hy-
drolysis of the oxime bond at the 3’-end was observed (Fig-
ure 3c shows the crude deprotection mixture which reveals
the presence of a single major peak). Another oxidation
step using sodium periodate in water gave the 3’-RGD,5’-
CHO conjugate 8. No degradation of the oxime bond was
noted during this oxidative treatment. The second conjuga-
tion reaction was carried out with the NLS peptide P2 carry-
ing an aminooxy function (Figure 2) under similar condi-
tions as for RGD incorporation at the 3’ end (i.e. , ammoni-
um acetate buffer at pH 4.6). The course of the reaction was
followed by reverse phase HPLC and exclusive formation of
the desired 3’-RGD,5’-NLS conjugate 9 was observed (Fig-
ure 3d). The same protocol was then applied with the ami-
nooxy containing fluorescein derivative 10 leading to the 3’-
RGD,5’-fluorescein conjugate 11. The conjugates 9 and 11
were obtained after purification by HPLC in 55–60% isolat-
ed yields. All the oligonucleotide derivatives prepared
herein were characterized by ES-MS analysis (see Support-
ing Information), which showed an excellent agreement be-
tween the experimentally determined molecular weights and
the calculated values (Table 1).


Bisconjugation via 3’,5’-hetero-bifunctionalized oligonucleo-
tide (Scheme 2): This bifunctionalization strategy offered
two ways to prepare 3’,5’-bisconjugates. One consists of
starting the conjugation with the aldehyde at the 3’ end fol-
lowed by the deprotection of the aminooxy group at the 5’
end and subsequent coupling with an aldehyde-containing
reporter. The second involves the “reverse way” where the
deprotection and coupling at the 5’ end is carried out first,
followed by the oxidation of the 3’-diol and subsequent cou-
pling with an aminooxy-containing reporter. In this strategy


it should be noted that the
peptide used for the 5’-conju-
gation contains a glyoxylic al-
dehyde group proceeding from
the oxidation of a 1,2-aminoal-
cohol residue of a serine. The
formed oxime is thus a glyoxyl-
ic oxime which has been re-
ported to be more stable than
an aliphatic one.[29]


Introduction of the 3’ linker
was achieved using the same
strategy as above with the glyc-
eryl support 1. Anchoring the
aminooxy moiety at the 5’ end
using the phosphoramidite 12,
in which the aminooxy moiety
is protected as a trityl, has
been reported already.[21a] The
trityl protection has the ad-
vantage that it can be removed


under the same conditions as the classical DMT group used
in DNA synthesis. Furthermore, the purifications by reverse
phase HPLC of crude oligonucleotides were facilitated by
the hydrophobic properties of the trityl group. The 3’,5’-bi-
functionalized undecamer d(5’XCGCACACACGCY3’), in
which X represents the 5’-trityl protected aminooxy linker
and Y the 3’-diol linker, was prepared by automated DNA
synthesis according to standard b-cyanoethylphosphorami-
dite chemistry. After cleavage from the support and depro-
tection of bases using the standard protocol, the bifunction-
alized 3’-diol,5’-trityl protected aminooxy oligonucleotide 13
was purified by reverse phase HPLC (Figure 4a).


Strategy starting with 3’ conjugation : The oxidative cleav-
age of the diol at the 3’ end of the oligonucleotide was car-
ried out under the same conditions as above, by using


Figure 3. HPLC profiles (detection at 260 nm): a) purified undecamer 3’-diol,5’-protected diol 4 ; b) crude reac-
tion mixture of 3’-aldehyde containing undecamer 5 with RGD peptide P1 (1st conjugation); c) crude reaction
mixture of deprotection of 6 ; d) crude reaction mixture of 5’-aldehyde containing undecamer 8 with NLS pep-
tide P2 (2nd conjugation). For the HPLC conditions, see Experimental Section.


Table 1. ES-MS analysis.[a]


Oligonucleotide Mcalcd Mfound


3’-diol,5’-protected diol 4 3707.5 3708.8
3’-CHO,5’-protected diol 5 3676.4 3676.3
3’-RGD,5’-protected diol 6 4351.1 4351.1
3’-RGD,5’-diol 7 4263.0 4262.7
3’-RGD,5’-CHO 8 4230.9 4231.0
3’-RGD,5’-NLS 9 5483.4 5483.6
3’-RGD,5’-fluorescein 11 4749.5 4750.2
3’-diol,5’-protected aminoxy 13 3862.2 3861.9
3’-CHO,5’-protected aminoxy 14 3830.2 3829.1
3’-NLS,5’-protected aminoxy 15 5082.6 5081.8
3’-NLS,5’-RGD 16 5482.3 5481.0
3’-diol,5’-NLS 17a 4854.2 4853.2
3’-diol,5’-RGD 17b 4261.2 4260.0
3’-CHO,5’-NLS 18a 4822.2 4822.3
3’-CHO,5’-RGD 18b 4229.2 4229.1
3’-fluorescein,5’-NLS 19 5341.3 5340.9


[a] The analysis was done in negative mode. The oligonucleotides and
conjugates were dissolved in CH3CN/H2O/NEt3 50:50:2 (v/v/v). Eluent:
CH3CN/H2O 50:50 (v/v).
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NaIO4, leading to 3’-aldehyde-containing oligonucleotide 14.
The 3’-conjugation reaction was then performed with the
NLS peptide P2 in ammonium acetate buffer (pH 4.6).
Under these conditions the 5’-trityl protection was found to
be stable as confirmed by HPLC analysis (Figure 4b depicts
the crude conjugation mixture which reveals a single major
peak). The 3’-NLS,5’-trityl protected aminooxy conjugate 15
was obtained after purification by reverse phase HPLC in
50% yield. The 5’ conjugation was then achieved using a
one-pot trityl cleavage and coupling reaction. This proce-
dure has the advantage that it eliminates problems associat-
ed with the highly reactive aminooxy moiety. Reaction was
carried out in 80% aqueous acetic acid in the presence of
the RGD peptide P3 containing the aldehyde function
(Figure 2). The liberation of the aminooxy moiety at the 5’
end resulted in the immediate conjugation with the aldehy-
dic peptide P3 through the formation of the oxime bond.
The unprotected oligonucleotide intermediate could never
be observed. The course of the reaction was controlled by
careful monitoring on analytical HPLC and revealed some
cleavage of the oxime bond at the 3’ end (Figure 4c depicts
the HPLC profile of the crude reaction mixture which
shows the presence of less than 10% of the product result-
ing from cleavage of the 3’-oxime bond). Purification by re-
verse phase HPLC afforded the 3’-NLS,5’-RGD conjugate
16 in 50% isolated yield.


Strategy starting with 5’ conjugation : In this case, the first
conjugation was carried out at the 5’ end of the oligonucleo-
tide leading to the formation of a glyoxylic oxime. As this


Scheme 2. Preparation of conjugates 16 and 19. a) automated oligonucleotide synthesis; b) NaIO4; c) NLS peptide P2 ; d) 80% aqueous AcOH, RGD
peptide P3 ; e) 80% aqueous AcOH, NLS peptide P4 ; f) fluorescein derivative 10.


Figure 4. HPLC profiles (detection at 260 nm): a) purified undecamer 3’-
diol,5’-protected aminooxy 13 ; b) crude reaction mixture of 3’-aldehyde
containing undecamer 14 with NLS peptide P2 (1st conjugation);
c) crude reaction mixture of conjugate 15 with RGD peptide P3 (2nd
conjugation). For the HPLC conditions, see Experimental Section.
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type of oxime has been described as more stable under
acidic conditions we presumed that cleavage during the
second conjugation should be less than that observed in the
case of the strategy starting with 3’ conjugation. The first
conjugation was performed using the same procedure as
above (i.e., one-pot detritylation/coupling). Reaction of the
3’-diol,5’-trityl protected aminooxy oligonucleotide 13 was
carried out in 80% aqueous acetic acid solution in the pres-
ence of the NLS peptide P4 containing the aldehyde moiety
at the N-terminus (Figure 2). Analysis by HPLC showed the
selective formation of the 3’-diol,5’-NLS conjugate 17a
which was purified by reverse phase HPLC (Figure 5a). The


3’-diol was then oxidized under the mild NaIO4 conditions
described above leading to the 3’-CHO,5’-NLS conjugate
18a. A second conjugation was then performed with the flu-
orescein derivative 10 in ammonium acetate buffer at
pH 4.6. The course of reaction was monitored by HPLC and
reaction completion was achieved after 4 h (Figure 5b). No
traces of compound resulting from the cleavage of the 5’-
oxime could be detected. Purification by HPLC afforded
the desired 3’-fluorescein,5’-NLS conjugate 19. The 3’-
NLS,5’-RGD conjugate 16 was also prepared using the same
strategy starting from the 3’-diol,5’-trityl protected aminooxy
oligonucleotide 13. All the oligonucleotides and conjugates
13–19 were characterized by ES-MS analysis which showed
experimental molecular weights in excellent agreement with
the calculated values (Table 1).


Hybridization properties of the POCs (Table 2): Hybridiza-
tion properties of the conjugates were studied by melting
temperature (Tm) measurements to evaluate the influence of
the anchoring of two reporter groups on the stability of the
duplex oligonucleotide. The conjugates 9 and 16 containing
the RGD and the NLS peptide at the 3’ and 5’ ends respec-
tively, or vice versa, were hybridized with their complemen-


tary strand d(GCGTGTGTGCG). The conjugates 11 and 19
containing the fluorescent label at the 5’ and 3’ ends, respec-
tively, were also studied. The melting temperatures of the
resulting duplexes were determined and the “natural” oligo-
nucleotide d(CGCACACACGC) without any reporter was
also studied for comparison. The melting temperature data
are collected in Table 2. It is evident that duplexes contain-
ing the modified oligonucleotides are slightly more stable
than the duplex containing the natural oligonucleotide. This
could be attributed to the positive charges of the lysine and
arginine side chains present within the peptides. The results
reported herein are consistent with the earlier reported ob-
servations and further emphasize the fact that bisconjuga-
tion does not induce any instability in the duplex.


Conclusion


In conclusion, we present a very convenient and facile strat-
egy to prepare bifunctionalized peptide–oligonucleotide
conjugates containing two different peptides at the 3’ and 5’
ends. The strategy is also applicable to the preparation of
peptide–oligonucleotide conjugates carrying a fluorescent
reporter group. The procedure involves sequential formation
of oxime bonds in a one step ligation that is compatible with
the use of unprotected peptide and oligonucleotide. The
method thus allows the rapid and efficient preparation of
POCs where the cell-penetrating and cell-targeting peptides
can be anchored on the same oligonucleotide. Moreover,
the bifunctionalization of oligonucleotides does not destabi-
lize the duplexes. The results open up new prospects for the
preparation and availability of a large variety of POCs for
molecular biology studies.


Experimental Section


Materials and methods : All solvents and reagents used were of the high-
est purity available. 1,2,6-Hexanetriol, pyridinium paratoluenesulfonate
and sodium periodate were obtained from Aldrich and used without fur-
ther purification. The solid support 1 (3-[(4,4’-dimethoxytrityl) glyceryl-1-
succinyl] long chain alkylamino CPG) was purchased from Eurogentec.
The peptides P1–P4 were prepared by solid phase peptide synthesis ac-
cording to a reported method.[21a] The aminooxy fluorescein derivative
10[25b] and the phosphoramidite 12[21a] were prepared as previously descri-
bed. The oligonucleotides and conjugates were purified on a m-Bondapak
C-18 column (Macherey-Nagel Nucleosil: 10O250 mm, 7mm) using the


Figure 5. HPLC profiles (detection at 260 nm): a) crude reaction mixture
of undecamer 3’-diol,5’-protected aminooxy 13 with the NLS peptide P4 ;
b) crude reaction mixture of conjugate 18a with fluorescein derivative
10.


Table 2. Melting temperatures of the duplexes formed by hybridization
of the indicated oligonucleotides with the complementary strand
d(GCGTGTGTGCG).[a]


ON Tm [8C]


unmodified undecamer 59.0�1
3’-RGD,5’-NLS 9 62.0�1
3’-NLS,5’-RGD 16 62.0�1
3’-RGD,5’-fluorescein 11 61.0�1
3’-fluorescein,5’-NLS 19 63.0�1


[a] Measurements were performed in sodium phosphate buffer (10 mm)
containing EDTA (1 mm) and NaCl (100 mm) at pH 7.


Chem. Eur. J. 2004, 10, 5988 – 5995 www.chemeurj.org E 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 5993


Peptide–Oligonucleotide Conjugates 5988 – 5995



www.chemeurj.org





following solvent system: solvent A, 20mm ammonium acetate/CH3CN
95:5 (v/v); solvent B (CH3CN); flow rate, 4 mLmin


�1; a linear gradient
from 0 to 30% B in 20 min was applied. The purity of the product was
assessed on analytical column using the same gradient at a flow rate of
1 mLmin�1. Mass Spectra were measured on a Delsi-Nermag R10-10 for
EI and DCI and on an Esquire 3000 (Bruker) for ESI. The analysis was
performed in the negative mode for the oligonucleotides and conjugates
using 50% aqueous acetonitrile as eluent. The oligonucleotides and con-
jugates were dissolved in 50% aqueous acetonitrile and 2% NEt3 was
added. 1H and 13C NMR spectra were recorded on Bruker AC 200 spec-
trometer.


4-[2-Phenyl-(1,3)-dioxolan-4-yl]-butanol-1-ol (2): 1,2,6-Hexanetriol
(3.68 g, 27.52 mmol) and a catalytic amount of PPTS (0.3 g) were added
to a solution of benzaldehyde dimethyl acetal (2.095 g, 13.76 mmol) in
dry DMF (30 mL). The reaction mixture was stirred for 24 h at 55 8C
under anhydrous conditions. The DMF was then removed under vacuum
and the oily residue obtained was dissolved in EtOAc. The organic layer
was washed successively with saturated aqueous NaHSO3, 10% aqueous
NaHCO3 and brine, and dried over anhydrous Na2SO4. The pure product
2 was obtained by purification (2.1 g, 72%) on silica column using
CH2Cl2.


1H NMR (CDCl3): d = 7.52–7.44 (m, 2H; Ar-H), 7.42–7.34 (m,
3H; Ar-H), 5.92 and 5.80 (2 s, 1H; O-CH-O), 4.28–4.08 (m, 2H; CH2O),
3.95–3.71 (m, 3H; CH-O and CH2O), 1.84–1.42 (m, 6H; 3CH2); MS
(DCI/NH3): m/z : 222.8 [M+H]+ .


Phosphoramidite (3): DIEA (302 mg, 2.33 mmol) and 2-cyanoethyl diiso-
propylchlorophosphoramidite (359 mg, 1.5 mmol) were added under
argon to a solution of compound 2 (260 mg, 1.16 mmol) in anhydrous
CH2Cl2 (3 mL). The reaction mixture was stirred at room temperature
for 4 h and CH2Cl2 (20 mL) was then added. The organic layer was
washed successively with 10% aqueous NaHCO3, then with brine and
dried over anhydrous Na2SO4. The crude mixture was purified by silica
gel column chromatography (AcOEt/cyclohexane/Et3N 90:10:2) to give
compound 3 as a white oil (0.320 g, 65%). 1H NMR (CDCl3): d = 7.48–
7.44 (m, 2H; Ar-H), 7.37–7.35 (m, 3H; Ar-H), 5.91 and 5.79 (2 s, 1H; O-
CH-O), 4.27–4.07 (m, 2H; CH2O), 3.87–3.75 (m, 2H; CH2O), 3.70–3.44
(m, 5H; CH2O, 3CH), 2.62 (t, 2H; CH2CN), 1.70–1.45 (m, 6H; 3CH2),
1.18–1.15 (m, 12H; 4CH3);


31P NMR (CDCl3): d = 145.5; MS (DCI/
NH3): m/z : 422.8 [M+H]+ .


Oligonucleotide synthesis : Automated DNA synthesis was carried out on
an Expedite DNA synthesizer (Perkin–Elmer) using standard b-cya-
noethyl nucleoside phosphoramidite chemistry on a 1 mm scale with final
DMT on, using the modified solid support 1. The modified phosphorami-
dites 3 and 12 (0.1 gmL�1 in dry acetonitrile) were coupled to the support
bound oligonucleotide during the last step of the automated DNA syn-
thesis using an extended coupling time (15 min). The oligonucleotides
were cleaved from the solid support by treatment with a 28% ammonia
solution for 2 h and finally deprotected by keeping the ammonia solution
at 55 8C for 16 h. The 5’-protected oligonucleotides carrying free 3’-diol 4
and 13 were purified by reverse phase HPLC and characterized by
ESMS analysis (Table 1).


Bis-conjugation via 3’,5’-aldehyde functionality


3’-Aldehyde containing oligonucleotide (5): NaIO4 (20 equiv, 0.923 mg)
was added to a solution of oligonucleotide 4 (0.8 mg, 0.215 mmol) in
water (1 mL), and the solution was stirred at room temperature for 1 h.
The resulting oligonucleotide 5 was immediately purified by HPLC
(0.554 mg, 70%).


3’-RGD,5’-protected diol conjugate (6): A solution of RGD peptide P1
(4 equiv) in water was added to a solution of oligonucleotide 5 (0.5 mg,
0.136 mmol) in 0.1m ammonium acetate buffer (0.5 mL, Ph 4.6). The reac-
tion mixture was stirred at room temperature and monitored by HPLC.
Completion of the reaction was achieved in 4 h. Purification by HPLC af-
forded the 3’-conjugate 6 (0.35 mg, 60%).


3’-RGD,5’-diol conjugate (7): Oligonucleotide 6 (0.32 mg, 0.07 mmol) was
treated with an 80% AcOH aqueous solution (0.5 mL) for 1 h. The
acetic acid was then lyophilized affording the oligonucleotide 7 (0.19 mg,
60%), which was used in the next step without further purification.


3’-RGD,5’-aldehyde conjugate (8): Oxidative cleavage of the 5’-diol was
performed as above for 5. Starting from oligonucleotide 7 (0.18 mg,
0.042 mmol), the oligonucleotide 8 was obtained after purification by
HPLC (0.12 mg, 70%).


3’-RGD,5’-NLS conjugate (9): An aqueous solution of NLS-peptide P2
(4 equiv) was added to a solution of oligonucleotide 8 (0.11 mg,
0.026 mmol) in 0.1m ammonium acetate buffer (0.1 mL; pH 4.6). The re-
action mixture was stirred for 3 h at room temperature leading to the for-
mation of conjugate 9 which was purified by HPLC (0.08 mg, 55%).


3’-RGD,5’-fluorescein conjugate (11): Conjugation with fluorescein deriv-
ative 10 was achieved using the same protocol as for 9 and led to the con-
jugate 11 in 61% yield.


Bisconjugation via hetero-bifunctionalized oligonucleotide starting with
3’-conjugation


3’-Aldehyde,5’-trityl aminooxy containing oligonucleotide (14): The oxi-
dation of the 3’-diol was achieved using the same protocol as above for 5.
Starting from the 3’-diol oligonucleotide 13 (0.84 mg, 0.217 mmol), the
conjugate 14 was obtained (0.74 mg, 90%).


3’-NLS,5’-trityl aminooxy containing conjugate (15): A solution of the
NLS peptide P2 in water (2 equiv, 0.5 mg) was added, to a solution of the
oligonucleotide 14 (0.74 mg, 0.193 mmol) in 0.1m ammonium acetate
buffer (0.7 mL, pH 4.6). The reaction mixture was stirred for 4 h at room
temperature affording the 3’-NLS conjugate 15 in 50% yield (0.47 mg)
after purification by HPLC.


3’-NLS,5’-RGD conjugate (16): The 3’-NLS conjugate 15 (0.45 mg,
0.088 mmol) was dissolved in an 80% aqueous AcOH solution (0.4 mL)
and the RGD peptide P3 in water (3 equiv, 0.175 mg) was added. The re-
action mixture was stirred overnight at room temperature and the acetic
acid was then lyophilized. The crude mixture was then purified by HPLC
to give the 3’-NLS,5’-RGD conjugate 16 (0.24 mg, 50%).


Bisconjugation via hetero-bifunctionalized oligonucleotide starting with
5’-conjugation


3’-Diol,5’-NLS conjugate (17a): Oligonucleotide 13 (0.95 mg, 0.246 mmol)
was dissolved in an 80% aqueous AcOH solution (0.8 mL) and the NLS
peptide P4 (3 equiv, 0.93 mg) in aqueous solution was added. The reac-
tion mixture was stirred for 8 h at room temperature leading to the for-
mation of the 5’-NLS conjugate 17a, which was purified by HPLC (yield:
60%, 0.7 mg). The 3’-diol,5’-RGD conjugate 17b was obtained in the
same manner using RGD peptide P3 (yield: 57%).


3’-Aldehyde,5’-NLS conjugate (18a): Oxidation of the 3’-diol moiety was
achieved as described for 5 by using NaIO4. The conjugate 18a was ob-
tained in 81% yield after purification by HPLC. The 3’-aldehyde,5’-RGD
conjugate 18b was prepared using the same protocol with the undecamer
17b (yield: 74%).


3’-Fluorescein,5’-NLS conjugate (19): A solution of the fluorescein deriv-
ative 10 (2 equiv, 0.06 mg) in DMF was added to a solution of the 3’-alde-
hyde,5’-NLS conjugate 18a (0.25 mg, 0.052 mmol) in 0.1m ammonium ace-
tate buffer (0.22 mL, pH 4.6). The mixture was stirred for 4 h at room
temperature and the crude product was purified by HPLC to afford the
conjugate 19 (0.11 mg, 40%).


3’-NLS,5’-RGD conjugate (16): An aqueous solution of NLS peptide P2
(2 equiv, 0.12 mg) was added to a solution of oligonucleotide 18b
(0.2 mg, 0.047 mmol) in 0.1m ammonium acetate buffer (0.3 mL, pH 4.6).
The reaction mixture was stirred for 4 h at room temperature and the
conjugate 16 was then purified by HPLC (0.180 mg, 70%).


Melting studies : The melting curves (absorbance versus temperature)
were measured at 260 nm on a Lambda 5 UV/Vis spectrophotometer
equipped with a Perkin–Elmer C570–070 temperature controller using a
rate of 1 8C min�1 (from 2 to 80 8C). Melting experiments were carried
out by mixing equimolar amounts of the two undecamer strands dis-
solved in 10 mm sodium phosphate buffer (pH 7) containing 1 mm EDTA
and 100 mm NaCl. All measurements were done at a concentration of
12mm. Before each melting experiment, samples were heated at 80 8C for
5 min then cooled slowly. Experiments were carried out in duplicate.
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Understanding Sterol–Membrane Interactions Part I: Hartree–Fock versus
DFT Calculations of 13C and 1H NMR Isotropic Chemical Shifts of Sterols in
Solution and Analysis of Hydrogen-Bonding Effects


Franck Jolibois,[b] Olivier Soubias,[a] Val0rie R0at,[a] and Alain Milon*[a]


Introduction


Cholesterol is an essential component of cellular plasma
membranes in higher organisms. It interacts with membrane
phospholipids and influences their physicochemical proper-
ties. The important membrane properties that are directly or
indirectly influenced by membrane levels of cholesterol in-
clude solute permeability in bilayer membranes,[1] phospho-
lipid acyl chain mobility and orientational order in bilayer
membranes,[1–3] and lateral packing density of phospholipids
in monolayer membranes.[4,5] Cholesterol also has a marked
influence on lateral phase separations,[6] and on the effective
free volume of membranes,[7] two parameters which are di-
rectly related to the flexibility of membrane proteins (e.g.,
ion channels, enzymes) and hence to their function in mem-


branes (for recent reviews on physical studies of cholester-
ol–phospholipid interactions, see McMullen and McElha-
ney[8] and Ohvo-Rekil/ et al.[9]). Besides affecting properties
of the host membrane, cholesterol itself is subject to restric-
tions on its motion. In fact, the lipid bilayer provides a
highly anisotropic medium that determines the preferred lo-
cation of cholesterol and governs the extent of motional
fluctuations of thermally excited cholesterol.[10,11]


In a membrane bilayer cholesterol inserts normal to the
plane of the bilayer, with its hydroxy group in close vicinity
to the ester carbonyl group of glycerophospholipids and the
amide bond of sphingolipids, and its alkyl side chain extend-
ing towards the center of the bilayer.[12–16] The largest contri-
bution to cholesterol–phospholipid interactions appears to
be from van der Waals forces and hydrophobic forces.[17,18]


Furthermore, it has been suggested that the interactions of
cholesterol with sphingolipids and glycerophospholipids can
further be strengthened by hydrogen bonding of the choles-
terol hydroxy group to the polar head group and interfacial
regions in the lipids.[8,19, 20] There have been many sugges-
tions of hydrogen bonding between cholesterol and certain
atoms of phosphatidylcholine,[12,21–27] but so far there are
limited direct experimental data supporting these propos-
als.[12, 28]


To analyze the interactions between membrane lipids and
cholesterol, it is necessary to perform data acquisition di-
rectly on the membrane–cholesterol system. Among the dif-
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Abstract: 1H and 13C NMR chemical
shifts are exquisitely sensitive probes
of the local environment of the corre-
sponding nuclei. Ultimately, direct de-
termination of the chemical shifts of
sterols in their membrane environment
has the potential to reveal their molec-
ular interactions and dynamics, in par-
ticular concerning the hydrogen-bond-
ing partners of their OH groups. How-
ever, this strategy requires an accurate
and efficient means to quantify the in-
fluence of the various interactions on


chemical shielding. Herein the validity
of Hartree–Fock and DFT calculations
of the 13C and 1H NMR chemical shifts
of cholesterol and ergosterol are com-
pared with one another and with exper-
imental chemical shifts measured in so-
lution at 500 MHz. A computational


strategy (definition of basis set, simpler
molecular models for the sterols them-
selves and their molecular complexes)
is proposed and compared with experi-
mental data in solution. It is shown in
particular that the effects of hydrogen
bonding with various functional groups
(water as a hydrogen-bond donor and
acceptor, acetone) on NMR chemical
shifts in CDCl3 solution can be accu-
rately reproduced with this computa-
tional approach.


Keywords: ab initio calculations ·
density functional calculations ·
hydrogen bonds · NMR spectros-
copy · steroids
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ferent experimental methods available to study sterol–mem-
brane molecular systems, solid-state NMR spectroscopy is a
powerful tool that allows the investigation of amorphous
and partly mobile biological entities directly in the liquid-
crystalline lipid bilayers. Comparing the isotropic chemical
shift d of cholesterol in its membrane environment with
those obtained in organic solvents such as CCl4 or CHCl3
would potentially reveal the nature of lipid–cholesterol in-
teractions. Unfortunately, it remains almost impossible to
extract specific microscopic information directly from these
experimental values, and the help of theoretical models is
necessary to perform this particular task.


Recent developments and implementations in quantum
chemistry allow nowadays the accurate treatment of theoret-
ical chemical shielding.[29–32] Theoretical investigation of
sterol-type molecules is a task that can be accomplished
with standard quantum-chemical methods.[33,34] Geometry
optimization, determination of theoretical spectroscopic
data such as NMR chemical shift and analysis of intermolec-
ular interactions can be treated with a good level of accura-
cy for this kind of medium-sized molecular systems. Thus,
combining quantum-chemical treatment and NMR experi-
ments should result in a better interpretation of experimen-
tal isotropic chemical shifts diso. Clearly, the complete quan-
tum mechanical treatment of cholesterol–membrane system
is unachievable. However, one can approach the simulation
of these kinds of complexes by choosing adequate molecular
models. Before this, it is necessary to calibrate a method
that permits an accurate theoretical treatment with a low
computational cost.


The first part of the present work concerns the determina-
tion of a computational strategy that allows the calculation
of theoretical isotropic chemical shifts of sterols. To this
end, we performed two types of calculations using either
Hartree–Fock (HF) or hybrid DFT (B3LYP)[35,36] with
medium-size basis sets on single cholesterol and ergosterol
molecules. The conclusion that emerged is that HF is suffi-
cient to reproduce the 1H and 13C isotropic NMR spectra of
these two molecules in chloroform solution with good accu-
racy and with a small computational effort. This first study
revealed a conformational property that is necessary to re-
produce liquid-phase NMR spectra of cholesterol and ergo-
sterol. The 3b-OH hydroxy hydrogen atom (see Scheme 1
for atom numbering) can adopt three rotational conforma-
tions (i.e., gauche(+), gauche(�), and anti) that are almost
isoenergetic (within 1 kcalmol�1). These three conforma-
tions exhibit different theoretical NMR spectra, especially
for C2 to C4 and the hydrogen atoms to which they are con-
nected. We show that each rotamer taken separately cannot
reproduce the experimental NMR spectrum and that one
must take into account the average value of isotropic chemi-
cal shifts to reproduce 1H and 13C NMR spectra of sterols in
chloroform solution.


The second part of this work is related to the influence of
different hydrogen-bonding partners on chemical shifts of
cholesterol. Experimental 13C chemical shift variations were
obtained by titration of cholesterol with acetone and water
in chloroform solution. Comparison of diso obtained for such
samples with chemical shifts of pure cholesterol demonstrat-


ed that the differences are mainly located on rings A and B
(C1–C6). These experimental variations have been simulat-
ed by means of theoretical models involving simple interac-
tions between one acetone (or water) molecule and the hy-
droxy group of cholesterol. An HF quantum-chemical calcu-
lation revealed its ability to correctly reproduce experimen-
tal 13C chemical shift variations. From this theoretical inves-
tigation, we have also extracted information about the
specific influence of hydrogen bonds on NMR spectra. We
were able to separate two types of interaction—either with
the hydrogen or the oxygen atom of the hydroxy sterol
group—that result in inverse modifications of 13C NMR
spectra.


Results and Discussion


Chemical shifts of pure cholesterol and ergosterol: The ge-
ometry of the cholesterol molecule was optimized according
to the two different computational schemes described in the
Experimental Section. The starting geometry for HF geome-
try optimization was the crystal structure,[37] from which side
chain atoms C23–C27 were deleted, with a gauche(�) con-
formation for the hydroxy hydrogen atom (C2-C3-O-H�
�608 ; see Scheme 1 for atom numbering and Figure 1 for
definition of angle).


Scheme 1. Carbon atom numbering of cholesterol (a) and ergosterol (b).
Rings A and B are defined by atoms 1 to 10.


Figure 1. Newman representation of the three rotational isomers around
the C3�O bond. These isomers are discriminated according to C2-C3-O-
H dihedral angle.
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The HF-optimized geometry was used as the starting
point for the DFT optimization. As is well known, DFT and
HF structures are not identical, but we will not discuss this
point in the present article. We focus our attention on the
quality of NMR isotropic chemical shifts calculated with our
different computational schemes in comparison with experi-
mental data (our work and ref. [38]). To evaluate the apti-
tude of each strategy for reproducing liquid isotropic chemi-
cal shifts of pure cholesterol, Pearson correlation coeffi-
cients R of the least-squares regression line (theory versus
experiment) were calculated. One observes that DFT (R=


0.9993) gives a better fit to experiment than HF (R=0.9980)
when 13C isotropic chemical shifts are considered (Table 1).


On the other hand, the HF strategy is slightly better than
DFT for 1H isotropic chemical shifts, with R(HF)=0.9869
and R(DFT)=0.9832. However, while R values shows that
the average description of NMR spectrum is theoretically
appropriate, several important differences between theory
and experiment can be noted if one examines the details of
13C and 1H isotropic chemical shifts of the gauche(�) confor-
mation (see Table 1). These differences essentially concern
the region of cholesterol that is close to the hydroxy group
[C2, C3, C4, H2, H3, and H4]. More specifically, the chem-
ical shift calculated for axial hydrogen attached to C2 and
C4 is too small compared with experimental values. The the-
oretical chemical shift of equatorial H2 and H4 is too large
with the HF calculation and almost identical to the experi-
mental value with the DFT method. This can be interpreted
in term of interactions between hydrogen atoms. For the
gauche(�) conformation, the hydroxy hydrogen atom
adopts an axial type of configuration. Consequently, axial
hydrogen atoms attached to C2 and C4 exhibit a more pro-
nounced shielding due to interaction with the electronic


density of the hydroxy hydrogen atom. On the other hand,
equatorial hydrogen atoms attached to these two carbon
atoms do not interact directly with the hydroxy hydrogen
atom and are more deshielded. Considering that the main
effect is due to the orientation of the hydroxy hydrogen
atom, one can assume that other orientations might induce
different chemical shifts. Consequently, two other rotamers,
gauche(+) (C2-C3-O-H ca. +608) and anti (C2-C3-O-H ca.
1808) were optimized. The structures of these three isomers
are almost isoenergetic (maximum energy difference ca.
1 kcalmol�1 at the HF or DFT level). In the case of the
gauche(+) conformation, the major effect is observed for
the hydrogen atom attached to C2, and especially for the


equatorial hydrogen atom that
exhibits a large shielding com-
pared with experimental value
(difference of 0.4–0.5 ppm). On
the other hand, for the anti con-
formation, the main difference
compared with the experimen-
tal value is observed for the
equatorial hydrogen atom
H4(e) attached to C4 (differ-
ence of 0.4–0.5 ppm). In both
cases, the interaction of the hy-
droxy hydrogen atom is essen-
tially localized in the vicinity of
the equatorial hydrogen atom
(H2 for gauche(+) and H4 for
anti), which induces a large
shielding compared with experi-
ment. Consequently, none of
these structures is able to cor-
rectly reproduce isotropic NMR
chemical shifts obtained in so-
lution. Nevertheless, one must
not forget that NMR experi-
ments are generally performed
at room temperature and thus


observed chemical shifts correspond to average values over
many conformations. Accordingly, we calculated 1H and 13C
isotropic chemical shifts as average values over the three ro-
tamers. First, by considering part of the molecule close to
the hydroxy group, HF 1H isotropic chemical shifts of H2
and H4 are in good agreement with experiment (maximum
difference 0.1 ppm), whereas DFT still gives a poorer de-
scription (maximum difference 0.23 ppm). With regard to
carbon atoms HF always underestimates the C3 chemical
shift (error ca. 3 ppm), whereas it correctly describes C2 and
C4. On the other hand, DFT is precise for C3 and overesti-
mates C2 and C4 isotropic chemical shifts (error ca. 2 ppm).
However, the correlation coefficient R calculated for the
whole molecule is better for hydrogen atoms when one cal-
culates average values of chemical shifts (R(HF)=0.994 and
R(DFT)=0.987), whereas this coefficient remains un-
changed compared with separate rotamers for 13C chemical
shifts (see Table 1). In every case, the slope calculated by
linear regression (theory versus experiment) is close to the
ideal value of 1 and the intercept is close to zero. However,


Table 1. Cholesterol 13C and 1H theoretical chemical shift variations compared with experiment, dtheo�dexptl (in
ppm), calculated for atoms in positions 2–4.[a]


Position Hartree–Fock
gauche(+) gauche(�) anti Mean


13C 1H 13C 1H 13C 1H 13C 1H


2 (a) 1.37 0.29 1.31 �0.28 �1.44 0.27 0.42 0.09
2 (e) �0.37 0.21 0.17 0.01
3 �3.13 0.07 �3.03 0.20 �3.10 0.07 �3.09 0.11
4 (a) �2.37 0.10 0.38 �0.42 0.60 0.15 �0.46 �0.06
4 (e) 0.16 0.21 �0.38 0.00
R 0.9979 0.9887 0.9980 0.9869 0.9980 0.9882 0.9981 0.9936


Position Density functional theory
gauche(+) gauche(�) anti Mean


13C 1H 13C 1H 13C 1H 13C 1H


2 (a) 3.37 0.11 3.31 �0.36 �0.41 0.08 2.09 �0.05
2 (e) �0.47 0.02 �0.05 �0.17
3 �0.25 0.17 �0.14 �0.01 �0.14 0.16 �0.18 0.11
4 (a) �0.32 0.09 3.56 �0.33 3.85 0.15 2.36 �0.03
4 (e) �0.12 �0.03 �0.53 �0.23
R 0.9992 0.9834 0.9993 0.9832 0.9990 0.9823 0.9994 0.9873


[a] Chemical shifts were calculated by HF and DFT strategies (see text for details) for the three rotamers of
cholesterol. The Pearson correlation coefficient R of the least-squares regression line (theory versus experi-
ment) was calculated for all carbon or hydrogen atoms. Experimental chemical shifts were determined in
chloroform solution as indicated in the Experimental Section. Better R values are obtained by using mean
values, both in the case of 13C and 1H. (a) and (e) denote axial and equatorial protons, respectively.
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the DFT intercept calculated for 13C chemical shifts exhibits
a large value (4 ppm) that can be interpreted as a systematic
error due to the method. In order to make a final choice be-
tween the two computational strategies, root mean square
difference (RMSD) and maximum errors were calculated.
The results presented in Table 2 indicate that both theoret-


ical strategies reproduce experimental isotropic chemical
shifts with almost the same degree of accuracy (RMSD of
less than 0.2 and 3 ppm for 1H and 13C, respectively). These
deviations are essentially identical to those obtained for dif-
ferent molecular systems using different theoretical ap-
proach.[32,39–41] Consequently, we are confident about our cal-
culations and we can conclude
that HF calculation of isotropic
chemical shifts with the 6-
31G(d,p) basis set on HF/
STO3-G-optimized geometry is
a good alternative for reproduc-
ing the experimental NMR
spectrum of cholesterol with
sufficient accuracy.


To confirm this strategy, the
same analysis was performed
on ergosterol. Its geometry was
optimized and its 1H and 13C
isotropic chemical shifts deter-
mined by using the previously
proposed computational
schemes. Calculations were
compared with the experimen-
tal NMR spectrum of pure er-
gosterol in chloroform solution
(this work and ref. [38]). The
results presented in Tables 2
and 3 clearly indicate that the
same degree of accuracy is ach-


ieved with both computational strategies. Moreover, we
were able to reproduce the similar behavior of 1H chemical
shifts of the hydrogen atom close to the hydroxy group as a
function of OH rotamer. This analogous behavior confirms
the necessity of taking into account the average value of iso-
tropic chemical shifts among the anti, gauche(�) and
gauche(+) conformational isomers to simulate experimental
NMR spectra of sterols in solution. Second, calculations on
ergosterol confirm our previous conclusion that HF calcula-
tions with a medium-size basis set for spectroscopic calcula-
tions are sufficient to reach a good level of accuracy.


In calculations on both sterol molecules, statistical corre-
lation (R value) is worse for 1H chemical shifts than for 13C
chemical shifts with both theoretical approaches. This may
be interpreted by the fact that the 1H shielding constant is
more sensitive than the 13C shielding constant to the varia-
tion of C�H bond length.[42] The fact that geometry optimi-
zation with a minimal basis set (STO-3G) is adequate for
this type of theoretical work is certainly related to the ring
structure of sterols, which is a basic hydrocarbon skeleton
without lone pairs and significant ionicity variations. Fur-
thermore, molecular conformations are averaged in solution
at room temperature, and thus, for comparison with experi-
mental NMR data, low-level theoretical geometries ap-
peared to be a good compromise between precision and
computational time.


Despite the fact that we were able to find a reasonable
computational strategy to calculate isotropic chemical shifts
of two sterols, this study has revealed a peculiar behavior
that is connected to the conformational rotameric states of
the hydroxy-hydrogen atom. To elucidate this behavior, the-
oretical isotropic chemical shift differences between sepa-
rate isomers and values calculated by averaging the contri-
bution of each isomer were calculated. Results are reported
in Figure 2 for both sterols at the HF level. Changes in the


Table 2. Root mean square difference (RMSD, in ppm), maximum theo-
retical error (max error, in ppm) compared with experiment, Pearson cor-
relation coefficient R, slope and intercept (in ppm) of the least-squares
regression line (theory versus experiment) for cholesterol and ergosterol
with the two computational schemes (see text for details). All carbon or
hydrogen atoms were used for the regression determination. Values in
parenthesis correspond to the atom number for which the maximum
error is observed.


HF DFT
cholesterol 1H 13C 1H 13C


R 0.9936 0.9981 0.9873 0.9994
slope 1.05 0.96 0.98 0.96
intercept �0.05 0.86 0.08 4.08
RMSD 0.13 2.36 0.16 2.68
max error 0.37 (6) 5.02 (14) 0.48 (15a) 5.48 (10)


ergosterol 1H 13C 1H 13C


R 0.9952 0.9985 0.9932 0.9995
slope 1.04 0.97 0.99 0.95
intercept �0.04 1.24 0.06 4.56
RMSD 0.14 2.47 0.15 2.95
max error 0.29 (18) 5.02 (17) 0.29 (15a) 5.55 (10)


Table 3. Ergosterol 13C and 1H theoretical chemical shift variations compared with experiment, dtheo�dexp (in
ppm), calculated for atoms in positions 2–4.[a]


Position Hartree–Fock
gauche(+) gauche(�) anti Mean


13C 1H 13C 1H 13C 1H 13C 1H


2 (a) 1.24 0.30 1.11 �0.26 �1.57 0.26 0.26 0.10
2 (e) �0.36 0.22 0.19 0.02
3 �2.42 0.08 �2.34 0.20 �2.39 0.07 �2.38 0.12
4 (a) �2.15 0.19 0.68 �0.36 0.80 0.22 �0.22 0.02
4 (e) 0.10 0.16 �0.42 �0.05
R 0.9984 0.9913 0.9985 0.9919 0.9984 0.9907 0.9985 0.9952


Position Density functional theory
gauche(+) gauche(�) anti Mean


13C 1H 13C 1H 13C 1H 13C 1H


2 (a) 3.57 0.08 3.43 �0.38 �0.19 0.04 2.27 �0.09
2 (e) �0.43 0.05 0.00 �0.12
3 �0.15 0.18 �0.10 0.01 �0.19 0.17 �0.15 0.12
4 (a) 0.02 0.10 4.00 �0.31 4.15 0.16 2.72 �0.01
4 (e) �0.14 �0.04 �0.55 �0.24
R 0.9994 0.9909 0.9995 0.9908 0.9993 0.9896 0.9995 0.9932


[a] Chemical shifts were calculated with HF and DFT strategies (see text for details) for the three rotamers of
ergosterol. The Pearson correlation coefficient R of the least-squares regression line (theory versus experi-
ment) was calculated for all carbon or hydrogen atoms. Experimental chemical shifts were determined in
chloroform solution as indicated in the Experimental Sction. Better R values are obtained by using mean
values, both in the case of 13C and 1H. (a) and (e) denote axial and equatorial protons respectively.
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conformation of the hydroxy-hydrogen atom leads to impor-
tant modification of 1H and 13C NMR spectral patterns as
compared with conformationally averaged spectra. For cho-
lesterol, these variations affect atoms 1 to 6 both for 1H and
13C chemical shifts. For ergosterol, these deviations extend
to atom 8. It is noteworthy that the largest varistions always
involve atoms 2 and 4, as already mentioned above. Finally,
while the details of the modifications are different, chemical
shift variations still remain located on the same atoms at the
DFT level (data not shown).


Hydrogen-bond effects on 13C isotropic chemical shifts of
cholesterol : To obtain more insight into variations in chemi-
cal shift induced by specific intermolecular interactions be-
tween cholesterol and different chemical groups that are
present in the membrane environment, we performed sever-
al experimental and theoretical studies on two model sys-
tems. The first concerns modification of 13C NMR spectra of
cholesterol induced by the presence of acetone molecules
that mimic carbonyl groups of membrane phospholipids.
The second deals with the influence of water molecules that
are present in the bulk membrane. A preliminary require-
ment is to demonstrate that our theoretical strategy is able
to correctly describe specific intermolecular interactions and
to reproduce 13C isotropic chemical shift variations between
pure cholesterol and cholesterol in the presence of acetone
or water molecules, and possible other molecular partners.


Acetone–cholesterol interactions : We recorded NMR spectra
of cholesterol in the presence of acetone (see Experimental
Section). Chemical shift changes in cholesterol as a function
of acetone/cholesterol molar ratio were determined for each
atom and are presented in Figure 3 for C1 to C6. The first


observation is that the addition of acetone significantly af-
fects only carbon atoms of rings A and B (atoms 1–6). The
localization of these variations in a region close to the hy-
droxy group could be related to that observed for the etha-
nol–cholesterol interaction.[43] In this work, such modifica-
tion has been interpreted in terms of hydrogen bonds be-
tween the cholesterol head group and ethanol molecules.
Our experimental results can be interpreted in the same
way, and theoretical quantum calculations of 13C isotropic
chemical shifts in the presence of acetone were performed
to confirm this interpretation. Interaction between cholester-
ol and acetone must only be considered through the hydro-
gen atom of the cholesterol hydroxy group ((CH3)2C=
Oacetone···H�Ochol). Consequently, three structures were opti-
mized corresponding to the three OH rotamers, each hydro-


Figure 2. Theoretical isotropic chemical shift differences (in ppm) between separate isomers and values calculated by averaging the contribution of each
isomer. a) 1H chemical shifts of cholesterol. b) 1H chemical shifts of ergosterol. c) 13C chemical shifts of cholesterol. d) 13C chemical shifts of ergosterol.
Black, gray, and white bars correspond to anti, gauche(�) and gauche(+) isomers, respectively. Positions 9–19 show no significant differences and are not
presented in the graphs. a: axial proton, e: equatorial proton.


Figure 3. 13C chemical shift variation (in ppm) between cholesterol associ-
ated with one acetone molecule and cholesterol in vacuum (theory) and
in chloroform solution (experiment). Black bars: experiment; gray bars:
theoretical cholesterol; white bars: theoretical two-ring model of choles-
terol. The experimental data have been multiplied by the slope of the
mean-squares regression line to conserve the same magnitude for chemi-
cal shift changes (see text for slope value).
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gen-bonded to one acetone molecule. 13C isotropic chemical
shifts were calculated at the HF/6-31G(d,p) level on geome-
tries fully optimized at the HF/STO-3G level according to
our first computational strategy. The 13C NMR spectrum of
cholesterol in the presence of acetone was calculated by
taking the average over the three rotamers, as already per-
formed for pure cholesterol. Finally, the theoretical differ-
ence between cholesterol–acetone and pure cholesterol 13C
isotropic chemical shifts was calculated. It clearly appears
that significant chemical shift variations are located on C1–6
(ring A), as already observed experimentally (values not
shown). If one considers only chemical shift variations that
occur on ring A, theoretical values qualitatively reproduce
the experimental results (see Figure 3). For C1 and C5, the
chemical shift difference is positive, whereas for the other
four carbon atoms this difference is negative. The linear fit
between theoretical and experimental values gives a Pearson
coefficient of 0.9911 (dtheo=247.30dexptl�0.004), and the
RMSD is 0.15 ppm. This implies that our theoretical treat-
ment of acetone–cholesterol interactions compared with
pure cholesterol in solution reproduces with a good degree
of accuracy the experimentally observed chemical shift mod-
ifications. The experimental data presented in Figure 3 have
been multiplied by the slope of the mean square regression
line in order to conserve the same magnitude for chemical
shift changes. If one considers the theoretical treatment of
the hydrogen bond, more accurate calculations can be envis-
aged by employing more flexible basis sets. However, it has
been recently shown that STO-3G basis set is able to cap-
ture the solvent effects in the determination of NMR chemi-
cal shifts.[39]


A smaller molecular system was also used to demonstrate
that one can reduce the computational effort for such study.
Rings A and B were conserved in our molecular model of
cholesterol, and C11 and C14 replaced by methyl groups.
With this model, chemical shift differences between pure
cholesterol and cholesterol interacting with acetone were
determined with the above-mentioned procedure, and the
results are displayed in Figure 3 together with the experi-
mental data and calculations performed with the entire cho-
lesterol molecule. The variations obtained with the small
model of the cholesterol molecule are almost identical to
those calculated by using the whole molecule. The Pearson
coefficient of the linear fit between theoretical and experi-
mental data is 0.9912 (dtheo=244.39dexptl�0.0005), and the
RMSD is 0.14 ppm. Therefore, the simulation of the whole
molecular system (cholesterol+ interacting molecule) is not
necessary to reproduce physical effects that are located in
the vicinity of the sterol hydroxy group. Consequently, the
smaller molecular model will be used for further theoretical
analysis of intermolecular interactions with cholesterol.


Water–cholesterol interactions : Among the different mole-
cules and chemical groups that can interact with the polar
region of cholesterol, water molecules constitute a highly
probable candidate. Consequently, the influence of water–
cholesterol interactions on 13C chemical shifts of cholesterol
was investigated in the same manner as for acetone. a so-
lution of cholesterol in chloroform was titrated with water,


and variation of 13C chemical shifts was monitored as a func-
tion of water/cholesterol molar ratio. Again, the slope of the
regression line (chemical shift variation as a function of
water/cholesterol molar ratio) was determined for each
carbon atom. Chemical shift variations compared with pure
cholesterol are reported in Figure 4.


These variations are all negative except for C6 and have
large amplitude for C2 and C4. This is different from those
obtained with acetone and indicates that the nature of the
hydrogen-bonding interactions must be different. Water can
form hydrogen bonds to the cholesterol hydroxy group
through its oxygen atom [H2O···HOchol, denoted H2O(H)] or
through one of the two hydrogen atoms [HOH···OHchol, de-
noted H2O(O)]. The two types of interaction were taken
into account in the theoretical 13C chemical shift calcula-
tions, and two situations were considered for H2O(O) hydro-
gen bonds, corresponding to interactions between water
molecules and the two oxygen lone pairs. Variations relative
to pure cholesterol were calculated by considering, for both
cases, the average among the three rotamers. Results are
displayed in Figure 5 for H2O(H) and H2O(O) hydrogen
bonds together with results previously obtained with ace-
tone for comparison. Chemical shift variations of cholesterol


Figure 4. 13C chemical shift variation (in ppm) between cholesterol associ-
ated with water molecules and cholesterol in vacuum (theory) and in
chloroform solution (experiment). Black bars: experiment; gray bars:
theoretical results with two-ring model. The experimental data have been
multiplied by the slope of the mean-squares regression line to conserve
the same magnitude for chemical shift changes (see text for slope value).


Figure 5. 13C theoretical isotropic chemical shifts differences (in ppm) be-
tween cholesterol associated with one acetone molecule (black bars), one
hydrogen-bond acceptor such as H2O (gray bars), one hydrogen-bond
donor such as H2O (white bars) and cholesterol in vacuum.
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are similar for hydrogen-bonding interaction to the hydroxy
group through its hydrogen atom [either acetone or
H2O(H)].


In both cases, the variation is positive for C1 and C5,
whereas it is negative for the four other carbon atoms. For
H2O(O) hydrogen bonding, chemical shift variations are
completely different. C1 and C5 exhibit a negative chemical
shift difference, C3 and C6 a positive difference and C2 and
C4 a larger negative difference. These results indicate that
the variations in cholesterol chemical shifts depend on the
nature of the hydrogen bond to the hydroxy group. The in-
fluence of a specific partner differs according to the site of
attack, either the hydrogen or the oxygen atom of the hy-
droxy group. However, the chemical shift variations do not
seem to be qualitatively affected by the nature of the part-
ner that forms a hydrogen bond to a particular site. To re-
produce the experimental chemical shift variations, one
cannot consider only one specific hydrogen bond interac-
tion. On the one hand, H2O(H) hydrogen bonding results in
positive changes for C1 and C5. On the other hand, whereas
H2O(O) hydrogen bonding leads to negative changes, the
magnitude associated with C5 is too large compared to ex-
perimental data. Consequently, one must take into account
both types of hydrogen bond to fit theoretical values to ex-
perimental one. Such a fit was obtained by adjusting the rel-
ative amounts of water involved in hydrogen bonding to the
hydroxy H [H2O(H)] and hydroxy O atoms [H2O(O)] of
cholesterol and averaging the chemical shifts of cholesterol
over these different species. The best Pearson coefficient of
the linear fit between theoretical and experimental data of
0.9981 (dtheo=130.79dexptl+0.052) was obtained by using the
following proportions: 30% of water in H2O(H) and 70%
in H2O(O) hydrogen bonds. The best fit is shown in
Figure 4, in which experimental data have been multiplied
by the slope of the mean-squares regression line to conserve
the same magnitude for chemical shift changes. These values
reflect the possible hydrogen-bonding sites of the cholester-
ol hydroxy group. A maximum of one water molecule can
form a hydrogen bond to the hydroxy hydrogen atom of
cholesterol (Hchol), whereas the oxygen atom (Ochol) can be
involved in hydrogen bonds with two water molecules inter-
acting with the two oxygen lone pairs. Accordingly, the ratio
between these two types of hydrogen bond is 1/3 for water
hydrogen-bonded to Hchol and 2/3 for water hydrogen-
bonded to Ochol, as approximately found by our best fit.


Conclusion


The aim of the work presented here was first to establish a
quantum-chemical computational strategy that allows the
accurate calculation of NMR isotropic chemical shifts of
sterol-like molecular systems. We have shown that the HF
level of theory with a minimal basis set (STO-3G) for geom-
etry optimization and a medium-size basis set [6-31G(d,p)]
for determination of chemical shifts is sufficient to achieve,
with a low computational effort, accuracy as good as with
the hybrid DFT approach. The comparison of theoretical
chemical shifts with those experimentally obtained in


chloroform unambiguously revealed that one must take the
theoretical average values among three isoenergetic rotam-
ers to reproduce 1H and 13C NMR spectra of cholesterol and
ergosterol.


The second part of our work focused on the influence on
cholesterol 13C chemical shifts of specific molecules that
may interact with cholesterol in a membrane. Titration ex-
periments with acetone or water revealed variations in 13C
chemical shifts essentially located on the two first rings of
cholesterol (C1–C6). To clarify the nature of specific inter-
actions with cholesterol, quantum-chemical calculations
were performed on the acetone– and water–cholesterol sys-
tems by only considering hydrogen bonds to the cholesterol
hydroxy group 3b-OH. These calculations revealed the apti-
tude of our computational strategy to correctly take into ac-
count the effect of these specific interactions. We were able
to reproduce the experimental variations in chemical shifts
by using average values among the three rotamers and by
using specific hydrogen-bond populations that are consistent
with chemical intuition. This theoretical approach has also
demonstrated the specific influence of hydrogen-bond
type—either with the hydrogen or the oxygen atom of the
sterol hydroxy group—on 13C NMR spectra.


Thus, we have established a quantum-chemical computa-
tional strategy that allows both the accurate calculation of
isotropic chemical shifts and of specific hydrogen-bond ef-
fects. This theoretical tool will be further used to understand
the nature of specific molecular interactions in cholesterol–
phospholipid systems highlighted by solid-state NMR ex-
periments.


Experimental Section


NMR experiments : Cholesterol (�99%, Aldrich) and ergosterol
(�90%, Aldrich) were desiccated overnight to eliminate residual water
and dissolved in anhydrous CDCl3 (HDO+D2O�0.01%, Euriso-top) to
10mm concentration. Dry acetone (HDO+D2O�0.01%) and deuteri-
um-depleted water used in titration experiments were purchased from
Euriso-top and Aldrich, respectively.


The NMR experiments were performed on a Bruker DMX narrow-bore
spectrometer operating at a 1H Larmor frequency of 500.13 MHz equip-
ped with a pulsed-field gradient double-resonance probe (T=295 K). 1H
and 13C assignments were obtained by recording 1D spectra (13C spectra
recorded with single p/2 pulse or INEPT polarization transfer) and 2D
homonuclear or heteronuclear spectra (DQF-COSY, HMQC, HMBC)
with typical Bruker pulse programs. All spectra were calibrated by using
CDCl3 resonances at 7.27 and 77 ppm for 1H and 13C, respectively. Typi-
cal p/2 pulses were 5 ms and 10 ms for 1H and 13C nuclei, respectively.


For titration experiments, 13C 1D spectra were recorded for different ace-
tone (or water)/cholesterol molar ratios in CDCl3 solutions. The molar
ratio was varied between 0 and 17 for acetone/cholesterol and 0 and 3
for water/cholesterol. Chemical shift changes of cholesterol were then
monitored as a function of the molar ratio. For each cholesterol carbon
atom, saturation effect was never observed, and slopes corresponding to
the linear variation of chemical shifts with molar ratio were calculated.
The slopes for C7–C16 were almost identical, and the average of these
slopes was subtracted from all carbon data to obtain the specific variation
due to hydrogen bonding.


Computational methods : The principal aim of this work was to calibrate
a computational method that allows efficient and accurate calculations of
NMR isotropic chemical shifts of sterols. To this end, theoretical 13C and
1H NMR isotropic chemical shifts diso were compared with data obtained


G 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 5996 – 60046002


FULL PAPER A. Milon et al.



www.chemeurj.org





experimentally on sterols in solution. Thus, we are meeting the crucial
issue of molecular modeling, that is, obtaining the best theoretical values
with the least computational effort. Consequently, two problems of differ-
ent nature must be resolved. First, one must determine the optimum
method for geometry optimizations. Second, the electronic-structure
problem associated with NMR computations must be resolved with suffi-
cient accuracy. For the latter, it is well known that theoretical chemical
shieldings s are highly sensitive to the choice of basis set.[30] The basis set
must be sufficiently flexible to correctly describe the electron density of
the molecular system but not too large in order to reduce the computa-
tional cost. Thus, we chose a double-zeta basis set augmented by polari-
zation functions on all atoms, namely, the 6-31G(d,p) basis set,[44] for all
NMR calculations. This basis set has been used in several theoretical
works and has proven its suitability for reproducing NMR chemical shifts
for large molecular systems.[45–49] We also investigated the choice of the
quantum-chemical method by performing NMR calculations using the
Hartree–Fock method and the hybrid DFT method B3LYP, which in-
cludes part of the electronic correlation.[35,36] In all cases, among the vari-
ous theories available to calculate chemical shielding tensors, the Gauge
Including Atomic Orbital (GIAO) method was adopted for the numerous
advantages it offers.[50–54]


For geometry optimization, two strategies were tested: a computationally
inexpensive one that combines the HF method with a minimal STO-3G
basis set[44] and a more costly one that involves the B3LYP method and
the 6-31G(d,p) basis set. If one then combines the structure and NMR
problems, one obtains four computational schemes. However, we decided
to investigate only two alternatives. First, NMR calculations were per-
formed at the HF level on structures optimized at the HF level with the
minimal STO-3G basis set (denoted HF/6-31G(d,p)//HF/STO-3G).
Second, NMR calculations were performed with the B3LYP method and
6-31G(d,p) basis set on geometries optimised at the same level (denoted
B3LYP6-31G(d,p)//B3LYP6-31G(d,p)). For the sake of simplicity, we will
use HF and DFT to denote the two methods. All calculations were per-
formed with the Gaussian98 package.[55]


In the liquid state, the observable quantity is the isotropic chemical shift
diso=sref


iso�siso where siso and sref
iso are the isotropic chemical shieldings of


the compound of interest and of the standard reference compound (tetra-
methylsilane, TMS), respectively. 13C and 1H NMR chemical shieldings of
TMS were calculated with both computational strategies. Theoretical iso-
tropic chemical shifts diso of sterols were obtained by using values of iso-
tropic chemical shieldings calculated at the same level of theory so that
the same errors due to the method were introduced for both values of
siso. Theoretical


13C and 1H isotropic chemical shieldings of TMS used in
this work are given in Table 4.


Concerning interactions of cholesterol with acetone or water, we used
the supermolecule model to simulate specific hydrogen bonding to the
hydroxy group of cholesterol (see below for more details of calculations).
Note that this work aims to reproduce isotropic chemical shifts on sys-
tems in liquid phase. Ideally, one would do molecular dynamics averaging
at finite temperature on sterol n-mers or on the sterol–acetone or sterol–
water molecular system to obtain a reasonable representation of solution
isotropic shifts. Moreover, this procedure would have the advantage of
including a large number of possible molecular configurations in solution,
whereby the shieldings are calculated for each configuration, weighted by
a factor that depends on appropriate partition functions.[39,56–58] However,
since the number of configurations in solution is huge, this type of theo-
retical approach remains computationally very expensive, and this goal is
almost unachievable in an affordable time. Thus, optimization of geome-


tries in vacuum, which is a standard procedure in quantum chemistry, is
still reasonable. If one only uses the agreement between experimental
and calculated NMR chemical shieldings as a criterion of success, it is
conceivable that good agreement can be reached by the use of optimized
geometries that underestimate the interatomic bond lengths in conjunc-
tion with a method of calculating chemical shifts that underestimates the
shielding or vice versa.[32]


Finally, in the supermolecule approach using either small or medium-size
basis sets, it is well known that calculations can be subject to basis set su-
perposition errors (BSSE). Consequently, the counterpoise method[59]


using ghost orbitals for the GIAO calculations was employed for the ace-
tone–cholesterol and water–cholesterol molecular systems to estimate the
error in the calculation of chemical shifts when BSSE is neglected (data
not shown). For both molecular systems, the root mean square difference
of 13C chemical shifts with and without counterpoise ghost orbitals is
about 0.07 ppm, which is a relatively small error compared with the
chemical shifts variations that we intend to reproduce. These results are
in agreement with previous theoretical works.[42,60, 61]
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Understanding Sterol-Membrane Interactions, Part II: Complete 1H and 13C
Assignments by Solid-State NMR Spectroscopy and Determination of the
Hydrogen-Bonding Partners of Cholesterol in a Lipid Bilayer**


Olivier Soubias,[a] Franck Jolibois,[b] Val/rie R/at,[a] and Alain Milon*[a]


Introduction


Cholesterol is an important constituent of animal cell mem-
branes in which it accounts for up to 50 mol% of the mem-
brane lipids. The biological roles of cholesterol involve the
maintenance of proper fluidity, the formation of glycosphin-
golipid cholesterol-enriched domains, the reduction of pas-
sive permeability and increased mechanical strength of the
membrane.[2–4] Because cholesterol plays such an important
role in the membrane, phospholipid–cholesterol interactions
have been studied extensively. Owing to its amphiphilic
properties, cholesterol is oriented within a lipid bilayer with
its long axis normal to the membrane surface. The pseudor-
igid four-fused-ring skeleton interacts with the phospholi-
pid's acyl chains to optimize hydrophobic interactions and


the polar hydroxy group points towards the bilayer surface.
Nonpolar interactions between the sterol ring and the phos-
pholipid chains are not easy to investigate. Some experimen-
tal[5] and molecular modelling[6] studies have shown that
ring–chain interactions are less favored than chain–chain in-
teractions. There have been many suggestions that hydrogen
bonds form between cholesterol and certain atoms of the
phosphatidylcholine (PC) polar head.[7–10] For instance, mo-
lecular dynamics simulations have allowed the interactions
between phospholipids, cholesterol and water to be exam-
ined in detail.[6,11–15] These studies have shown that the cho-
lesterol's hydroxy group can interact strongly with water
and carbonyl and phosphate oxygen atoms of phosphatidyl-
choline. But so far there have been very limited experimen-
tal data to support these conclusions. The use of X-ray and
neutron diffraction and proton-deuterium contrast methods
as well as molecular dynamics calculations has demonstrated
that cholesterol is well embedded in the membrane and oc-
cupies a vertical location that favors a hydrogen-bonding in-
teraction between its OH group and the phospholipid's fatty
acyl chain esters.[16–22] By using FTIR spectroscopy to study
anhydrous lipid mixtures, Wong et al. have demonstrated
that hydrogen bonding occurs between the cholesterol's OH
group and the lipid's sn-2 chain carbonyl and phosphate
groups.[9] However, no evidence of hydrogen bonding be-
tween cholesterol and the carbonyl groups at the diester
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Abstract: The complete assignment of
cholesterol 1H and 13C NMR resonan-
ces in a lipid bilayer environment (la-
dimyristoylphosphatidylcholine/choles-
terol 2:1) has been obtained by a com-
bination of 1D and 2D MAS NMR ex-
periments: 13C spectral editing, ge-
HSQC, dipolar HETCOR and J-based
HETCOR. Specific chemical shift var-
iations have been observed for the C1–
C6 atoms of cholesterol measured in
CCl4 solution and in the membrane.
Based on previous work (F. Jolibois, O.
Soubias, V. R:at, A. Milon, Chem. Eur.


J. 2004, 10, preceding paper in this
issue: DOI: 10.1002/chem.200400245)
these variations were attributed to
local changes around the cholesterol
hydroxy group, such as the three major
rotameric states of the C3�O3 bond
and different hydrogen bonding part-
ners (water molecules, carboxy and


phosphodiester groups of phosphatidyl-
choline). Comparison of the experi-
mental and theoretical chemical shifts
obtained from quantum-chemistry cal-
culations of various transient molecular
complexes has allowed the distribu-
tions of hydrogen bonding partners and
hydroxy rotameric states to be deter-
mined. This is the first time that the
probability of hydrogen bonding occur-
ring between cholesterol's hydroxy
group and phosphatidylcholine's phos-
phodiester has been determined experi-
mentally.


Keywords: ab initio calculations ·
hydrogen bonds · NMR
spectroscopy · steroids · sterol-
membrane interactions
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linkages of the PC lipids was found in independent studies
using Raman[23] and infrared spectroscopy[24] and studies of
membrane permeability[25] with a PC membrane in the pres-
ence or absence of cholesterol. The replacement of one or
both of the acyl groups of phosphatidylcholine with alkyl
groups (i.e. an ether linkage instead of an ester linkage) en-
hanced the interaction with cholesterol, which further indi-
cates the importance of the interfacial region in the interac-
tion.[26] The results of earlier studies indicated that a hydro-
gen bond exists between the hydroxy group of cholesterol
and the phosphate headgroup of a phospholipid.[27] Howev-
er, the presence of such a hydrogen bond was refuted by
subsequent 13C and 31P NMR spectroscopic studies.[28] There-
fore, the molecular basis of the cholesterol–phosphatidyl-
choline association has not been unequivocally establish-
ed.[4,29]


Solid-state NMR spectroscopy is a powerful tool with
which to study membrane molecule interactions because it
allows the direct study of amorphous and partly mobile bio-
logical solids in the liquid-crystalline lipid bilayer. Currently,
most of solid-state NMR experiments on phospholipid/cho-
lesterol systems have been focused on the phospholipid
component or on the dynamics of cholesterol.[25, 30–35] Howev-
er, chemical shifts are intimately related to the local envi-
ronment around the nuclei and could reveal the nature of
lipid–cholesterol interactions. In recent work, we have
shown that the chemical shifts calculated by quantum-chem-
ical methods could be used to reproduce experimental so-
lution-state chemical shifts, both in the presence and in the
absence of hydrogen bonds, with a satisfactory degree of ac-
curacy.[1] However, the assignment of cholesterol NMR reso-
nances in a membrane medium remains a difficult task since
standard liquid-state NMR procedures cannot be applied in
such liquid-crystalline media. In this paper, we present the
complete and unambiguous 1H and 13C assignment of cho-
lesterol in la-dimyristoylphosphatidylcholine (DMPC) mem-
branes based on a combination of 1D MAS 13C NMR spec-
tra with various polarization transfer schemes and 2D MAS
1H–13C, ge-HSQC and dipolar HETCOR experiments. A
comparison of the carbon chemical shifts of cholesterol in
solution and in its membrane environment revealed distinct
differences in the first two rings, that is, in atoms C1–C6.
These variations have been interpreted in terms of hydrogen
bonding and rotameric states of the hydroxy group by com-
paring experimental chemical shift variations with those ob-
tained from quantum-chemical calculations. We show that
experimental chemical-shift restraints can be used to probe
the local environment of the cholesterol hydroxy group in a
membrane and to quantify the distribution of its hydrogen
bonding partners.


Results and Discussion


Assignment strategy of cholesterol in membranes : The as-
signment strategy for the NMR resonances of sterols is well
established as long as they are in solution and the rapid
tumbling of molecules averages out the anisotropic interac-
tions such as chemical shift anisotropy and dipole–dipole in-


teractions. Heteronuclear 2D experiments, such as HMQC,
provide one-bond connectivity information, which correlate
directly bound carbon and hydrogen atoms. 2D experiments,
such as HMBC, permit sequential assignment by connecting
H and C atoms separated by two or three bonds. Homonu-
clear COSY and NOESY experiments provide proton–
proton connectivity and stereospecific assignments.[36] Never-
theless, the complete assignment of sterols in their natural
lipid environment remains a difficult task. For small- to
medium-sized compounds in a liquid-crystalline phase,
magic angle spinning (MAS) and high-power proton decou-
pling yield rather well resolved and sensitive one-dimension-
al NMR spectra of low g nuclei such as 13C in a routine fash-
ion. In analogy to the liquid-state case, several spectral edit-
ing techniques, which separate 13C resonances according to
their multiplicities, have been proposed and used to charac-
terize the 13C NMR spectra of organic molecules.[37–40] The
transfer through J coupling provides well resolved and selec-
tive chemical-shift correlation between directly bound
proton–carbon pairs, provided that the coherences involved
decay more slowly than the delay required for efficient po-
larization transfer.[41,42] For the particular case of sterols in
membranes, we have recently used the gain in sensitivity
brought about by inverse detection to detect all the expect-
ed one-bond cross peaks of natural abundance cholesterol in
a DMPC/cholesterol lipid mixture.[43] However, fast relaxa-
tion processes have so far prevented long-range J-coupling-
based experiments and the observation of multiple-bond
connectivity. Furthermore, for reasons of sensitivity, 13C–13C
homonuclear correlation techniques[44–46] are rarely applica-
ble to natural abundance materials in membrane samples.
One way to recover skeletal information is to transfer mag-
netization through dipolar coupling to obtain through-space
correlation, that is, cross peaks between bound and non-
bound pairs. Herein , we have thus used a combination of
one-dimensional (1D) and two-dimensional (2D, HSQC and
dipolar HETCOR) MAS solid-state NMR techniques to
perform the complete, stereospecific, 1H and 13C assignment
of natural abundance cholesterol in a membrane without
any reference to the known liquid-state assignment (Table 1;
Scheme 1).


One-bond (1H–13C) correlations from HSQC experiments :
As discussed by Soubias et al. ,[43] 2D HR-MAS gradient-en-
hanced HSQC experiments provided all the expected 1H–
13C one-bond cross peaks of cholesterol in the membrane
state, thus giving the corresponding proton chemical shift
for each peak of the one-dimensional carbon spectrum.


Carbon multiplicities : Quaternary carbon atoms were identi-
fied by performing a CP-MAS experiment with a long con-
tact time. 13C multiplicity-edited spectra were obtained by
varying the second delay (D) of a refocused INEPT 1D
MAS experiment performed at 9 kHz. The spectra with D=


1/4 J, 1/3 J (1JC–H=136 Hz) were compared with the standard
INEPT spectrum. The spectrum obtained with D=1/4 J (se-
lection of CH and CH3) has allowed us to identify the five
expected methyl resonances at d=11.84, 18.61, 19.14 and
21.89 ppm (C26 and C27 are superimposed). Methine
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groups were assigned by comparison of the carbon spectra
obtained with D=1/4 J and D=1/3 J (eight positive resonan-
ces). For the methylene groups, a lower signal-to-noise ratio
was observed because of the fast transverse relaxation of
the tightly coupled methylene protons during the overall
INEPT delay. Hence, negative and missing isolated resonan-
ces have been assigned to methylene carbon atoms (d=9/
11, 20.93, 24.27, 24.53, 28.03, 30.61, 37.33, 39.05, 39.77, and
41.39 ppm). One of the remaining methylene carbon atoms
was has been assigned by recording a long contact time CP-
MAS spectrum with no decoupling during the acquisition.
In the region centered around 36.2 ppm, we observed a mul-


tiplet with signal intensities
close to a 1:1:2s:1:1 ratio (2s
refers to a carbon intensity of 2
plus a shoulder), which could
be assigned to the superposition
of a CH (36.23 ppm), a CH2


(36.13 ppm) and a quaternary
carbon atom (36.08 ppm). The
peak centered on 32.5 ppm was
assigned to the two remaining
resonances, one methane, and
one methylene.


Multiple-bond (1H–13C) correla-
tions from dipolar HETCOR
experiments : A cross-polariza-
tion period transfers magnetiza-
tion from protons to the neigh-
boring carbon atoms in an oscil-
latory manner for an isolated
two-spin system. The coherence
transfer efficiency depends on
the geometry and dynamics of
the system, that is, on the size
of the effective heteronuclear
couplings, the CP mixing time
and the spin dynamics of
CP.[45,47,48] The dynamics of cho-
lesterol in a DMPC membrane
can be well described as fast
axial diffusion along the bilayer
normal with a small amplitude
of wobbling (Smol=0.92).[35] This
movement converts the homo-
geneous proton dipolar broad-
ening into an inhomogeneous


broadening, which can be effectively averaged out by
MAS.[49] At moderate MAS spinning rates, such as the
9 kHz used herein, this movement also transforms the 1H–
13C spin pairs into virtually isolated spin pairs. It was
checked experimentally that CP and Lee–Goldburg CP[50]


magnetization transfer display comparable kinetics in agree-
ment with this assumption (data not shown). Finally, the
1H–13C dipolar couplings of directly bound pairs depend not
only on the internuclear distances but also on the internu-
clear vector orientation with respect to the diffusion axis.
This formed the basis for the stereospecific assignment of
axial and equatorial methylene protons. Figure 1 shows the
simulated cross-polarization transfer efficiency obtained at
the first recoupling sideband of the Hartman–Hahn match-
ing curve for isolated spin pairs with various dipolar cou-
plings, calculated according to Lesage et al.[45] We clearly see
that for mixing times close to 2.5 ms, the transfer efficiency
is similar for protons with dipolar couplings ranging from 1
to 9 kHz. In contrast, a mixing time close to 1 ms leads to a
more selective transfer that can be used to distinguish spin
systems. Thus, cross-peak intensities and chemical shift dis-
persion can be used as a guideline when analysing the re-
sults of dipolar HETCOR experiments. Both strategies have


Table 1. Assignment of carbon and proton chemical shifts for cholesterol inserted in a DMPC/cholesterol
7:3 lipid mixture at 313�2 K.
13C chemical 1H chemical Carbon Nonbonded Assignment
shift [ppm][a] shift [ppm][b] multiplicities[c] contacts[d]


11.84 0.67 CH3 C13 C18
18.61 0.9 CH3 H20 or H22(1,26) C21
19.14 0.97 CH3 C10 C19
20.93 1.46 CH2 H9/H12(1.96) C11
21.89 0.71 CH3 H25 C26/C27
21.89 0.71 CH3 H25 C26/C27
24.27 1.46 CH2 H16(1.2—1.8)/H14+H17 C15
24.53 1.31/1.05 CH2 H22(1.26)/H26+H27 C23
27.53 1.4 CH H24 C25
28.03 1.8 proS/1.2 proR CH2 H14+H17 (1.02) C16
30.61 1.76(e)/1.45(a) CH2 H1(0.98)/H3 C2
32.59/32.65 1.41 CH H14/H7 C8
32.59/32.65 1.89(e)/1.41(a) CH2 H8(1.41)/H6 C7
36.08 – Q H2(1.71)/H19 C10
36.13 1.26/0.85 CH2 C22
36.23 1.26 CH H21 C20
37.33 1.71(e)/0.98(a) CH2 H2(1.45)/H9 C1
39.05 1.03 CH2 H23 C24
39.77 1.96(e)/1.16(a) CH2 H11/H19 C12
41.39 2.22 CH2 H3/H2 C4
42.05 – Q H18 C13
49.99 0.88 CH H11 C9
56.64 1.04 CH H20/H16 C14 or C17
56.66 1.02 CH H20/H16 C14 or C17
70.25 3.37 CH H2/H4 C3


119.78 5.21 CH C7 C6
141.73 – Q H4 C5


[a] Frequencies in the carbon dimension are given with respect to C18, which was set to d=11.84 ppm with re-
spect to TMS by analogy with a liquid-state spectrum recorded in CCl4 at 313 K. Uncertainty in the reported
chemical shifts is estimated to be �0.02 ppm. [b] Frequencies in the proton dimension are given with respect
to H18, which was set to 0.67 ppm with respect to TMS by analogy with a liquid-state spectrum recorded in
CDCl3 at 313 K. Stereospecific assignments of methylene protons (a: axial; e: equatorial) were extracted from
dipolar HETCOR experiments (contact time 250 ms). Uncertainty in the reported chemical shifts is estimated
to be �0.05 ppm. [c] Identification of the carbon multiplicities was determined by scalar-coupling-based spec-
tral editing and other experiments (see text for details). [d] Contacts between protons and carbons extracted
from dipolar HETCOR carbon traces (contact time 2.5 ms).


Scheme 1. Structure of cholesterol; classical nomenclature is used.
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been used and the results can be appreciated in Figure 2
(chemical-shift dispersion) and Figure 3 (spin-system assign-
ment).


Figure 2 serves to illustrate the assignment of cholesterol
ring A from a combination of HSQC and dipolar HETCOR
experiments. H–C dipolar couplings in cholesterol can be


calculated from the known dynamics of cholesterol under
the experimental conditions.[35,51] As shown in Figure 2B the
only protons to display a significant (>1 kHz) dipolar cou-
pling with C1 are H1a,e and H2a,e. Correspondingly, the two
HSQC traces in Figure 2A reveal one bond connections be-
tween a) C1 and the two H1 protons and b) C2 and the two
H2 protons. The dipolar HETCOR trace along C1 contains
connections with both H1 and H2 protons, which guides the
assignment of C1 to H2 and C2 (Figure 2Ac). It can be ob-
served that as a result of the 2.5 ms contact time the signal
intensities are independent of the dipolar couplings in the
1–10 kHz range, in agreement with the simulations shown in
Figure 1.


The complete assignment was performed in this way
(“HMBC-like” strategy) starting from resonance C3 (d=
70.25 ppm), which could be safely assigned from carbon
chemical shift considerations and multiplicity. Table 1 shows
all the useful correlations in the dipolar HETCOR experi-
ment (column “nonbonded contacts”).


In addition to these traces the C15–C16 spin system with
the corresponding calculated one-bond and two-bond dipo-
lar couplings is represented in Figure 3 (e.g. H16 proR has a
0.1 kHz one-bond dipolar coupling with C16 and a 2.3 kHz
two-bond dipolar coupling with C15).


The use of a shorter CP mixing time is illustrated for the
C15–C16 spin system. Figure 3 shows carbon slices extracted
from the HSQC experiment at a) 28.03 and b) 24.27 ppm
and from the dipolar HETCOR experiment at c) 24.27 ppm
with a mixing time of 0.8 ms, and d) at 28.03 ppm with a
mixing time of 2 ms (d). One- and two-bond calculated H–C
dipolar couplings are also indicated. H16 proR has a very


Figure 1. Simulated coherence transfer efficiency as a function of mixing
time in a dipolar HETCOR experiment with typical values of heteronu-
clear dipolar couplings for a DMPC/cholesterol mixture. The calculations
were performed according to Lesage et al.[45] Relaxation was not taken
into account.


Figure 2. Combination of ge-HSQC and dipolar HETCOR for the assign-
ment of NMR resonances of cholesterol. A) Cross sections along the
proton dimension at carbon chemical shifts corresponding to C1 (a,c)
and C2 (b) extracted from ge-HSQC (a,b) and dipolar HETCOR (2.5 ms
contact time) (c). Comparison of the cross sections and favorable chemi-
cal shift dispersion allows the assignment of C1. * This signal arises from
natural abundance lipid methylene. B) Dipolar couplings between C1
and neighboring protons (in kHz) calculated from the known structure
and dynamics of cholesterol.[35]


Figure 3. Assignment of the C15–C16 spin system. a) Carbon slice ex-
tracted from the HSQC experiment at 28.03 ppm. b) Carbon slice ex-
tracted from the HSQC experiment at 24.27 ppm. c) Carbon slice extract-
ed from the dipolar HETCOR experiment at d=24.27 ppm with a
mixing time of 0.8 ms. d) Carbon slice extracted from the dipolar
HETCOR experiment at d=28.03 ppm with a mixing time of 2 ms.
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weak one-bond dipolar coupling with C16 (0.1 kHz) because
this internuclear vector is almost at the magic angle with the
molecular diffusion axis. This characteristic was unique in
the molecule and contributed to the assignment of the C16
spin system. Accordingly a very small cross peak is observed
between C16 and H16 proR in Figure 3d, while the HSQC
experiment clearly shows that the two protons, H16 proR
and H16 proS, are not equivalent (Figure 3a). At this mixing
time of 2 ms, the two-bond dipolar couplings of about 1 kHz
for both H15 protons give rise to a strong cross peak be-
tween C16 and H15. At a shorter mixing time of 0.8 ms (Fig-
ure 3c) a distinction is made between C15–H16 proS
(1.6 kHz dipolar coupling) and C15–H16 proR (2.3 kHz di-
polar coupling) that results in a stronger cross peak. This
analysis permitted both sequential and stereospecific assign-
ments of this particular spin system.


The difference between axial and equatorial protons is
even stronger at shorter mixing times. Figure 4 shows that


the two methylene protons can be readily distinguished in
the dipolar HETCOR experiment at 0.25 ms in the case of
C12 (dipolar coupling of 2 kHz for H12e and 10.3 kHz for
H12a; the ratio of the two cross-peak intensities is 9), as
shown both theoretically (Figure 4A) and experimentally
(Figure 4B). This approach was also applied to the stereo-
specific assignment of H1, H2, and H7 methylene protons.


As summarized in Table 1 we could thus perform the
complete, stereospecific assignment of all carbon and proton
resonances of cholesterol, without any reference to the
liquid-state assignment. As will be discussed below, this is
particularly important since we have observed significant
differences between the chemical shifts of cholesterol in so-
lution and in membrane, up to 1.5 ppm, whereas for instance
C4 chemical shift differs only from C12 and C13 by 1.6 and
0.7 ppm, respectively. It is clear from the above discussion
that our strategy can only be extended to fast, axially diffus-
ing, rigid membrane components of known dynamics and
orientation, such as cholesterol, since it largely relies on the
quantitative analyses of heteronuclear dipolar couplings.


Cholesterol–phosphatidylcholine interactions—probing hy-
drogen-bonding effects with quantum chemical calculations
and 13C NMR carbon chemical shift variation patterns : The
current knowledge of interactions between cholesterol and
phosphatidylcholines or interfacial water is still incomplete
even though it has been extensively studied in a variety of
membrane models and by a large number of biophysical ap-
proaches (for a recent review, see the publication by Ohvo-
Rekila et al.[4]) It is customary to assume that the hydroxy
group of cholesterol resides in the interfacial region of the
bilayer where it forms transient hydrogen bonds.[7–10,52] Inter-
actions with the available hydrogen-bonding partners, that
is, fatty acid ester bonds, phosphodiesters and water mole-
cules, have been observed in molecular dynamics simula-
tions.[11–15] NMR spectroscopy has been used to analyse the
chemical shift variation of fatty acid carbonyl groups be-
tween a pure DMPC sample and a DMPC/cholesterol mix-
ture. The results qualitatively indicate that the interactions
between lipids and cholesterol occur through the DMPC
carbonyl group.[53] However, to our knowledge, there are
very limited experimental data to support the conclusions
provided by molecular dynamics simulations and the forma-
tion of direct hydrogen bonds between PC and cholesterol
in the PC/Cholesterol membrane has been a controversial
issue over the years.[4,54] It has long been known that confor-
mational effects (including dihedral angles and the type of
neighboring atoms), hydrogen bonding or the chemical
nature of the solvent influences the NMR chemical shifts.
Therefore, it should be interesting to analyze the spectro-
scopic response of cholesterol to interactions with its envi-
ronment on the basis of the new carbon and proton chemi-
cal shift information.


Chemical shift variation pattern from NMR data : The follow-
ing analysis assumes that no major structural change in cho-
lesterol occurs upon dilution in carbon tetrachloride (CCl4)
and DMPC membranes. This hypothesis seems reasonable
in the case of the “rigid part” of the molecule (C1–C16). It


Figure 4. A) Evolution of the ratio (axial versus equatorial) of the trans-
fer efficiency between diastereotopic protons with the mixing time (cal-
culated as in ref. [45]). For a mixing time of 250 ms, the selectivity of
transfer is predicted to be equal to 9 for C12. B) Carbon slices extracted
at d=39.77 ppm (corresponding to C12) from the dipolar HETCOR ex-
periment with a mixing time of 250 ms (a) and the HSQC experiment (b).
The two H12 protons (d=1.16, 1.96 ppm) can be easily identified in the
HSQC experiment. The same carbon slice extracted from the dipolar
HETCOR experiment shows only one cross peak at d=1.16 ppm, which
corresponds to the axial H12 hydrogen. *This signal arises from natural
abundance lipids (side-chain methylene C2).
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is certainly not valid for the side chain, for which the confor-
mational equilibria are sensitive to packing effects in the
lipid bilayer, so these chemical shifts will not be discussed
further.


Chemical shift variations between cholesterol in anhy-
drous CCl4 and the DMPC membrane reflect the influence
of the surrounding medium. This can be broken down into a
“general solvent effect”, uniformly distributed over the
sterol structure, and into more specific interactions at the
hydroxy group, such as hydrogen bonds and the unequal dis-
tribution of rotamers around the C3�O3 bond. As shown in
our previous work,[1] hydrogen bonding and the preferential
conformation of the hydroxy group are expected to affect
mainly the chemical shifts of the carbon atoms located in
the first two rings.


Absolute chemical shifts are difficult to define in the case
of heterogeneous systems, such as the membrane/water
system, since an “internal reference”, such as TMS, parti-
tions between the two phases and has a different resonance
frequency in each phase.[55] Therefore, no TMS was added,
and in Table 1 chemical shifts are referenced with respect to
the resonance of methyl-18 (relative to TMS) by analogy
with a liquid-state spectrum recorded in CCl4. By doing so,
we observed that all the carbon chemical shifts of rings B, C,
and D (C7–C16) were identical to within �0.15 ppm in so-
lution and in membranes. To calculate the chemical shift
variations for C1–C6 for cholesterol in CCl4 solution and in
membranes, we subtracted the average chemical shift varia-
tion of C8, C9 and C11–C16. It should be stressed that, by
doing so, the results do not depend on the choice of C18 as a
chemical shift reference. The chemical shift variation pattern
obtained for all cholesterol carbons when this nonspecific
“solvent effect” is subtracted is shown in Figure 5. There-
fore, the magnitude and sign of the variation reveal the
extent of the hydrogen-bonding effect and/or the unequal
distribution between the rotameric states of the 3b-OH for
C1–C6. The observed variations for C17, C20–C23 probably
reflect a different conformation of the side chain. A positive
value for the chemical shift variation corresponds to a
downfield shift (deshielding) in the membrane relative to
the liquid state. C2–C4 and C6 show negative variations
with values ranging from �0.86 ppm (C3) to �1.5 ppm (C6);


C1 has a variation close to 0 and C5 is deshielded by around
1.2 ppm.


Quantum-chemical calculation of the chemical shift variation
pattern induced by hydrogen bonding : We have recently
shown that the experimental effect of hydrogen-bonding on
chemical shifts can be efficiently calculated by using a quan-
tum-chemical approach.[1]


In an attempt to mimic the sterol environment (solvent
and lipids), several hydrogen-bond partners for the choles-
terol's hydroxy group were considered, that is, water mole-
cules, the acyl chain's ester bonds, and the lipid's phospho-
diesters. Water molecules can be hydrogen-bond donors or
acceptors. We have shown previously that acetone gives the
same chemical shift variations as an ester bond,[1] so that the
fatty acid's ester bonds could be safely modelled by acetone.
The phosphodiester (CH3O)2PO2


� , non-esterified oxygen
atom was used as a hydrogen-bond acceptor to model the
non-ester phosphate oxygen atoms of the lipid polar head
group. The 13C isotropic chemical shift differences between
cholesterol/acetone (or cholesterol/water) and pure choles-
terol have already been calculated and discussed in detail
previously.[1] Briefly, the hydrogen-bond effects of acetone
and the water-acceptor model are quantitatively very simi-
lar, giving an upfield (�) and downfield (+) chemical shift
pattern (+, �, �, �, +, �) for C1–C6. This pattern is differ-
ent for a water-donor-type hydrogen-bond (�, �, +, �, �,
+), which shows the dependence on the nature of the hydro-
gen-bonding (through hydrogen or oxygen cholesterol hy-
droxy group atoms). The carbon chemical shift variations
between dimethyl phosphate/cholesterol and pure cholester-
ol are presented in Figure 6a. Because the dimethyl phos-
phate is hydrogen-bonded to the cholesterol hydroxy group
through one of its non-ester oxygen atoms, the variation pat-
tern is qualitatively similar to that of acetone (+, �, �, �,
+, �). However, the variation amplitudes are about five
times larger, which indicates a much stronger effect of the
(CH3O)2PO2


� negative charge on the electron density of the
first cholesterol ring.


Following the procedure described in the Experimental
Section, we explored all the possible linear combinations of
individual chemical shift variations for the three C3�O3 ro-
tamer states [gauche (+), gauche (�), and anti] and the four
hydrogen-bonding partners (acetone, dimethyl phosphate,
water acceptor and water donor) by using 1% increments
for C1–C6. The errors in the experimental chemical shift
variations were 0.1 ppm for C1–C4 and C6 (to take into ac-
count experimental accuracy and the nonspecific solvent ef-
fects on chemical shifts) and 0.2 ppm for C5 (which gives a
broader line of low intensity). Only 8.1S106 combinations
out of a total of 1012 satisfied the two filtering criteria (maxi-
mum error and rmsd) and thus provided a good fit between
the calculated and experimental chemical shifts. The distri-
butions of the seven coefficients are presented in Figure 7
and their averages (Table 2) were used to calculate the theo-
retical chemical shift variation pattern plotted in Figure 6b.


Concerning the rotamer distributions (Figure 7a), note
that the gauche (+) conformation is quite well defined (with
a standard deviation of 4%). On the other hand, the gauche


Figure 5. Experimental chemical shift variation pattern between choles-
terol in the DMPC membrane and in CCl4 solution (Ddexp


i = [dexp
i (mem-


brane)�dexp
i (CCl4)]).
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(�) and anti conformers have a larger distribution. Howev-
er, it may be observed that an equal distribution of rotamers
satisfies the experimental constraints and that the average
values of our distribution are similar to these values


(Table 2). It should be stressed that Figure 7a shows the dis-
tribution of coefficients for which a good agreement is
found between the calculated and experimental data. How-
ever, it does not show the probability of the presence of
each rotamer. Therefore, the dissymmetry in the distribution
of the anti and gauche (�) rotamers may reflect a real ten-
dency towards a higher content of anti rotamers as well as
being merely due to the fact that our fitting problem is un-
derdetermined.


Concerning the hydrogen-bonding partner distributions
(Figure 7b and c), the major result that emerges from our
statistical analysis is the very well-defined population of
phosphodiester hydrogen-bonding (18�3%). This can be
explained by the large effect on the 13C chemical shift pro-
duced by this chemical function (five-fold larger than ace-
tone and water-acceptor groups). Consequently, a small var-
iation of its corresponding percentage induces large chemi-
cal shift variations compared with cholesterol in solution.
Two other chemical groups can interact with the hydroxy
hydrogen atom, namely acetone (model for lipid esters) and
a water acceptor. In contrast to dimethyl phosphate, their
distribution is poorly defined with standard deviations of
19% and 10%, respectively, which represent more than
60% error on the average values. We know that hydrogen-
bonding to these groups has similar effects on the cholester-
ol 13C chemical shifts. Consequently, their distribution is dif-
ficult to determine separately with a good degree of accuracy.


Figure 6. a) Theoretical chemical shift variations between phosphate/cho-
lesterol and pure cholesterol. b) Experimental (grey) and theoretical
(black) chemical shift variation patterns between cholesterol in mem-
brane and in solution. The experimental error bars are 0.1 ppm for C1–
C4 and C6 and 0.2 ppm for C5. The theoretical pattern was calculated for
each carbon atom (C1–C6) by using Equation (3). The coefficients of the
linear combinations for the rotamers (%j) and hydrogen-bonding part-
ners (%k) correspond to the average values given in Table 2.


Figure 7. Distributions of the linear combination coefficients. The weight
of each coefficient percentage is referenced to the total number of solu-
tions. a) Rotameric conformer distributions. b) hydrogen-bonding partner
distributions; c) distributions of the different types of hydrogen bonds.


Table 2. Average values and standard deviations of the rotameric states
and hydrogen-bonding partner distributions.


Rotameric states Average [%]� standard deviation


gauche(�) 28�12
gauche(+) 31�4
anti 41�9


hydrogen-bond partners number of hydrogen bonds
per cholesterol molecule [%][a]


through cholesterol H3
acetone 26�19
water acceptor 17�10
dimethyl phosphate 18�3
none 39�13
through cholesterol O3
water donor 76�14
none 124�14


[a] The number of hydrogen bonds per OH group was limited to one (or
100%) involving the hydrogen atom as a donor and two (or 200%) in-
volving the oxygen atom as an acceptor (since the oxygen atom has two
lone pairs). Since the fitting procedure only imposed a maximum value
of hydrogen-bond partners, the final optimum result shows a certain per-
centage of OH groups free of hydrogen bonds, which is indicated as
“none” in the table.
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However, if one considers the sum of these two contribu-
tions (acetone + water acceptor) for each set of parameters,
one observes that the corresponding distribution is better
defined, with a standard deviation of 30% of the average
value (43�14%). Our results show that less than one part-
ner interacts with the hydrogen atom of the cholesterol's hy-
droxy group (total hydrogen-bond to H3=61�13%). This
indicates that within our theoretical approach, lipids do not
always hydrogen-bond to cholesterol and that H3 can be
free of any interaction, which may be due to the highly dy-
namic behavior of the cholesterol/DMPC system and its hy-
droxyl group.


The last interaction involves the hydroxy group's oxygen
atom, which can only hydrogen-bond to water-donor-type
neighbours. Its population is clearly larger than that of the
water-acceptor-type molecule. This result differs from the
molecular dynamics simulation analysis, which exhibits an
inverse ratio.[12] However, our result is consistent with the
fact that the oxygen atom has two hydrogen-bonding sites
(i.e. two lone pairs), whereas the hydrogen atom can hydro-
gen-bond to only one partner. It is thus reasonable to con-
clude that the probability of interaction with the oxygen
atom is larger than with the hydrogen atom. Furthermore,
we know that the hydroxy group's hydrogen atom interacts
with nonwater molecules. This reduces the probability of
possible interactions with water acceptors and promotes the
hydrogen-bonding ratio in favor of the oxygen atom of the
hydroxy group. If one calculates the total number of hydro-
gen-bonded water molecules (Figure 7c), one obtains nearly
one water molecule per cholesterol, which is close to the
value obtained by molecular dynamics simulation (1.1�
0.1).[12] Finally, the total number of interactions (acetone, di-
methyl phosphate and water) obtained by our theoretical
and statistical analysis is equal to 1.4 per cholesterol mole-
cule, which is again close to the value of 1.3 proposed by Pa-
senkiewicz-Gierula et al.[12]


The average values of the linear combination coefficient
distributions have been used to calculate the theoretical
chemical shift variations. These variations are plotted in Fig-
ure 6b and compared with the experimental ones. One can
see very good concordance between these results, the linear
fit between theoretical and experimental variation values
gives a Pearson coefficient equal to 0.999 and a slope of
0.990.


However, note that there are a certain number of limita-
tions to this approach. First, the accuracy of chemical shift
variations is limited by the intrinsic low resolution of solid-
state NMR spectra and by nonspecific solvent effects. For
proton chemical shifts this was a major limitation since the
variations observed upon hydrogen bonding were not much
larger then the experimental accuracy, which is why this
available information was not used in the analysis. Another
limitation is related to the intrinsic accuracy of quantum-
chemical calculations of chemical shifts. This problem was
minimized by considering not the absolute chemical shifts
but rather the variations induced by specific interactions.
The validity of this treatment was established in our previ-
ous work.[1] The last limitation we want to mention arises
from the fact that we fitted our data with a limited set of


well-defined rigid structures, which were supposed to reflect
the experimental situation. Of course the real system is
much more complex and dynamic than is modeled here.
Each hydrogen-bond effect should take into account the
averaging of the internal dynamics of this bond. Other less
significant hydrogen-bonding partners could have been in-
cluded. This may affect the results and, in particular, the
quantification of rotamers and hydrogen-bond distribution
may be slightly modified.


Conclusions


In the work described herein, we first established a strategy
to perform the complete proton and carbon assignment of
cholesterol resonances in the membrane state without any
use of the known solution-state assignment. This strategy
largely relies on recently developed solid-state 2D NMR ex-
periments and on the specific dynamics of cholesterol in
fluid membranes, which prevents extensive spin diffusion
and allows the a priori knowledge of H–C dipolar couplings
to be used. We observed that the carbon chemical shifts of
C1–C6 significantly deviate from their solution values.
These deviations could be interpreted in terms of the C3�
O3 rotameric distribution and the nature of the hydrogen-
bonding partners of the cholesterol's hydroxy group. This
could be achieved by calculating the chemical shifts using
quantum-chemical methods, and because the effects of the
various interactions with the hydroxy group have been vali-
dated previously by solution-state NMR experiments.[1] A
useful extension of the ab initio calculations would be to an-
alyze the chemical shifts in terms of localized bonding to de-
scribe more precisely the contributions of specific orbitals.
This can be achieved by Natural Bond Order based Natural
Chemical Shift analyses[57] and we are currently exploring
this route.


Thus, we have directly demonstrated for the first time the
interaction of the cholesterol's OH proton with the phos-
phatidylcholine's phosphodiester group, and quantified the
percentage of such an interaction in the membrane state
(18�3%). The presence of other hydrogen-bonding part-
ners has also been demonstrated, although their interactions
have been quantified less accurately. Finally, we found no
convincing evidence for the rotamer distribution of the OH
group being very different from what it is in solution, that is,
an equal population of the three major rotamers. As a result
of this work it is now possible to perform a whole series of
experiments using different lipid mixtures (saturated and
polyunsaturated chains, sphingomyelin, phosphatidyletha-
nolamine, phosphatidylserine, phosphatidic acid, glycolipids)
and experimental conditions (temperature, hydration, os-
motic pressure) which would allow the role of hydrogen
bonds in specific sterol–lipid interactions to be specified.


Experimental Section


Samples : A sample of multilamellar vesicles (MLV) consisting of chain-
deuteriated [D54]DMPC (Avanti Polar Lipids, Alabaster, AL) and choles-
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terol-13C4,13C3 (Cambridge Isotope Laboratories, Andover, MA) were
prepared with 30 mol% of cholesterol (4 mg). The multilamellar vesicles
were made by hydrating a film of a dry DMPC/Cholesterol mixture.
After lyophilization the lipids were hydrated in the NMR rotor by addi-
tion of the same weight amount of D2O. 2H NMR spectroscopy (of a sep-
arate sample hydrated with deuterium-depleted H2O) was used to check
that the chain lipid quadrupolar splittings had standard values for such
an MLV sample.


NMR experiments : The NMR experiments were performed on a Bruker
DMX narrow bore spectrometer operating at a 1H Larmor frequency of
500.13 MHz. All experiments were carried out at a sample temperature
of 313�2 K. To compensate for temperature increases in the rotor due
to MAS, the driving air was precooled to a temperature that would give
the desired temperature in the rotor. The known temperature depend-
ence of the water chemical shift was used to check the temperature. Des-
iccation of the sample during the experiment was not observed. HSQC
spectra were acquired using a 4 mm Bruker HR-MAS gradient probe.
The MAS spinning rate was adjusted to 15 kHz�1 Hz.[43] A conventional
echo-antiecho gradient HSQC experiment, using a double INEPT polari-
zation transfer, was used to obtain the 1H–13C correlations. Two 800 ms
sine-shaped gradient pulses of 40 and 10.05 Gcm�1 strength were used in
the experiment to detect only the protons attached to a 13C nucleus. The
RF pulses were applied at B1-field strengths of 30.5 kHz for carbon and
39 kHz for proton, which corresponds to pulse widths of 8.2 and 6.4 ms,
respectively. A total of 1024 increments (dwell time 20 ms), each with
32 scans were collected.


Dipolar HETCOR spectra were obtained with a 5 mm DOTY scientific
XC-5 MAS probe at a spinning rate of 9 kHz. CP contact times were set
to 2.5, 0.8, or 0.25 ms. A total of 128 t1 increments with a 50 ms dwell
time and 512 scans each were recorded for all experiments. The 1H-de-
coupling field was 66 kHz, and a TPPM decoupling scheme was em-
ployed during the acquisition time.[57]


Calculation of NMR chemical shift variation patterns : All NMR chemi-
cal shifts were calculated as described in the preceding publication.[1]


Briefly, a Hartree–Fock strategy was used to determine the chemical
shifts. Geometries were fully optimized at the HF/STO-3G level and iso-
tropic chemical shifts were determined for all atoms at the same theoreti-
cal level using a double-zeta-type basis set with a polarization function
[namely 6-31G(d,p)]. As shown previously, a two-ring molecular model
could be used instead of performing calculations on the whole cholesterol
molecule.


Supramolecular models, which combine the three major (C2, C3, O3, H)
rotamer states [gauche (+), gauche (�), and anti, denoted as g+ , g�, and
anti, respectively] and the hydrogen-bonding partners of the hydroxy
group of cholesterol, were separately calculated. We calculated the
carbon chemical shift difference between each structure [dtheo


i (j,k)] and
the average over the three rotamers of pure cholesterol [dtheo


i (gaz), where
j indicates the rotamer conformation, k the type of hydrogen-bonding
partner, and dtheo(gaz) is the chemical shift of the isolated molecule with-
out hydrogen-bonding partners. This difference reflects the theoretical
effect of a specific hydrogen-bonding interaction and the conformation of
cholesterol in the “membrane” compared with cholesterol in “solution”.
For each carbon i, linear combinations of these chemical shift variations
(Ddtheo


i ) were compared with the experimental variations(Ddexp
i )[Eq. (1)


and Eq. (2)].


Ddtheo
i ¼


X
j¼gþ,g�,anti


%j
X


k¼H-bond partners


%k½dtheo
i ðj,kÞ�dtheo


i ðgazÞ� ð1Þ


Ddexp
i ¼ ½dexp


i ðmembraneÞ�dtheo
i ðCCl4Þ� ð2Þ


The coefficients (%j, %k) of the linear combinations were varied by in-
crements of 1% over all the rotameric states and all the hydrogen-bond-
ing partners. It was necessary to verify for each coefficient set thatP
j¼gþ,g�,anti


%j=100% and
P


k¼H-bond partners
%k	300%, which corresponds to


a maximum of three simultaneous hydrogen-bonding possibilities of cho-
lesterol's hydroxy group (one to H3 and two to the O3 lone pairs).


The results were then filtered according to two criteria: 1) for each
carbon, the difference between the experimental and theoretical varia-
tions must be lower than the corresponding experimental error


(jDdexp
i �Ddtheo


i j	Errtheoi ); 2) the root mean square deviation (rmsd) must
be lower than the average of all the carbon experimental errors [Eq. (3),
where n= the number of carbon atoms].


ð
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn


i¼1


ðDdexp
i �Ddtheo


i Þ2
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i¼1
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Synthesis of Spiro[5.4]decenones and Their Transformation into
Bicyclo[4.4]deca-1,4-dien-3-ones by Domino “Elimination–
Double-Wagner–Meerwein-Rearrangement” Reactions


Gopal Bose, Ehsan Ullah, and Peter Langer*[a]


Introduction


1,3-Bis-silyl enol ethers can be regarded as electroneutral
1,3-dicarbonyl dianion equivalents (masked dianions).[1,2]


They represent useful synthetic building blocks in Lewis
acid mediated transformations. In cyclization reactions, 1,3-
bis-silyl enol ethers can react as 1,3-dinucleophiles or, simi-
larly to the well-known Danishefsky diene,[3] as functional-
ized 1,3-butadienes. Chan and co-workers have reported
TiCl4-mediated [3+3] cyclizations of 1,3-bis-silyl enol ethers
with 3-silyloxyalk-2-en-1-ones and with ketals of b-ketoalde-
hydes, b-ketoesters, and b-ketocarboxylic chlorides to give
benzene derivatives.[4] In addition, the synthesis of aromatic
products by cyclization of free 1,3-dicarbonyl compounds
with 1,3-dielectrophiles has been reported.[5,6]


We have recently reported the TiCl4-mediated cyclization
of 1,3-bis-silyl enol ethers with 1,1-diacetylcyclopentane to
give spiro[5.4]decenones.[7] Treatment of these compounds
with trifluoroacetic acid (TFA) resulted in a domino rear-
rangement[8] and formation of bicyclo[4.4.0]deca-1,4-dien-3-
ones containing an angular methyl group. This type of rear-
rangement has been previously reported by Hagenbruch
and H4nig[9a] and by others.[9b–g] The bicyclo[4.4.0]decane
core structure is present in a variety of natural products,
such as steroids and the eudesmane and eremophilane ses-
quiterpenes (for example, nootkaton; Scheme 1).[10,11] The
spiro[5.4]decane skeleton also occurs in nature. This in-
cludes the spirovetivane sesquiterpenes (for example, sola-


vetivone; Scheme 1), which are biosynthetically derived
from the eudesmanes.[10] The biosynthetic pathways for the
interconversion of eudesmane, eremophilane, and the spiro-
vetivane sesquiterpenes involve Wagner–Meerwein rear-
rangements.[12–14]


We have significantly extended the preparative scope of
the methodology, with regard to our preliminary communi-
cation.[7] We have successfully developed regioselective cy-
clizations of unsymmetrical 1,1-diacylcyclopentanes, such as
1-acetyl-1-formylcyclopentane, and also studied cyclizations
of 2,2-diacetylindane, 1,1-diacetylcyclopent-3-ene, and 3,3-
dimethylpentane-2,4-dione. In addition, the mechanism of
the domino process was studied.


Results and Discussion


Our starting point was the development of conditions for
the cyclization of 3,3-dimethylpentane-2,4-dione (2) with
1,3-bis-silyl enol ether 1a. Treatment of a CH2Cl2 solution of
the starting materials with TiCl4 (2 equiv) resulted in the for-
mation of 3-hydroxycyclohex-5-en-1-one 3a (Scheme 2). The
product was formed by cyclization and subsequent extrusion
of water. The use of other Lewis acids, such as BF3·OEt2,
Me3SiOTf, or ZnCl2, was unsuccessful. Optimal yields were
obtained when the reaction was carried out at �78!20 8C.


[a] Dr. G. Bose, E. Ullah, Prof. Dr. P. Langer
Institut f4r Chemie und Biochemie
der Ernst-Moritz-Arndt Universit@t Greifswald
Soldmannstrasse 16, 17487 Greifswald (Germany)
Fax: (+49)3834-864-373
E-mail : peter.langer@uni-greifswald.de


Keywords: cyclization · domino
reactions · rearrangement · silyl
enol ethers · spiro compounds


Abstract: The [3+3] cyclization of 1,3-bis-silyl enol ethers with 1,1-diacylcyclopen-
tanes allows a convenient synthesis of spiro[5.4]decenones. Treatment of these
compounds with trifluoroacetic acid (TFA) afforded a great variety of bicy-
clo[4.4.0]deca-1,4-dien-3-ones containing an angular alkyl group. This core struc-
ture occurs in a number of pharmacologically relevant natural products.


Scheme 1. Spiro[5.4]decanes and bicyclo[4.4.0]decanes in nature.
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The use of molecular sieves (4 G) proved to be mandatory.
Treatment of a CH2Cl2 solution of 3a with TFA afforded,
after optimization of the reaction conditions, the cyclohexa-
2,5-dien-1-one 4a in 88% yield. A number of related prod-
ucts (3b–e and 4b–e) were prepared by variation of the 1,3-
bis-silyl enol ether (Table 1).


The TiCl4-mediated cyclization of 1a with 1,1-diacetylcy-
clopentane (5a), prepared by K2CO3-mediated cyclization of
acetylacetone with 1,4-dibromobutane,[9,15] afforded the hy-
droxyspiro[5.4]decenone 6a in good yield (Scheme 3). The
following parameters proved to be important during the op-
timization of this reaction: a) the choice of the Lewis acid,
b) the temperature (�78!20 8C), and c) the presence of
molecular sieves (4 G). Stirring of a TFA/CH2Cl2 solution of
6a for 72 h afforded the bicyclo[4.4.0]deca-1,4-dien-3-one 7a
in high yield. The formation of 7a can be explained as fol-
lows (Scheme 3): acid-mediated elimination of water gave
the spiroannulated cyclohexa-2,5-dien-1-one A, which was
protonated to give intermediate B. Ring enlargement by
[1,2] rearrangement gave intermediate C. Rearrangement of
the methyl group gave intermediate D and subsequent ex-


trusion of a proton afforded 7a. The rearrangement pro-
ceeded with very good regioselectivity. The formation of the
regioisomer iso-7a was not observed. The regioselectivity of
the ring enlargement (B!C) can be explained by the fact
that carbon atom C-5 of the delocalized carbocation B is
more electron-poor than carbon atom C-3, due to the prox-
imity of two electron-withdrawing carbonyl groups.
The preparative scope of our methodology was studied.


The reaction of 5a with ester-derived 1,3-bis-silyl enol
ethers 1b–e gave the spiro compounds 6b–e, which were
successfully transformed into the bicyclo[4.4.0]deca-1,4-dien-
3-ones 7b–e (Scheme 4, Table 2). The cyclization of 5a with
1,3-bis-silyl enol ethers 1 f and 1g, which contain either a
methyl or an ethyl group at the terminal carbon atom, af-
forded the spiro compounds 6 f and 6g, respectively. Treat-
ment of these compounds with TFA resulted in formation of
the bicyclo[4.4.0]decadienones 7 f and 7g containing a
methyl and an ethyl substituent, respectively. Variation of
the 1,1-diacylcyclopentane was studied next. The reaction of
1b–d with novel 1,1-dipropionylcyclopentane (5b), prepared
by cyclization of heptane-3,5-dione with 1,4-dibromobutane,
resulted in formation of spiro compounds 6h–j, which were
successfully transformed into 7h–j. The cyclization of 1,3-
bis-silyl enol ether 1c with (unsymmetrical) 1-acetyl-1-ben-
zoylcyclopentane (5c)[15d] gave the spiro[5.4]decenone 6k.


Abstract in German: Die [3+3] Cyclisierung von 1,3-Bis-Si-
lylenolethern mit 1,1-Diacylcyclopentanen ermçglicht eine ef-
fiziente Synthese von Spiro[5.4]decenonen. Durch Behand-
lung dieser Verbindungen mit Trifluoressigs)ure (TFA)
konnte eine große Bandbreite von Bicyclo[4.4.0]deca-1,4-
dien-3-onen mit angularer Alkylgruppe hergestellt werden.
Dieses Ger2stsystem tritt in einer Reihe pharmakologisch
relevanter Naturstoffe auf.


Scheme 2. Cyclization of 1,3-bis-silyl enol ethers with 3,3-dimethylpen-
tane-2,4-dione: a) 1. TiCl4 (2.0 equiv), CH2Cl2, 4 G molecular sieves
(MS), �78!20 8C; 2. H+ , H2O; b) TFA, CH2Cl2, 72 h.


Table 1. Products and yields.


3,4 R % 3[a] % 4[a]


a Me 47 88
b OMe 61 95
c OEt 63 96
d OiPr 56 90
e O(CH2)2Me 61 92


[a] Yield of isolated products. Scheme 3. Cyclization of 1,3-bis-silyl enol ether 1a with 1,1-diacetylcyclo-
pentane: a) 1. TiCl4 (2.0 equiv), CH2Cl2, 4 G MS, �78!20 8C; 2. H+ ,
H2O; b) TFA, CH2Cl2, 72 h.
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The TFA-mediated rearrangement of 6k selectively afford-
ed the bicyclo[4.4.0]decadienone 7k.
Treatment of hydroxyspiro[5.4]decenone 6c with TFA for


only 3 h (rather than for 72 h) afforded the spiro[5.4]deca-
dienone 8 in 56% yield (Scheme 5). This experiment sup-


ports the intermediacy of spiro[5.4]decadienone A in the
mechanism suggested (Scheme 3). The formation of a carbo-
cation by extrusion of water and subsequent ring enlarge-
ment (without protonation of the carbonyl group) appears
to be less likely.
Cyclization reactions of 1-acetyl-1-formylcyclopentane


(5d) were studied next. The synthesis of novel compound
5d was accomplished as follows (see the Experimental Sec-
tion). The cyclization of ethyl acetoacetate with 1,4-dibro-
mobutane afforded ethyl 1-acetylcyclopentane-1-carboxylate
(9). The keto group of 9 was protected by transformation
into a ketal (10). The ester group was reduced to an alcohol
(11), the acetal was hydrolyzed, and the alcohol (12) was


transformed into an aldehyde by application of the Swern
oxidation. This straightforward synthesis of 5d is related to
the procedure reported for the preparation of 1-acetyl-1-for-
mylcyclopropane.[16]


The cyclization of 1,3-bis-silyl enol ether 1c with 1-acetyl-
1-formylcyclopentane (5d) gave the spiro compound 13a,
which was formed by regioselective attack of the terminal
carbon atom of 1c onto the aldehyde group (Scheme 6,


Table 3). Treatment of 13a with TFA afforded a separable
mixture of the expected bicyclo[4.4.0]decadienone 14a
(43%, mechanism path B) and of the tetraline 15a (22%,
mechanism path A). The formation of 15a can be explained
by elimination of water and protonation to give intermedi-
ate E and subsequent ring enlargement and aromatization.
The regioselectivity of the ring enlargement can be ex-
plained by the higher reactivity of the secondary carbocat-
ion located at C-3 (with respect to the tertiary carbocation
located at C-5). The product 15a is formed by a rapid ring
enlargement (mechanism path A) and irreversible formation
of a stable aromatic product. The cyclization of 5d with 1,3-
bis-silyl enol ether 1a afforded 13b. Treatment of the latter
with TFA resulted in exclusive formation of the tetraline
15b in 52% yield (mechanism path A).


Scheme 4. Synthesis of 6a–k and 7a–k : a) 1. TiCl4 (2.0 equiv), CH2Cl2,
4 G MS, �78!20 8C; 2. H+ , H2O; b) TFA, CH2Cl2, 72 h.


Table 2. Products and yields.


6,7 R1 R2 R3 R4 % 6[a] % 7[a]


a H Me Me Me 67 95
b H OMe Me Me 72 98
c H OEt Me Me 78 96
d H OiPr Me Me 66 97
e H O(CH2)2OMe Me Me 53 97
f Me OMe Me Me 23[b] 92
g Et OEt Me Me 41[b] 88
h H OMe Et Et 58 83
i H OEt Et Et 53 85
j H OiPr Et Et 38 89
k H OEt Me Ph 20 91


[a] Yields of isolated products. [b] Diastereomeric mixture.


Scheme 5. Synthesis of 8 : a) TFA, CH2Cl2, 3 h.


Scheme 6. Synthesis of 13a, 13b, 14a, 15a, and 15b : a) 1. TiCl4
(2.0 equiv), CH2Cl2, 4 G MS, �78!20 8C; 2. H+ , H2O; b) TFA, CH2Cl2,
72 h.


Table 3. Products and yields.


13,14,15 R % 13[a] % 14[a] % 15[a]


a OEt 20 43 22
b Me 27 0 52


[a] Yields of isolated products.
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The reaction of 5d with 1g afforded the spiro compound
13c (Scheme 7). Treatment of the latter with TFA exclusive-
ly afforded the bicyclo[4.4.0]decadienone 14c in 60% yield
(mechanism path B). The formation of an aromatic product


15 by mechanism path A is disfavored, due to the presence
of the ethyl group at carbon atom C-2 and steric repulsion
during the ring enlargement.
Cyclization reactions of 1,1-diacetylcyclopent-3-ene (5e)


were studied next. Direct base-mediated cyclization of ace-
tylacetone with 1,4-dichlorobut-2-ene has been reported to
give mixtures of regioisomeric products.[17] Therefore, we
have developed a new synthesis of 5e. The reaction of ace-
tylacetone with allyl bromide afforded the known 3,3-dial-
lylacetylacetone, which was subsequently transformed into
5e by ring-closing metathesis (RCM) with the Grubbs cata-
lyst and Ti(OiPr)4 (F4rstner conditions).


[18] The reaction of
1,3-bis-silyl enol ethers 1b–d with 5e afforded the spiro
compounds 16a–c (Scheme 8, Table 4). Treatment of 16a–c
with TFA afforded the bicyclo[4.4.0]deca-1,4,6-trien-3-ones
17a–c. The formation of the latter can be explained by a
double Wagner–Meerwein rearrangement, as described for


7. Despite the acidic conditions, no migration of the double
bond was observed during the reaction.
The reaction of 1,3-bis-silyl enol ethers with 2,2-diacetyl-


indane (5 f), prepared by base-mediated cyclization of acetyl-
acetone with 1,2-bis(bromomethyl)benzene,[19] was studied
next (Scheme 9, Table 5). The cyclization of 1,3-bis-silyl enol


ether 1a with 5 f afforded the benzo-annulated spiro[5.4]de-
cenone 18a in good yield. Treatment of 18a with TFA af-
forded the tricyclic product 19a, which can be regarded as a
9,9a-dihydroanthracene. Due to conjugation of the enol
moiety with the aryl group, this compound resides in the
enol tautomeric form. The reaction of 1,3-bis-silyl enol
ethers 1b–e with 5 f afforded the spiro[5.4]decenones 18b–e,
which were transformed into the 9,9a-dihydroanthracenes
19b–e. The reaction of 1g with 5 f afforded 18 f. Treatment
of the latter resulted in the formation of the ethyl-substitut-
ed 9,9a-dihydroanthracene 19 f ; however, this could not be
isolated in pure form. The reaction of 1,3-bis-silyl enol ether
1b with novel 2-acetyl-2-benzoylindane (5g) afforded a sep-
arable mixture of the regioisomeric spiro[5.4]decenones 18g
(23%) and 18h (21%). These products were transformed


Scheme 7. Synthesis of 13c and 14c : a) 1. TiCl4 (2.0 equiv), CH2Cl2, 4 G
MS, �78!20 8C; 2. H+ , H2O; b) TFA, CH2Cl2, 72 h.


Scheme 8. Synthesis of 16a–c and 17a–c : a) 1. TiCl4 (2.0 equiv), CH2Cl2,
4 G MS, �78!20 8C; 2. H+ , H2O; b) TFA, CH2Cl2, 72 h.


Table 4. Products and yields.


16,17 R % 16[a] % 17[a]


a OMe 83 76
b OEt 64 76
c OiPr 59 73


[a] Yields of isolated products.


Scheme 9. Synthesis of 18a–m and 19a–l : a) 1. TiCl4 (2.0 equiv), CH2Cl2,
4 G MS, �78!20 8C; 2. H+ , H2O; b) TFA, CH2Cl2, 72 h.


Table 5. Products and yields.


18,19 R1 R2 R3 R4 % 18[a] % 19[a]


a H Me Me Me 82 82
b H OMe Me Me 86 79
c H OEt Me Me 86 86
d H OiPr Me Me 82 76
e H O(CH2)2OMe Me Me 61 85
f Et OEt Me Me 31[b] –[c]


g H OMe Me Ph 23 73
h H OMe Ph Me 21 84
i H OEt Me Ph 22 84
j H OEt Ph Me 17 83
k H OiBu Me Ph 21 83
l H OiBu Ph Me 15 73
m H OiPr Et Et 43 –[c]


[a] Yields of isolated products. [b] Diastereomeric mixture. [c] The prod-
uct could not be isolated in pure form.
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into the corresponding 9,9a-dihydroanthracenes 19g and
19h, respectively. The reaction of ethoxy- and isobutoxy-
substituted 1,3-bis-silyl enol ethers with 5g afforded separa-
ble mixtures of the regioisomers 18 i and 18 j and of the re-
gioisomers 18k and 18 l, respectively. These products were
transformed into the 9,9a-dihydroanthracenes 19 i–l. The
cyclization of 1d with novel 2,2-dipropionylindane (5h) af-
forded 18m. Treatment of the latter with TFA afforded
19m ; however, this could not be isolated in pure form.


Conclusion


The [3+3] cyclization of 1,3-bis-silyl enol ethers with 1,1-di-
acylcyclopentanes allows a convenient synthesis of spi-
ro[5.4]decenones. Treatment of these compounds with TFA
afforded a great variety of bicyclo[4.4.0]deca-1,4-dien-3-ones
containing an angular alkyl group.


Experimental Section


General : All solvents were dried by standard methods and all reactions
were carried out under an inert atmosphere. For the 1H and 13C NMR
spectra (1H NMR: 300, 600 MHz; 13C NMR: 75, 150 MHz), the deuterat-
ed solvents indicated were used. Mass spectrometry (MS) data were ob-
tained by using the electron ionization (70 eV), chemical ionization (CI,
H2O), or electrospray ionization (ESI) techniques. For preparative scale
chromatography, silica gel (60–200 mesh) was used. Melting points are
uncorrected.


Typical procedure for the preparation of 3-hydroxycyclohex-5-en-1-ones
of 3 : TiCl4 (0.22 mL, 2.00 mmol) was added dropwise to a stirred CH2Cl2
solution (100 mL) of 3,3-dimethylpentane-2,4-dione (2 ; 0.133 g,
1.04 mmol) and 1,3-bis(trimethylsilyloxy)-1,3-butadiene 1a (0.330 g,
1.35 mmol) at �78 8C under an argon atmosphere in the presence of mo-
lecular sieves (4 G; 1.0 g). The temperature of the reaction mixture was
allowed to rise to 20 8C over 6 h. The solution was stirred for an addition-
al 6 h at 20 8C. The reaction mixture was filtered and the filtrate was
poured into an aqueous solution of HCl (10%, 100 mL). The organic
layer was separated and the aqueous layer was extracted with CH2Cl2
(3N100 mL). The combined organic layers were dried (Na2SO4) and fil-
tered and the filtrate was concentrated in vacuo. The residue was purified
by column chromatography (silica gel; hexane/ethyl acetate 3:2) to give
3a as a colorless oil (0.102 g, 47%).


2-Acetyl-5-hydroxy-3,4,4,5-tetramethylcyclohex-2-enone (3a): From 1-
methyl-1,3-bis(trimethysilyloxy)buta-1,3-diene (1a ; 0.330 g, 1.35 mmol),
3,3-dimethylpentane-2,4-dione (2 ; 0.133 g, 1.04 mmol), and TiCl4
(0.22 mL, 2.00 mmol), 3a was obtained as a colorless oil (0.102 g, 47%).
Rf=0.08 (hexane/ethyl acetate 7:3);


1H NMR (200 MHz, CDCl3): d=2.65
(s, 2H; CH2), 2.33 (s, 3H; CH3), 2.05 (br, 1H; OH), 1.89 (s, 3H; CH3),
1.30 (s, 3H; CH3), 1.26 (s, 3H; CH3), 1.20 ppm (s, 3H; CH3);


13C NMR
(50 MHz, CDCl3): d=205.19, 195.06, 163.03, 138.77 (C), 75.09 (C�OH),
49.06 (CH2), 44.51 (C), 31.81, 24.51, 22.24, 20.61, 16.95 ppm (CH3); IR
(KBr): ñ=3424 (br), 2986 (m), 1719 (s), 1663 (s), 1621 (m), 1384 (m),
1243 (s), 129 (s), 1092 cm�1 (m); MS (EI, 70 eV): m/z (%)=240.5 (7)
[M+], 211.3 (10), 195.3 (34), 179.3 (14), 151.5 (30), 136.2 (100), 108.5
(22), 43.1 (14).


4-Hydroxy-2,3,3,4-tetramethyl-6-oxocyclohex-1-ene carboxylic acid
methyl ester (3b): From 1-methoxy-1,3-bis(trimethysilyloxy)buta-1,3-
diene (1b ; 0.386 g, 1.48 mmol), 3,3-dimethylpentane-2,4-dione (2 ; 0.152 g,
1.18 mmol), and TiCl4 (0.24 mL, 2.18 mmol), 3b was obtained as a color-
less solid (0.164 g, 61%). M.p. 114–115 8C; Rf=0.12 (hexane/ethyl acetate
7:3); 1H NMR (200 MHz, CDCl3): d=3.78 (s, 3H; OCH3), 2.62 (s, 2H;
CH2), 2.15 (s, 1H; OH), 1.90 (s, 3H; CH3), 1.26 (s, 3H; CH3), 1.22 (s,
3H; CH3), 1.16 ppm (s, 3H; CH3);


13C NMR (50 MHz, CDCl3): d=


193.18, 167.47, 164.33, 132.34 (C), 74.96 (C�OH), 52.05 (OCH3), 48.83


(CH2), 44.49 (C), 24.40, 22.09, 20.66, 17.68 ppm (CH3); IR (KBr): ñ=
3411 (br), 2987 (m), 1728 (s), 1661 (s), 1618 (m), 1436 (m), 1340 (m),
1225 (s), 1091 cm�1 (m); MS (EI, 70 eV): m/z (%)=226.3 (5) [M+], 211.1
(11), 194.2 (35), 179.2 (16), 151.5 (29), 136.1 (100), 107.2 (20), 43.0 (16);
elemental analysis calcd (%) for C12H18O4: C 63.70, H 8.31; found: C
63.64, H 8.39.


4-Hydroxy-2,3,3,4-tetramethyl-6-oxocyclohex-1-ene carboxylic acid ethyl
ester (3c): From 1-ethoxy-1,3-bis(trimethysilyloxy)buta-1,3-diene (1c ;
0.375 g, 1.37 mmol), 3,3-dimethylpentane-2,4-dione (2 ; 0.135 g,
1.05 mmol), and TiCl4 (0.23 mL, 2.09 mmol), 3c was obtained as a color-
less solid (0.159 g, 63%). M.p. 116–117 8C; Rf=0.12 (hexane/ethyl acetate
7:3); 1H NMR (200 MHz, CDCl3): d=4.31 (d, 2H, J=7.2 Hz; OCH2),
2.64 (s, 2H; CH2), 2.27 (s, 1H; OH), 1.95 (s, 3H; CH3), 1.33 (t, 3H, J=
7.2 Hz; CH3), 1.31 (s, 3H; CH3), 1.26 (s, 3H; CH3), 1.21 ppm (s, 3H;
CH3);


13C NMR (50 MHz, CDCl3): d=193.44, 167.19, 164.08, 132.39 (C),
74.99 (C�OH), 61.29 (OCH2), 48.71 (CH2), 44.35 (C), 24.34, 22.10, 20.59,
17.66, 14.11 ppm (CH3); IR (KBr): ñ=3424 (br), 2986 (m), 1719 (s), 1663
(s), 1621 (m), 1384 (m), 1243 (s), 129 (s), 1092 cm�1 (m); MS (EI, 70 eV):
m/z (%)=240.5 (7) [M+], 211.3 (10), 195.3 (34), 179.3 (14), 151.5 (30),
136.2 (100), 108.5 (22), 43.1 (14); elemental analysis calcd (%) for
C13H20O4: C 64.98, H 8.39; found: C 64.80, H 8.24.


4-Hydroxy-2,3,3,4-tetramethyl-6-oxocyclohex-1-ene carboxylic acid iso-
propyl ester (3d): From 1-isopropyloxy-1,3-bis(trimethysilyloxy)buta-1,3-
diene (1d ; 0.380 g, 1.32 mmol), 3,3-dimethylpentane-2,4-dione (2 ; 0.130 g,
1.01 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 3d was obtained as a color-
less solid (0.144 g, 56%). M.p. 68–69 8C; Rf=0.11 (hexane/ethyl acetate
3:2); 1H NMR (300 MHz, CDCl3): d=5.15 (sep, 1H, J=6.2 Hz; OCH),
2.62 (s, 2H; CH2), 2.30 (s, 1H; OH), 1.93 (s, 3H; CH3), 1.31 (s, 3H;
CH3), 1.25 (d, 6H, J=6.2 Hz; CH3), 1.22 (s, 3H; CH3), 1.16 ppm (s, 3H;
CH3);


13C NMR (75 MHz, CDCl3): d=193.41, 166.75, 163.45, 132.58 (C),
75.01 (C�OH), 68.93 (OCH), 48.75 (CH2), 44.30 (C), 24.33, 22.13, 21.70
(2C), 20.60, 17.45 ppm (CH3); IR (KBr): ñ=3415 (br), 2982 (m), 1723
(s), 1658 (s), 1619 (m), 1461 (m), 1356 (s), 1226 (s), 1096 cm�1 (s); MS
(EI, 70 eV): m/z (%)=254.6 (17) [M+], 211.4 (77), 195.3 (69), 169.2 (65),
151.8 (44), 136.3 (100), 108.5 (24), 43.1 (52); elemental analysis calcd (%)
for C14H22O4 (254.33): C 66.11, H 6.81; found: C 65.93, H 9.38.


4-Hydroxy-2,3,3,4-tetramethyl-6-oxocyclohex-1-ene carboxylic acid 2-me-
thoxyethyl ester (3e): From 1-(2-methoxy)ethoxy-1,3-bis(trimethysilyl-
oxy)buta-1,3-diene (1e ; 0.401 g, 1.32 mmol), 3,3-dimethylpentane-2,4-
dione (2 ; 0.135 g, 1.05 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 3e was ob-
tained as a colorless solid (0.164 g, 61%). M.p. 78–88 8C; Rf=0.11
(hexane/ethyl acetate 1:1); 1H NMR (300 MHz, CDCl3): d=4.39 (t, 2H,
J=4.8 Hz; OCH2), 3.64 (t, 2H, J=4.8 Hz; OCH2), 3.38 (s, 3H; OCH3),
2.61 (s, 2H; CH2), 2.29 (s, 1H; OH), 1.96 (s, 3H; CH3), 1.29 (s, 3H;
CH3), 1.26 (s, 3H; CH3), 1.19 ppm (s, 3H; CH3);


13C NMR (50 MHz,
CDCl3): d=193.31, 167.07, 164.57, 132.08 (C), 74.92 (C�OH), 70.22,
63.92 (OCH2), 58.75 (OCH3), 48.72 (CH2), 44.42 (C), 24.33, 22.02, 20.62,
17.66 ppm (CH3); IR (KBr): ñ=3402 (br), 2987 (m), 1727 (s), 1660 (s),
1619 (m), 1456 (m), 1382 (s), 1245 (s), 1091 cm�1 (s); MS (EI, 70 eV):
m/z (%)=270.5 (18) [M+], 211.3 (40), 194.5 (79), 179.2 (41), 151.8 (68),
136.6 (100), 108.5 (32), 43.1 (37); elemental analysis calcd (%) for
C14H22O5 (270.33): C 62.20, H 8.20; found: C 62.35, H 8.59.


Typical procedure for the preparation of cyclohexa-2,5-dien-1-ones of 4 :
TFA (0.4 mL, 5.2 mmol) was added dropwise to a stirred CH2Cl2 solution
(0.4 mL) of 3a (0.065 g, 0.31 mmol) at 20 8C. The solution was stirred for
72 h until all starting material disappeared (TLC control). The solvent
and TFA were removed in vacuo and the residue was purified by column
chromatography (silica gel; hexane/ethyl acetate 7:3) to give 4a as a col-
orless oil (0.052 g, 88%).


2-Acetyl-3,4,4,5-tetramethylcyclohexa-2,5-dienone (4a): From 3a
(0.065 g, 0.31 mmol), 4a was obtained as a colorless oil (0.052 g, 88%).
Rf=0.23 (hexane/ethyl acetate 7:3);


1H NMR (300 MHz, CDCl3): d=6.12
(d, 1H, J=1.2 Hz; =CH), 2.37 (s, 3H; CH3), 2.05 (d, 3H, J=1.2 Hz;
CH3), 1.96 (s, 3H; CH3), 1.29 ppm (s, 6H; CH3);


13C NMR (75 MHz,
CDCl3): d=205.32, 183.14, 165.71, 160.60, 139.12 (C), 126.40 (CH), 42.96
(C), 31.72, 24.51 (2C), 19.93, 16.17 ppm (CH3); IR (KBr): ñ=1734 (s),
1664 (s), 1623 (s), 1386 (m), 1250 (s), 1048 (m), 888 cm�1 (w); MS (EI,
70 eV): m/z (%)=192.2 (2) [M+], 177.1 (100), 162.1 (5), 149.1 (11), 135.1
(9), 121.1 (8), 91.1 (7), 43.1 (13). The exact molecular mass for C12H16O2:
m/z=192.1150�2 mD was confirmed by HRMS (EI, 70 eV).
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2,3,3,4-Tetramethyl-6-oxocyclohexa-1,4-dienecarboxylic acid methyl ester
(4b): From 3b (0.075 g, 0.33 mmol), 4b was obtained as a colorless oil
(0.065 g, 95%). Rf=0.18 (hexane/ethyl acetate 7:3);


1H NMR (300 MHz,
CDCl3): d=6.07 (d, 1H, J=1.2 Hz; =CH), 3.79 (s, 3H; OCH3), 1.99 (d,
3H, J=1.2 Hz; CH3), 1.97 (s, 3H; CH3), 1.23 ppm (s, 6H; CH3);
13C NMR (75 MHz, CDCl3): d=181.43, 167.55, 165.32, 161.73, 132.72 (C),
125.92 (CH), 52.05 (CH3), 42.69 (C), 24.33 (2C), 19.80, 16.82 ppm (CH3);
IR (KBr): ñ=1739 (s), 1662 (s), 1627 (s), 1390 (m), 1250 (s), 1048 (m),
870 cm�1 (w); MS (EI, 70 eV): m/z (%)=208.2 (100) [M+], 193.1, 177.1,
149.1, 121.1, 91.1. The exact molecular mass for C12H16O3: m/z=
208.1099�2 mD was confirmed by HRMS (EI, 70 eV).


2,3,3,4-Tetramethyl-6-oxocyclohexa-1,4-dienecarboxylic acid ethyl ester
(4c): From 3c (0.070 g, 0.29 mmol), 4c was obtained as a colorless oil
(0.062 g, 96%). Rf=0.22 (hexane/ethyl acetate 7:3);


1H NMR (300 MHz,
CDCl3): d=6.11 (d, 1H, J=1.3 Hz; =CH), 4.32 (d, 2H, J=7.1 Hz;
OCH2), 2.03 (d, 3H, J=1.3 Hz; CH3), 2.01 (s, 3H; CH3), 1.32 (t, 3H, J=
7.1 Hz; CH3), 1.28 ppm (s, 6H; CH3);


13C NMR (75 MHz, CDCl3): d=
181.59, 167.18, 165.27, 161.30, 132.99 (C), 126.07 (CH), 61.18 (OCH2),
42.69 (C), 24.40 (2C), 19.86, 16.71, 14.11 ppm (CH3); IR (neat): ñ=2982
(w), 1733 (s), 1665 (s), 1632 (s), 1389 (m), 1244 (s), 1048 (s), 878 cm�1


(w); MS (EI, 70 eV): m/z (%)=222.2 (98) [M+], 207.2 (34), 177.1 (100),
149.1 (87), 135.1 (45), 121.1 (65), 105.5 (41), 91.1 (35). The exact molecu-
lar mass for C13H18O3: m/z=222.1256�2 mD was confirmed by HRMS
(EI, 70 eV).


2,3,3,4-Tetramethyl-6-oxocyclohex-1,4-dienecarboxylic acid isopropyl
ester (4d): From 3d (0.066 g, 0.26 mmol), 4d was obtained as a colorless
oil (0.055 g, 90%). Rf=0.23 (hexane/ethyl acetate 7:3); 1H NMR
(300 MHz, CDCl3): d=6.12 (d, 1H, J=1.2 Hz; =CH), 5.23 (sep, 1H, J=
6.3 Hz; OCH), 2.05 (d, 3H, J=1.2 Hz; CH3), 2.04 (s, 3H; CH3), 1.32 (d,
6H, J=6.3 Hz; CH3), 1.27 ppm (s, 6H; CH3);


13C NMR (75 MHz,
CDCl3): d=181.43, 166.56, 165.14, 160.69, 132.99 (C), 125.91 (CH), 68.57
(OCH), 42.49 (C), 24.23 (2C), 21.55 (2C), 19.65, 16.32 ppm (CH3); IR
(neat): ñ=2982 (w), 1731 (s), 1667 (s), 1627 (s), 1386 (m), 1249 (s),
1039 cm�1 (s); MS (EI, 70 eV): m/z (%)=236.0 (42) [M+], 220.9 (10),
177.1 (100), 149.1 (56), 135.1 (44), 121.1 (29), 91.0 (31), 43.1 (87). The
exact molecular mass for C14H20O3: m/z=236.1412�2 mD was confirmed
by HRMS (EI, 70 eV).


2,3,3,4-Tetramethyl-6-oxocyclohex-1,4-dienecarboxylic acid 2-methoxy-
ethyl ester (4e): From 3e (0.080 g, 0.29 mmol), 4e was obtained as a col-
orless oil (0.068 g, 92%). Rf=0.18 (hexane/ethyl acetate 7:3);


1H NMR
(300 MHz, CDCl3): d=6.13 (d, 1H, J=1.2 Hz; =CH), 4.44 (m, 2H;
OCH2), 3.67 (m, 2H; OCH2), 3.39 (s, 3H; OCH3), 1.31 (s, 6H; CH3),
1.05 ppm (s, 6H; CH3);


13C NMR (75 MHz, CDCl3): d=181.31, 167.10,
165.08, 161.53, 132.77 (C), 126.05 (CH), 70.26, 63.84 (OCH2), 58.76
(OCH3), 42.68 (C), 24.36 (2C), 19.80, 16.69 ppm (CH3); IR (KBr): ñ=
1734 (s), 1664 (s), 1623 (s), 1386 (m), 1250 (s), 1048 (m), 888 cm�1 (w);
MS (EI, 70 eV): m/z (%)=252.0 (26) [M+], 237.0 (12), 195.0 (27), 177.0
(100), 148.3 (29), 58.5 (44), 28.1 (29). The exact molecular mass for
C14H20O4: m/z=252.1362�2 mD was confirmed by HRMS (EI, 70 eV).


Typical procedure for the preparation of spiro[5.4]decenones 6, 13, 16,
and 18 : TiCl4 (0.22 mL, 2.00 mmol) was added dropwise to a stirred
CH2Cl2 solution (100 mL) of 1,1-diacetylcyclopentane (5a ; 0.160 g,
1.04 mmol) and 1,3-bis(trimethylsilyloxy)-1,3-butadiene (1a ; 0.380 g,
1.54 mmol) at �78 8C under an argon atmosphere in the presence of mo-
lecular sieves (4 G; 1.0 g). The temperature of the reaction mixture was
allowed to rise to 20 8C over 6 h. The solution was stirred for additional
6 h at 20 8C. The reaction mixture was filtered and the filtrate was
poured into an aqueous solution of HCl (10%, 100 mL). The organic
layer was separated and the aqueous layer was extracted with CH2Cl2
(3N100 mL). The combined organic layers were dried (Na2SO4) and fil-
tered and the filtrate was concentrated in vacuo. The residue was purified
by column chromatography (silica gel; hexane/ethyl acetate 7:3) to give
6a as colorless crystals (0.164 g, 67%).


7-Acetyl-10-hydroxy-6,10-dimethylspiro[5,4]dec-6-en-8-one (6a): From 1-
methyl-1,3-bis(trimethylsilyloxy)buta-1,3-diene (1a ; 0.380 g, 1.54 mmol),
1,1-diacetylcyclopentane (5a ; 0.160 g, 1.04 mmol), and TiCl4 (0.22 mL,
2.00 mmol), 6a was obtained as colorless crystals (0.164 g, 67%). M.p.
80–81 8C; Rf=0.11 (hexane/ethyl acetate 7:3); 1H NMR (200 MHz,
CDCl3): d=2.60 (br, 2H; CH2), 2.30 (br, 1H; OH), 2.25 (s, 3H; CH3),
1.86 (s, 3H; CH3), 1.73 (br, 8H; CH2), 1.21 ppm (s, 3H; CH3);


13C NMR


(50 MHz, CDCl3): d=205.44, 195.65, 163.68, 137.63 (C), 75.40 (C�OH),
56.26 (C), 49.95, 32.93 (2C, CH2), 31.75 (CH3), 28.22 (2C, CH2), 24.89,
17.04 ppm (CH3); IR (KBr): ñ=3414 (s), 2959 (m), 1704 (s), 1652 (s),
1603 (m), 1383 (m), 1344 (m), 1191 cm�1 (m); MS (EI; 70 eV): m/z (%)=
236.2 (26) [M+], 218.0 (64), 193.1 (60), 149.1 (100), 43.0 (89); elemental
analysis calcd (%) for C14H20O3: C 71.15, H 8.53; found: C 71.31, H 8.53.


10-Hydroxy-6,10-dimethyl-8-oxo-spiro[4,5]dec-6-ene-7-carboxylic acid
methyl ester (6b): From 1-methoxy-1,3-bis(trimethylsilyloxy)buta-1,3-
diene (1b ; 0.390 g, 1.5 mmol), 1,1-diacetylcyclopentane (5a ; 0.156 g,
1.0 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 6b was obtained as colorless
crystals (0.184 g, 72%). M.p. 106–107 8C; Rf=0.23 (hexane/ethyl acetate
3:2); 1H NMR (300 MHz, CDCl3): d=3.82 (s, 3H; OCH3), 2.65 (br, 2H;
CH2), 2.22 (br, 1H; OH), 1.99 (br, 2H; CH2), 1.98 (s, 3H; CH3), 1.76 (br,
6H; CH2), 1.27 ppm (s, 3H; CH3);


13C NMR (75 MHz, CDCl3): d=


193.83, 167.66, 164.91, 131.25 (C), 75.34 (C�OH), 56.13 (C), 52.20
(OCH3), 49.64, 32.98 (2C), 28.23 (2C, CH2), 24.86, 17.88 ppm (CH3); IR
(KBr): ñ=3431 (s), 2961 (s), 1730 (s), 1663 (s), 1620 (s), 1344 (m), 1385
(s), 1231 (s), 1203 (s), 863 cm�1 (w); MS (EI, 70 eV): m/z (%)=252.3 (4)
[M+], 220.2 (16), 162.1 (100), 134.1 (52), 91.1 (54), 43.0 (72); elemental
analysis calcd (%) for C14H20O4: C 66.64, H 7.99; found: C 66.58, H 8.23.


10-Hydroxy-6,10-dimethyl-8-oxo-spiro[4,5]dec-6-ene-7-carboxylic acid
ethyl ester (6c): From 1-ethoxy-1,3-bis(trimethylsilyloxy)buta-1,3-diene
(1c ; 0.415 g, 1.5 mmol), 1,1-diacetylcyclopentane (5a ; 0.154 g, 1.0 mmol),
and TiCl4 (0.22 mL, 2.00 mmol), 6c was obtained as colorless crystals
(0.208 g, 78%). M.p. 107–108 8C; Rf=0.35 (hexane/ethyl acetate 1:1);
1H NMR (300 MHz, CDCl3): d=4.29 (q, 2H, J=7.2 Hz; OCH2), 2.64 (br,
2H; CH2), 2.16 (br, 2H; CH2), 1.98 (s, 3H; CH3), 1.88 (br, 1H; OH),
1.76 (br, 6H; CH2), 1.32 (t, 3H, J=7.2 Hz; CH3), 1.26 ppm (s, 3H; CH3);
13C NMR (75 MHz, CDCl3): d=194.15, 167.54, 164.61, 131.72 (C), 75.68
(C�OH), 61.53 (OCH2), 56.35 (C), 49.95, 33.54 (2C), 28.50 (2C, CH2),
25.11, 17.98, 14.40 ppm (CH3); IR (KBr): ñ=3410 (s), 2966 (s), 1724 (s),
1663 (s), 1619 (s), 1470 (m), 1385 (s), 1342 (s), 1237 (s), 1205 (s), 1089 (s),
1026 cm�1 (m); MS (EI, 70 eV): m/z (%)=266.3 (9) [M+], 220.2 (52),
162.2 (100), 134.1 (33); elemental analysis calcd (%) for C15H22O4: C
67.64, H 8.32; found: C 67.38, H 8.45.


10-Hydroxy-6,10-dimethyl-8-oxo-spiro[4,5]dec-6-ene-7-carboxylic acid
isopropyl ester (6d): From 1-isopropoxy-1,3-bis(trimethylsilyloxy)buta-
1,3-diene (1d ; 0.430 g, 1.5 mmol) and 1,1-diacetylcyclopentane (5a ;
0.154 g, 1.0 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 6d was obtained as a
colorless oil (0.185 g, 66%). Rf=0.17 (hexane/ethyl acetate 7:3);
1H NMR (300 MHz, CDCl3): d=5.18 (sep, 1H, J=6.3 Hz; OCH), 2.63
(br, 2H; CH2), 2.37 (br, 2H; CH2), 1.97 (s, 3H; CH3), 1.95 (br, 1H; OH),
1.75 (br, 6H; CH2), 1.32 (s, 3H; CH3), 1.28 ppm (d, 6H, J=6.3 Hz; CH3);
13C NMR (75 MHz, CDCl3): d=193.97, 166.88, 163.89, 131.55 (C), 75.29
(C�OH), 68.84 (OCH), 56.01 (C), 49.66, 32.77 (2C), 28.19 (2C, CH2),
24.75, 21.67 (2C), 17.47 ppm (CH3); IR (KBr): ñ=3460 (br), 2977 (s),
1728 (s), 1671 (s), 1619 (m), 1379 (m), 1248 (s), 1108 cm�1 (m); MS (EI,
70 eV): m/z (%)=280.3 (5) [M+], 237.2 (22), 220.2 (20), 195.2 (12), 178.2
(11), 162.1 (100), 134.1 (17), 43.0 (16); elemental analysis calcd (%) for
C16H24O4: C 68.54, H 8.62; found: C 67.38 H 8.97. The exact molecular
mass for C16H24O4: m/z=280.1675�2 mD was confirmed by HRMS (EI,
70 eV).


10-Hydroxy-6,10-dimethyl-8-oxo-spiro[4,5]dec-6-ene-7-carboxylic acid 2-
methoxyethyl ester (6e): From 1-(2-methoxy)ethoxy-1,3-bis(trimethylsi-
lyloxy)buta-1,3-diene (1e ; 0.455 g, 1.5 mmol), 1,1-diacetylcyclopentane
(5a ; 0.154 g, 1.0 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 6e was obtained
as a colorless oil (0.156 g, 53%). Rf=0.21 (hexane/ethyl acetate 1:1);
1H NMR (300 MHz, CDCl3): d=4.37 (t, 2H, J=6.0 Hz; OCH2), 3.62 (t,
2H, J=6.0 Hz; OCH2), 3.36 (s, 3H; OCH3), 2.62 (br, 2H; CH2), 2.09 (br,
2H; CH2), 2.00 (s, 3H; CH3), 1.95 (br, 1H; OH), 1.73 (br, 6H; CH2),
1.22 ppm (s, 3H; CH3);


13C NMR (75 MHz, CDCl3): d=193.76, 167.16,
164.91, 134.13 (C), 75.38 (C�OH), 70.23, 63.90 (OCH2), 58.76 (OCH3),
56.12 (C), 49.26, 32.82 (2C), 28.25 (2C, CH2), 24.81, 17.71 ppm (CH3); IR
(neat): ñ=3462 (br), 2973 (s), 1733 (s), 1666 (s), 1621 (m), 1382 (s), 1253
(s), 1108 cm�1 (m); MS (EI, 70 eV): m/z (%)=295.6 (8) [M+], 219.7 (77),
177.9 (46), 162.0 (100), 133.9 (76), 90.9 (28), 43.1 (28). The exact molecu-
lar mass for C16H24O5: m/z=296.1624�2 mD was confirmed by HRMS
(EI, 70 eV).


10-Hydroxy-6,9,10-trimethyl-8-oxo-spiro[4,5]dec-6-ene-7-carboxylic acid
methyl ester (6 f) (major isomer): From 1-methoxy-1,3-bis(trimethylsi-


C 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 6015 – 60286020


FULL PAPER P. Langer et al.



www.chemeurj.org





lyloxy)penta-1,3-diene (1 f ; 0.410 g, 1.5 mmol), 1,1-diacetylcyclopentane
(5a ; 0.157 g, 1.0 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 6 f was obtained
as a colorless oil (0.061 g, 23%). Rf=0.23 (hexane/ethyl acetate 3:2);
1H NMR (300 MHz, CDCl3): d=3.36 (s, 3H; OCH3), 2.88 (q, 1H, J=
6.9 Hz; CH), 2.08 (s, 3H; CH3), 1.96–1.92 (m, 3H; OH, CH2), 1.41–1.21
(m, 6H; CH2), 1.20 (d, 3H, J=7.2 Hz; CH3), 1.08 ppm (s, 3H; CH3);
13C NMR (75 MHz, CDCl3): d=196.32, 168.60, 163.67, 131.13 (C), 75.38
(C�OH), 57.23 (C), 52.42 (OCH3), 49.48 (CH), 33.37 (2C), 28.60 (2C,
CH2), 17.71, 16.88, 14.09 ppm (CH3); IR (neat): ñ=3462 (br), 2973 (s),
1733 (s), 1666 (s), 1621 (m), 1382 (s), 1253 (s), 1108 cm�1 (m); MS (EI,
70 eV): m/z (%)=266.5 (2) [M+], 234.4 (15), 192.3 (23), 162.2 (100),
134.2 (60), 91.2 (28), 43.0 (58). The exact molecular mass for C15H22O4:
m/z=266.1519�2 mD was confirmed by HRMS (EI, 70 eV).


9-Ethyl-10-hydroxy-6,10-dimethyl-8-oxo-spiro[4,5]dec-6-ene-7-carboxylic
acid ethyl ester (6g): From 1-ethoxy-1,3-bis(trimethylsilyloxy)hexa-1,3-
diene (1g ; 0.380 g, 1.56 mmol), 1,1-diacetylcyclopentane (5a ; 0.160 g,
1.04 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 6g was obtained as a color-
less oil (0.100 g, 41%). Rf=0.23 (hexane/ethyl acetate 3:2); 1H NMR
(300 MHz, CDCl3): d=4.27 (q, 2H, J=7.2 Hz; OCH2), 2.60–2.40 (m, 1H;
CH), 2.10 (br, 1H; OH), 1.94 (s, 3H; CH3), 1.92–1.40 (m, 10H; CH2),
1.31 (t, 3H, J=7.2 Hz; CH3), 1.08 (t, 3H, J=7.5 Hz; CH3), 1.06 ppm (s,
3H; CH3);


13C NMR (75 MHz, CDCl3): d=196.43, 167.44, 162.37, 131.58
(C), 61.13 (CH), 57.44 (C), 57.10 (CH2), 33.36, 31.89, 28.72, 27.20, 19.55,
17.42, 16.44, 14.63, 14.10, 11.01 ppm; IR (neat): ñ=3515 (s), 2976 (s),
2875 (m), 1732 (s), 1670 (s), 1622 (m), 1457 (m), 1382 (m), 1257 (m),
1210 (m), 1112 (s), 1023 cm�1 (m); MS (EI; 70 eV): m/z (%)=294.5 (6)
[M+], 265.5 (76), 219.3 (45), 162.2 (100), 134.2 (75), 43.0 (52). The exact
molecular mass for C17H26O4: m/z=294.1831�2 mD was confirmed by
HRMS (EI, 70 eV).


6,10-Diethyl-10-hydroxy-8-oxo-spiro[4,5]dec-6-ene-7-carboxylic acid
methyl ester (6h): From 1-methoxy-1,3-bis(trimethylsilyloxy)buta-1,3-
diene (1b ; 0.180 g, 0.69 mmol), 1,1-dipropionylcyclopentane (5b ; 0.097 g,
0.53 mmol), and TiCl4 (0.12 mL, 1.09 mmol), 6h was obtained as a color-
less oil (0.086 g, 58%). Rf=0.22 (hexane/ethyl acetate 7:3); 1H NMR
(300 MHz, CDCl3): d=3.77 (s, 3H; OCH3), 2.63 (br, 2H; CH2), 2.30–2.22
(br, 2H; CH2), 2.12 (br, 1H; OH), 1.93–1.53 (br, 10H; CH2), 1.13 (t, 3H,
J=7.5 Hz; CH3), 0.87 ppm (t, 3H, J=7.2 Hz; CH3);


13C NMR (75 MHz,
CDCl3): d=194.20, 170.99, 167.75, 131.39 (C), 75.33 (C�OH), 57.53 (C),
52.08 (OCH3), 44.08, 40.62 (CH2), 29.63 (2C), 27.20 (2C), 24.62 (CH2),
14.48, 7.38 ppm (CH3); IR (neat): ñ=3496 (br), 2971 (s), 2875 (m), 1735
(s), 1666 (s), 1606 (w), 1436 (m), 1342 (m), 1228 (m), 1082 cm�1 (m); MS
(EI; 70 eV): m/z (%)=280.4 (10) [M+], 248.4 (50), 192.2 (62), 176.3
(100), 147.6 (41), 120.5 (48), 91.1 (41), 29.0 (44). The exact molecular
mass for C16H24O4: m/z=280.1675�2 mD was confirmed by HRMS (EI,
70 eV).


6,10-Diethyl-10-hydroxy-8-oxo-spiro[4,5]dec-6-ene-7-carboxylic acid ethyl
ester (6 i): From 1-ethoxy-1,3-bis(trimethylsilyloxy)buta-1,3-diene (1b ;
0.415 g, 1.60 mmol), 1,1-dipropionylcyclopentane (5b ; 0.193 g,
1.06 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 6 i was obtained as a color-
less oil (0.167 g, 56%). Rf=0.28 (hexane/ethyl acetate 7:3); 1H NMR
(300 MHz, CDCl3): d=4.30 (dq, 2H, J=7.2, 1.5 Hz; OCH2), 2.67 (br,
2H; CH2), 2.40–2.30 (br, 4H; CH2), 2.04 (br, 1H; OH), 1.94–1.59 (br,
8H; CH2), 1.31 (t, 3H, J=7.2 Hz; CH3), 1.17 (t, 3H, J=7.5 Hz; CH3),
0.91 ppm (t, 3H, J=7.2 Hz; CH3);


13C NMR (75 MHz, CDCl3): d=


194.20, 170.99, 167.75, 131.39 (C), 75.33 (C�OH), 57.53 (C), 52.08
(OCH3), 44.08, 40.62 (CH2), 29.63 (2C), 27.20 (2C), 24.62 (CH2), 14.48,
7.38 ppm (CH3); IR (neat): ñ=3496 (br), 2971 (s), 2875 (m), 1735 (s),
1666 (s), 1606 (w), 1436 (m), 1342 (m), 1228 (m), 1082 cm�1 (m); MS (EI;
70 eV): m/z (%)=294.2 (10) [M+], 248.2 (25), 219.0 (16), 192.1 (26),
176.1 (100), 91.0 (14), 29.0 (35). The exact molecular mass for C17H26O4:
m/z=294.1813�2 mD was confirmed by HRMS (EI, 70 eV).


6,10-Diethyl-10-hydroxy-8-oxo-spiro[4,5]dec-6-ene-7-carboxylic acid iso-
propyl ester (6 j): From 1-isopropoxy-1,3-bis(trimethylsilyloxy)buta-1,3-
diene (1d ; 0.475 g, 1.65 mmol), 1,1-dipropionylcyclopentane (5b ; 0.200 g,
1.10 mmol), and TiCl4 (0.24 mL, 2.20 mmol), 6 j was obtained as a color-
less solid (0.179 g, 53%). M.p. 96–97 8C; Rf=0.34 (hexane/ethyl acetate
7:3); 1H NMR (300 MHz, CDCl3): d=5.18 (sep, 1H, J=6.3 Hz; OCH),
2.65 (br, 2H; CH2), 2.36–1.56 (m, 13H; OH, CH2), 1.30 (d, 6H, J=
6.3 Hz; CH3), 1.19 (t, 3H, J=7.5 Hz; CH3), 0.88 ppm (t, 3H, J=7.2 Hz;
CH3);


13C NMR (75 MHz, CDCl3): d=194.39, 169.99, 167.06, 132.11 (C),
75.33 (C�OH), 68.95 (OCH), 57.72 (C), 45.19, 28.07, 36.48 (2C), 28.48,


27.36, 24.64 (CH2), 21.85 (2C), 14.72, 7.63 ppm (CH3); IR (neat): ñ=
3462 (br), 2975 (s), 1725 (s), 1698 (s), 1667 (s), 1612 (m), 1450 (m), 1102
(s), 827 cm�1 (m); MS (EI; 70 eV): m/z (%)=308.1 (10) [M+], 265.2
(19), 248.1 (22), 192.1 (22), 176.1 (100), 43.1 (14); elemental analysis
calcd (%) for C18H28O4: C 70.10, H 9.19; found: C 69.92, H 9.68.


10-Hydroxy-10-methyl-8-oxo-6-phenylspiro[4,5]dec-6-ene-7-carboxylic
acid ethyl ester (6k): From 1-ethoxy-1,3-bis(trimethylsilyloxy)buta-1,3-
diene (1b ; 0.415 g, 1.50 mmol), 1-acetyl-1-benzoylcyclopentane (5c ;
0.216 mg, 1.00 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 6k was obtained
as a colorless oil (0.125 g, 38%). Rf=0.28 (hexane/ethyl acetate 3:2);
1H NMR (300 MHz, CDCl3): d=7.38–7.18 (m, 5H; ArH), 3.85 (q, 2H,
J=7.2 Hz; OCH2), 2.90–2.70 (m, 4H; CH2), 2.07 (br, 1H; OH), 1.98–1.86
(m, 4H; CH2), 1.55–1.42 (m, 2H; CH2), 1.39 (s, 3H; CH3), 0.81 ppm (t,
3H, J=7.2 Hz; CH3);


13C NMR (75 MHz, CDCl3): d=194.63, 166.16
(2C), 136.50, 132.25 (C), 128.03 (2C), 127.83, 127.55 (2C, CH), 75.72 (C�
OH), 60.88 (OCH2), 57.17 (C), 50.07, 33.15 (2C), 27.25, 27.03 (CH2),
24.83, 13.58 ppm (CH3); IR (neat): ñ=3542 (m), 2953 (m), 1727 (s), 1677
(s), 1612 (m), 1341 (m), 1234 (s), 704 cm�1 (w); MS (EI, 70 eV): m/z
(%)=328.4 (6) [M+], 282.8 (33), 224.6 (100), 104.8 (40), 43.1 (76), 28.1
(53). The exact molecular mass for C20H24O4: m/z=328.1675�2 mD was
confirmed by HRMS (EI, 70 eV).


10-Hydroxy-6-methyl-8-oxospiro[4.5]dec-6-en-7-carboxylic acid ethyl
ester (13a): From 1-acetyl-1-formylcyclopentane (5d ; 0.200 g,
1.42 mmol), 1-ethoxy-1,3-bis(trimethylsilyloxy)buta-1,3-diene (0.585 g,
2.13 mmol), and TiCl4 (0.31 mL, 2.84 mmol), 13a was obtained as a
yellow oil (0.068 g, 20%). 1H NMR (300 MHz, CDCl3): d=4.30 (q, 2H,
J=7.2 Hz; OCH2), 3.49 (br, 1H, J=6.9 Hz; CHOH), 2.79 (dd, 1H, J=
16.8, 3.7 Hz; CH2), 2.63 (dd, 1H, J=16.8, 7.2 Hz; CH2), 2.04 (s, 1H;
OH), 1.96 (s, 3H; CH3), 1.81–1.77 (m, 8H; CH2), 1.32 ppm (t, 3H, J=
7.2 Hz; CH3);


13C NMR (75 MHz, CDCl3): d=193.0, 167.12, 162.55,
132.54 (C), 72.85 (CH), 61.30 (CH2), 52.57 (C), 43.04, 35.36, 32.48, 27.36,
27.01 (CH2), 17.69, 14.16 ppm (CH3); IR (neat): ñ=3430 (br), 2959 (m),
1729.2 (s), 1666 (s), 1614 (m), 1378 (m), 1239 (m), 1090 cm�1 (m); MS
(EI, 70 eV): m/z (%)=252.0 (7) [M++1], 206.0 (19), 161.9 (83), 134.1
(30), 82.1 (33), 68.0 (67), 43.1 (53), 28.1 (100); elemental analysis calcd
(%) for C14H19O4: C 66.93, H 7.5; found: C 66.05, H 8.53.


7-Acetyl-10-hydroxy-10-methylspiro[5,4]dec-6-en-8-one (13b): From 1-
acetyl-1-formylcyclopentane (5d ; 0.150 g, 1.07 mmol), 2,4-bis-trimethylsi-
lyloxypenta-1,3-diene (0.391 g, 1.60 mmol), and TiCl4 (0.23 mL,
2.14 mmol), 13b was obtained as a yellow oil (0.064 g, 27%). 1H NMR
(300 MHz, CDCl3): d=3.96 (br, 1H; CHOH), 2.78 (dd, 1H, J=16.5,
3.6 Hz; CH2), 2.61 (dd, 1H, J=16.8, 6.9 Hz; CH2), 2.32 (s, 3H; CH3),
2.09–2.01 (m, 3H; CH2, OH), 1.90 (s, 3H; CH3), 1.85–1.75 ppm (m, 6H;
CH2);


13C NMR (75 MHz, CDCl3); d=205.48, 195.08, 161.81, 138.68 (C),
72.74 (CH), 52.72 (C), 43.25, 33.41, 32.65 (CH2), 31.77 (CH3), 27.30, 26.81
(CH2), 17.05 ppm (CH3); IR (neat): ñ=3461 (br), 2960 (m), 1703 (s),
1664 (s), 1355 (s), 1215 (m), 1074 cm�1 (m); MS (EI, 70 eV): m/z (%):
223.0 (9) [M++1], 222.0 (51) [M+], 181.0 (100), 163 (38), 149.1 (81), 122
(40), 43.1 (97), 29.0 (7); elemental analysis calcd (%) for C13H18O3: C
70.27, H 8.62; found: C 69.00, H 8.10.


9-Ethyl-10-methyl-8-oxospiro[5,4,0]deca-6,9-diene-7-carboxylic acid
(13c): From 1-acetyl-1-formylcyclopentane (5d ; 0.150 g, 1.07 mmol), 1,3-
bis(trimethylsilyloxy)buta-1,3-diene (0.485 g, 1.60 mmol), and TiCl4
(0.23 mL, 2.14 mmol), 13c was obtained as a colorless oil (56 mg, 20%).
1H NMR (300 MHz, CDCl3): d=6.47 (s, 1H; =CH), 4.33 (q, 2H, J=
7.2 Hz; OCH2), 2.54–2.42 (m, 1H; CH2), 2.38–2.37 (m, 3H; CH2), 2.05–
1.95 (m, 1H; CH2), 1.87–1.81 (m, 1H; CH2), 1.73–1.67 (m, 2H; CH2),
1.43–1.35 (m, 2H; CH2), 1.34 (t, 3H, J=7.2 Hz; CH3), 1.28 (s, 3H; CH3),
1.07 ppm (t, 3H, J=7.5 Hz; CH3);


13C NMR (75 MHz, CDCl3): d=


182.98, 167.35, 162.83 (C), 151.30 (CH), 137.64, 130.67 (C) 61.14 (CH2),
40.02 (C), 38.72, 29.40, 27.59 (CH2) 23.16 (CH3), 21.75, 20.70 (CH2),
14.18, 12.36 ppm (CH3); IR (neat): ñ=3440 (br), 2960 (m); 1730 (s), 1670
(s), 1365 (s), 1237 (m), 1092 cm�1 (m); MS (EI, 70 eV): m/z (%)=262.1
(25) [M+], 217.1 (29), 201.1 (55), 189.1 (100), 161.1 (21), 29.0 (10). The
exact molecular mass for C16H22O3: m/z=262.1570�2 mD was confirmed
by HRMS (EI, 70 eV).


10-Hydroxy-6,10-dimethyl-8-oxo-spiro[4,5]deca-2,6-diene-7-carboxylic
acid methyl ester (16a): From 1-(1-acetylcyclopent-3-enyl)ethanone (5e ;
0.155 g, 1.02 mmol), 1-methoxy-1,3-bis(trimethylsilyloxy)buta-1,3-diene
(1b ; 0.400 g, 1.53 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 16a was ob-
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tained as a colorless solid (0.211 g, 83%). M.p. 123–124 8C; Rf=0.22
(hexane/ethyl acetate 7:3); 1H NMR (300 MHz, CDCl3): d=5.76 (br, 1H;
=CH), 5.70 (br, 1H; =CH), 3.81 (s, 3H; OCH3), 2.74–2.64 (m, 6H; CH2),
2.38 (br, 1H; OH), 1.88 (s, 3H; CH3), 1.23 ppm (s, 3H; CH3);


13C NMR
(75 MHz, CDCl3): d=193.61, 167.13, 163.45, 130.57 (C), 129.80, 128.39
(CH), 75.22 (C�OH), 52.34 (OCH3), 49.13 (CH2), 42.70 (C), 38.73, 31.03
(CH2), 24.75, 17.74 ppm (CH3); IR (neat): ñ=3442 (br), 2977 (m), 1784
(m), 1734 (s), 1653 (s), 1609 (m), 1435 (m), 1246 (s), 1159 (s), 875 cm�1


(w); MS (EI, 70 eV): m/z (%)=250.1 (3) [M+], 232.1 (18), 218.1 (53),
200.0 (24), 185.1 (23), 160.0 (100), 132.0 (91), 91.0 (23), 43.1 (31); elemen-
tal analysis calcd (%) for C14H18O4: C 67.18, H 7.24; found: C 67.00, H
7.22. The exact molecular mass for C14H18O4: m/z=250.1205�2 mD was
confirmed by HRMS (EI, 70 eV).


10-Hydroxy-6,10-dimethyl-8-oxo-spiro[4,5]dec-2,6-diene-7-carboxylic acid
ethyl ester (16b): From 1-(1-acetylcyclopent-3-enyl)ethanone (5e ;
0.149 g, 0.98 mmol), 1-ethoxy-1,3-bis(trimethylsilyloxy)buta-1,3-diene
(1c ; 0.400 g, 1.47 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 16b was ob-
tained as a colorless solid (0.165 g, 64%). M.p. 89–90 8C; Rf=0.26
(hexane/ethyl acetate 7:3); 1H NMR (300 MHz, CDCl3): d=5.75 (br, 1H;
=CH), 5.70 (br, 1H;=CH), 4.29 (q, 2H, J=7.2 Hz; OCH2), 2.74–2.32 (m,
7H; CH2, OH), 1.95 (s, 3H; CH3), 1.31 (t, 3H, J=7.2 Hz; CH3),
1.24 ppm (s, 3H; CH3);


13C NMR (75 MHz, CDCl3): d=193.73, 167.13,
163.16, 130.57 (C), 129.87, 128.39 (CH), 75.27 (C�OH), 61.24 (OCH2),
54.59 (C), 48.71, 39.49, 38.21 (CH2), 24.38, 17.38, 14.08 ppm (CH3); IR
(neat): ñ=3442 (br), 2977 (m), 1784 (m), 1734 (s), 1653 (s), 1609 (m),
1435 (m), 1246 (s), 1159 (s), 875 cm�1 (w); MS (EI, 70 eV): m/z (%)=
264.2 (3) [M+], 246.1 (14), 218.1 (51), 200.1 (21), 185.1 (19), 160.1 (100),
132.0 (89), 91.0 (21), 43.1 (33); elemental analysis calcd (%) for
C15H20O4: C 68.16, H 7.63; found: C 68.62, H 7.38.


10-Hydroxy-6,10-dimethyl-8-oxo-spiro[4,5]dec-2,6-diene-7-carboxylic acid
isospropyl ester (16c): From 1-(1-acetylcyclopent-3-enyl)ethanone (5e ;
0.200 g, 1.31 mmol), 1-isopropoxy-1,3-bis(trimethylsilyloxy)buta-1,3-diene
(1c ; 0.512 g, 1.97 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 16c was ob-
tained as a colorless solid (0.216 g, 59%). M.p. 90–91 8C; Rf=0.27
(hexane/ethyl acetate 7:3); 1H NMR (300 MHz, CDCl3): d=5.75 (br, 1H;
=CH), 5.70 (br, 1H; =CH), 5.18 (sep, 1H, J=6.3 Hz; OCH), 2.74–2.30
(m, 7H; CH2, OH), 1.94 (s, 3H; CH3), 1.31 (d, 6H, J=6.3 Hz; CH3),
1.24 ppm (s, 3H; CH3);


13C NMR (75 MHz, CDCl3): d=193.72, 166.70,
165.98, 130.82 (C), 128.75 (2C, CH), 69.54 (C�OH), 68.91 (OCH), 54.51
(C), 48.81, 42.35, 38.18 (CH2), 24.38, 21.58 (2C), 14.11 ppm (CH3); IR
(neat): ñ=3392 (br), 2982 (w), 1719 (s), 1664 (s), 1618 (m), 1379 (m),
1249 (s), 1105 cm�1 (m); MS (EI, 70 eV): m/z (%): 278.3 (3) [M+], 260.3
(7), 218.2 (51), 200.2 (19), 186.2 (15), 160.1 (100), 132.2 (61), 91.1 (20),
43.1 (38); elemental analysis calcd (%) for C16H22O4: C 69.04, H 7.97;
found: C 69.09, H 8.70. The exact molecular mass for C16H22O4: m/z=
278.1518�2 mD was confirmed by HRMS (EI, 70 eV).


Compound 18a : From 1-methyl-1,3-bis(trimethylsilyloxy)buta-1,3-diene
(1a ; 0.368 g, 1.51 mmol), 1-(2-acetylindan-2-yl)ethanone (5 f ; 0.202 g,
1.00 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 18a was obtained as color-
less crystals (0.230 g, 82%). M.p. 168–169 8C; Rf=0.31 (hexane/ethyl ace-
tate 3:2); 1H NMR (200 MHz, CDCl3): d=7.20 (s, 4H; ArH), 3.90–3.65
(br, 1H; CH2), 3.39 (d, 1H, J=17.1 Hz; CH2), 3.02 (d, 2H, J=17.1 Hz;
CH2), 2.32 (br, 2H; CH2), 2.28 (s, 3H; CH3), 2.21 (br, 1H; OH), 1.67 (s,
3H; CH3), 1.22 ppm (s, 3H; CH3);


13C NMR (50 MHz, CDCl3): d=


204.96, 195.26, 163.60, 141.80, 141.14, 137.37 (C), 127.03, 126.94, 124.25,
123.98 (CH), 74.54 (C�OH), 56.39 (C), 49.88, 39.24 (2C, CH2), 31.77,
25.02, 17.49 ppm (CH3); IR (KBr): ñ=3396 (s), 2970 (w), 1700 (s), 1662
(s), 1612 (m), 1485 (w), 1380 (m), 1336 (m), 1192 (m), 742 cm�1 (m); MS
(EI; 70 eV): m/z (%)=284.2 (32) [M+], 266.1 (71), 251.2 (33), 223.1 (60),
183.1 (64), 155.1 (46), 115.1 (90), 43.1 (100); elemental analysis calcd (%)
for C18H20O3: C 76.03, H 6.97; found: C 75.94, H 6.97.


Compound 18b : From 1-methoxy-1,3-bis(trimethylsilyloxy)buta-1,3-diene
(1b ; 0.390 g, 1.50 mmol), 1-(2-acetylindan-2-yl)ethanone (5 f ; 0.202 g,
1.00 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 18b was obtained as a color-
less solid (0.258 g, 86%). M.p. 164–165 8C; Rf=0.24 (hexane/ethyl acetate
3:2); 1H NMR (300 MHz, CDCl3): d=7.19 (s, 4H; ArH), 3.81 (s, 3H;
OCH3), 3.90–3.65 (br, 1H; CH2), 3.40 (d, 1H, J=16.8 Hz; CH2), 3.05 (d,
2H, J=16.8 Hz; CH2), 2.71 (br, 2H; CH2), 2.20 (br, 1H; OH), 1.81 (s,
3H; CH3), 1.28 ppm (s, 3H; CH3);


13C NMR (75 MHz, CDCl3): d=


193.55, 167.43, 164.00, 141.21, 141.09, 131.01 (C), 127.03, 126.92, 124.27,
123.98 (CH), 74.40 (C�OH), 56.52 (C), 52.29 (OCH3), 49.56, 39.39 (2C,


CH2), 24.96, 18.31 ppm (CH3); IR (KBr): ñ=3398 (s), 2960 (w), 1732 (s),
1668 (s), 1629 (w), 1381 (m), 1241 (m), 1114 cm�1 (m); MS (EI, 70 eV):
m/z (%)=300.2 (2) [M+], 282.1 (61), 267.1 (21), 210.1 (27), 182.1 (100),
153.1 (47), 142.1 (40), 115.1 (26), 43.1 (58); elemental analysis calcd (%)
for C18H20O4: C 71.98, H 6.71; found: C 71.78, H 6.50.


Compound 18c : From 1-ethoxy-1,3-bis(trimethysilyloxy)buta-1,3-diene
(1c ; 0.415 g, 1.51 mmol), 1-(2-acetylindan-2-yl)ethanone (5 f ; 0.202 g,
1.00 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 18c was obtained as color-
less crystals (0.270 g, 86%). M.p. 132–133 8C; Rf=0.31 (hexane/ethyl ace-
tate 3:2); 1H NMR (200 MHz, CDCl3): d=7.19 (s, 4H; ArH), 4.28 (q,
2H, J=7.2 Hz; OCH2), 3.90–3.65 (br, 1H; CH2), 3.39 (d, 1H, J=17.1 Hz;
CH2), 3.04 (d, 2H, J=17.1 Hz; CH2), 2.70 (br, 2H; CH2), 2.45 (br, 1H;
OH), 1.81 (s, 3H; CH3), 1.30 (s, 3H; CH3), 1.28 ppm (t, 3H, J=7.2 Hz;
CH3);


13C NMR (CDCl3, 75 MHz): d=193.68, 167.07, 163.74, 141.81,
141.21, 131.14 (C), 126.95, 126.84, 124.24, 12.94 (CH), 74.44 (C�OH),
61.36 (OCH2), 56.28 (C), 49.59, 39.33 (2C, CH2), 24.87, 18.11, 14.10 ppm
(CH3); IR (KBr): ñ=3421 (s), 2975 (w), 2947 (w), 2904 (w), 1727 (s),
1665 (s), 1619 (m), 1445 (w), 1381 (m), 1239 (m), 1129 (m), 1030 (m), 866
(w), 745 cm�1 (w); MS (EI; 70 eV): m/z (%)=314.2 (5) [M+], 296.2 (88),
210.1 (37), 182.1 (100), 142.1 (38), 115.1 (23), 43.1 (20); elemental analy-
sis calcd (%) for C19H22O4: C 72.59, H 7.05; found: C 72.75, H 6.94.


Compound 18d : From 1-isopropoxy-1,3-bis(trimethylsilyloxy)buta-1,3-
diene (1d ; 0.430 g, 1.50 mmol), 1-(2-acetylindan-2-yl)ethanone (5 f ;
0.202 g, 1.00 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 18d was obtained as
a colorless solid (0.269 g, 82%). M.p. 185–186 8C; Rf=0.33 (hexane/ethyl
acetate 3:2); 1H NMR (300 MHz, CDCl3): d=7.20 (s, 4H; ArH), 5.18
(sep, 1H, J=6.3 Hz; OCH), 3.90–3.60 (br, 1H; CH2), 3.38 (d, 1H, J=
17.1 Hz; CH2), 3.02 (d, 2H, J=17.1 Hz; CH2), 2.65 (br, 2H; CH2), 2.38
(br, 1H; OH), 1.76 (s, 3H; CH3), 1.31 (s, 3H; CH3), 1.27 ppm (d, 6H, J=
6.3 Hz; CH3);


13C NMR (75 MHz, CDCl3): d=193.58, 166.62, 163.70,
141.84, 141.24, 131.39 (C), 126.96, 126.86, 124.26, 123.96 (CH), 74.61 (C�
OH), 69.04 (OCH), 56.25 (C), 49.52, 39.72 (2C, CH2), 24.93, 21.71 (2C),
17.93 ppm (CH3); IR (KBr): ñ=3383 (s), 2978 (w), 1723 (s), 1655 (s),
1622 (w), 1381 (m), 1251 (m), 1104 cm�1 (m); MS (EI, 70 eV): m/z (%)=
328.8 (2) [M+], 310.8 (64), 269.7 (32), 250.7 (36), 210.6 (66), 182.5 (96),
153.0 (65), 142.3 (53), 115.8 (38), 43.1 (100), 28.1 (38); elemental analysis
calcd (%) for C20H24O4: C 73.15, H 7.15; found: C 73.17, H 6.97.


Compound 18e : From 1-(2-methoxy)ethoxy-1,3-bis(trimethylsilyloxy)bu-
ta-1,3-diene (1e ; 0.455 g, 1.50 mmol), 1-(2-acetylindan-2-yl)ethanone (5 f ;
0.205 g, 1.01 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 18e was obtained as
a colorless solid (0.213 g, 61%). M.p. 115–116 8C; Rf=0.17 (hexane/ethyl
acetate 3:2); 1H NMR (200 MHz, CDCl3): d=7.18 (s, 4H; ArH), 4.81 (t,
2H, J=4.5 Hz; OCH2), 3.90–3.65 (br, 1H; CH2), 3.62 (t, 2H, J=4.5 Hz;
OCH2), 3.46 (d, 1H, J=17.1 Hz; CH2), 3.35 (s, 3H; OCH3), 3.03 (d, 2H,
J=17.1 Hz; CH2), 2.68 (br s, 2H; CH2), 2.26 (br s, 1H; OH), 1.82 (s, 3H;
CH3), 1.28 ppm (s, 3H; CH3);


13C NMR (50 MHz, CDCl3): d=195.28,
166.90, 163.63, 141.76, 141.13, 137.36 (C), 127.02, 126.92, 124.28, 123.98
(CH), 74.51 (C�OH), 70.28, 64.04 (OCH2), 58.82 (OCH3), 56.35 (C),
49.85, 39.29 (2C, CH2), 25.01, 18.19 ppm (CH3); IR (KBr): ñ=3421 (s),
2946 (w), 1727 (s), 1665 (s), 1619 (m), 1381 (m), 1239 (s), 1129 (s), 866
(w), 745 cm�1 (w); MS (EI, 70 eV): m/z (%)=344.9 (4) [M+], 326.9 (45),
268.7 (42), 250.7 (44), 210.5 (43), 182.5 (100), 153.0 (43), 114.6 (31), 59.6
(36), 43.1 (45); elemental analysis calcd (%) for C20H24O5 (344.41): C
69.74, H 7.02; found: C 69.48, H 6.86.


Compound 18 f : From 1-ethoxy-1,3-bis(trimethylsilyloxy)hexa-1,3-diene
(1g ; 0.453 g, 1.50 mmol), 1-(2-acetylindan-2-yl)ethanone (5 f ; 0.202 g,
1.00 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 18 f was obtained as a color-
less solid (0.106 g, 31%). Rf=0.27 (hexane/ethyl acetate 3:2);


1H NMR
(300 MHz, CDCl3): d=7.16 (br, 4H; ArH), 4.26 (q, 2H, J=7.2 Hz;
OCH2), 4.02 (d, 1H, J=16.8 Hz; CH2), 3.47 (d, 1H, J=16.5 Hz; CH2),
3.03 (d, 1H, J=16.8 Hz; CH2), 2.92 (d, 1H, J=16.5 Hz; CH2), 2.51 (br,
1H; CH), 1.95 (br, 1H; OH), 1.90–1.75 (m, 1H; CH2), 1.69 (s, 3H; CH3),
1.65–1.58 (m, 1H; CH2), 1.29 (t, 3H, J=7.2 Hz; CH3), 1.20 (s, 3H; CH3),
1.11 ppm (t, 3H, J=7.2 Hz; CH3);


13C NMR (75 MHz, CDCl3): d=


196.16, 167.25, 162.43, 142.05, 141.23, 131.03 (C), 126.98, 126.79, 124.30,
123.72 (CH), 74.55 (C�OH), 61.24 (OCH2), 57.69 (CH), 56.09 (C), 40.13,
37.47, 19.99 (CH2), 17.54, 16.13, 14.52, 14.02 ppm (CH3); IR (KBr): ñ=
3504 (s), 2983 (w), 1706 (s), 1676 (m), 1630 (w), 1380 (m), 1216 (m), 1129
(s), 760 cm�1 (w); MS (EI, 70 eV): m/z (%)=342.3 (4) [M+], 324.3 (53),
296.3 (42), 278.2 (24), 256.2 (30), 210.1 (57), 182.1 (100), 142.1 (70), 71.1
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(38), 43.1 (54); elemental analysis calcd (%) for C21H26O4: C 73.65, H
7.65; found: C 73.42, H 7.86.


Compound 18g : From 1-methoxy-1,3-bis(trimethylsilyloxy)buta-1,3-diene
(1b ; 0.390 g, 1.50 mmol), 1-(2-benzoylindan-2-yl)ethanone (5 f ; 0.264 mg,
1.00 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 18g was obtained as a color-
less solid (0.084 g, 23%). Rf=0.36 (hexane/ethyl acetate 7:3);


1H NMR
(300 MHz, CDCl3): d=7.54–6.97 (m, 9H; ArH), 3.87 (s, 3H; OCH3),
3.81–3.63 (br, 1H; CH2), 3.45 (d, 1H, J=19.2 Hz; CH2), 3.40–3.25 (br,
1H; CH2), 3.15 (d, 1H, J=17.1 Hz; CH2), 3.06 (d, 1H, J=17.1 Hz; CH2),
2.95–2.70 (br, 1H; CH2), 2.46 (br s, 1H; OH), 1.85 ppm (s, 3H; CH3);
13C NMR (75 MHz, CDCl3): d=193.33, 167.38, 164.24, 142.74, 141.86,
140.61, 132.63 (C), 131.36, 128.63, 128.03, 127.77, 127.10, 127.05, 126.75,
126.50, 123.79 (CH), 78.76, 56.74 (C), 52.25 (OCH3), 49.11, 45.45, 40.74
(CH2), 18.60 ppm (CH3); IR (KBr): ñ=3556 (s), 1739 (s), 1665 (s), 1656
(s), 1623 (m), 1349 (m), 1241 (m), 1072 (w), 768 cm�1 (w); MS (EI,
70 eV): m/z (%)=362.4 (7) [M+], 330.4 (49), 312.3 (32), 210.2 (62), 182.2
(95), 142.2 (100), 104.7 (99), 77.4 (70), 43.2 (17), 28.1 (13); elemental
analysis calcd (%) for C23H22O4: C 76.22, H 5.96; found: C 75.40, H 5.96.


Compound 18h : From 1-methoxy-1,3-bis(trimethylsilyloxy)buta-1,3-diene
(1b ; 0.390 g, 1.50 mmol), 1-(2-benzoylindan-2-yl)ethanone (5 f ; 0.264 mg,
1.00 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 18h was obtained as a color-
less solid (0.076 g, 21%). M.p. 139–140 8C; Rf=0.28 (hexane/ethyl acetate
7:3); 1H NMR (300 MHz, CDCl3): d=7.16–6.80 (m, 9H; ArH), 3.38 (s,
3H; OCH3), 3.90–3.65 (br, 1H; CH2), 3.33 (br, 1H; CH2), 3.17 (d, 2H,
J=18.0 Hz; CH2), 2.85 (br, 2H; CH2), 2.45 (br s, 1H; OH), 1.85 ppm (s,
3H; CH3);


13C NMR (75 MHz, CDCl3): d=194.01, 166.56 (2C), 141.91,
140.88, 136.24 (C), 132.87 (CH), 132.70 (C), 127.13, 128.70, 128.08,
127.39, 126.72 (2C), 126.57, 123.69 (CH), 75.20, 56.85 (C), 52.91 (OCH3),
49.51, 40.22 (2C, CH2), 25.10 ppm (CH3); IR (KBr): ñ=3537 (s), 1736
(s), 1661 (s), 1615 (w), 1344 (m), 1233 (m), 1074 (w), 734 cm�1 (w); MS
(EI, 70 eV): m/z (%)=362.0 (17) [M+], 344.0 (89), 311.9 (39), 244.0 (86),
214.9 (71), 104.6 (100), 77.4 (52), 43.2 (77), 28.1 (34). The exact molecular
mass for C23H22O4: m/z=362.1518�2 mD was confirmed by HRMS (EI,
70 eV).


Compound 18 i : From 1-ethoxy-1,3-bis(trimethylsilyloxy)buta-1,3-diene
(1c ; 0.410 g, 1.50 mmol), 1-(2-benzoylindan-2-yl)ethanone (5 f ; 0.263 mg,
1.00 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 18 i was obtained as a color-
less solid (0.083 g, 22%). M.p. 177–178 8C; Rf=0.39 (hexane/ethyl acetate
7:3); 1H NMR (300 MHz, CDCl3): d=7.29–6.97 (m, 9H; ArH), 4.29 (q,
2H, J=7.2 Hz; OCH2), 3.95–3.80 (br, 1H; CH2), 3.48–3.25 (m, 2H;
CH2), 3.16 (d, 1H, J=17.1 Hz; CH2), 3.06 (d, 1H, J=17.1 Hz; CH2),
2.95–2.75 (m, 1H; CH2), 2.56 (br s, 1H; OH), 1.85 (s, 3H; CH3), 1.29 ppm
(t, 3H, J=7.2 Hz; CH3);


13C NMR (75 MHz, CDCl3): d=193.24, 166.95
(2C), 142.77, 141.91, 140.66, 131.66 (C), 128.66, 128.14, 127.83, 127.16
(2C), 126.79, 126.54, 123.89, 123.83 (CH), 78.86 (C), 61.36 (OCH2), 56.76
(C), 49.21, 40.90, 39.50 (CH2), 18.42, 14.15 ppm (CH3); IR (KBr): ñ=
3400 (m), 1728 (s), 1656 (s), 1621 (m), 1447 (m), 1377 (m), 1240 (m),
1071 (w), 7660 cm�1 (w); MS (EI, 70 eV): m/z (%)=376.0 (3) [M+],
358.0 (3), 329.9 (12), 209.9 (23), 181.9 (66), 142.0 (68), 104.6 (58), 87.0
(100), 43.1 (63), 28.1 (77). The exact molecular mass for C24H24O4: m/z=
376.1675�2 mD was confirmed by HRMS (EI, 70 eV).


Compound 18j : From 1-ethoxy-1,3-bis(trimethylsilyloxy)buta-1,3-diene
(1c ; 0.410 g, 1.50 mmol) and 1-(2-benzoylindan-2-yl)ethanone (5 f ;
0.263 mg, 1.00 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 18 j was obtained
as a colorless solid (0.064 g, 17%). M.p. 133–134 8C; Rf=0.33 (hexane/
ethyl acetate 7:3); 1H NMR (300 MHz, CDCl3): d=7.15–6.87 (m, 9H;
ArH), 3.87 (q, 2H, J=7.2 Hz; OCH2), 3.36 (d, 1H, J=16.8 Hz; CH2),
3.18 (d, 1H, J=16.8 Hz; CH2), 2.80 (br, 2H; CH2), 2.43 (br, 1H; OH),
1.87 (br, 1H; CH2), 1.37 (br, 3H; CH3), 1.24 (br, 1H; CH2), 0.80 ppm (t,
3H, J=7.2 Hz; CH3);


13C NMR (75 MHz, CDCl3): d=193.96, 166.95
(2C), 141.95, 141.91, 136.25, 133.00 (C), 128.71, 128.03, 127.34, 127.12,
126.94, 126.72, 126.57, 123.70 (2C, CH), 75.21 (C�OH), 61.04 (OCH2),
56.92 (C), 49.56, 40.00 (2C, CH2), 25.17, 13.61 ppm (CH3); IR (KBr): ñ=
3447 (s), 1735 (s), 1664 (s), 1613 (w), 1373 (m), 1234 (s), 1026 (w),
763 cm�1 (w); MS (EI, 70 eV): m/z (%)=376.9 (8) [M+], 358.0 (6), 243.9
(42), 214.9 (28), 142.0 (43), 104.7 (100), 77.4 (41), 43.1 (89), 28.1 (63).
The exact molecular mass for C24H24O4: m/z=376.1675�2 mD was con-
firmed by HRMS (EI, 70 eV).


Compound 18k : From 1-isobutoxy-1,3-bis(trimethylsilyloxy)buta-1,3-
diene (1c ; 0.455 g, 1.50 mmol), 1-(2-benzoylindan-2-yl)ethanone (5 f ;


0.264 mg, 1.00 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 18k was obtained
as a colorless solid (0.085 g, 21%). M.p. 121–122 8C; Rf=0.49 (hexane/
ethyl acetate 7:3); 1H NMR (300 MHz, CDCl3): d=7.54–7.00 (m, 9H;
ArH), 4.03 (d, 2H, J=6.7 Hz; OCH2), 3.97–3.92 (br, 1H; CH2), 3.49–3.42
(br, 1H; CH2), 3.30–3.22 (br, 1H; CH2), 3.16 (d, 1H, J=17.1 Hz; CH2),
3.08 (d, 1H, J=17.1 Hz; CH2), 2.92–2.86 (br, 1H; CH2), 2.24 (br s, 1H;
OH), 2.03 (sep, 1H, J=6.6 Hz; CH2), 1.87 (s, 3H; CH3), 0.94 ppm (d,
6H, J=6.6 Hz; CH3);


13C NMR (75 MHz, CDCl3): d=193.23, 167.09,
163.61, 142.88, 141.90, 140.76, 131.82 (C), 128.69 (2C), 127.85, 127.16
(2C), 126.83, 126.59, 123.96, 123.85 (CH), 78.86 (C), 71.47 (CH2), 56.80
(C), 52.25 (OCH2), 49.32, 40.77, 39.36 (CH2), 27.72 (CH), 19.11 (2C),
18.56 ppm (CH3); IR (KBr): ñ=3368 (m), 2963 (w), 1719 (s), 1657 (s),
1616 (w), 1379 (m), 1240 (m), 1073 (w), 770 cm�1 (w); MS (EI, 70 eV):
m/z (%): 404.0 (9) [M+], 386.1 (12), 330.0 (34), 311.9 (35), 210.1 (45),
182.0 (90), 142.1 (93), 104.7 (100), 77.4 (25), 41.2 (25); elemental analysis
calcd (%) for C26H28O4: C 77.20, H 6.98; found: C 77.58, H 7.49. The
exact molecular mass for C26H28O4: m/z=404.1988�2 mD was confirmed
by HRMS (EI, 70 eV).


Compound 18 l : From 1-isobutoxy-1,3-bis(trimethylsilyloxy)buta-1,3-
diene (1c ; 0.455 g, 1.50 mmol), 1-(2-benzoylindan-2-yl)ethanone (5 f ;
0.264 mg, 1.00 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 18 l was obtained
as a colorless solid (0.060 g, 15%). M.p. 89–90 8C; Rf=0.33 (hexane/ethyl
acetate 7:3); 1H NMR (300 MHz, CDCl3): d=7.14–6.89 (m, 9H; ArH),
3.58 (d, 2H, J=6.7 Hz; OCH2), 3.36 (d, 1H, J=17.1 Hz; CH2), 3.17 (d,
1H, J=16.8 Hz; CH2), 2.85 (br s, 2H; CH2), 2.69 (br s, 1H; OH), 2.07–
2.03 (m, 1H; CH2), 1.57 (sep, 1H, J=6.9 Hz; CH2), 1.36 (br s, 3H; CH3),
0.95–0.85 (m, 1H; CH2), 0.68 ppm (d, 6H, J=6.7 Hz; CH3);


13C NMR
(75 MHz, CDCl3): d=194.03, 166.24 (2C), 141.91, 140.92, 136.22, 133.01
(C), 128.63, 127.99, 127.35, 127.03, 126.80, 126.63, 126.47, 123.62 (2C,
CH), 75.19, 71.30 (CH2), 56.72 (C), 49.45, 40.70, 39.06 (CH2), 27.27 (CH),
25.00, 18.88 ppm (2C, CH3); IR (KBr): ñ=3472 (s), 1740 (s), 1656 (s),
1612 (w), 1351 (m), 1232 (m), 1068 (w), 773 cm�1 (w); MS (EI, 70 eV):
m/z (%)=403.9 (12) [M+], 386.0 (75), 311.9 (53), 244.0 (100), 214.9 (77),
43.1 (25), 28.1 (54). The exact molecular mass for C26H28O4: m/z=
404.1988�2 mD was confirmed by HRMS (EI, 70 eV).


Compound 18m : From 1-isopropoxy-1,3-bis(trimethylsilyloxy)buta-1,3-
diene (0.453 g, 2.11 mmol), 1-(2-propylindan-2-yl)propan-1-one (5 f ;
0.230 mg, 1.00 mmol), and TiCl4 (0.22 mL, 2.00 mmol), 18m was obtained
as a colorless oil (0.160 g, 43%). Rf=0.50 (hexane/ethyl acetate 7:3);
1H NMR (300 MHz, CDCl3): d=7.18 (s, 4H; ArH), 4.00 (d, 2H, J=
6.6 Hz; OCH2), 3.37 (d, 1H, J=16.5 Hz; CH2), 3.07 (d, 1H, J=16.8 Hz;
CH2), 2.69 (br, 2H; CH2), 2.69 (br, 2H; CH2), 2.17–2.03 (m, 2H; CH2),
2.01–1.97 (m, 1H; CH), 1.95 (br, 1H; OH), 1.67–1.54 (m, 2H; CH2),
0.99–0.81 ppm (m, 12H; CH3); IR (KBr): ñ=3466 (br), 2970 (m), 1279
(s), 1670 (s), 1609 (m), 1465 (m), 1230 (m), 785 cm�1 (w); MS (EI,
70 eV): m/z (%)=370.0 (4) [M+], 352.1 (24), 322.9 (65), 297.0 (58), 223.9
(60), 196.0 (63), 181.9 (78), 101.9 (100), 57.4 (78), 28.4 (70). The exact
molecular mass for C23H30O4: m/z=370.2144�2 mD was confirmed by
HRMS (EI, 70 eV).


Typical procedure for the preparation of bicyclo[4.4.0]deca-1,4-dien-3-
ones 7, 14, 15, 17, and 19 : TFA (0.4 mL, 5.2 mmol) was added dropwise
to a stirred CH2Cl2 solution (0.4 mL) of 6a (0.100 g, 0.42 mmol) at 20 8C.
The solution was stirred for 72 h until all starting material disappeared
(TLC control). The solvent and TFA were removed in vacuo and the resi-
due was purified by column chromatography (silica gel; hexane/ethyl ace-
tate 7:3) to give 7a as a colorless solid (0.088 g, 95%).


1-Acetyl-4,10-dimethyl-5,6,7,8-tetrahydro-10H-naphthalen-2-one (7a):
From 6a (0.100 g, 0.42 mmol), 7a was obtained as a colorless solid
(0.088 g, 95%). M.p. 56–57 8C; Rf=0.16 (hexane/ethyl acetate 7:3);
1H NMR (200 MHz, CDCl3): d=6.10 (d, 1H, J=1.2 Hz; =CH), 2.45–2.30
(m, 2H; CH2), 2.34 (s, 3H; CH3), 2.10–1.95 (m, 2H; CH2), 1.98 (d, 3H,
J=1.2 Hz; CH3), 1.75–1.62 (m, 2H; CH2), 1.35–1.20 (m, 2H; CH2),
1.32 ppm (s, 3H; CH3);


13C NMR (50 MHz, CDCl3): d=205.22, 183.45,
166.72, 163.20, 137.41 (C), 126.22 (CH), 43.32, 37.62 (CH2), 32.14 (CH3),
28.62, 28.31 (CH2), 22.63 (CH3) 21.03 (CH2), 18.98 ppm (CH3); IR (KBr):
ñ=2944 (m), 1704 (s), 1654 (s), 1610 (s), 1446 (m), 1391 (m), 1142 (w),
958 (w), 880 cm�1 (w); MS (EI, 70 eV): m/z (%)=218.5 (65), 203.5 (68),
189.5 (100), 175.5 (33), 161.4 (36), 43.1 (85) [M+]; elemental analysis
calcd (%) for C14H18O2: C 77.03, H 8.31; found: C 76.89, H 9.26. The
exact molecular mass for C14H18O2 m/z=218.1307�2 mD was confirmed
by HRMS (EI, 70 eV).
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4,10-Dimethyl-2-oxo-2,5,6,7,8,10-hexahydronaphthalene-1-carboxylic acid
methyl ester (7b): From 6b (0.071 g, 0.28 mmol), 7b was obtained as a
colorless solid (0.064 g, 98%). M.p. 82–83 8C; Rf=0.28 (hexane/ethyl ace-
tate 3:2); 1H NMR (200 MHz, CDCl3): d=6.15 (d, 1H, J=1.2 Hz; =CH),
3.86 (s, 3H; OCH3), 2.47–2.41 (m, 2H; CH2), 2.14–2.04 (m, 2H; CH2),
2.01 (d, 3H, J=1.2 Hz; CH3), 1.80–1.68 (m, 2H; CH2), 1.46–1.28 (m, 2H;
CH2), 1.36 ppm (s, 3H; CH3);


13C NMR (50 MHz, CDCl3): d=181.91,
167.60, 166.06, 164.21, 130.79 (C), 126.04 (CH), 52.19 (OCH3), 43.22,
37.49, 29.91, 28.10 (CH2), 22.58 (CH3), 21.09 (CH2), 18.98 ppm (CH3); IR
(KBr): ñ=2951 (m), 1732 (s), 1660 (s), 1630 (m), 1608 (m), 1389 (m),
1268 (s), 1048 (m), 958 (w), 868 cm�1 (w); MS (EI, 70 eV): m/z (%)=
234.2 (31) [M+], 203.1 (20), 187.1 (45), 175.1 (100), 147.1 (21), 91.1 (23);
elemental analysis calcd (%) for C14H18O3: C 71.77, H 7.14; found: C
71.90, H 7.12.


4,10-Dimethyl-2-oxo-2,5,6,7,8,10-hexahydronaphthalene-1-carboxylic acid
ethyl ester (7c): From 6c (0.134 g, 0.5 mmol), 7c was obtained as color-
less crystals (0.120 g, 96%). M.p. 79–80 8C; Rf=0.30 (hexane/ethyl ace-
tate 3:2); 1H NMR (300 MHz, CDCl3): d=6.14 (q, 1H, J=1.2 Hz; =CH),
4.33 (q, 2H, J=7.2 Hz; OCH2), 2.47–2.41 (m, 2H; CH2), 2.12–1.98 (m,
2H; CH2), 2.01 (d, 3H, J=1.2 Hz; CH3), 1.78–1.71 (m, 2H; CH2), 1.44–
1.37 (m, 2H; CH2), 1.36 (s, 3H; CH3), 1.34 ppm (t, 3H, J=7.2 Hz; CH3);
13C NMR (75 MHz, CDCl3): d=182.02, 167.23, 165.95, 163.77, 131.08 (C),
126.26 (CH), 61.27 (OCH2), 43.23 (C), 37.60, 29.83, 28.13 (CH2), 22.60
(CH3), 21.19 (CH2), 19.00, 14.24 ppm (CH3); IR (KBr): ñ=2941 (s), 1730
(s), 1658 (s), 1630 (m), 1447 (m), 1390 (m), 1324 (w), 1265 (s), 1245 (s),
1050 cm�1 (m); MS (EI, 70 eV): m/z (%)=248.1 (71) [M+], 233.1 (46),
203.1 (72), 178.1 (100); elemental analysis calcd (%) for C15H20O3: C
72.55, H 8.11; found: C 72.59, H 8.39.


4,10-Dimethyl-2-oxo-2,5,6,7,8,10-hexahydronaphthalene-1-carboxylic acid
isopropyl ester (7d): From 6d (0.054 g, 0.19 mmol), 7d was obtained as
colorless crystals (0.049 g, 97%). M.p. 62–63 8C; Rf=0.34 (hexane/ethyl
acetate 3:2); 1H NMR (300 MHz, CDCl3): d=6.19 (q, 1H, J=1.2 Hz; =
CH), 5.23 (sep, 1H, J=6.3 Hz; OCH), 2.53–2.37 (m, 2H; CH2), 2.14–2.04
(m, 2H; CH2), 2.02 (d, 3H, J=1.2 Hz; CH3), 1.80–1.70 (m, 2H; CH2),
1.54–1.38 (m, 2H; CH2), 1.36 (s, 3H; CH3), 1.32 ppm (dd, 6H, J=1.2,
6.3 Hz; CH3);


13C NMR (75 MHz, CDCl3): d=182.55, 167.13, 166.72,
164.49, 131.08 (C), 125.95 (CH), 69.06 (OCH), 43.44 (C), 37.68, 29.75,
28.14 (CH2), 22.54, 21.83 (2C, CH3), 21.15 (CH2), 19.09 ppm (CH3); IR
(KBr): ñ=2939 (s), 1727 (s), 1660 (s), 1633 (m), 1450 (m), 1239 (m),
876 cm�1 (m); MS (EI, 70 eV): m/z (%)=262.3 (51) [M+], 203.2 (80),
187.2 (100), 175.2 (63), 161.2 (57), 91.1 (32), 43.1 (85); elemental analysis
calcd (%) for C16H22O3: C 73.25, H 8.45; found: C 73.38, H 8.71.


4,10-Dimethyl-2-oxo-2,5,6,7,8,10-hexahydronaphthalene-1-carboxylic acid
2-methoxyethyl ester (7e): From 6e (0.078 g, 0.26 mmol), 7e was ob-
tained as colorless crystals (0.071 g, 97%). M.p. 64–65 8C; Rf=0.23
(hexane/ethyl acetate 3:2); 1H NMR (300 MHz, CDCl3): d=6.14 (q, 1H,
J=1.2 Hz; =CH), 4.50–4.36 (m, 2H; OCH2), 3.66 (t, 2H, J=4.8 Hz;
OCH2), 3.38 (s, 3H; OCH3), 2.55–2.37 (m, 2H; CH2), 2.13–1.98 (m, 2H;
CH2), 2.01 (d, 3H, J=1.2 Hz; CH3), 1.79–1.70 (m, 2H; CH2), 1.52–1.38
(m, 2H; CH2), 1.35 ppm (s, 3H; CH3);


13C NMR (75 MHz, CDCl3): d=
181.95, 167.13, 166.16, 164.37, 130.77 (C), 126.13 (CH), 70.39, 63.99
(OCH2), 58.90 (OCH3), 43.31 (C), 37.65, 29.87, 28.14 (CH2), 22.55 (CH3),
21.17 (CH2), 19.04 ppm (CH3); IR (KBr): ñ=2944 (s), 1733 (s), 1659 (s),
1630 (m), 1449 (m), 1268 (m), 1053 (m), 876 cm�1 (m); MS (EI, 70 eV):
m/z (%)=277.7 (54) [M+], 220.9 (53), 203.2 (100), 187.9 (82), 175.7 (67),
161.0 (43), 90.9 (22); elemental analysis calcd (%) for C16H22O4: C 69.04,
H 7.97; found: C 68.83, H 7.95.


3,4,10-Trimethyl-2-oxo-2,5,6,7,8,10-hexahydronaphthalene-1-carboxylic
acid methyl ester (7 f): From 6 f (0.135 g, 0.5 mmol), 7 f was obtained as
colorless crystals (0.114 g, 92%). M.p. 110–111 8C; Rf=0.28 (hexane/ethyl
acetate 3:2); 1H NMR (300 MHz, CDCl3): d=3.86 (s, 3H; OCH3), 2.43–
2.38 (m, 2H; CH2), 2.18–2.11 (m, 1H; CH2), 2.03–1.98 (m, 1H; CH2),
1.96 (s, 3H; CH3), 1.89 (s, 3H; CH3), 1.77–1.67 (m, 2H; CH2), 1.44–1.34
(m, 1H; CH2), 1.31 (s, 3H; CH3), 1.29–1.22 ppm (m, 1H; CH2);


13C NMR
(75 MHz, CDCl3): d=182.82, 168.09, 163.05, 159.57, 130.45, 130.19 (C),
52.19 (OCH3), 43.21 (C), 37.37, 29.90, 28.06 (CH2), 22.13 (CH3), 21.21
(CH2), 15.78, 11.01 ppm (CH3); IR (KBr): ñ=2951 (m), 1729 (s), 1656
(m), 1623 (s), 1438 (m), 1275 (m), 1219 (m), 1007 cm�1 (m); MS (EI,
70 eV): m/z (%)=248.1 (45) [M+], 201.0 (51), 189.1 (100), 173.0 (41),
144.8 (34), 91.0 (57), 41.2 (46); elemental analysis calcd (%) for
C15H20O3: C 72.55, H 8.11; found: C 72.59, H 8.39. The exact molecular


mass for C15H20O3 m/z=248.1412�2 mD was confirmed by HRMS (EI,
70 eV).


3-Ethyl-4,10-dimethyl-2-oxo-2,5,6,7,8,10-hexahydronaphthalene-1-carbox-
ylic acid ethyl ester (7g): From 6g (0.060 g, 0.22 mmol), 7g was obtained
as a colorless oil (0.049 g, 88%). Rf=0.31 (hexane/ethyl acetate 3:2);
1H NMR (300 MHz, CDCl3): d=4.35 (q, 2H, J=7.2 Hz; OCH2), 2.45–
2.38 (m, 4H; CH2), 2.16–2.11 (m, 1H; CH2), 2.05–1.95 (m, 1H; CH2),
1.98 (s, 3H; CH3), 1.74–1.68 (m, 2H; CH2), 1.45–1.22 (m, 2H; CH2), 1.34
(t, 3H, J=7.2 Hz; CH3), 1.31 (s, 3H; CH3), 0.98 ppm (t, 3H, J=7.2 Hz;
CH3);


13C NMR (75 MHz, CDCl3): d=181.42, 167.68, 162.67, 159.24,
136.23, 130.55 (C), 61.18 (OCH2), 42.92 (C), 37.41, 29.73, 27.95 (CH2),
22.17 (CH3), 21.21, 18.63 (CH2), 14.79, 14.19, 12.69 ppm (CH3); IR
(neat): ñ=2936 (s), 2870 (w), 1733 (s), 1656 (m), 1629 (s), 1447 (m), 1393
(m), 1268 (m), 1149 (m), 1028 cm�1 (m); MS (EI, 70 eV): m/z (%)=276.1
(63) [M+], 230.1 (77), 215.0 (100), 203.1 (37), 28.0 (60). The exact molec-
ular mass for C17H24O3 m/z=276.1725�2 mD was confirmed by HRMS
(EI, 70 eV).


4,10-Diethyl-2-oxo-2,5,6,7,8,10-hexahydronaphthalene-1-carboxylic acid
methyl ester (7h): From 6,10-diethyl-10-hydroxy-8-oxo-spiro[4,5]dec-6-
ene-7-carboxylic acid methyl ester (6h ; 0.080 g, 0.28 mmol), 7h was ob-
tained as a colorless oil (0.062 g, 83%). Rf=0.32 (hexane/ethyl acetate
7:3); 1H NMR (300 MHz, CDCl3): d=6.34 (s, 1H; =CH), 3.85 (s, 3H;
OCH3), 2.42–2.13 (m, 6H; CH2), 2.04–1.98 (m, 1H; CH2), 1.83–1.67 (m,
3H; CH2), 1.48–1.35 (m, 2H; CH2), 1.15 (t, 3H, J=7.2 Hz; CH3),
0.53 ppm (t, 3H, J=7.1 Hz; CH3);


13C NMR (75 MHz, CDCl3): d=


182.76, 169.75, 167.62, 163.44, 132.86 (C), 125.85 (CH), 52.21 (OCH3),
48.52 (C), 37.74, 29.92, 28.12, 27.50, 23.02, 20.95 (CH2), 12.15, 7.96 ppm
(CH3); IR (neat): ñ=2951 (m), 1729 (s), 1656 (m), 1623 (s), 1438 (m),
1275 (m), 1007 cm�1 (w); MS (EI, 70 eV): m/z (%)=248.1 (45) [M+],
201.1 (51), 189.1 (100), 173.0 (41), 144.8 (34), 91.0 (57), 77.4 (36), 41.2
(46); elemental analysis calcd (%) for C16H22O3: C 73.25, H 8.45; found:
C 73.20, H 8.68.


4,10-Diethyl-2-oxo-2,5,6,7,8,10-hexahydronaphthalen-1-carboxylic acid
ethyl ester (7 i): From 6 i (0.060 g, 0.22 mmol), 7 i was obtained as a color-
less oil (0.048 g, 85%). Rf=0.36 (hexane/ethyl acetate 7:3); 1H NMR
(300 MHz, CDCl3): d=6.29 (s, 1H; =CH), 4.29 (q, 2H, J=7.2 Hz;
OCH2), 2.41–2.09 (m, 6H; CH2), 2.00–1.95 (m, 1H; CH2), 1.79–1.60 (m,
3H; CH2), 1.58–1.33 (m, 2H; CH2), 1.30 (t, 3H, J=7.1 Hz; CH3), 1.12 (t,
3H, J=7.5 Hz; CH3), 0.50 ppm (t, 3H, J=7.1 Hz; CH3);


13C NMR
(75 MHz, CDCl3): d=182.67, 169.31, 167.20, 162.26, 133.11 (C), 125.97
(CH), 61.17 (OCH2), 48.38 (C), 37.72, 29.71, 28.06, 27.42, 22.96, 20.96
(CH2), 14.25, 12.15, 7.99 ppm (CH3); IR (neat): ñ=1733 (s), 1658 (s),
1632 (m), 1448 (m), 1236 (m), 1044 (w), 887 cm�1 (w); MS (EI, 70 eV):
m/z (%)=276.1 (32) [M+], 247.1 (55), 203.0 (100), 175.1 (46), 231.0 (30),
91.0 (24), 28.0 (35).


4,10-Diethyl-2-oxo-2,5,6,7,8,10-hexahydronaphthalen-1-carboxylic acid
isopropyl ester (7 j): From 6 j (0.066 g, 0.21 mmol), 7 j was obtained as a
colorless oil (0.055 g, 89%). Rf=0.44 (hexane/ethyl acetate 7:3);
1H NMR (300 MHz, CDCl3): d=6.32 (d, 1H, J=1.2 Hz; =CH), 5.22 (sep,
1H, J=6.3 Hz; OCH), 2.45–2.13 (m, 7H; CH2), 1.79–1.62 (m, 3H; CH2),
1.46–1.35 (m, 2H; CH2), 1.32 (d, 6H, J=6.3 Hz; CH3), 1.15 (t, 3H, J=
7.2 Hz; CH3), 0.53 ppm (t, 3H, J=7.2 Hz; CH3);


13C NMR (75 MHz,
CDCl3): d=182.61, 169.40, 166.52, 162.30, 133.01 (C), 48.20 (C), 37.54,
29.38, 27.82, 27.22, 22.79 (CH2), 21.66, 21.64 (CH3), 20.77 (CH2), 11.96,
7.81 ppm (CH3); IR (neat): ñ=2933 (m), 1732 (s), 1659 (s), 1629 (m),
1439 (m), 1241 (m), 1044 cm�1 (w); MS (EI, 70 eV): m/z (%)=290.0 (19)
[M+], 261.0 (19), 231.0 (46), 218.9 (85), 202.9 (96), 175.0 (62), 43.1 (78),
28.0 (100). The exact molecular mass for C18H26O3: m/z=290.1882�
2 mD was confirmed by HRMS (EI, 70 eV).


4-Methyl-2-oxo-10-phenyl-2,5,6,7,8,10-hexahydronaphthalen-1-carboxylic
acid ethyl ester (7k): From 6k (0.068 g, 0.22 mmol), 7k was obtained as a
colorless oil (0.088 g, 91%). Rf=0.28 (hexane/ethyl acetate 7:3);
1H NMR (300 MHz, CDCl3): d=7.38–7.16 (m, 5H; ArH), 6.09 (q, 1H,
J=1.2 Hz; =CH), 4.45–4.29 (m, 2H; OCH2), 3.00–2.94 (m, 1H; CH2),
2.44–2.39 (m, 1H; CH2), 1.95–1.79 (m, 3H; CH3), 1.71 (d, 3H, J=1.5 Hz;
CH3), 1.54–1.54 (m, 2H; CH2), 1.36 (t, 3H, J=7.2 Hz; CH3), 1.28–
1.23 ppm (m, 1H; CH2);


13C NMR (75 MHz, CDCl3): d=182.65, 166.90,
165.25, 164.05, 138.08, 131.87 (C), 129.21 (2C), 127.59 (2C), 127.45,
124.80 (CH), 61.37 (OCH2), 52.25 (C), 35.37, 31.22, 29.17, 21.61 (CH2),
19.39, 14.27 ppm (CH3); MS (EI, 70 eV): m/z (%)=310.9 (36) [M+],
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282.8 (100), 265.8 (39), 237.7 (60), 209.6 (63), 165.1 (43), 91.2 (30), 29.1
(57).


Compound 14a : From 13a (0.050 g, 0.2 mmol) and TFA (0.15 mL,
2.00 mmol), 14a was obtained as a colorless oil (0.025 g, 43%). 1H NMR
(300 MHz, CDCl3): d=6.75 (d, 1H, J=9.9 Hz; CH), 6.24 (d, 1H, J=
9.9 Hz; CH), 4.33 (q, 2H, J=7.2 Hz; OCH2), 2.51–2.46 (m, 1H; CH2),
2.37 (dd, 1H, J=13.5, 5.1 Hz; CH2), 2.08–1.98 (m, 1H; CH2), 1.90–1.83
(m, 1H; CH2), 1.75–1.69 (m, 2H; CH2), 1.48–1.38 (m, 2H; CH2), 1.34 ( t,
3H, J=7.2 Hz; CH3), 1.31 ppm (s, 3H; CH3);


13C NMR (75 MHz,
CDCl3): d=182.77, 167.01, 163.57 (C), 157.14 (CH), 131.02 (C), 126.25
(CH), 61.33 (CH2), 40.62 (C), 38.46, 29.71, 27.65 (CH2), 23.01 (CH3),
20.68 (CH2), 14.29 ppm (CH3); IR (neat): ñ=2936 (s); 1659 (s), 1233 (s),
1038 (s), 838 cm�1 (w); MS (EI, 70 eV): m/z (%): 234.1 (21) [M+], 188.1
(100), 162.4 (19), 116.0 (6), 30.1 (7), 28.0 (5); elemental analysis calcd
(%) for C14H18O3: C 71.79, H 7.63; found: C 71.20, H 7.40.


Compound 15a : From 13a (0.050 g, 0.2 mmol) and TFA (0.15 mL,
2.00 mmol), 15a was obtained as a colorless solid (0.012 g, 22%). M.p.
216–217 8C; 1H NMR (300 MHz, CDCl3): d=10.46 (s, 1H; OH), 6.58 (s,
1H; ArH), 4.41 (q, 2H, J=6.9 Hz; OCH2), 2.73 (t, 4H, J=6.3 Hz; CH2),
2.58 (t, 4H, J=6.3 Hz; CH2), 2.39 (s, 3H; CH3), 2.19–1.67 (m, 8H; CH2),
1.43 ppm (t, 3H, J=7.2 Hz; CH3);


13C NMR (75 MHz, CDCl3): d=


171.78, 158.82, 144.73, 139.24, 128.01 (C), 115.21 (CH), 112.09 (C), 61.53,
30.99, 27.13, 23.80, 22.44 (CH2), 18.07, 14.35 ppm (CH3); IR (neat): ñ=
3410 (br), 2932 (s), 1727 (m), 1658 (s), 1237 (s), 1155 (m), 1080 (m),
802 cm�1 (w); MS (EI, 70 eV): m/z (%)=233.9 (17) [M+], 187.9 (92),
160.9 (15), 86.9 (19), 43.0 (27), 28.0 (100); elemental analysis calcd (%)
for C14H18O3: C 71.79, H 7.63; found: C 71.38, H 7.23.


Compound 15b : From 13b (0.047 g, 0.21 mmol) and TFA (0.16 mL,
2.11 mmol), 15b was obtained as a colorless solid (0.022 g, 52%). M.p.
136–137 8C; 1H NMR (300 MHz, CDCl3): d=10.72 (s, 1H; OH), 6.57 (s,
1H; ArH), 2.74 (t, 2H, J=6.3 Hz; CH2), 2.59 (s, 3H; CH3), 2.56 (t, 2H,
J=6.3 Hz; CH2), 2.35 (s, 3H; CH3), 1.85–1.82 (m, 2H; CH2), 1.76–
1.71 ppm (m, 2H; CH2);


13C NMR (75 MHz, CDCl3): d=206.40, 157.19,
144.80, 136.97, 127.86, 122.50 (C), 115.29 (CH), 32.71 (CH3), 30.79, 26.68,
23.50, 22.27 (CH2), 19.03 ppm (CH3); IR (neat): ñ=3306 (br), 2933 (s),
1666 (s), 1599 (s), 1429 (s), 1302 (m), 1241 (m), 1149 (m), 855 cm�1 (w);
MS (EI, 70 eV): m/z (%): 204.2 (41) [M+], 189.2 (100), 161.2 (9), 145.2
(5), 114.0 (7), 43.0 (8), 28.0 (12); elemental analysis calcd (%) for
C13H16O2: C 76.47, H 7.84; found: C 75.76, H 7.97.


Compound 14c : From 13c (0.040 g, 0.152 mmol) and TFA (0.12 mL,
1.52 mmol), 14c was obtained as a colorless oil (0.024 g, 60%). 1H NMR
(300 MHz, CDCl3): d=6.47 (s, 1H; =CH), 4.33 (q, 2H, J=7.2 Hz;
OCH2), 2.36 (q, 2H, J=7.1 Hz; CH2), 1.99 (t, 2H, J=3.0 Hz; CH2), 1.43–
1.38 (m, 4H; CH2), 1.34 (t, 3H, J=7.2 Hz; CH3), 1.32–1.28 (m, 2H;
CH2), 1.27 (s, 3H; CH3), 1.07 ppm (t, 3H, J=7.5 Hz; CH3);


13C NMR
(75 MHz, CDCl3): d=183.03, 167.40, 162.84 (C), 151.30 (CH), 137.71,
130.73 (C), 61.19, 38.76, 29.44, 27.63 (CH2), 23.21 (CH3), 21.79, 20.74
(CH2), 14.23, 12.40 ppm (CH3); IR (neat): ñ=2936 (s), 1733 (s), 1663 (s),
1636 (s), 1440 (m), 1266 (s), 1184 (s), 1025 (m), 716 cm�1 (m); MS (EI,
70 eV): m/z (%)=262.3 (22) [M+], 247.3 (13), 217.2 (28), 189.2 (100),
161.2 (28), 91.0 (20), 28.0 (78); elemental analysis calcd (%) for
C16H22O3: C 73.00, H 8.36; found: C 72.32, H 8.34.


4,10-Dimethyl-2-oxo-2,5,6,10-tetrahydronaphthalene-1-carboxylic acid
methyl ester (17a): From 16a (0.118 g, 0.48 mmol), 17a was obtained as
a colorless oil (0.085 g, 76%). Rf=0.32 (hexane/ethyl acetate 7:3);
1H NMR (300 MHz, CDCl3): d=6.38–6.33 (ddd, 1H, J=1.5, 2.4, 9.9 Hz;
=CH), 6.29–6.23 (m, 1H; =CH), 6.18 (q, 1H, J=1.2 Hz; =CH), 3.88 (s,
3H; OCH3), 2.47–2.39 (m, 2H; CH2), 2.10–2.05 (m, 1H; CH2), 2.04 (d,
3H, J=1.2 Hz; CH3), 1.71–1.61 (m, 1H; CH2), 1.26 ppm (s, 3H; CH3);
13C NMR (75 MHz, CDCl3): d=182.57, 167.12, 164.83, 157.79 (C), 137.99
(CH), 128.96 (C), 126.84, 124.60 (CH), 52.52 (OCH3), 40.56 (C), 30.32
(CH2), 25.12 (CH3), 23.38 (CH2), 19.23 ppm (CH3); IR (neat): ñ=3442
(br), 2977 (m), 1784 (m), 1734 (s), 1653 (s), 1609 (m), 1435 (m), 1246 (s),
1159 (s), 875 cm�1 (w); MS (EI, 70 eV): m/z (%)=232.1 (100) [M+],
217.1 (36), 201.0 (46), 173.0 (74), 144.8 (99), 129.0 (63), 91.0 (18). The
exact molecular mass for C14H16O3: m/z=232.1099�2 mD was confirmed
by HRMS (EI, 70 eV).


4,10-Dimethyl-2-oxo-2,5,6,10-tetrahydronaphthalen-1-carboxylic acid
ethyl ester (17b): From 16b (0.118 g, 0.48 mmol), 17b was obtained as a
colorless oil (0.044 g, 76%). Rf=0.37 (hexane/ethyl acetate 7:3);


1H NMR (300 MHz, CDCl3): d=6.39–6.34 (ddd, 1H, J=1.5, 2.7, 9.9 Hz;
=CH), 6.27–6.22 (m, 1H; =CH), 6.17 (q, 1H, J=1.2 Hz; =CH), 4.35 (q,
2H, J=7.2 Hz; OCH2), 2.47–2.39 (m, 2H; CH2), 2.10–2.05 (m, 1H; CH2),
2.03 (d, 3H, J=1.2 Hz; CH3), 1.72–1.62 (m, 1H; CH2), 1.36 (t, 3H, J=
7.2 Hz; CH3), 1.35 ppm (s, 3H; CH3);


13C NMR (75 MHz, CDCl3): d=
182.29, 166.54, 164.34, 156.89 (C), 137.47 (CH), 128.99 (C), 126.66, 124.27
(CH), 61.42 (OCH2), 40.18 (C), 30.04 (CH2), 24.85 (CH3), 23.12 (CH2),
19.01, 14.18 ppm (CH3); IR (neat): ñ=3440 (br), 2922 (m), 1784 (m),
1726 (s), 1657 (s), 1610 (m), 1449 (m), 1241 (s), 1160 (s), 732 cm�1 (m);
MS (EI, 70 eV): m/z (%): 246.1 (70) [M+], 231.0 (25), 201.0 (79), 187.0
(100), 173.0 (62), 144.8 (79), 129.0 (50), 91.0 (21). The exact molecular
mass for C15H18O3: m/z=246.1256�2 mD was confirmed by HRMS (EI,
70 eV).


4,10-Dimethyl-2-oxo-2,5,6,10-tetrahydronaphthalen-1-carboxylic acid iso-
propyl ester (17c): From 16c (0.058 g, 0.21 mmol), 17c was obtained as a
colorless oil (0.039 g, 73%). Rf=0.38 (hexane/ethyl acetate 7:3);
1H NMR (300 MHz, CDCl3): d=6.38 (ddd, 1H, J=1.5, 2.7, 9.9 Hz; =
CH), 6.26–6.21 (m, 1H; =CH), 6.15 (q, 1H, J=1.2 Hz; =CH), 5.25 (sep,
1H, J=6.3 Hz; OCH), 2.44–2.39 (m, 2H; CH2), 2.08–2.03 (m, 1H; CH2),
2.02 (d, 3H, J=1.2 Hz; CH3), 1.71–1.61 (m, 1H; CH2), 1.36 (d, 6H, J=
6.3 Hz; CH3), 1.35 ppm (s, 3H; CH3);


13C NMR (75 MHz, CDCl3): d=
182.52, 166.34, 164.33, 156.52 (C), 137.33 (CH), 129.56 (C), 127.01, 124.51
(CH), 69.32 (OCH), 40.36 (C), 30.31 (CH2), 25.05 (CH3), 23.38 (CH2),
22.07 (2C), 19.01 ppm (CH3); IR (neat): ñ=3436 (br), 2982 (m), 1784
(m), 1722 (s), 1656 (s), 1610 (m), 1372 (s), 1246 (s), 732 cm�1 (m); MS
(EI, 70 eV): m/z (%)=260.0 (26) [M+], 217.9 (37), 200.9 (57), 173.9
(100), 144.7 (28), 114.3 (23), 43.1 (48). The exact molecular mass for
C16H20O3: m/z=260.1412�2 mD was confirmed by HRMS (EI, 70 eV).


Compound 19a : From 18a (0.110 g, 0.39 mmol), 19a was obtained as a
yellow oil (0.084 g, 82%). Rf=0.45 (hexane/ethyl acetate 3:2);


1H NMR
(300 MHz, CDCl3): d=16.55 (s, 1H; OH), 7.19–7.03 (m, 4H; ArH), 6.12
(s, 1H; =CH), 5.93 (q, 1H, J=1.2 Hz; =CH), 2.93 (d, 1H, J=15.0 Hz;
CH2), 2.85 (d, 1H, J=15.0 Hz; CH2), 2.38 (s, 3H; CH3), 2.04 (d, 3H, J=
1.2 Hz; CH3), 1.05 ppm (s, 3H; CH3);


13C NMR (75 MHz, CDCl3): d=
185.23, 182.27, 162.95, 138.40, 133.36, 131.57 (C), 128.17, 126.98, 126.65,
125.11 123.32, 122.53 (CH), 107.93, 43.53 (C), 38.19 (CH2), 23.67, 20.50,
19.08 ppm (CH3); IR (neat): ñ=2974 (m), 1735 (m), 1657 (s), 1630 (m);
1601 (w), 1571 (m), 1441 (m), 1268 (m), 1235 (m), 1156 (w), 869 (m),
759 cm�1 (m); MS (EI, 70 eV): m/z (%)=266.7 (96) [M+], 251.6 (100),
209.5 (47), 178.3 (19), 43.1 (79), 28.0 (73). The exact molecular mass for
C18H18O2: m/z=266.1307�2 mD was confirmed by HRMS (EI, 70 eV).


Compound 19b : From 18b (0.097 g, 0.32 mmol), 19b was obtained as a
yellow oil (0.072 g, 79%). Rf=0.48 (hexane/ethyl acetate 3:2);


1H NMR
(300 MHz, CDCl3): d=13.28 (s, 1H; OH), 7.17–6.96 (m, 5H; ArH, =
CH), 5.86 (q, 1H, J=1.2 Hz; =CH), 3.88 (s, 3H; CH3), 3.01 (d, 1H, J=
15.3 Hz; CH2), 2.81 (d, 1H, J=15.3 Hz; CH2), 2.38 (s, 3H; CH3), 2.00 (d,
3H, J=1.2 Hz; CH3), 1.25 ppm (s, 3H; CH3);


13C NMR (75 MHz,
CDCl3): d=173.80, 168.60, 157.38, 136.69, 134.26, 130.60 (C), 127.89,
126.84, 126.24, 125.97, 121.39, 119.35 (CH), 96.05 (C), 51.82 (OCH3),
41.27 (C), 37.97 (CH2), 29.67, 21.88 (CH3); IR (neat): ñ=3436 (br), 1736
(m), 1658 (s), 1626 (m), 1567 (m), 1441 (m), 1269 (s), 751 cm�1 (w); MS
(EI, 70 eV): m/z (%)=281.9 (49) [M+], 267.0 (34), 249.9 (35), 234.9
(100), 179.0 (41), 57.4 (18), 28.1 (22). The exact molecular mass for
C18H18O3: m/z=282.1256�2 mD was confirmed by HRMS (EI, 70 eV).


Compound 19c : From 18c (0.115 g, 0.36 mmol), 19c was obtained as
orange crystals (0.093 g, 86%). M.p. 126–127 8C; Rf=0.45 (hexane/ethyl
acetate 3:2); 1H NMR (300 MHz, CDCl3): d=13.37 (s, 1H; OH), 7.10–
7.03 (m, 5H; ArH, =CH), 5.86 (q, 1H, J=1.4 Hz; =CH), 4.44–4.33 (m,
2H; OCH2), 3.02 (d, 1H, J=15.2 Hz; CH2), 2.80 (d, 1H, J=15.2 Hz;
CH2), 2.01 (d, 3H, J=1.4 Hz; CH3), 1.45 (t, 3H, J=7.2 Hz; CH3),
1.03 ppm (s, 3H; CH3);


13C NMR (75 MHz, CDCl3): d=173.05, 168.59,
157.18, 136.89, 134.43, 130.66 (C), 127.92, 126.86, 126.21, 125.94, 121.45,
119.45 (CH), 96.06 (C), 61.11 (CH2), 41.31 (C), 38.04 (CH2), 21.98, 19.14,
14.21 ppm (CH3); IR (KBr): ñ=2960 (m), 1725 (w), 1659 (s), 1613 (s),
1574 (s), 1408 (m), 1306 (s), 1272 (s), 1239 (s), 1073 (m), 1017 (w), 869
(m), 752 cm�1 (m); MS (EI, 70 eV) m/z (%)=296.2 (43) [M+], 281.4
(28), 250.2 (41), 235.2 (100), 179.2 (43); elemental analysis calcd (%) for
C19H20O3: C 77.00, H 6.80; found: C 77.33, H 6.95.


Compound 19d : From 18d (0.113 g, 0.34 mmol), 19d was obtained as a
yellow oil (0.081 g, 76%). Rf=0.54 (hexane/ethyl acetate 3:2);


1H NMR
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(300 MHz, CDCl3): d=13.44 (s, 1H; OH), 7.19–6.98 (m, 5H; ArH, =
CH), 5.85 (q, 1H, J=1.5 Hz; =CH), 5.25 (sep, 1H, J=6.0 Hz; CH), 3.00
(d, 1H, J=15.0 Hz; CH2), 2.80 (d, 1H, J=15.0 Hz; CH2), 2.00 (d, 3H,
J=1.5 Hz; CH3), 1.45 (d, 3H, J=6.0 Hz; CH3), 1.39 (d, 3H, J=6.0 Hz;
CH3), 1.03 ppm (s, 3H; CH3);


13C NMR (75 MHz, CDCl3): d=172.57,
168.40, 156.96, 136.95, 134.37, 130.62 (C), 127.89, 126.80, 126.12, 125.86,
121.42, 119.44 (CH), 96.23 (C), 69.04 (OCH), 41.27 (C), 38.02 (CH2),
22.05, 21.19 (2C), 19.07 ppm (CH3); IR (neat): ñ=2979 (w), 1733 (s),
1657 (s), 1630 (s), 1603 (w), 1569 (m), 1454 (w), 1269 (s), 1105 (s),
862 cm�1 (w); MS (EI, 70 eV): m/z (%)=310.0 (36) [M+], 250.0 (53),
234.9 (100), 209.4 (24), 179.0 (45), 43.2 (44), 28.0 (23). The exact molecu-
lar mass for C20H22O3: m/z=310.1569�2 mD was confirmed by HRMS
(EI, 70 eV).


Compound 19e : From 18e (0.113 g, 0.34 mmol), 19e was obtained as a
yellow oil (0.089 g, 85%). Rf=0.50 (hexane/ethyl acetate 3:2);


1H NMR
(300 MHz, CDCl3): d=13.12 (s, 1H; OH), 7.17–7.00 (m, 5H; ArH, =
CH), 5.86 (q, 1H, J=1.2 Hz; =CH), 4.57–4.51 (m, 1H; OCH2), 4.39–4.32
(m, 1H; OCH2), 3.77–3.73 (m, 2H; OCH2), 3.48 (s, 3H; OCH3), 3.00 (d,
1H, J=15.0 Hz; CH2), 2.80 (d, 1H, J=15.0 Hz; CH2), 2.00 (d, 3H, J=
1.2 Hz; CH3), 1.03 ppm (s, 3H; CH3);


13C NMR (75 MHz, CDCl3): d=
173.05, 168.59, 157.18, 136.89, 134.43, 130.66 (C), 127.92, 126.86, 126.21,
125.94, 121.45, 119.45 (CH), 96.06 (C), 61.11 (CH2), 41.31 (C), 38.04
(CH2), 21.98, 19.14, 14.21 ppm (CH3); IR (neat): ñ=2969 (w), 1714 (w),
1646 (s), 1621 (s), 1566 (s), 1454 (m), 1425 (s), 1283 (s), 962 cm�1 (w);
MS (EI, 70 eV): m/z (%): 326.0 (39) [M+], 310.9 (20), 250.0 (51), 234.9
(100), 179.0 (32), 43.1 (55), 28.1 (48); elemental analysis calcd (%) for
C20H22O4: C 73.59, H 6.79; found: C 73.87, H 7.04. The exact molecular
mass for C20H22O4: m/z=326.1518�2 mD was confirmed by HRMS (EI,
70 eV).


Compound 19g : From 18g (0.046 g, 0.13 mmol), 19g was obtained as a
yellow oil (0.032 g, 73%). Rf=0.82 (hexane/ethyl acetate 3:1);


1H NMR
(300 MHz, CDCl3): d=13.21 (s, 1H; OH), 7.30–6.92 (m, 10H; ArH, =
CH), 5.99 (s, 1H; =CH), 3.96 (s, 3H; OCH3), 2.97 (d, 1H, J=15.6 Hz;
CH2), 2.48 (d, 1H, J=15.6 Hz; CH2), 1.26 ppm (s, 3H; CH3);


13C NMR
(75 MHz, CDCl3): d=173.47, 167.80, 159.46, 139.55, 136.83, 134.10,
131.27 (C), 128.59 (2C), 128.25, 128.23 (2C), 127.93, 126.95, 126.61,
126.36, 122.16 (CH), 92.28 (C), 52.22 (CH3), 41.62 (C), 39.31 (CH2),
23.44 ppm (CH3); IR (neat): ñ=3435 (s), 2977 (w), 1739 (s), 1655 (s),
1601 (m), 1562 (m), 1441 (m), 1275 (m), 763 cm�1 (w); MS (EI, 70 eV):
m/z (%): 344.0 (47) [M+], 329.0 (35), 311.9 (29), 297.0 (100), 241.0 (34),
70.0 (34), 28.1 (32). The exact molecular mass for C23H20O3: m/z=
344.1412�2 mD was confirmed by HRMS (EI, 70 eV).


Compound 19h : From 18h (0.040 g, 0.11 mmol), 19h was obtained as a
yellow oil (0.032 g, 84%). Rf=0.39 (hexane/ethyl acetate 3:1);


1H NMR
(300 MHz, CDCl3): d=7.29–7.05 (m, 9H; ArH), 6.27 (d, 1H, J=1.2 Hz;
=CH), 3.90 (s, 3H; OCH3), 3.88 (d, 1H, J=16.5 Hz; CH2), 3.63 (d, 1H,
J=19.2 Hz; CH2), 3.33 (d, 1H, J=19.2 Hz; CH2), 3.08 (d, 1H, J=
16.5 Hz; CH2), 1.79 ppm (d, 3H, J=1.1 Hz; CH3);


13C NMR (75 MHz,
CDCl3): d=182.18, 166.85, 163.71, 159.88, 137.69, 132.22, 132.19, 131.37
(C), 129.00 (2C), 128.41, 128.00, 127.63, 127.11 (2C), 126.93, 126.86,
125.00 (CH), 52.41 (OCH3), 50.47 (C), 38.36, 33.78 (CH2), 19.50 ppm
(CH3); IR (neat): ñ=3435 (s), 2977 (w), 1739 (s), 1655 (s), 1601 (m),
1562 (m), 1441 (m), 1275 (m), 763 cm�1 (w); MS (EI, 70 eV): m/z (%)=
344.4 (45) [M+], 312.6 (100), 285.1 (8), 253.0 (19), 179.0 (12), 104.8 (12),
28.0 (9). The exact molecular mass for C23H20O3: m/z=344.1412�2 mD
was confirmed by HRMS (EI, 70 eV).


Compound 19 i : From 18 i (0.050 g, 0.13 mmol), 19 i was obtained as a
yellow oil (0.040 g, 84%). Rf=0.88 (hexane/ethyl acetate 3:1);


1H NMR
(300 MHz, CDCl3): d=13.31 (s, 1H; OH), 7.37–6.93 (m, 10H; ArH, =
CH), 5.98 (s, 1H; =CH), 4.51–4.34 (m, 2H; OCH2), 2.97 (d, 1H, J=
15.6 Hz; CH2), 2.48 (d, 1H, J=15.6 Hz; CH2), 1.47 (t, 3H, J=7.2 Hz;
CH3), 1.26 ppm (s, 3H; CH3);


13C NMR (75 MHz, CDCl3): d=172.87,
167.54, 159.10, 139.39, 136.77, 134.01, 131.08 (C), 128.40 (2C), 127.72
(3C), 126.72, 126.35, 126.09, 121.99 (2C, CH), 97.07 (C), 61.29 (CH3),
41.42 (C), 39.13 (CH2), 23.30, 14.18 ppm (CH3); IR (neat): ñ=3435 (s),
2977 (w), 1739 (s), 1655 (s), 1601 (m), 1562 (m), 1441 (m), 1275 (m),
763 cm�1 (w); MS (EI, 70 eV): m/z (%): 358.4 (41) [M+], 343.3 (28),
312.3 (33), 297.3 (100), 241.3 (39), 77.4 (3). The exact molecular mass for
C24H22O3: m/z=358.1569�2 mD was confirmed by HRMS (EI, 70 eV).


Compound 19j : From 18 j (0.043 g, 0.11 mmol), 19j was obtained as a
yellow oil (0.040 g, 83%). Rf=0.40 (hexane/ethyl acetate 3:1);


1H NMR
(300 MHz, CDCl3): d=7.37–7.27 (m, 9H; ArH), 6.27 (d, 1H, J=1.2 Hz;
=CH), 4.38 (d, 2H, J=7.2 Hz; OCH2), 3.88 (d, 1H, J=16.5 Hz; CH2),
3.64 (d, 1H, J=19.2 Hz; CH2), 3.32 (d, 1H, J=19.2 Hz; CH2), 3.08 (d,
1H, J=16.5 Hz; CH2), 1.78 (d, 3H, J=1.2 Hz; CH3), 1.35 ppm (t, 3H,
J=7.2 Hz; CH3);


13C NMR (75 MHz, CDCl3): d=182.26, 164.40, 163.65,
159.40, 137.73, 133.29, 132.25 (C), 128.97 (2C), 128.37, 128.00, 127.58,
127.12 (2C), 126.91, 126.81, 125.93 (CH), 61.52 (OCH2), 50.39 (C), 38.32,
33.61 (CH2), 19.48, 14.19 ppm (CH3); IR (neat): ñ=3435 (s), 2977 (w),
1739 (s), 1655 (s), 1601 (m), 1562 (m), 1441 (m), 1275 (m), 763 cm�1 (w);
MS (EI, 70 eV): m/z (%)=358.3 (45) [M+], 312.1 (100), 297.1 (19), 284.1
(18), 235.1 (47), 179.1 (20), 144.8 (9), 28.0 (8). The exact molecular mass
for C24H24O3: m/z=358.1569�2 mD was confirmed by HRMS (EI,
70 eV).


Compound 19k : From 18k (0.052 g, 0.13 mmol), 19k was obtained as a
yellow oil (0.041 g, 83%); a small amount of impurity could not be sepa-
rated. Rf=0.93 (hexane/ethyl acetate 3:1);


1H NMR (300 MHz, CDCl3):
d=13.32 (s, 1H; OH), 7.45–6.93 (m, 10H; ArH, =CH), 5.99 (s, 1H; =
CH), 4.24–4.09 (m, 2H; OCH2), 2.96 (d, 1H, J=15.6 Hz; CH2), 2.47 (d,
1H, J=15.6 Hz; CH2), 2.20–2.11 (m, 1H; CH), 1.27 (s, 3H; CH3),
1.10 ppm (d, 6H, J=6.7 Hz; CH3); IR (KBr): ñ=2938 (s), 1736 (s), 1602
(m), 1453 (m), 1276 (s), 1115 (s), 706 cm�1 (w); MS (EI, 70 eV): m/z
(%)=386.0 (51) [M+], 311.0 (100), 284.9 (15), 234.9 (38), 179.0 (18),
144.8 (9), 43.1 (10), 28.1 (41). The exact molecular mass for C26H26O3:
m/z=386.1882�2 mD was confirmed by HRMS (EI, 70 eV).


Compound 19 l : From 18 l (0.050 g, 0.12 mmol), 19 l was obtained as a
yellow oil (0.035 g, 73%); a small amount of impurity could not be sepa-
rated. Rf=0.46 (hexane/ethyl acetate 3:1);


1H NMR (300 MHz, CDCl3):
d=7.30–6.90 (m, 9H; ArH), 6.27 (d, 1H, J=1.2 Hz; =CH), 4.16–4.05 (m,
2H; OCH2), 3.95–3.80 (br, 1H; CH2), 3.88 (d, 1H, J=16.7 Hz; CH2),
3.66 (d, 1H, J=19.1 Hz; CH2), 3.32 (d, 1H, J=17.2 Hz; CH2), 3.10 (d,
1H, J=16.7 Hz; CH2), 2.08–2.08 (m, 1H; CH), 1.78 (d, 3H, J=1.1 Hz;
CH3), 0.98 ppm (dd, 6H, J=12.6, 1.2 Hz; CH3);


13C NMR (75 MHz,
CDCl3): d=182.80, 166.94, 164.31, 160.07, 138.18, 133.69 (C), 132.66,
132.00, 129.44, 129.20, 128.85, 128.80, 128.39, 120.36, 127.77, 127.60,
127.48, 126.34 (CH), 72.07 (CH2), 50.90 (C�OH), 38.70, 34.18 (CH2),
28.15 (CH), 20.00, 19.92, 19.57 ppm (CH3); IR (KBr): ñ=2973 (m), 1736
(s), 1677 (m), 1657 (s), 1600 (m), 1450 (m), 1257 (m), 1115 (m), 759 cm�1


(w); MS (EI, 70 eV): m/z (%): 386.0 (51) [M+], 311.0 (100), 284.9 (15),
234.9 (38), 179.0 (18), 144.8 (9), 43.1 (10), 28.1 (41). The exact molecular
mass for C26H26O3: m/z=386.1882�2 mD was confirmed by HRMS (EI,
70 eV).


6,10-Dimethyl-8-oxo-spiro[4,5]deca-6,9-dien-7-carboxylic acid ethyl ester
(8): TFA (0.40 mL, 5.30 mmol) was added to a well-stirred CH2Cl2 so-
lution (0.5 mL) of 7c (0.130 g, 0.49 mmol) at 20 8C and the mixture was
stirred for 1 h. The solvent and TFA were removed in vacuo and the resi-
due was purified by column chromatography (silica gel, ethyl acetate/
hexane 2:3) to give 8 as a colorless solid (0.068 g, 56%). M.p. 50–51 8C;
Rf=0.30 (ethyl acetate/hexane 2:3); 1H NMR (300 MHz, CDCl3): d=


6.06 (s, 1H; =CH), 4.35 (q, 2H, J=7.2 Hz; OCH2), 2.02 (s, 3H; CH3),
2.01 (s, 3H; CH3), 1.93–1.85 (m, 8H; cyclopentane CH2), 1.42 ppm (t,
3H, J=7.2 Hz; CH3);


13C NMR (75 MHz, CDCl3): d=182.11, 167.45,
164.76, 161.00, 132.09 (C), 125.08 (CH), 61.23 (CH2), 53.40 (C), 37.33
(2C), 29.19 (2C, CH2), 20.79, 17.46, 14.19 ppm (CH3); IR (neat): ñ=2959
(m), 1731 (s), 1657 (s), 1629 (m), 1607 (w), 1394 (m), 1243 (m), 1049 cm�1


(m); MS (EI, 70 eV): m/z (%): 248.3 (20) [M+], 233.2 (6), 203.3 (37),
187.2 (20), 175.2 (100), 161.2 (30), 146.8 (30), 91.1 (11), 29.2 (17); elemen-
tal analysis calcd (%) for C15H20O3: C 72.55, H 8.11; found: C 72.61, H
8.29.


Synthesis of ethyl 1-acetylcyclopropanecarboxylate (9): 1,4-Dibromobu-
tane (46.6 mL, 395.3 mmol) was added dropwise through a dropping
funnel to a stirred solution of ethyl acetoacetate (51.4 g, 395.3 mmol) and
potassium carbonate (136.0 g, 987.5 mmol) in dimethyl sulfoxide
(120 mL) at 20 8C. After three days of stirring, the reaction mixture was
filtered and the residue was washed with Et2O (2N50 mL). The combined
organic layers were dried over anhydrous Na2SO4, filtered, and concen-
trated in vacuo. The crude reaction mixture was purified by column chro-
matography (hexane/ethyl acetate 9:1) to give 9 as a colorless oil (60.0 g,
83%). 1H NMR (300 MHz, CDCl3): d=4.19 (q, 2H, J=7.2 Hz; OCH2),
2.15 (s, 3H; CH3), 2.13–2.08 (m, 2H; CH2), 1.68–1.61 (m, 2H; CH2),
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1.26 ppm (t, 3H, J=7.2 Hz; CH3);
13C NMR (75 MHz, CDCl3): d=


203.09, 172.87, 66.38 (C) 60.79, 32.50 (2C, CH2), 25.82 (CH3), 25.21 (2C,
CH2), 13.54 ppm (CH3); IR (neat): ñ=2960 (s), 2874 (m), 1739 (s); 1710
(s), 1623 (m), 1448 (s), 1246 (s), 1171 (s), 858 cm�1 (m); MS (EI, 70 eV):
m/z (%): 184.0 (5) [M+], 139.0 (2), 84.9 (4), 55.3 (5), 43.1 (10), 28.0
(100).


Synthesis of 10 : 4-Methyl benzenesulfonic acid (PTSA; 0.028 g,
0.16 mmol) was added to a stirred benzene solution (200 mL) of 9
(30.4 g, 165.3 mmol) and ethane-1,2-diol (110.6 mL, 198.4 mmol) at 20 8C.
The reaction mixture was heated to reflux by using a Dean–Stark appara-
tus until water was completely removed from the reaction mixture (8 h).
The benzene was distilled off and the product was collected by fractional
distillation to give 10 as a colorless oil (32.0 g, 85%). 1H NMR
(300 MHz, CDCl3): d=4.15 (q, 2H, J=7.2 Hz; OCH2), 3.96 (s, 4H;
COCH2), 2.20–2.07 (m, 2H; CH2), 1.83–1.62 (m, 6H; CH2), 1.33 (s, 3H;
CH3), 1.26 ppm (t, 3H, J=6.9 Hz; CH3);


13C NMR (75 MHz, CDCl3): d=
174.26, 110.44 (C), 64.41 (2C, CH2), 62.91 (C), 59.91, 31.25 (2C), 24.48
(2C, CH2), 21.24, 13.44 ppm (CH3); IR (neat): ñ=2982 (m), 2877 (m),
1719 (s), 1248 (s), 1043 (s), 890 cm�1 (m); MS (EI, 70 eV): m/z (%): 229.0
(5) [M++1], 213.0 (46), 142.0 (24), 88.0 (22), 87.2 (100); elemental analy-
sis calcd (%) for C12H20O4: C 63.15, H 8.71; found: C 62.86, H 8.41.


Synthesis of 11: Lithium aluminium hydride (2.0 g, 52.6 mmol) was added
to a three-necked round-bottom flask containing Et2O (200 mL) under
argon at 20 8C. The suspension was cooled to 0 8C and an Et2O solution
(100 mL) of 10 (10.0 g, 43.8 mmol) was added dropwise over 0.5 h by
using a dropping funnel. After completion of addition, the reaction was
warmed to 20 8C and was stirred for additional 3 h. The reaction was
quenched by the slow addition of water (1.5 mL), followed by addition of
an aqueous solution of NaOH (4.0 mL, 1.0m) and water (4.0 mL). The re-
action mixture was filtered and the residue was washed with Et2O (2N
50 mL). The combined organic filtrates were dried over anhydrous
Na2SO4 and concentrated in vacuo to give 11 as a colorless oil (7.35 g,
90%). 1H NMR (300 MHz, CDCl3): d=4.01–3.96 (br, 4H; CH2), 3.49 (d,
2H, J=5.4 Hz; CH2OH), 3.12 (t, 1H, J=5.4 Hz; CH2OH), 1.68–1.52 (m,
6H; CH2), 1.48–1.44 (m, 2H; CH2), 1.36 ppm (s, 3H; CH3);


13C NMR
(75 MHz, CDCl3): d=114.66 (C), 67.31, 64.46 (2C, CH2), 54.29 (C), 30.65
(2C), 25.65 (2C, CH2), 20.03 ppm (CH3); IR (neat): ñ=3453 (s), 2954 (s),
2873 (s), 1376 (s), 1126 (m), 1038 (s), 881.27 cm�1 (m); MS (EI, 70 eV):
m/z (%): 187.4 (2) [M++1], 171.4 (36), 87.2 (100), 82.2 (54), 68.1 (71),
43.1 (48), 31.1 (39); elemental analysis calcd (%) for C10H18O3: C 64.48,
H 9.74; found: C 63.95, H 9.45.


Synthesis of 12 : An acetone solution (50 mL) of 11 (4.67 g, 25.10 mmol)
and PTSA (2.15 g, 12.55 mmol) was stirred for 24 h at 20 8C. The acetone
was removed in vacuo and the reaction mixture was extracted with Et2O
(50 mL). The organic layer was washed with water (50 mL), dried over
anhydrous Na2SO4, filtered, and and concentrated in vacuo to give 12 as
a colorless oil (3.09 g, 87%). 1H NMR (300 MHz, CDCl3): d=3.57 (s,
2H; CH2), 2.45 (s, 1H; OH), 2.18 (s, 3H; CH3), 1.91–1.62 ppm (m, 8H;
CH2);


13C NMR (75 MHz, CDCl3): d=214.14 (C), 66.92 (CH2), 60.89 (C),
32.08 (2C), 25.28 (2C, CH2), 20.40 ppm (CH3); IR (neat): ñ=3431 (br),
2953 (s), 1700 (s), 1357 (m), 1041 cm�1 (m); MS (EI, 70 eV): m/z (%)=
143.0 (12) [M++1], 125.0 (17), 108.4 (88), 81.1 (39), 68.0 (68), 43.1 (100),
28.1 (40).


Synthesis of 5d : A CH2Cl2 solution (2 mL) of dimethyl sulfoxide
(1.00 mL, 14.1 mmol) was added dropwise to a stirred CH2Cl2 solution
(7 mL) of oxalyl chloride (0.88 mL, 7.04 mmol) at �78 8C under an argon
atmosphere. After stirring for 10 min, a CH2Cl2 solution (3 mL) of 12
(1.00 g, 7.04 mmol) was added dropwise and the solution was stirred for
15 min. Triethylamine (3.9 mL, 28.2 mmol) was added slowly and the
temperature of the mixture was allowed to rise to 20 8C over 30 min.
Water (40 mL) was added to the reaction mixture and the latter was stir-
red for 10 min. The organic layer was separated and the aqueous layer
was washed with CH2Cl2 (2N25 mL). The combined organic layers were
washed with an aqueous solution of Na2CO3 (30 mL, 10%) and water
(30 mL), dried over anhydrous Na2SO4, filtered and concentrated in
vacuo to give 5d as a yellow oil (0.858 mg, 87%). 1H NMR (300 MHz,
CDCl3): d=9.57 (s, 1H; CHO), 2.20 (s, 3H; CH3), 2.15–2.06 (m, 4H;
CH2), 1.71–1.61 ppm (m, 4H; CH2);


13C NMR (75 MHz, CDCl3): d=


205.36 (C), 199.28 (CH), 72.23 (C), 30.05 (2C, CH2), 27.10 (CH3),
25.51 ppm (2C, CH2); IR (neat): ñ=2952 (s), 2870 (m), 1702 (s), 1357


(m), 1158 cm�1 (m); MS (EI, 70 eV): m/z (%)=141 (3) [M++1], 125.0
(11), 111.1 (44), 98 (18), 81 (33), 67.9 (57), 43.1 (100), 28.1 (42).


1-(1-Propionylcyclopentyl)propan-1-one (5b): The reaction was carried
out by following the procedure as given for the synthesis of 9. From hep-
tane-3,5-dione (3.20 g, 25.0 mmol), 1,4-dibromobutane (5.40 g,
25.0 mmol), and potassium carbonate (7.60 g, 55.0 mmol), 5b was ob-
tained as a colorless oil (3.00 g, 66%). Rf=0.66 (hexane/ethyl acetate
9:1); 1H NMR (300 MHz, CDCl3): d=2.37 (q, 4H, J=7.2 Hz; CH2),
2.12–2.18 (m, 4H; CH2), 1.60–1.56 (m, 4H; CH2), 1.04 ppm (t, 6H, J=
7.2 Hz; CH3);


13C NMR (75 MHz, CDCl3): d=208.26 (2C), 74.52 (C),
32.00 (2C), 31.26 (2C), 25.29 (2C, CH2), 8.11 ppm (2C, CH3); IR (neat):
ñ=2973 (s), 1697 (s), 1456 (m), 1346 (m), 1139 (m), 1024 cm�1 (w).


1-(2-Benzoylcyclopentyl)ethanone (5c): The reaction was carried out by
following the procedure as given for the synthesis of 9. From benzoylace-
tone (4.05 g, 25.0 mmol), 1,4-dibromobutane (5.40 g, 25.0 mmol), and po-
tassium carbonate (7.60 g, 55.0 mmol), 5c was obtained as a colorless oil
(3.95 g, 75%). Rf=0.68 (hexane/ethyl acetate 9:1);


1H NMR (300 MHz,
CDCl3): d=7.86–7.82 (m, 2H; ArH), 7.53–7.50 (m, 1H; ArH), 7.44–7.38
(m, 2H; ArH), 3.43 (m, 1H; CH2), 2.32–2.20 (m, 4H; CH2), 2.01 (s, 3H;
CH3), 1.66–1.61 ppm (m, 3H; CH2);


13C NMR (75 MHz, CDCl3): d=


205.75, 197.41, 135.21 (C), 132.95, 129.02 (2C), 128.50 (2C, CH), 72.32
(C), 33.09 (2C, CH2), 27.05 (CH3), 26.07 ppm (2C, CH2); IR (neat): ñ=
2957 (m), 1713 (m), 1674 (s), 1598 (w), 1447 (m), 1243 (s), 710 cm�1 (m);
MS (EI, 70 eV): m/z (%): 215.8 (1) [M+], 173.9 (5), 144.6 (2), 104.5
(100), 77.3 (36), 43.0 (7).


Preparation of 1-(1-acetylcyclopent-3-enyl)ethanone (5e): Ti(OiPr)4
(0.3 mL, 1.01 mmol) was added to a CH2Cl2 solution (degassed, 70 mL)
of 3,3-diallylpentane-2,4-dione (1.30 g, 7.22 mmol). After stirring for 1 h
at 35 8C, Grubbs catalyst (0.594 g, 0.7 mmol in 5 mL of CH2Cl2) was
added. The solution was stirred for 48 h at the same temperature. The
solvent was removed in vacuo and the residue was purified by column
chromatography (silica gel, ethyl acetate/hexane 1:9) to give 5e as an oil
(0.626 g, 57%). Rf=0.66 (ethyl acetate/hexane 1:9);


1H NMR (300 MHz,
CDCl3): d=5.59 (s, 2H; =CH), 2.90 (s, 4H; CH2), 2.15 ppm (s, 6H;
CH3);


13C NMR (75 MHz, CDCl3): d=204.99 (2C, C), 127.89 (2C, CH),
73.16 (C), 37.66 (2C, CH2), 26.37 ppm (2C, CH3); IR (neat): ñ=1700 (s),
1433 (m), 1358 (m), 1216 (m), 1151 (m), 633 cm�1 (m); MS (EI, 70 eV):
m/z (%): 151.3 (1) [M+], 138.1 (2), 124.1 (5), 108.4 (15), 97.0 (5), 81.0
(4), 43.1 (100), 28.0 (7).


1-(2-Acetylindan-2-yl)ethanone (5 f): The reaction was carried out by fol-
lowing the procedure as given for the synthesis of 9. From acetylacetone
(2.10 g, 25.0 mmol), 1,2-bis(bromomethyl)benzene (6.60 g, 25.0 mmol),
and potassium carbonate (7.60 g, 55.0 mmol), 5 f was obtained as a color-
less oil (4.10 g, 81%). Rf=0.66 (hexane/ethyl acetate 9:1); 1H NMR
(300 MHz, CDCl3): d=7.17–7.11 (m, 4H; ArH), 3.47 (s, 4H; CH2),
2.14 ppm (s, 6H; CH3);


13C NMR (75 MHz, CDCl3): d=214.56 (2C),
139.53 (2C, C), 126.84 (2C), 124.22 (2C, CH), 74.39 (C), 37.38 (2C,
CH2), 26.29 ppm (2C, CH3); IR (neat): ñ=1695 (s), 1585 (s), 1430 (s),
1357 (s), 1032 (m), 771 cm�1 (m); MS (EI, 70 eV): m/z (%): 201.9 (1)
[M+], 186.8 (1), 158.8 (80), 144.6 (6), 114.3 (21), 88.9 (4), 43.0 (100), 28.0
(16).


1-(2-Propionylindan-2-yl)propan-1-one (5g): The reaction was carried
out by following the procedure as given for the synthesis of 9. From hep-
tane-3,5-dione (3.20 g, 25.0 mmol), 1,2-bis(bromomethyl)benzene (6.60 g,
25.0 mmol), and potassium carbonate (7.60 g, 55.0 mmol), 5g was ob-
tained as a colorless oil (3.91 g, 68%). 1H NMR (300 MHz, CDCl3): d=
7.20–7.13 (m, 4H; ArH), 3.51 (s, 4H; CH2), 2.44 (q, 4H, J=7.2 Hz;
CH2), 1.04 ppm (t, 6H, J=7.2 Hz; CH3); IR (neat): ñ=2980 (m), 1697
(s), 1456 (m), 1348 (m), 1163 (m), 995 (w), 745 cm�1 (m).


1-(2-Benzoylindan-2-yl)ethanone (5h): The reaction was carried out by
following the procedure as given for the synthesis of 9. From benzoylace-
tone (4.05 g, 25.0 mmol), 1,2-bis(bromomethyl)benzene (6.60 g,
25.0 mmol), and potassium carbonate (7.60 g, 55 mmol), 1 was obtained
as a colorless oil (4.50 g, 68%). Rf=0.59 (hexane/ethyl acetate 9:1);
1H NMR (300 MHz, CDCl3): d=7.89–7.84 (m, 2H; ArH), 7.56–7.51 (m,
1H; ArH), 7.45–7.39 (m, 2H; ArH), 7.18–7.11 (m, 4H; ArH), 3.78 (d,
2H, J=16.5 Hz; CH2), 3.68 (d, 2H, J=16.5 Hz; CH2), 2.11 ppm (s, 3H;
CH3);


13C NMR (75 MHz, CDCl3): d=204.51, 196.41, 139.43 (2C), 134.86
(C), 133.29, 129.14 (2C), 128.72 (2C), 126.84 (2C), 124.18 (2C, CH),
72.02 (C), 39.05 (2C, CH2), 26.75 ppm (CH3); IR (neat): ñ=2944 (m),
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1715 (m), 1679 (s), 1601 (m), 1589 (m), 1447 (m), 1355 (m), 1243 (s),
721 cm�1 (m); MS (EI, 70 eV): m/z (%): 263.9 (1) [M+], 248.8 (1), 220.7
(80), 158.9 (53), 104.5 (100), 77.3 (44), 43.0 (16).
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Intramolecular g-Hydroxylations of Nonactivated C�H Bonds with Copper
Complexes and Molecular Oxygen


Bruno Schçnecker,*[a] Tatjana Zheldakova,[b] Corinna Lange,[a] Wolfgang G,nther,[a]


Helmar Gçrls,[c] and Martin Bohl[d]


Introduction


The ability of copper-containing enzymes to regio- and ster-
eoselectively hydroxylate substrates with molecular
oxygen[1] has inspired bioinorganic and bioorganic chemists


to investigate such reactions employing simple biomimetic
copper complexes. Quite some success has been achieved in
the past in activating molecular oxygen,[2] the investigation
of oxidizing species, and in the hydroxylation of aromatic[3]


and benzylic[4] C�H bonds of ligands. It seems to be much
more difficult to hydroxylate nonactivated C�H bonds. The
work of Thompson (N,N,N’,N’-tetraethyl ethylenediamine[5])
and Reglier and co-workers {N,N-bis[2-(2-pyridyl)ethyl]ami-
nopropane[6] and -cyclopentane[6]}, our own work {17b-N-[2-
(2-pyridyl)ethyl]amino-, 17b-(2-pyridylmethyl)amino ste-
roids,[7] and a 17a-aza-N-[2-(2-pyridyl)ethyl]amino steroid[8]},
and work by Masuda et al. [cis,cis-1,3,5-tris(isobutylamino)-
cyclohexane[9]] is summarized in Figure 1.


Using conformationally more restricted bidentate ligands
incorporating an iminomethyl- or iminoethyl-2-pyridine
moiety at the 17-position of a steroid molecule, we have ob-
served for the first time a regio- and stereospecific g-
hydroxylation of a nonactivated CH2 group.


12b-Hydroxylated steroids could be obtained in practical-
ly useful yields of 40 to 50%. After the hydroxylation proce-
dure (Scheme 1), hydrolysis or reduction of the imino bond
was possible, giving the 12b-hydroxy-17-ketone or 12b-hy-
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Abstract: Copper(i) complexes incor-
porating the isomeric bidentate ligands
IMPY (iminomethyl-2-pyridines) or
AMPY (aminomethylene-2-pyridines)
are quite unusual in their ability to
bind and activate molecular oxygen.
Using these complexes, hydroxylations
of nonactivated CH, CH2, or CH3


groups in the g-position in relation to
the imino-nitrogen atom, and with a
specific orientation of one H atom with
respect to the binuclear Cu�O species,
can be achieved in synthetically useful
yields. Through mechanistic studies
employing conformationally well-de-
fined molecules (for example, cyclic
isoprenoids), coupled with solid-state
X-ray structure analyses and force-field


calculations, we postulate a seven-
membered transition state for this reac-
tion in which six atoms lie approxi-
mately in a plane. This plane is defined
by the positions of the lone pairs on
the nitrogen atoms, as well as the
copper and the oxygen atoms. For a
successful hydroxylation, one hydrogen
atom should be located close to this
plane. Prediction of the stereochemical
course of these reactions is possible
based on a simple geometrical criteri-
on. The convenient introduction of


IMPY and AMPY groups as auxiliaries
into oxo and primary amino com-
pounds and the simple hydrolysis after
the hydroxylation procedure has al-
lowed the synthesis of 3-hydroxy-1-oxo
and 3-hydroxy-1-amino compounds. If
desired, the 3-hydroxy-1-IMPY and -1-
AMPY compounds can be reduced
with NaBH4 to obtain 3-hydroxy-1-ami-
nomethylpyridines. For a successful hy-
droxylation procedure, the method em-
ployed for the synthesis of the CuI


complexes is very important. Starting
either from CuI salts or from CuII salts
with a subsequent reduction with ben-
zoin/triethylamine may turn out to be
the better way, depending on the
ligand and the molecular structure.


Keywords: C�H activation ·
copper · hydroxylation · O�O
activation · steroids
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droxy-17b-sec-amine, respectively.[7] For somewhat higher
yields, the iminomethylpyridine group (IMPY ligands)
proved preferable.


Abstract in German: Kupfer(i)komplexe von zwei Typen iso-
merer zweiz hniger Liganden (IMPY: Iminomethyl-2-pyri-
dine, AMPY: Aminomethylen-2-pyridine) binden und akti-
vieren molekularen Sauerstoff. Nichtaktivierte CH-, CH2-
oder CH3-Gruppen in g-Stellung zum Iminstickstoff, deren
H-Atome in die Ebene der Zweikern-Cu-O-Species gelangen
kçnnen, werden in praktisch verwertbaren Ausbeuten hy-
droxyliert. An Beispielen konformativ gut definierter Mole-
k7le (cyclische Isoprenoide), Rçntgenkristallstrukturanalysen
und Kraftfeldberechnungen kann ein siebengliedriger 9ber-
gangszustand mit sechs Atomen in nahezu einer Ebene vor-
geschlagen werden. Die Ebene ist determiniert durch die
freien Elektronenpaare der N-Atome und die Kupfer- und
Sauerstoffatome. Vorraussetzung f7r eine erfolgreiche Hy-
droxylierung ist, daß ein H-Atom in diese Ebene gelangt. F7r
eine Voraussage des stereochemischen Verlaufs wird eine einf-
ache geometrische Maßzahl verwendet. Durch die einfache
Einf7hrung der IMPY- oder AMPY-Gruppe als Auxiliare in
Oxo- bzw. prim re Amino-Verbindungen und die leichte Hy-
drolyse nach der Hydroxylierung sind auf kurzem Wege und
bequem 3-Hydroxy-1-oxo- und 3-Hydroxy-1-amino-Verbin-
dungen zug nglich. Falls gew7nscht kçnnen jedoch auch die
als Prim rprodukte entstehenden 3-Hydroxy-1-IMPY- und 3-
Hydroxy-1-AMPY-Verbindungen mit NaBH4 zu 3-Hydroxy-
1-aminomethyl-pyridinen reduziert werden. F7r eine erfol-
greiche Hydroxylierung ist die Methode zur Herstellung der
CuI-Komplexe sehr bedeutsam. In Abh ngigkeit von Ligan-
den- und Molek7lstruktur ist entweder der Start mit CuI-
Salzen oder der mit CuII-Salzen und nachfolgender Reduk-
tion mit Benzoin/Triethylamin der bessere Weg f7r die fol-
gende Hydroxylierung mit molekularem Sauerstoff.


Figure 1. b-Hydroxylation of nonactivated C�H bonds.


Scheme 1. g-Hydroxylation of a nonactivated CH2 group.
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We have presented an initial stereochemical model for H-
abstraction from the dinuclear copper–oxygen complex of 1,
which consists of a seven-membered ring with six atoms
lying nearly in a plane (Figure 2).


We assume that the orientation of the H atom in this
plane is a requirement for a successful hydroxylation proce-
dure. To support this hypothesis, we now report reactions


with other IMPY derivatives. To find further suitable li-
gands, we have investigated isomeric ligands containing an
aminomethylene pyridine structure (AMPY ligands) in
which the C=N double bond is conjugated with the pyridine


ring.[10,11] Finally, we have calcu-
lated the conformation of the li-
gands in the lowest energy state
and the conformation of the
IMPY and AMPY steroids
most appropriate to form the
copper–oxygen complex. On
the basis of these results, we
have modeled the copper–
oxygen complexes. We suggest
a mechanism similar to that de-
scribed, and recently also sup-
ported by calculations, for the
b-hydroxylation of benzylic
CH2 groups with 2-[(2-pyridyl)-
ethyl]amino ligands.[4f] Initially
generated (m-h2 :h2-peroxo)di-
copper(ii) complexes from cop-
per(i) complexes and molecular
oxygen are in equilibrium with
bis(m-oxo)dicopper(iii) com-
plexes. These should be the spe-
cies that are able to attack the
C�H bond with subsequent cre-
ation of a C�O bond (see
Figure 2).


Results and Discussion


Hydroxylations with IMPY li-
gands : Two methods can be
successfully applied for the b-
hydroxylation of benzylic
groups in the b-position to the
central nitrogen of 2-[(2-
pyridyl)ethyl]amino ligands.
Only 50% of the ligand in the
dinuclear complex can be hy-
droxylated when one starts with
copper(i) salts for complexation
with subsequent addition of
molecular oxygen (method A).
To achieve quantitative
hydroxyllation, Fukuzumi and
co-workers started with cop-
per(ii) complexes, which were
then reduced with benzoin and
triethylamine to copper(i) com-
plexes (method B). After addi-
tion of molecular oxygen and
completion of hydroxylation


turnover, an excess of benzoin/triethylamine was used to
reduce the copper(ii) complex to the copper(i) complex.
This could then react with oxygen once more for further hy-


Figure 2. a) Model for the copper–oxygen complex of the 13b-configured IMPY steroid 1 in a conformation
forming a seven-membered ring (six atoms N1, Cu1, O1, 12b-H, C13, C17 in a plane; C12 out of this plane)
and b) possible mechanism for g-hydroxylation.
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droxylation of the ligand.[4b,c,d] Interestingly enough, Reglier
and co-workers were only able to hydroxylate nonactivated
CH2 groups by way of method B.[6] We also successfully em-
ployed method B for b- and g-hydroxylations of nonactivat-
ed CH2 groups of bidentate ligands.[7] Very recently, howev-
er, two examples of b-hydroxylation of nonactivated C�H
bonds using method A have been described.[8,9] We were
able to show that 17-IMPY-3-methoxy-estra-1,3,5(10)-triene
(1, Scheme 1) can be stereo- and regioselectively hydroxylat-
ed in the 12b-position (g-hydroxylation) in nearly 50% yield
using method B.[7] To investigate the stereochemical implica-
tions of this interesting reaction employing IMPY ligands,
we describe herein two new 17-IMPY steroidal ligands 3
and 6 (Scheme 2) and the IMPY derivative of (R)-camphor
12 (Scheme 3).


Hydroxylation of the d-homo-17a-IMPY steroid 3 : Com-
pounds 2 and 3 (Scheme 2) have a trans-perhydro-naphtha-
lene system instead of the trans-perhydro-indane system of
the IMPY compound 1 (Scheme 1); 3 is quite sensitive to
hydrolysis.


As expected, a comparison of the X-ray analyses of both
IMPY ligands 1 (Scheme 1) and 3 (Scheme 2) reveals only
small geometrical differences.


For comparison between 1 and 3, the results of a confor-
mational analysis (calculated with the MMFF94 force field)
for a model of the 13b-17-IMPY-estratriene steroid 1 are
given in Figure 3. Two separated energy minima with nearly


the same energy (within 0.01 kcalmol�1) are calculated (blue
and orange in Figure 3). The conformation found in the
crystal[7] (red in Figure 4) is located in a favorable energy
region but was computed to be 1.6 kcalmol�1 higher in
energy. The energy maps and comparison of the different
low-energy conformations indicate that the 17-side chain is
flexible enough to adopt quite different orientations with re-
spect to the steroid skeleton. Because of the rigidity im-
posed by the C17=N1 double bond, there is only one confor-
mation (shown in Figure 2) in which the nitrogen lone pairs
are suitably predisposed to bind to the copper ion. The rela-


Scheme 2. g-Hydroxylation with IMPY ligands of the estra-1,3,5(10)-triene series. a) PyCH2NH2, refluxing toluene, p-toluenesulfonic acid; b) 1.
Cu(CH3CN)4PF6, acetone, Ar; 2. O2; c) 1. Cu(CF3SO3)2, acetone; 2. benzoin, N(C2H5)3, Ar; 3. O2; d) 1. NH4OH, H2O; 2. acetic acid, MeOH, 90 8C; 3.
chromatography on silica gel; e) 1. Cu(CF3SO3)(CH3C6H5), acetone, Ar; 2. O2.


Scheme 3. Hydroxylation of IMPY-(1R)-camphor. a) PyCH2NH2, reflux-
ing xylene, p-toluenesulfonic acid; b) 1. Cu(CH3CN)4PF6, acetone, Ar; 2.
O2; c) 1. Cu(CF3SO3)2, acetone; 2. benzoin, N(C2H5)3, Ar; 3. O2; d) 1.
NH4OH, H2O; 2. chromatography on silica gel; e) 1. acetic acid, MeOH,
90 8C; 2. chromatography on silica gel.
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tive conformational energy required for this steroid (without
the four-membered Cu�O ring) to adopt the conformation
displayed in Figure 2 is 7.6 kcalmol�1. It is evident that only
the 12b-H can be abstracted from the O1 oxygen atom in
this conformation. The O1–12bH distance is 0.67 S. The
least-squares plane through the following six atoms has a
root-mean-square deviation of 0.09 S and the following in-
dividual displacements (in S) above/below the plane: N1
(0.06), Cu1 (0.09), O1 (0.02), 12b-H (0.12), C13 (0.13), C17
(0.05). Note that the C12 carbon atom is displaced from this
plane by 0.59 S.


The theoretical results described above and the structural
similarity between d-homo compound 3 and compound 1
would lead us to also expect hydroxylation in the 12b-posi-
tion for the d-homo steroid 3. We employed method B with
acetone as the solvent. After hydroxylation, the reaction
mixture was decomplexed and hydrolyzed with aqueous am-
monia. We succeeded in isolating 54% of the ketone 2 and
only 11% of the expected 12b-hydroxy-17a-ketone 4. Using
method A, 39% of 2 and 18% of 4 were obtained. Despite
the possibility of hydrolysis of 3 during the hydroxylation
procedure, the higher yield with method A is remarkable
and is in contrast to the hydroxylation of 1 (method B:
50%, method A: 29%). These results show a considerable
sensitivity to small structural changes.


Hydroxylation of 13a-steroid 6: Another interesting exam-
ple is the 13a-17-ketone 5 (Scheme 2) which possesses, in
contrast to the natural steroids, a non-natural C/D-cis hy-
drindane system. Such non-natural steroids are also interest-
ing because of their conformation and biological activity.[13]


Since 13a-steroids are known to adopt two different C-
ring conformations (chair and twist-boat), both of these con-
formations have been constructed and relaxed by short mo-
lecular dynamics simulations and subsequent energy minimi-
zations of representative structures. A model for the C-ring
chair steroid 6 with the 17-IMPY side chain was found to be
2.8 kcalmol�1 lower in energy than the twist-boat form. This
comparison was performed without the Cu�O four-mem-
bered ring, but was constrained to conformations of the


IMPY group able to bind the
copper ion (illustrated in
Figure 4 and see Figure 6).


For the energetically favored
C-ring chair steroid, the O1
oxygen is located close to the
12b-hydrogen (distance 0.67 S)
and lies near to the least-
squares plane formed by the
following six atoms, with the
displacements from this plane
in S given in parentheses: N1
(0.05), Cu1 (0.09), O1 (0.15),
12b-H (0.31), C13 (0.16), C17
(0.05). The distance from this
plane to C12 is 0.54 S.


Although the C/D ring junction is different, the orienta-
tion of the IMPY group with respect to the equatorial 12b-
H is similar to that in the normal 13b-steroid (see Figure 2
and Figure 4). Thus, the 13a-steroid can also be expected to
undergo a successful 12b-hydroxylation.


After reaction of the IMPY compound 6 according to
method B, followed by decomplexation and hydrolysis, we
succeeded in isolating (in addition to the 13a-17-ketone 5)
only a small amount of a hydroxylated product (6%). Using
method A, the yield of this product could again be raised to
34%. The structure of this product as the 12b-hydroxy com-
pound 8 was determined by spectroscopic methods and by
an X-ray structural analysis (Figure 5).


In one experiment, we investigated the influence of the
anion of the copper(i) salt on the hydroxylation process. Re-
acting 6 with copper(i) triflate instead of the PF6 salt, we
only isolated 19% of the expected 12b-hydroxylated com-
pound 8. We also obtained a more polar hydroxylation prod-
uct (7%). The structure of this product was determined by


Figure 3. Conformational space of the IMPY steroid model 1 (torsional angle 1: C17=N-C-CPy; angle 2: N-C-
CPy-NPy) with color-coded MMFF94 energy in kcalmol�1 (left) and superposition (right) of crystal structure[7]


(red structure related to red cross left) and two calculated energy-minimum structures (blue and orange struc-
ture corresponding to blue and orange cross, respectively).


Figure 4. Model for the copper–oxygen complex of the 13a-configured
IMPY steroid 6 adopting a C-ring chair conformation (approximate
plane through the atoms N1, Cu1, O1, 12b-H, C13, C17; C12 out of
plane).


Chem. Eur. J. 2004, 10, 6029 – 6042 www.chemeurj.org O 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6033


Intramolecular g-Hydroxylations in Copper Complexes 6029 – 6042



www.chemeurj.org





detailed 1H and 13C NMR spectroscopic analysis to be the
epimeric 12a-hydroxy-17-ketone 10. This rather unexpected
result can be rationalized in terms of the two different C-
ring conformations[13a] discussed above. Normally, such com-
pounds with an sp2-hybridized C17 atom possess a C-ring
chair conformation (see Figure 4). A 12b-hydroxylation
seems to be possible in this conformation. Alternatively, a
conformation with a twist-boat C-ring should permit a way
for compound 6 to undergo a 12a-hydroxylation (Figure 6).


The model structure in Figure 6 places the O1 oxygen at a
distance of 1.23 S from the 12a-hydrogen. The 12a-H is
also displaced by 1.06 S from the least-squares plane
through atoms N1 (0.09), Cu1 (0.12), O1 (0.10), C13 (0.09),
and C17 (0.02). Starting from the C-ring twist-boat confor-
mation (Figure 6), the torsion angle C12-C13-C17=N1 was
forced by a torsion constraint to adopt distinct values of
�208 to �608 in 108 increments. All the remaining internal
degrees of freedom in the structure were allowed to relax
with the exception of the N1-C-C-N2 planarity. The calcula-
tions indicate that the 12a-hydrogen atom can be moved
reasonably well into the Cu�O complex plane (distance of
12aH from plane of about 0.2 S) with an associated energy
requirement of approximately 4 kcalmol�1.


If we assume a C-ring chair conformation for the active
species with the PF6


� ion and an equilibrium of chair and
twist-boat conformations for the species with the triflate
anion, the obtained 12a-hydroxylation results can be under-
stood. The results from this last example clearly underline
the importance of the conformation in the hydroxylation
process.


The regio- and stereoselective functionalization of the 12-
position in steroid skeletons is not a trivial problem. Related
synthetic methods are very scarce, with the application of
BreslowTs remote oxidation method[14] and the employment
of a manganese(iii) porphyrin attached through a spacer,
whereby a 3a-hydroxyandrostane could be hydroxylated
(phenyliodosobenzene as oxidant) in the 12a-position, being
one of the few methods having been reported.[15]


Hydroxylation of IMPY-camphor 12: After this successful
hydroxylation of nonactivated CH2 groups, we were interest-
ed in uncovering routes to hydroxylate a nonactivated CH3


group. According to our experience, an IMPY ligand pos-
sessing a methyl group in the g-position with respect to the
central nitrogen atom, and with the described six-membered
ring plane arrangement of the hydrogen atoms, should be
suitable for such a hydroxylation procedure. The camphor
molecule should fulfil all such conditions and was thus
chosen as a model compound in the form of (1R)-camphor
11 (Scheme 3).


The IMPY derivative 12 is a known compound.[16] In con-
trast to the 17-IMPY steroidal derivative, 12 is stable under
chromatographic conditions. Using initially method B, only
small amounts (3.7%) of a more polar compound could be
detected. In the high-resolution mass spectrum, the M+1
peak was consistent with a hydroxylated product. The 1H
NMR spectrum showed signals for only two methyl groups,
and an additional pair of doublets due to a CH2 group at
d = 3.62 and 4.01 ppm, indicating that one methyl group
had been hydroxylated. Repeating the experiment according
to method A, this new compound could be obtained in a
yield of 31%. Further detailed NMR experiments confirmed
the expected structure 13, bearing a 10-hydroxy group
(Scheme 3). Hydrolysis of the IMPY group of 13 gave the
known (1R)-10-hydroxy-camphor 14. The 1H NMR spec-
trum of 14 was identical to that of the racemic form.[17]


Compound 14 is an interesting chiral source,[18] obtained by
way of a three-step synthesis starting from (1R)-camphor, as
has recently been described.[19]


We now possess four IMPY ligands that can be successful-
ly used in hydroxylations. Three of them can be effectively
hydroxylated using method A (3, 6, 12). Method B is better
only in the case of the 17-IMPY-3-methoxy-estra-1,3,5(10)-
triene 1 (see Scheme 1). We can only speculate about the
reasons for these differences. Possibly, two interdependent
oxidizing species, the concentrations of which are method-
dependent and, in addition, possess different arrangements
relative to the hydrogen atoms that must be abstracted, may
be responsible for these results.


Hydroxylations with AMPY ligands : Aminomethylene com-
pounds (AMPY ligands) were chosen for additional experi-
ments because of their similarity to IMPY ligands. In con-
trast to the IMPY ligands from ring ketones (see Scheme 1),
the AMPY ligands obtained from ring amines with pyridine-
2-carboxaldehyde possess ring C�N single bonds (see 16 and
21; Scheme 4). Recently, we were able to show through X-
ray analysis that such imines prefer a conformation with a
small Hgem-C-N=C torsional angle.[20] The stereochemical


Figure 5. X-ray crystal structure of the 13a-configured steroid 8.


Figure 6. Model for the copper–oxygen complex of the 13a-configured
IMPY steroid 6 adopting a C-ring twist-boat conformation and forming a
plane through the atoms N1, Cu1, O1, C13, C17.
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outcome of the cyclopropanation reaction of a,b-unsaturat-
ed imines also confirmed this conformation in solution.[21]


Hydroxylation of 17a-AMPY compound 16: We started our
investigations with the quasi-axial 17a-amine 15[22]


(Scheme 4). The solid-state
structure of the corresponding
imine 16 exhibits the expected
small torsional angle for 17bH-
C17-17aN=C (9.88) and the E
configuration of the C=N
double bond was confirmed.


The results of systematically
searching the conformational
space of the AMPY structure in
steroid 16 by MMFF94 force-
field calculations are shown in
Figure 7.


The conformation found to
have the lowest energy is quite
close to the solid-state structure
determined experimentally.
These two conformations are
superimposed on the right-
hand-side of Figure 7. Note that
both the crystal structure and
the calculated minimum-energy
structure have two features in
common: 1) the lone pairs of
the aminomethylenepyridine ni-
trogens N1 and N2 are oriented
in opposite directions (angle 2
being calculated as 1808, and
measured as 1878 from the crys-
tal structure) and 2) the 17b-hy-
drogen is almost coplanar with
the 17a-AMPY group. A con-
formational change from the
minimum-energy structure
(shown in Figure 7) to the ap-
propriate conformation for
copper complexation indicated


in Figure 8 requires, according to the MMFF94 force field,
8.3 kcalmol�1 for the AMPY steroid, without taking into ac-
count the energy needed for copper complexation.


In the conformation shown in Figure 8, abstraction of the
14a-H should be possible. The distance between 14a-H and


Scheme 4. g-Hydroxylations with 17a- and 16a-AMPY ligands of the estra-1,3,5(10)-triene series. a) Pyridine-
2-carbaldehyde, MeOH, 60 8C; b) NaBH4, CH3OH/THF; c) 1. Cu(CH3CN)4PF6, acetone, Ar; 2. O2; d) 1.
Cu(CF3SO3)2, acetone; 2. benzoin, N(C2H5)3, Ar; 3. O2; e) 1. NaBH4, CH3OH; 2. NH4OH, H2O; 3. chromatog-
raphy on silica gel. f) 1. NH4OH, H2O; 2. chromatography on silica gel.


Figure 7. Conformational space of the model for AMPY steroid 16 (torsion angle 1: C13-C17-N=C; angle 2: N=C-CPy-NPy) with color-coded MMFF94
energy in kcalmol�1 (left) and superposition (right) of crystal structure (red structure related to red cross left) and calculated energy-minimum structure
(blue structure corresponds to blue cross left).
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the oxygen atom O1 is 1.16 S. The least-squares plane
through the following six atoms has a root-mean-square de-
viation of 0.04 S and the following individual displacements
(in S) above/below the plane: N1 (0.05), Cu1 (0.01), O1
(0.05), 14a-H (0.02), C14 (0.04), C17 (0.07). The carbon C13
is displaced by 0.86 S from this plane. This model geometry
is in excellent agreement with the proposed stereochemical
requirement for a successful 14-H abstraction. For the
AMPY ligand (Figure 8), the b-C atom (C13) lies out of the
six-membered ring plane (for the IMPY ligands the g-C
atom lies out of this plane). For abstraction of the 12a-hy-
drogen (g-CH2 group), a conformational change with an as-
sociated energy increase of 10.2 kcalmol�1 is required; this
would move the O1 oxygen atom to a distance of 0.65 S
from 12a-H (not shown).


Hydroxylation of the AMPY ligand 16 (Scheme 4) was in-
vestigated by means of method B. The reaction mixture was
directly reduced with NaBH4 in CH3OH so that the stable
2-pyridylmethylamino compounds could be isolated by chro-
matography after decomplexation. In addition to the re-
duced ligand 17 (main product), a more polar compound
could be isolated in 8% yield. This was identified by mass
spectrometry and detailed NMR analysis as the expected
14a-hydroxylated 17a-pyridylmethylamino compound 18.


Following method A, 18 was isolated in almost 50% yield.
This result clearly confirmed our assumption that AMPY li-
gands can also be successfully used to hydroxylate nonacti-
vated C�H bonds.


In a second experiment, the reaction mixture for the hy-
droxylation of 16 was hydrolyzed and separated. In this way,
the expected (and hitherto unknown) 1,3-amino alcohol 19
[17a-amino-14a-hydroxy-3-methoxy-estra-1,3,5(10)-triene]
could be isolated in a yield of 46%. By using CH3OH, ace-
tone, or dioxane as the solvent instead of CH2Cl2, we ob-
tained comparable yields. For convenience, in subsequent
experiments acetone was used as the solvent in both meth-
ods A and B.


Hydroxylation of 16a-AMPY and 3a-AMPY steroids 21
and 25: To find further examples of hydroxylations of
AMPY ligands with a H-atom at a tertiary g-C-atom, we
started with the 16a-amine 20[23] (Scheme 4) and with 3a-
amino-5a-cholestane 24[22] (Scheme 5).


The ligands 21 and 25 were obtained as pure crystalline
compounds. Assuming the more stable E configuration of
the C=N double bond and that the discussed imine confor-
mation is preferred, both ligands have a similar orientation
of the part needed for complexation with respect to the hy-
drogens at the tertiary g-C-atoms (14a-H for 21 and 5a-H
for 25), as in compound 16 (Figure 8). The steric relation-
ships and the six-membered ring planes are shown in
Figure 9.


A common steric feature of all three ligands is a nearly
axial hydrogen at a tertiary g-C-atom in a 1,3- disposition
relative to the central nitrogen atom. Interestingly, in 16 and
25 further axial hydrogen atoms (belonging to a CH2 group)
are in a 1,3-relationship with respect to the central nitrogen
(12a-H of 16 and 1a-H of 25). Using method A for the hy-
droxylation of 21 and 25 gave, after reduction with NaBH4,
the reduced ligands (22 and 26) and the expected hydroxyla-
tion products 23 (with a 14a-hydroxy group) and 27 (with a
5a-hydroxy group), in yields of 18 and 20%, respectively, as
determined by MS and detailed NMR spectroscopy. The
lower yields as compared to the hydroxylation of 16 may


Figure 8. Model for the copper–oxygen complex of the AMPY steroid 16
in a conformation forming a plane through the six atoms N1, Cu1, O1,
14a-H, C14, C17 (C13 out of this plane).


Scheme 5. g-Hydroxylation of 3a-AMPY-5a-cholestane. a) Pyridine-2-carbaldehyde, MeOH, 60 8C; b) NaBH4, CH3OH; c) 1. Cu(CH3CN)4PF6, acetone,
Ar; 2. O2; d) 1. NaBH4, CH3OH; 2. NH4OH, H2O; 3. chromatography on silica gel.
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possibly be accounted for by small structural differences in
the active copper–oxygen complexes relating to the hydro-
gen atom that must be abstracted. Here, method A works
best, as demonstrated by the fact that an attempt to
hydroxyllate 25 according to method B led only to isolation
of the reduced ligand 26.


These results confirm that AMPY ligands are suitable for
copper-mediated hydroxylations of nonactivated C�H bonds
at tertiary C-atoms. Prerequisites for a successful reaction
are a defined arrangement of the hydrogen atom with re-
spect to the active copper–oxygen species, as well as the car-
rying out of the reaction with a copper(i) salt (method A).
The question as to whether the
hydroxylation of nonactivated
CH2 groups is also possible with
these AMPY ligands cannot be
completely answered with these
model compounds. In these few
examples, a hydroxylation of
the 12-CH2 group in 16 or the
1-CH2 group in 25 could not be
achieved.


A few inter- and intramolecu-
lar methods for the hydroxyla-
tion of nonactivated C�H
bonds at tertiary C atoms are
known, and these have been re-
viewed by Parish and co-work-
ers.[24] Most of them are not re-
gioselective. External oxidants
are ozone,[24] the Gif system,[24]


dioxiranes,[24] and chromyl
esters.[24] Benzophenones,[14a]


MnIII porphyrins,[15,24] and car-
boxylic acids[10,25] have also
been employed as intramolecular groups for oxygen trans-
fer. Recently, Breslow and co-workers have described a cat-
alytic process for hydroxylations involving the use of manga-


nese(iii) porphyrins linked to cyclodextrins through
spacers.[26]


Conclusion


Using IMPY and AMPY compounds, we have developed a
protocol for the hydroxylation of nonactivated CH, CH2,
and CH3 groups in g-positions with respect to the central ni-
trogen. IMPY and AMPY groups can serve as auxiliaries for
the starting oxo and primary amino compounds. After the
hydroxylation procedure and hydrolysis, 3-hydroxy-1-oxo
and 3-hydroxy-1-primary amino compounds can be ob-
tained. Another possibility is simple reduction of the IMPY
and AMPY groups after the hydroxylation procedure, which
yields 3-hydroxy-1-(aminomethyl)-a-pyridines.


A clear advantage of this procedure is the simple intro-
duction of IMPY and AMPY groups into complex mole-
cules. The ensuing introduction of a hydroxy group at a non-
activated 3-position is also possible by way of a relatively
simple procedure using copper(i) salts and molecular
oxygen. Although the influence of the means of preparation
of the copper(i) complexes [starting with copper(i), meth-
od A; or copper(ii) and reduction, method B] needs to be
further investigated, conformational analyses based on
force-field calculations and X-ray crystal structure results
contribute to an understanding of the stereochemical re-
quirements of the oxidizing species in relation to the hydro-
gen that must be abstracted. On this basis, we suggest a
simple procedure to predict if a hydroxylation procedure
will be successful and we summarize the yields of our hy-
droxylation experiments for both methods A and B
(Table 1).


The four atoms defining the torsional angle [a] are part of
the seven-membered transition state and should be nearly
coplanar for a successful hydroxylation (small [a] values).


Figure 9. Steric relationships of AMPY groups and H atoms at g-C
atoms.


Table 1. Collected results of hydroxylations


Compound Torsion Torsion angle [8] Yields
angle [a] value [a] [%]


X-ray
(or force field)


17-oxo-3-methoxy-estra-1,3,5(10)-triene O=C17-C13–12bH 8.0
1[7] 17-IMPY N1=C17-C13-12bH 6.0 (12.3) 12bOH 17-one A: 29


B: 50
3 17a-IMPY (d-homo) N=C17-C13-12bH 9.3 4 A: 18


B: 11
5 O=C17-C13-12bH �14.4
6 17-IMPY (13a) N=C17a-C13-12bH (�18.0) 8 A: 34


B: 6
8 O=C17-C13-12bO 0.8
camphor oxime N=C2-C1-10H 9.6
12 IMPY-camphor n. d. 13 A: 31


B: 4
16 17a-AMPY N1-C17-C14-14aH 7.0 (6.2) 18 A: 50


B: 8
19 A: 46


21 16a-AMPY n. d. 23 A: 18
25 3a-AMPY n. d. 27 A: 20


B: 0
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The definition, beginning with the central nitrogen, is given
in Figure 10. The g-C atom for the IMPY and the b-C atom
for the AMPY compounds, which are not in the plane, are
omitted. At the end is the H atom that has to be abstracted.
Furthermore, the configuration of the imino bond and the
orientation of the lone pairs of the two nitrogen atoms for
binding the copper ions have to be taken into account.


The angle [a] can be determined from molecular models
or from X-ray data for the IMPY or AMPY compounds.
However, the starting carbonyl or amino compounds or de-
rivatives can also be used (see Table 1). In this manner, the
likely products of hydroxylations of new compounds can be
predicted in a simple manner.


Experimental Section


General methods : Melting points were measured on a BoUtius micro
melting point apparatus and are corrected values. Mass spectra were de-
termined on an AMD 402 Intectra instrument with either direct electron
impact (EI) or electrospray ionization (ESI) at 70 eV. Optical rotations
were measured at room temperature in the solvents given in the individu-
al procedures with a Polamat A (Carl Zeiss Jena) polarimeter and are
given in units of g100�1 mL�1. Elemental analyses were performed with a
CHNS-932 (LECO) instrument. 1H and 13C NMR spectra were recorded
on either a Bruker AC 250 or a DRX-400 spectrometer, in CDCl3 or in
CD2Cl2 (1H NMR 250 MHz, 400 MHz; 13C NMR 62.5 MHz, 100 MHz).
Signals were assigned with the aid of DEPT, COSY-DQF, TOCSY,
NOESY, HMQC, HMBC, and HSQC-TOSCY experiments. All reactions
were carried out under an inert atmosphere. The reactions were moni-
tored by TLC on aluminum sheets coated with silica gel 60 F254 (Merck),
thickness 0.2 mm, detection under UV light (254 nm) or by spraying with
a solution of P2O5·24MoO3·H2O (2.5 g/50 mL; 42% H3PO4) and heating
at 170 8C. MPLC was performed on Lichroprep Si 60, 15–25 mm (Merck).
Solvents were purified, dried, and distilled according to conventional
methods.


Crystal structure analysis : Intensity data for compounds 3, 16, and 8 were
collected on a Nonius KappaCCD diffractometer using graphite-mono-
chromated MoKa radiation. Data were corrected for Lorentz and polari-
zation effects, but not for absorption effects.[27,28] The structures were
solved by direct methods (SHELXS[29]) and refined by full-matrix least-
squares techniques against Fo


2 (SHELXL-97[30]). For compound 8, the hy-
drogen atom of the hydroxy group was located by difference Fourier syn-
thesis and refined isotropically. The other hydrogen atoms were included
at calculated positions with fixed thermal parameters. All non-hydrogen
atoms were refined anisotropically.[30] XP (Siemens Analytical X-ray In-
struments, Inc.) was used for structure representations.[31]


Modeling and conformational analysis : The MMFF94 force field[32] with
MMFF94 atomic charges and the grid conformational search option for
two torsion angles ranging from 08 to 3608 in angular increments of 108
was employed for the conformational analysis of the 13b-configured ste-


roids with AMPY and IMPY groups in the 17-position. In grid searching,
a geometry optimization was performed for each grid point, whereby the
two selected torsion angles were systematically varied but then kept con-
strained in the optimization of the remaining internal coordinates.
AMPY and IMPY steroid models lacking the 3-methoxy function were
used. The starting conformations were built without using crystal struc-
ture information and were energy-minimized using the same force-field
set-up (maximum number of iterations = 10000; termination with an
energy gradient of 0.001). All energy values provided in this article are
based on strain energies taken from MMFF94 force-field calculations
and are quoted relative to the lowest-energy conformation. To display
the energy contour maps, the 900 conformations with the lowest energies
were selected from a total of 1369 calculated conformations. For least-
squares alignments of steroid structures, all steroid backbone atoms were
taken into account.


In the process of modeling the 13a-configured IMPY steroid, uncon-
strained in vacuo molecular dynamics (MD) computations of 100 ps were
employed instead of grid searches in order to better capture the confor-
mational space of the rings (temperature = 300 K; NTV ensemble; time
interval step = 1 fs; distance-dependent dielectric function; non-bonded
cut-off = 8 S; nonbonded list update every 25 fs; no periodic boundary
conditions). As starting geometries for the two MD simulations, both the
C-ring chair and the C-ring twist-boat conformations were constructed
and minimized applying the MMFF94 force field. These two basic ring
conformations have been found previously in the case of 13a steroids.[33]


An average structure from the simulation for each basic C-ring confor-
mation as well as some representative dynamics snapshots were selected;
the conformation within the 17-side chain was then adopted so as to
allow H abstraction, and these structures were finally energy-minimized
once more. The conformations of five- and six-membered rings were
judged by using asymmetry parameters DCs and DC2


[34] and phase angles
of pseudorotation D.[35]


To model the binuclear complex with the four-membered ring containing
copper and oxygen, the crystal structure of bis[aqua-(m2-hydroxo)-(2,2’-bi-
pyrimidinyl-N,N’)-copper] dinitrate tetrahydrate (CSD refcode:[36]


PEMPEC) was selected.[37] This structure provides a Cu–O distance of
1.94 S.


All molecular modeling calculations were performed on an SGI Octane
R14000 computer (500 MHz, main memory 1536 Mbytes) employing the
SYBYL


W


molecular modeling environment[38] in software version 6.9.


Synthesis of the IMPY ligands


17a-(N-2-Pyridylmethyl)imino-d-homo-3-methoxy-estra-1,3,5(10)-triene
(3): A mixture of 3-methoxy-d-homo-estra-1,3,5(10)-triene-17a-one 2[12c]


(2.0 g, 6.9 mmol), 2-(aminomethyl)pyridine (3.5 mL, 34.7 mmol), and a
catalytic amount of p-toluenesulfonic acid (30 mg) was dissolved in tolu-
ene (30 mL) and refluxed for 9 h in a Dean–Stark apparatus. The reac-
tion mixture was then cooled to room temperature and diluted with ethyl
acetate. The organic layer was washed twice with saturated aqueous
NaHCO3 solution and water, and dried over Na2SO4. The solvent was
evaporated and the yellow oily crude product was purified by crystalliza-
tion from ethyl acetate to give 17-imine 3 as light-yellow crystals (2.28 g,
87%). M.p. 95–98 8C (ethyl acetate); [a]24D = 21.9 (c = 0.4 in MeOH);
1H NMR (250 MHz, CD2Cl2): d = 1.10 (s, 3H; 18-H3), 2.84 (m, 2H; 6-
H2), 3.75 (s, 3H; CH3O), 4.63 (m, 2H; CH2Py), 6.61 (d, 3J = 2.7 Hz, 1H;
4-H), 6.68 (dd, 3J = 2.7 Hz, 3J = 8.6 Hz, 1H; 2-H), 7.23 (d, 3J = 8.6 Hz,
1H; 1-H), 7.19, 7.56, 7.68, 8.50 ppm (4m, 4X1H; 4XHPy); MS (EI): m/z
(%): 388 (100) [M+]; HRMS: calcd. for C26H32N2O: 388.2611; found:
388.2615.


Crystal data for 3 :[31] C26H32N2O, Mr = 388.54 gmol�1, colorless prism,
size 0.03X0.03X0.02 mm3, monoclinic, space group P21, a = 6.5906(2),
b = 23.1923(9), c = 7.1135(3) S, b = 95.585(2)8, V = 1082.15(7) S3,
T = �908C, Z = 2, 1calcd = 1.192 gcm�3, m(MoKa) = 0.72 cm�1, F(000) =


420, 4343 reflections in h(�8/8), k(�29/27), l(�9/9), measured in the
range 2.888 �V�27.498, completeness Vmax = 99.6%, 4343 independent
reflections, 3164 reflections with Fo > 4s(Fo), 262 parameters, 1 restraint,
R1obs = 0.051, wR2


obs = 0.111, R1all = 0.082, wR2
all = 0.126, GOOF =


1.016, Flack parameter 1.7(18), largest difference peak and hole: 0.151/
�0.152 eS�3.


17-(N-2-Pyridylmethyl)imino-3-methoxy-13a-estra-1,3,5(10)-triene (6): 2-
(Aminomethyl)pyridine (3.6 mL, 35 mmol) and 3-methoxy-13a-estra-


Figure 10. Definition of the torsional angle [a].
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1,3,5(10)-triene-17-one (5 ;[13a] 2.0 g, 7 mmol) were reacted in toluene
(30 mL) for 20 h as described for the synthesis of 3. The sticky brown
crude product was crystallized from ethyl acetate to give pure 17-imine 6
(2.35 g, 89%) as a light-yellow amorphous solid. M.p. 115–118 8C (ethyl
acetate); [a]24D = �48.0 (c = 1.5 in MeOH); 1H NMR (250 MHz,
CD2Cl2): d = 1.09 (s, 3H; 18-H3), 2.80 (m, 2H; 6-H2), 3.74 (s, 3H;
CH3O), 4.57 (m, 2H; CH2Py), 6.58 (d, 3J = 2.7 Hz, 1H; 4-H), 6.68 (dd,
3J = 2.7 Hz, 3J = 8.6 Hz, 1H; 2-H), 7.20 (d, 3J = 8.6 Hz, 1H; 1-H), 7.09,
7.45, 7.60, 8.46 ppm (4m, 4X1H; 4XHPy); MS (EI): m/z (%): 374 (100)
[M+]; elemental analysis calcd (%) for C25H30N2O (374.5): C 80.17, H
8.07, N 7.48; found: C 79.72, H 8.09, N 7.85.


(1R)-2-(N-2-Pyridylmethyl)iminobornane (12):[16] (1R)-Camphor 11
(3.0 g, 19.7 mmol) and 2-(aminomethyl)pyridine (4.0 mL, 39.4 mmol)
were dissolved in xylene (100 mL), and a catalytic amount of p-toluene-
sulfonic acid (40 mg) was added. The reaction mixture was refluxed for
36 h in a Dean–Stark apparatus. After the mixture was cooled to room
temperature, it was diluted with ethyl acetate, washed twice with saturat-
ed aqueous NaHCO3 solution and water, dried, and concentrated. The
oily residue was chromatographed on silica gel eluting with CH2Cl2/
CH3OH (85:15) to afford the (1R)-camphor imine 12 as a yellow oil
(3.4 g, 72%). [a]24D = �7.3 (c = 0.8 in MeOH); 1H NMR (250 MHz,
CDCl3): d = 0.75 (s, 3H; CH3), 0.92 (s, 3H; CH3), 1.02 (s, 3H; CH3),
4.55 (m, 2H; CH2Py), 7.09, 7.43, 7.62, 8.48 ppm (4m, 4X1H; 4XHPy);


13C
NMR (62.5 MHz, CDCl3): d = 11.4 (CH3), 19.0 (CH3), 19.6 (CH3), 27.4
(CH2), 32.2 (CH2), 36.1 (CH2), 43.9 (CH), 47.4 (Cq), 54.2 (Cq), 57.4
(NCH2Py), 121.6, 121.7, 136.6, 148.9, 160.4 (5XCPy), 185.3 ppm (N=Cq);
HRMS (ESI): calcd for C16H23N2 [M


++H]: 243.1861; found: 243.1862.


Synthesis of the AMPY ligands


17a-(N-2-Pyridylmethylene)amino-3-methoxy-estra-1,3,5(10)-triene (16):
A solution of the 17a-amine 15[22] (570 mg, 2.0 mmol) in absolute metha-
nol (30 mL) containing pyridine-2-carbaldehyde (0.14 mL, 2.9 mmol) was
stirred at 60 8C under an argon atmosphere for 2 h. The solution was then
concentrated to half of its original volume and allowed to cool to room
temperature. The crystallized product was collected by filtration, washed
with cold methanol, dried in vacuo, and recrystallized from methanol to
give the 17a-AMPY compound 16 (602 mg, 80%) as colorless crystals.
M.p. 118–121 8C (methanol); [a]24D = �82.9 (c = 0.8 in CHCl3);


1H NMR
(250 MHz, CDCl3): d = 0.85 (s, 3H; 18-H3), 2.86 (m, 2H; 6-H2), 3.42 (m,
1H; 17b-H), 3.76 (s, 3H; CH3O), 6.62 (d, 3J = 2.7 Hz, 1H; 4-H), 6.67
(dd, 3J = 2.7 Hz, 3J = 8.6 Hz, 1H; 2-H), 7.17 (d, 3J = 8.6 Hz, 1H; 1-H),
7.28, 7.70, 8.03, 8.61 (4m, 4X1H; 4XHPy), 8.26 ppm (s, 1H, N=CH); MS
(ESI): m/z (%): 397 (100) [M++Na]; elemental analysis calcd (%) for
C25H30N2O (374.5): C 80.17, H 8.07, N 7.48; found: C 80.39, H 7.83, N
7.37.


Crystal data for 16 :[31] C25H30N2O, Mr = 374.51 gmol�1, colorless prism,
size 0.05X0.04X0.03 mm3, orthorhombic, space group P212121, a =


9.0529(2), b = 13.7690(3), c = 16.6758(4) S, V = 2078.63(8) S3, T =


�90 8C, Z = 4, 1calcd = 1.197 gcm�3, m(MoKa) = 0.73 cm�1, F(000) =


808, 4739 reflections in h(�11/11), k(�17/17), l(�21/21), measured in the
range 1.928 � V � 27.498, completeness Vmax = 99.8%, 4739 independ-
ent reflections, 3936 reflections with Fo > 4s(Fo), 253 parameters, 0 re-
straints, R1obs = 0.044, wR2


obs = 0.098, R1all = 0.060, wR2
all = 0.106,


GOOF = 1.023, Flack parameter �1.7(15), largest difference peak and
hole: 0.147/�0.175 eS�3.


17a-(N-2-Pyridylmethyl)amino-3-methoxy-estra-1,3,5(10)-triene (17):
NaBH4 (190 mg, 5 mmol) was added to a stirred solution of 17a-imine 16
(375 mg, 1.0 mmol) in absolute MeOH (15 mL) and THF (5 mL) at room
temperature. After 90 min, the reaction mixture was poured into an ice/
water mixture and extracted with CH2Cl2. The organic phase was washed
with water, dried, and concentrated. The oily residue was crystallized
from n-heptane to give 17 as white crystals (300 mg, 80%). M.p. 79–81 8C
(n-heptane); [a]24D = ++9.1 (c = 0.8 in CHCl3);


1H NMR (250 MHz,
CDCl3): d = 0.74 (s, 3H; 18-H3), 2.72 (m, 1H; 17b-H), 2.84 (m, 2H; 6-
H2), 3.75 (s, 3H; CH3O), 3.86 (m, 2H; CH2Py), 6.63 (d, 3J = 2.7 Hz, 1H;
4-H), 6.68 (dd, 3J = 2.7 Hz, 3J = 8.6 Hz, 1H; 2-H), 7.10–7.29 (m, 3H; 2X
HPy and 1-H), 7.59 and 8.59 ppm (2m, 2X1H; 2XHPy); elemental analysis
calcd (%) for C25H32N2O (376.5): C 79.75, H 8.56, N 7.44; found: C 79.41,
H 8.88, N 7.19.


16a-(N-2-Pyridylmethylene)amino-3-methoxy-estra-1,3,5(10)-triene (21):
16a-Amine 20[23] (285 mg, 1.0 mmol) and pyridine-2-carbaldehyde


(0.1 mL, 1.5 mmol) were reacted in absolute methanol (20 mL) as descri-
bed for the synthesis of 16. The 16a-AMPY compound 21 was obtained
as white crystals (255 mg, 68%) after recrystallization from methanol.
M.p. 94–97 8C (methanol); [a]24D = ++112.5 (c = 0.8 in CHCl3);


1H NMR
(250 MHz, CDCl3): d = 0.87 (s, 3H; 18-H3), 2.83 (m, 2H; 6-H2), 3.76 (s,
3H; CH3O), 4.10 (m, 1H; 16b-H), 6.64 (d, 3J = 2.7 Hz, 1H; 4-H), 6.71
(dd, 3J = 2.7 Hz, 3J = 8.6 Hz, 1H; 2-H), 7.21 (d, 3J = 8.6 Hz, 1H; 1-H),
7.28, 7.71, 7.98, 8.62 (4m, 4X1H; 4XHPy), 8.26 ppm (s, 1H, N=CH); ele-
mental analysis calcd (%) for C25H30N2O (374.5): C 80.17, H 8.07, N 7.48;
found: C 79.72, H 8.07, N 7.07.


16a-(N-2-Pyridylmethyl)amino-3-methoxy-estra-1,3,5(10)-triene (22):
Compound 21 (375 mg, 1.0 mmol) and NaBH4 (190 mg, 5.0 mmol) were
allowed to react in absolute MeOH and THF as described for the reduc-
tion of 16. Crystallization of the product from n-heptane gave 22 as a
white solid (347 mg, 92%). M.p. 87–91 8C (n-heptane); [a]24D = ++63.1 (c
= 0.7 in CHCl3);


1H NMR (250 MHz, CDCl3): d = 0.76 (s, 3H; 18-H3),
2.81 (m, 2H; 6-H2), 3.36 (m, 1H; 16b-H), 3.75 (s, 3H; CH3O), 3.85 (m,
2H; CH2Py), 6.60 (d, 3J = 2.7 Hz, 1H; 4-H), 6.68 (dd, 3J = 2.7 Hz, 3J =


8.6 Hz, 1H; 2-H), 7.11–7.28 (m, 3H; 2XHPy and 1-H), 7.61 and 8.54 ppm
(2m, 2X1H; 2XHPy); MS (ESI): m/z (%): 377 (100) [M++H]; HRMS
(ESI): calcd for C25H33N2O [M++H]: 377.2913; found: 377.2607.


3a-(N-2-Pyridylmethylene)amino-5a-cholestane (25): 3a-Amino-5a-cho-
lestane (24 ;[22] 1.94 g, 5.0 mmol) and pyridine-2-carbaldehyde (0.5 mL,
7.5 mmol) were reacted in absolute methanol (100 mL) as described for
the synthesis of 16. The solvent was then evaporated to leave a yellow
oil. The 3a-AMPY compound 25 was obtained as white crystals (2 g,
85%) after crystallization from methanol. M.p. 40–43 8C (methanol);
[a]24D = ++20.1 (c = 1.2 in CHCl3);


1H NMR (250 MHz, CDCl3): d =


0.65 (s, 3H; 18-H3), 0.85–0.97 (m, 12H; 4XCH3, 19-H3, 21-H3, 26-H3, 27-
H3), 3.60 (m, 1H; 3b-H), 7.26, 7.69, 8.07, 8.60 (4m, 4X1H; 4XHPy),
8.37 ppm (s, 1H, N=CH); MS (EI): m/z (%): 476 (100) [M+]; elemental
analysis calcd (%) for C33H52N2 (476.4): C 83.12, H 10.99, N 5.88; found:
C 83.03, H 10.82, N 5.86.


3a-(N-2-Pyridylmethyl)amino-5a-cholestane (26): Imine 25 (476 mg,
1 mmol) and NaBH4 (190 mg, 5 mmol) were allowed to react in absolute
CH3OH as described for the synthesis of 17. 26 was obtained as white
crystals after recrystallization from CH3OH (430 mg, 90%). M.p. 75–
77 8C (MeOH); 1H NMR (250 MHz, CDCl3): d = 0.62 (s, 3H; CH3), 0.77
(m, 9H; 3XCH3), 0.83 (m, 3H; CH3), 0.85 (m, 3H; CH3), 2.87 (m, 1H;
3b-H), 3.87 (m, 2H; CH2Py), 7.11, 7.30, 7.60, 8.52 ppm (4m, 4X1H; 4X
HPy);


13C NMR (62.5 MHz, CDCl3): d = 11.5 (CH3), 12.0 (CH3), 18.6
(CH3), 20.7 (CH2), 22.5 (CH3), 22.7 (CH3), 23.8 (CH2), 24.1 (CH2), 26.1
(CH2), 28.0 (CH2), 28.2 (CH2), 28.8 (CH2), 32.0 (CH2), 32.7 (CH2), 33.4
(CH2), 35.5 (CH), 35.8 (CH), 36.2 (CH2), 36.2 (Cq), 39.5 (CH2), 39.6
(CH), 40.1 (CH2), 42.6 (Cq), 52.4 (CH), 53.1 (CH2), 54.3 (CH), 56.3
(CH), 56.6 (CH), 121.7 (CHPy), 121.3 (CHPy), 136.3 (CHPy), 149.1 (CHPy),
160.4 ppm (CPy); MS (ESI): m/z (%): 479 (100) [M++H]; HRMS: calcd
for C33H55N2 [M++H]: 479.4365; found: 479.4374; elemental analysis
calcd (%) for C33H54N2 (478.4): C 82.85, H 11.30, N 5.86; found: C 82.63,
H 10.99, N 5.94.


Hydroxylation procedures with IMPY and AMPY ligands


Method A : Tetrakis(acetonitrile)copper(i) hexafluorophosphate
(1.2 equiv) was added to a solution of 1 equivalent of the IMPY (3, 6, 12)
or AMPY ligand (16, 21, 25) in absolute acetone that had been degassed
with argon. The resulting brown solutions were stirred at room tempera-
ture. After 1 h, the argon atmosphere was replaced by an O2 atmosphere.
Pure O2 was then bubbled through the reaction mixtures for approxi-
mately 10 min. The solutions were then stirred for about 24 h under O2.
During this time, they turned dark green. The solvent was then distilled
off and the oily dark residues were worked-up as described below in the
respective syntheses.


Method B : Anhydrous copper(ii) triflate (1.2 equiv) was added to a so-
lution of the IMPY or AMPY ligand (3, 6, 12 or 16, 21, 25 ; 1 equiv.) in
absolute acetone. The dark green solutions were stirred at room tempera-
ture for about 1 h. Under an argon atmosphere and with constant stirring,
benzoin (2 equiv) and triethylamine (2 equiv) were added. After 4 h,
pure O2 was bubbled through the mixtures for 10 min. The yellow-brown
solutions were stirred for a further 24 h under O2, during which they
became dark green once more. After removing the solvent, dark, oily
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crude products were obtained, which were worked-up as described in
detail below.


12b-Hydroxy-d-homo-3-methoxy-estra-1,3,5(10)-triene-17a-one (4): Fol-
lowing method A, compound 3 (388 mg, 1 mmol) was reacted with
CuI(CH3CN)4PF6 (450 mg, 1.2 mmol) in acetone (20 mL). The crude
product was first dissolved in ethyl acetate and then extracted three
times with NH4OH (25%); the brown organic layer was washed with
brine, dried over Na2SO4, and concentrated. The residual dark brown oil
was then redissolved in methanol (20 mL) and treated with glacial acetic
acid (20 mL) at 90 8C for 6 h. The methanol was then removed, and the
mixture was poured into water and extracted with ethyl acetate. The
combined organic phases were washed with brine and dried (Na2SO4).
Evaporation of the volatiles left a dark oil, which was purified and sepa-
rated by MPLC using Lichroprep Si 60, 15–20 mm, eluting with n-hexane/
ethyl acetate, 80:20 (column 200X35 mm, rate 25 mLmin�1) to yield the
d-homo-17a-ketone (116 mg, 39%) and the 12b-hydroxy compound
(57 mg, 18%).


Method B: Compound 3 (388 mg, 1 mmol) was allowed to react with
CuII(CF3SO3)2 (440 mg, 1.2 mmol), benzoin (425 mg, 2 mmol), and tri-
ethylamine (0.3 mL, 2 mmol) in acetone (20 mL). The work-up procedure
was performed in the same manner as described above. After MPLC, the
12b-hydroxy compound 4 (35 mg, 11%) was obtained as a white solid in
addition to the d-homo-17a-ketone 2 (161 mg, 54%).


4 : M.p. 156–159 8C (n-hexane/ethyl acetate); [a]24D = �26.4 (c = 1.7 in
CHCl3);


1H NMR (400 MHz, CDCl3): d = 1.16 (s, 3H; 18-H3), 2.85 (m,
2H; 6-H2), 3.67 (s, 1H; 12b-OH), 3.76 (s, 3H; CH3O), 4.10 (m, 1H; 12a-
H), 6.61 (d, 3J = 2.7 Hz, 1H; 4-H), 6.70 (dd, 3J = 2.7 Hz, 3J = 8.6 Hz,
1H; 2-H), 7.19 ppm (d, 3J = 8.6 Hz, 1H; 1-H); 13C NMR (100 MHz,
CDCl3): d = 11.4 (C-18), 22.3 (CH2), 25.6 (CH2), 26.6 (CH2), 29.8 (CH2),
32.6 (CH2), 37.4 (CH2), 38.0 (CH), 40.8 (CH), 48.7 (CH), 53.5 (C-13),
55.2 (H3CO), 72.5 (C-12), 111.6 (C-2), 113.6 (C-4), 126.1 (C-1), 131.5 (C-
10), 137.4 (C-5), 157.7 (C-3), 219.2 ppm (C-17a); MS (ESI): m/z (%): 337
(100) [M++Na]; HRMS (ESI): calcd. for C26H32N2ONa [M++Na]:
337.1975; found: 337.1780.


12b-Hydroxy-3-methoxy-13a-estra-1,3,5(10)-triene-17-one (8): According
to method A, the IMPY ligand 6 (374 mg, 1 mmol) was allowed to react
with CuI(CH3CN)4PF6 (450 mg, 1.2 mmol) in acetone (20 mL) as descri-
bed for the synthesis of 4. Separation of the oily crude product by
column chromatography eluting with n-hexane/ethyl acetate (75:25) gave
5[13a] (74 mg, 26%) and 12b-hydroxy-13a-estrone-3-methyl ether 8
(102 mg, 34%) as white crystals. According to method B, compound 6
(374 mg, 1 mmol) was reacted with CuII(CF3SO3)2 (440 mg, 1.2 mmol),
benzoin (425 mg, 2 mmol), and triethylamine (0.3 mL, 2 mmol) in ace-
tone (20 mL). The work-up procedure was performed as described for
the synthesis of 4. After MPLC, 5 (122 mg, 43%) and 8 (19 mg, 6%)
were obtained. 8 : M.p. 162–165 8C (MeOH); [a]24D = ++10.0 (c = 0.7 in
CHCl3);


1H NMR (400 MHz, CDCl3): d = 1.37 (s, 3H; 18-H3), 2.82 (m,
2H; 6-H2), 3.69 (m, 1H; 12a-H), 3.75 (s, 3H; CH3O), 4.27 (d, 1H, J =


10.8 Hz; 12b-OH), 6.60 (d, 1H, J = 2.7 Hz; 4-H), 6.70 (dd, 1H, J =


2.7 Hz, J = 8.6 Hz; 2-H), 7.19 ppm (d, 1H, J = 8.6 Hz; 1-H); 13C NMR
(100 MHz, CDCl3): d = 21.0 (C-18), 21.3 (CH2), 27.9 (CH2), 30.1 (CH2),
34.5 (CH2), 37.9 (CH2), 39.7 (CH), 41.4 (CH), 50.2 (CH), 53.2 (C-13),
55.2 (H3CO), 76.2 (C-12), 111.8 (C-2), 113.7 (C-4), 126.6 (C-1), 131.0 (C-
10), 137.8 (C-5), 157.7 (C-3), 225.4 ppm (C-17); MS (ESI): m/z (%): 323
(100) [M++Na]; HRMS (ESI): calcd for C19H24O3Na [M++Na]:
323.1623; found: 323.1624.


Crystal data for 8 :[31] C19H24O3, Mr = 300.38 gmol�1, colorless prism, size
0.03X0.03X0.02 mm3, orthorhombic, space group P212121, a = 7.0319(1),
b = 9.3898(2), c = 23.4019(4) S, V = 1545.18(5) S3, T = �90 8C, Z =


4, 1calcd = 1.291 gcm�3, m(MoKa) = 0.86 cm�1, F(000) = 648, 3506 reflec-
tions in h(�9/9), k(�12/12), l(�30/30), measured in the range 3.028 � V


� 27.478, completeness Vmax = 99.6%, 3506 independent reflections,
3023 reflections with Fo > 4s(Fo), 203 parameters, 0 restraints, R1obs =


0.045, wR2
obs = 0.109, R1all = 0.057, wR2


all = 0.116, GOOF = 1.066,
Flack parameter 1.2(12), largest difference peak and hole: 0.293/
�0.363 eS�3.


12a-Hydroxy-3-methoxy-13a-estra-1,3,5(10)-triene-17-one (10): Following
method A, the IMPY ligand 6 (374 mg, 1 mmol) was reacted with
[CuI(CF3SO3)(CH3C6H5)] (620 mg, 1.2 mmol) in acetone (20 mL). The re-
action mixture was worked-up in a similar manner as described for the


synthesis of 4. Separation of the oily crude product by MPLC eluting
with n-hexane/ethyl acetate (75:25) gave 5 (68 mg, 24%), 8 (57 mg,
19%), and 12a-hydroxy-13a-estrone-3-methyl ether 10 (21 mg, 7%) as a
colorless oil.


10 : [a]24D = �3.5 (c = 1.4 in CHCl3);
1H NMR (400 MHz, CDCl3): d =


1.16 (s, 3H; 18-H3), 2.83 (m, 2H; 6-H2), 3.74 (s, 3H; CH3O), 4.20 (m,
1H; 12b-H), 6.60 (d, 1H, J = 2.7 Hz; 4-H), 6.68 (dd, 1H, J = 2.7 Hz, J
= 8.6 Hz; 2-H), 7.15 ppm (d, 1H, J = 8.6 Hz; 1-H); 13C NMR (100 MHz,
CDCl3): d = 20.7 (C-18), 21.0 (CH2), 28.2 (CH2), 30.2 (CH2), 33.7 (CH2),
34.0 (CH), 35.9 (CH2), 41.8 (CH), 46.6 (CH), 53.7 (C-13), 55.2 (H3CO),
69.3 (C-12), 111.7 (C-2), 113.6 (C-4), 126.7 (C-1), 131.9 (C-10), 138.1 (C-
5), 157.5 (C-3), 220.6 ppm (C-17); MS (ESI): m/z (%): 323 (100) [M+


+Na]; HRMS (ESI): calcd for C19H24O3Na [M++Na]: 323.1623; found:
323.1625.


(1S)-2-(N-2-Pyridylmethyl)imino-10-hydroxybornane (13): According to
method A, (1R)-IMPY-camphor 12 (1.00 g, 4.1 mmol) was allowed to
react with CuI(CH3CN)4PF6 (1.83 g, 4.92 mmol) in acetone (30 mL). The
crude product was dissolved in CHCl3 and the resulting solution was ex-
tracted with 25% NH4OH (3X40 mL). The yellow organic layer was
washed with brine, dried (Na2SO4), and concentrated. The residue was
chromatographed on silica gel eluting with methyl tert-butyl ether
(MTBE) and MTBE/CHCl3 (1:1) to afford starting ligand 12 (530 mg,
53%) and 13 (330 mg, 31%) as a light-yellow oil.


According to method B, compound 12 (560 mg, 2.3 mmol) was reacted
with CuII(CF3SO3)2 (1.0 g, 2.76 mmol), benzoin (980 mg, 4.6 mmol), and
triethylamine (0.7 mL, 4.6 mmol) in acetone (50 mL). The work-up pro-
cedure was carried out as described above and yielded an oil. Purification
by column chromatography yielded starting ligand 12 (317 mg, 57%) and
13 (22 mg, 4%).


13 : [a]24D = �13.0 (c = 2.0 in MeOH); 1H NMR (250 MHz, CDCl3): d =


0.89 (s, 3H; CH3), 0.99 (s, 3H; CH3), 3.82 (m, 2H; CH2OH), 4.52 (m,
2H; CH2Py), 7.13, 7.39, 7.64, 8.48 ppm (4m, 4X1H; 4XHPy);


13C NMR
(62.5 MHz, CDCl3): d = 18.9 (CH3), 20.5 (CH3), 27.0 (CH2), 28.7 (CH2),
36.0 (CH2), 44.9 (CH), 47.1 (Cq), 57.2 (Cq), 57.5 (NCH2Py), 62.8
(CH2OH), 121.6, 121.8, 136.7, 148.9, 159.8 (5XCPy), 186.1 ppm (N=Cq);
MS (ESI): m/z (%): 259 (100) [M++H]; HRMS (ESI): calcd for
C16H23N2O [M++H]: 259.1810; found: 259.1808.


(1R)-10-Hydroxy-camphor (14):[19] Acetic acid (20 mL) was added to a
solution of compound 13 (260 mg, 1.0 mmol) in methanol (20 mL) and
the mixture was heated at 90 8C for about 6 h. The solution was then con-
centrated to dryness and the resulting crude product was purified by
column chromatography on silica gel eluting with methyl tert-butyl ether/
n-heptane (3:7) to give 14 (131 mg, 78%) as white crystals.


14 : M.p. 186–190 8C (MeOH); [a]24D = ++25.9 (c = 1.7 in CHCl3);
1H


NMR (250 MHz, CDCl3): d = 0.96 (s, 3H; CH3), 0.98 (s, 3H; CH3),
3.73 ppm (m, 2H; CH2OH); 13C NMR (62.5 MHz, CDCl3): d = 19.3
(CH3), 20.8 (CH3), 26.0 (CH2), 26.7 (CH2), 43.5 (CH2), 44.0 (CH), 46.8
(Cq), 60.6 (CH2OH), 61.6 (Cq), 221.0 ppm (C=O); MS (ESI): m/z (%):
191 (100) [M++Na]; HRMS (ESI): calcd for C10H16O2Na [M++Na]:
191.1048; found: 191.4200.


14a-Hydroxy-17a-(N-2-pyridylmethyl)amino-3-methoxy-estra-1,3,5(10)-
triene (18): Following method A, 17a-AMPY ligand 16 (105 mg,
0.28 mmol) was allowed to react with CuI(CH3CN)4PF6 (125 mg,
0.34 mmol) in acetone (30 mL). The crude product was dissolved in
MeOH (15 mL) and then NaBH4 (43 mg, 1.12 mmol) was slowly added.
The reaction mixture was stirred at room temperature. After 1 h, H2O
(0.5 mL) was added. The dark oily residue that remained after removal
of the solvent was redissolved in CHCl3 and the resulting solution was ex-
tracted with 25% NH4OH (4X15 mL). The brown organic layer was
washed with brine, dried over Na2SO4, and concentrated. The resulting
oily product was purified by preparative TLC with methanol as eluent to
yield 18 (55 mg, 50%) as a light-yellow oil in addition to the reduced
ligand 17 (11 mg, 10%). According to method B, compound 16 (191 mg,
0.51 mmol) was allowed to react with CuII(CF3SO3)2 (222 mg, 0.61 mmol),
benzoin (217 mg, 1.02 mmol), and triethylamine (0.15 mL, 1.02 mmol) in
acetone (20 mL). The crude product was dissolved in MeOH (15 mL)
and reduced with NaBH4 (116 mg, 3.06 mmol) as described above. After
column chromatography on silica gel (CHCl3; CHCl3/CH3OH, 5:1;
CHCl3/CH3OH, 4:1) 15 mg (8%) of 18 and 107 mg (56%) of the reduced
ligand 17 were obtained.
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18 : [a]24D = ++37.4 (c = 1.0 in MeOH); 1H NMR (250 MHz, CDCl3): d =


0.87 (s, 3H; 18-H3), 2.84 (m, 2H; 6-H2), 3.01 (m, 1H; 17b-H), 3.75 (s,
3H; CH3O), 3.87 (m, 2H; CH2Py), 6.60 (d, 3J = 2.7 Hz, 1H; 4-H), 6.67
(dd, 3J = 2.7 Hz, 3J = 8.6 Hz, 1H; 2-H), 7.16 (d, 3J = 8.6 Hz, 1H; 1-H),
7.25 (m, 2H; 2XHPy), 7.62 and 8.52 ppm (2m, 2X1H; 2XHPy);


13C NMR
(62.5 MHz, CDCl3): d = 22.3 (C-18), 23.6 (C-7), 25.8 (C-11), 27.2 (C-16
and C-12), 30.2 (C-6), 33.9 (C-15), 36.5 (C-9), 42.4 (C-8), 48.2 (C-13),
53.0 (CH2Py), 55.2 (H3CO), 66.8 (C-17), 83.7 (C-14), 111.4 (C-2), 113.6
(C-4), 122.3 (Cpy-3), 122.5 (CPy-5), 126.5 (C-1), 133.8 (C-10), 136.7 (CPy-4),
138.0 (C-5), 149.2 (CPy-2), 157.2 (CPy-6), 158.0 ppm (C-3); MS (ESI): m/z
(%): 393 (100) [M++H]; HRMS: calcd for C25H33N2O2 [M++H]:
393.2542; found: 393.2535.


14a-Hydroxy-17a-amino-3-methoxy-estra-1,3,5(10)-triene (19): Accord-
ing to method A, 17a-AMPY ligand 16 (200 mg, 0.53 mmol) was reacted
with CuI(CH3CN)4PF6 (240 mg, 0.64 mmol) in acetone (30 mL). The
crude product was dissolved in CHCl3 and treated with NH4OH (25%)
(3X20 mL). The organic layer was then washed with brine, dried over
Na2SO4, and concentrated. Separation by preparative TLC with CH2Cl2/
MeOH/NH4OH (80:20:0.25) as eluent gave 19 (73 mg, 46%) as a color-
less oil and 17a-amine 15 (45 mg, 30%).


19 : [a]24D = ++68.4 (c = 0.8 in CHCl3);
1H NMR (250 MHz, CDCl3): d =


0.81 (s, 3H; 18-H3), 2.84 (m, 2H; 6-H2), 3.26 (m, 1H; 17b-H), 3.76 (s,
3H; CH3O), 6.61 (d, 3J = 2.7 Hz, 1H; 4-H), 6.70 (dd, 3J = 2.7 Hz, 3J =


8.6 Hz, 1H; 2-H), 7.20 ppm (d, 3J = 8.6 Hz, 1H; 1-H); 13C NMR
(62.5 MHz, CDCl3): d = 23.9 (C-18), 25.7 (C-7), 26.1 (C-11), 26.5 (C-16),
30.3 (C-12), 30.9 (C-6), 34.3 (C-15), 36.5 (C-9), 42.7 (C-8), 47.2 (C-13),
55.1 (H3CO), 59.9 (C-17), 83.9 (C-14), 111.4 (C-2), 113.6 (C-4), 126.4 (C-
1), 134.2 (C-10), 138.1 (C-5), 157.2 ppm (C-3); MS (ESI): m/z (%): 302
(100) [M++H]; HRMS: calcd for C19H29NO2 [M


++H]: 302.2120; found:
302.2124.


14a-Hydroxy-16a-(N-2-pyridylmethyl)amino-3-methoxy-estra-1,3,5(10)-
triene (23): According to method A, 16a-AMPY ligand 21 (105 mg,
0.28 mmol) was allowed to react with CuI(CH3CN)4PF6 (125 mg,
0.34 mmol) in acetone (30 mL). The crude product was dissolved in
MeOH (15 mL) and NaBH4 (98 mg, 2.6 mmol) was added in small por-
tions. The reaction mixture was stirred at room temperature for 1 h, and
then H2O (0.5 mL) was added and the solvent was removed. The residue
was redissolved in CHCl3 and extracted with NH4OH (25%) (4X15 mL).
The organic layer was washed with brine, dried (Na2SO4), and concen-
trated. The resulting oily product was separated by column chromatogra-
phy on silica gel eluting with MeOH/CHCl3 (1:9) to afford 23 (20 mg,
18%) as a light-yellow oil and the reduced ligand 22 (45 mg, 56%).


23 : [a]24D = ++0.9 (c = 0.7 in MeOH); 1H NMR (250 MHz, CDCl3): d =


0.89 (s, 3H; 18-H3), 2.84 (m, 2H; 6-H2), 3.47 (m, 1H; 16b-H), 3.75 (s,
3H; CH3O), 3.90 (m, 2H; CH2Py), 6.60 (d, 3J = 2.7 Hz, 1H; 4-H), 6.69
(dd, 3J = 2.7 Hz, 3J = 8.6 Hz, 1H; 2-H), 7.16 (d, 3J = 8.6 Hz, 1H; 1-H),
7.27 (m, 2H; 2XHPy), 7.62 and 8.52 ppm (2m, 2X1H; 2XHPy);


13C NMR
(62.5 MHz, CDCl3): d = 23.8 (C-18), 24.1 (CH2), 26.1 (CH2), 30.1 (CH2),
32.0 (CH2), 36.4 (CH), 40.1 (CH2), 41.0 (CH), 45.5 (CH2), 46.2 (C-13),
52.9 (CH2Py), 55.2 (H3CO), 55.6 (CH), 83.5 (C-14), 111.4 (C-2), 113.6 (C-
4), 122.2 (Cpy-3), 122.5 (CPy-5), 126.6 (C-1), 134.0 (C-10), 136.7 (CPy-4),
138.0 (C-5), 149.2 (CPy-2), 157.2 (CPy-6), 158.5 ppm (C-3); MS (ESI): m/z
(%): 393 (100) [M++H]; HRMS: calcd for C25H33N2O2 [M++H]:
393.2542; found: 393.2544.


3a-(N-2-Pyridylmethyl)amino-5a-hydroxy-cholestane (27): Reaction of
3a-AMPY ligand 25 (200 mg, 0.42 mmol) with CuI(CH3CN)4PF6 (190 mg,
0.5 mmol) in acetone (30 mL) according to method A was followed by re-
duction with NaBH4 (190 mg, 5.0 mmol) in methanol as described for 23
and resulted in an oily product. Preparative TLC eluting with MeOH/
CHCl3 (1:9) gave 27 (41 mg, 20%) as a colorless oil and 110 mg (55%)
of 3a-(N-2-pyridylmethyl)amino-5a-cholestane 26 (reduced ligand).


27: [a]24D = ++6.3 (c = 1.6 in CHCl3);
1H NMR (250 MHz, CDCl3): d =


0.63 (s, 3H; CH3), 0.85 (m, 9H; 3XCH3), 0.93 (s, 3H; CH3), 3.05 (m, 1H;
3b-H), 3.88 (m, 2H; CH2Py), 7.13, 7.23, 7.59, 8.51 ppm (4m, 4X1H; 4X
HPy);


13C NMR (62.5 MHz, CDCl3): d = 12.0 (CH3), 16.0 (CH3), 18.6
(CH3), 20.7 (CH2), 20.9 (CH2), 22.5 (CH3), 22.7 (CH3), 23.9 (CH2), 24.1
(CH2), 25.7 (CH2), 27.3 (CH2), 27.9 (Cq), 28.3 (CH2), 34.3 (CH2), 35.0
(CH2), 35.1 (CH2), 35.8 (CH2), 36.1 (CH), 39.5 (CH2), 39.9 (Cq), 40.1
(CH2), 42.7 (Cq), 45.4 (Cq), 52.5 (CH), 52.9 (CH2), 56.1 (CH), 56.3 (CH2),
73.9 (Cq), 122.1 (CHPy), 122.6 (CHPy), 136.5 (CHPy), 149.2 (CHPy),


158.6 ppm (CPy); MS (ESI): m/z (%): 395 (100) [M++H]; HRMS: calcd
for C33H55N2O [M++H]: 495.4314; found: 495.4316.
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High-Throughput Characterisation of Materials by Photoluminescence
Spectroscopy


Pedro Atienzar, Avelino Corma,* Hermenegildo Garc!a, and Jos# M. Serra[a]


Introduction


The development of chemistry can benefit from high-
throughput (HT) techniques that allow the generation, char-
acterisation and determination of the properties of large li-
braries of compounds and materials.[1–3] More specifically,
the development of HT physico-chemical characterisation
techniques has been the subject of intense research, as this
is normally a tedious, time-consuming step that may cause a
bottleneck when a large number of related samples is pro-
duced. Gravimetric, thermoanalytical,[4] X-ray diffraction[5–7]


and some spectroscopic techniques[8–14] combined with auto-
matic handling, data acquisition and supporting software
have been applied to speed up the characterisation of large
libraries.


Herein we describe a HT system for characterisation of a
library of materials by photoluminescence, which is able to
record the emission spectra and to analyse the photolumi-
nescence kinetics. This characterisation system can be ap-
plied to a wide range of functional materials, such as those
that contain aromatic and other organic compounds, metal-
lic complexes, transition-metal ions and some inorganic
oxides and chalcogenides.


An advantage of photoluminescence compared to other
spectroscopic techniques is that the samples do not need to


be in solution because the emission spectra of opaque pow-
ders can also be recorded. Another characteristic of the
photoluminescence technique described here is its high sen-
sitivity, in which only very small amounts of sample (less
than 20 mg) and very short analysis times (less than 2 s for a
single wavelength) are required. In addition, this technique
permits different types of information, derived from the
study of the spectral and temporal profiles of the emission,
to be obtained.


The overall photoluminescence intensity under a given
condition is related to the concentration of the lumophore
and, consequently, photoluminescence measurements can be
used to determine the presence and loading of the emitting
species. In addition, photoluminescence through time-re-
solved measurements is particularly suited to reveal the in-
teraction of the lumophore with the environment or with
other molecules. This fact can be of special relevance in
host–guest supramolecular systems and in catalysis.


There has been considerable interest in the encapsulation
of conducting organic polymers inside porous aluminosili-
cate matrices to stabilise these highly degradable and labile
conducting polymers.[15,16] The preparation of polyaniline,
polyacetylenes, polyfuran and other conjugate polymers en-
capsulated within zeolites and mesoporous matrices has
been reported.[17,18] However, as far as is known, the synthe-
sis of poly(p-phenylenevinylene) (PPV) oligomers encapsu-
lated within zeolites has never been attempted. In the first
part of the present work, the high-throughput system will be
described and evaluated by screening a 96-well sample li-
brary of the [Ru(bpy)3]


2+ encapsulated in different zeolites.
In the second part, the potential of the HT technique will
be shown through the accelerated optimisation of the syn-
thesis of two host-guest materials with photoluminescent
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Supporting information for this article is available on the WWW
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Abstract: An automatic system for high-throughput (HT) characterisation of large
libraries of solid materials by photoluminescence spectroscopy is described. The
system provides time-resolved transient emission spectra in the microsecond scale
and can be employed for characterisation of materials of interest in the fields of
catalysis and electroluminescence, amongst others. Here, we present its application
to the optimisation of the ship-in-a-bottle synthesis of a novel electroluminescent
polymer (PPV) and a photocatalyst (TP+ ), both encapsulated in large-pore zeo-
lites.


Chem. Eur. J. 2004, 10, 6043 – 6047 DOI: 10.1002/chem.200400471 F 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6043


FULL PAPER







properties, which can find application as active components
in electroluminescent devices or as photocatalysts.


Results and Discussion


Two different libraries aimed at the optimisation of the syn-
thetic preparation of two guests incorporated within zeolite
hosts are shown here. The first one was the oligomerisation
of 1,4-phenylenemethylene bis-S,S’-(tetrahydrothiophen-1-
ium) to form phenylenevinylene oligomers (PPV) according
to the process described in Scheme 1. Herein, we wanted to


proceed to the in situ synthesis of this polymer by mimick-
ing the solution synthetic route, in which, starting from a
bis(tetrahydrothiophenium)phenylenedimethylene, a con-
densation is performed under strong basic conditions. Photo-
luminescence measurements are especially suited to charac-
terise PPV samples because the main potential application
of this conjugate polymer is as an active component in elec-
troluminescent devices. The main experimental parameters
to be controlled during the ship-in-a-bottle synthesis are the
strength and population of basic sites, the oligomerisation
temperature, monomer loading and the zeolite matrix.


To demonstrate that PPV can be obtained inside the zeo-
lite pores, as well as to optimise the preparation conditions,
a library was prepared based on a factorial design (2I32I5)
of the synthesis. The experimental design considers the fol-
lowing preparation factors (level): synthesis temperature
(3), ranging from 200 to 300 8C; zeolite structure (3), includ-
ing three large-pore zeolites (X, Y and Beta); nature of the
alkali-metal ion (5) exchanged in the zeolite (H+ , Li+ , Na+ ,
K+ and Cs+); and two different monomer loadings (2), at 4
and 6 wt%. The total number of PPV@zeolite samples syn-
thesised and tested by using this factorial design was 90. A
summary of the relative emission intensity obtained by HT


photoluminescence screening is shown in Figure 1. Figure 2
shows the surface plots of the emission profiles, in which the
global maximum occurs, obtained for a selected building


block of the experimental design (250 8C, 6 wt%). It must
be noted that self-quenching excimer emission and other
photophysical processes can occur at high guest loadings
and this can cause a decrease in the overall photolumines-
cence intensity.[19] However, as the desired outcome of PPV
is blue-green emission, our HT photoluminescence tech-
nique is still useful to determine the optimum loading. The
time required to complete the test of 90 samples was 5 h. As
can be seen from Figures 1 and 2, this test shows that the
most photoluminescent samples are those in which the high-
est loading of the monomer was adsorbed in KY, CsY and
KX, when the oligomerisation was conducted at 250 8C. In
addition to the characteristic PPV photoluminescence, evi-
dence for the formation of PPV inside the channels of KY
and KX zeolites was obtained by optical and MAS 13C
NMR spectroscopy. Particularly important was the data re-
corded for a sample prepared independently under the opti-
mum conditions found here. Using MAS 13C NMR spectros-
copy to study this sample, we observed sp2 carbon atoms of
the monomer at around 120 ppm, whereas there was a com-
plete absence of sp3 carbon atoms for those PPV samples
that showed the most intense photoluminescence (see Sup-
porting Information). These spectral features indicate the
disappearance of the starting material and its transformation
into PPV, a process that is accompanied by a strong increase
of the photoluminescence.


The synthesis temperature and the nature of the alkali-
metal ion present in the zeolite were identified as the most
important experimental parameters to be controlled in the
synthesis of PPV@zeolite. The influence of the alkali-metal
ion on the formation of PPV can be rationalised by consid-


Scheme 1. Oligomerisation of 1,4-phenylenemethylene bis-S,S’-(tetrahy-
drothiophen-1-ium) to form phenylenevinylene oligomers (PPV).


Figure 1. Photoluminescence characterisation results of the PPV@zeolite
library. The 2I32I5 factorial design shows the influence of synthesis var-
iables on emission performance (time range: 1.2 ms, wavelength: 480–
800 nm). The upper block contains 4 wt% monomer content, and the
lower block contains 6 wt%. Three temperature values are given: 200,
250 and 300 8C.
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ering that the charge density of the alkali-metal ion influ-
ences the basicity of the framework oxygen atoms. In this
regard, it is known that the basicity of the zeolites decreases
in the order Cs+>K+>Na+>Li+>H+ , and zeolites X are
more basic than zeolites Y. Therefore, the finding that PPV
is formed in the strongest alkali metal ion exchanged zeo-
lites is in agreement with the need for strong bases in the
synthesis.


The second electroluminescent system studied by means
of HT luminescence characterisation was the 2,4,6-triphenyl-
pyrylium (TP+) incorporated within large-pore zeolite hosts.
This study allowed the optimisation of the synthesis condi-
tions for the encapsulation of 2,4,6-triphenylpyrylium inside
zeolites. TP+ is one of the most widely used electron-trans-
fer photosensitisers; this is because of its high oxidation po-
tential in the excited state allowing it to abstract one elec-


Figure 2. Photoluminescence spectra recorded for the factorial design block of PPV@zeolites in which the maximum emission intensity was achieved
(synthesis temperature=250 8C, monomer loading=6 wt%).


Figure 3. Photoluminescence characterisation results of the TP@zeolite library. The 2I32I4 factorial design shows the influence of synthesis variables on
emission performance (time range: 1.2 ms, wavelength: 480–800 nm).
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tron from a large number of organic molecules, generating
the corresponding radical cation. Although this cation is not
stable in water, in which it undergoes a hydrolytic ring open-
ing to 1,3,5-triphenyl-2-penten-1,5-dione, when encapsulated
inside zeolites it becomes indefinitely stable due to the spa-
tial constraints imposed by the rigid zeolite framework on
hydrolysis. TP@zeolite has been used as an organic photo-
catalyst for the degradation of pesticides in water by solar
light.[20,21] Preparation of TP@zeolite samples under the opti-
mum conditions is crucial to produce samples with the high-
est photocatalytic activity. The TP@zeolite library was pre-
pared according to a factorial design (2I32I4) for the study
and optimisation of the aldol condensation of chalcone with
acetophenone. In this case, the following factors (level)
were considered for the factorial design: reaction time (4),
between 1 h and seven days; reaction temperature (3), be-
tween 60 and 110 8C; zeolite acidity (3); and zeolite struc-
ture (2). The two last parameters include zeolites Y and
Beta in their neutral Na+ form, as well as H+-exchanged
zeolites at a determined percentage of Na+-to-H+ ion ex-
change. In addition, the library contained some blanks, and
the reliability of the system was checked by repeating the
same sample in different positions of the sample holder. A
description of the TP library and the photoluminescence
spectra obtained for each material is shown in Figure 3.


As expected, in view of the previous photoluminescence
measurements, the emission from TP+ encapsulated in zeo-
lites contains a combination of fluorescence (lfl=470 nm;
t1/2<25 ns) together with phosphorescence (lph=560 nm;
t1/2@800 ns) in variable proportions. In this work we have
considered the total emission intensity as a measurement of
the TP+ content. According to the experimental results of
this technique, the optimum synthesis conditions are those
using zeolite Y or Beta in their H+ form, prepared at 110 8C
for two or three days. This outcome of the HT technique
was used to prepare a batch under the optimum conditions,
with the resulting sample showing the spectral features char-
acteristic of TP+ . This sample, having a high TP+ , was
tested as a photocatalyst and showed high activity for the
degradation of phenol and aniline (see Supporting Informa-
tion). Controls using a pristine zeolite in the absence of TP+


did not show significant photocatalytic activity under identi-
cal irradiation conditions, as compared to the optimised
TP@zeolite.


Conclusions


A new high-throughput characterisation technique for solid
materials based on photoluminescence has been described
and validated. This novel technique allows the measurement
of fluorescence and phosphorescence emission in the range
of 350–800 nm; the temporal profile of the emission process
(luminescence decay) can also be determined in the micro-
second range. As a demonstration of the potential of this
technique, two electroluminescence systems based on PPV@
zeolite and TP@zeolite have been optimised, and the results
have been rationalised. This technique can, therefore, be
used as an evaluation assay for optimisation of the prepara-


tion conditions of emitting compounds. The high-throughput
luminescence characterisation described here can also be ap-
plied to other materials, such as catalysts and sensor/probe
molecules.


Experimental Section


The HT photoluminescence assembly[12] consists of: 1) a pulsed Nd-YAG
laser (7 ns pulse width, 1–5 mJpulse�1), which can operate at wavelengths
of 266, 355 or 532 nm; 2) a 96-sample holder made of a material transpar-


Figure 4. Schematic diagram of the high-throughput assembly for photo-
luminescence characterisation.[12]


Figure 5. Detailed images of the 96-sample holder.
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ent to the laser beam; 3) an X-Y linear robotic system with a repeatabili-
ty of �10 mm, which controls the positioning of the library holder; 4) an
optical fibre to transfer the photoluminescence from the emitting sample
to the detector; and 5) the detection module containing a monochroma-
tor, a photomultiplier and an oscilloscope to digitalise the signal that is fi-
nally transferred to a computer. The system also contains the appropriate
set of prisms, lens, mirrors and filters. The system is fully automated and
controlled by a PC. Data management and analysis is carried out using
in-house developed software. A schematic diagram of the HT assembly
and its working principle is provided in Figure 4.


The sample-holder geometry is similar to the 96-well microtiter plate cur-
rently used in biochemistry. Therefore, this holder can be handled by
commercial robotic liquid/solid handling systems for its automated load-
ing, or even the library preparation can be carried out in the same
holder. The amount of solid required for the characterisation is 10 to
20 mg, and samples are deposited as a powder without any pre-treatment.
For the examples illustrated below, the holder used was made of poly-
methacrylate or glass (Pyrex), but quartz may be necessary when using a
266-nm laser as the excitation source. The sample holder is covered with
an optical-quartz lid to isolate the samples from the ambient and, when
required, it is possible to expose the samples to a controlled atmosphere
or mild vacuum. In addition, the glass or quartz holder can be heated, al-
lowing thermal pre-treatments such as drying or calcinations to be car-
ried out. Thus, the system enables the performance of operando photolu-
minescence spectroscopy during adsorption or catalytic processes with
different probe molecules. Figure 5 gives a detailed image of the 96-well
sample holder. For convenient operation and loading or unloading, the
sample holder can be easily removed from the zone exposed to the laser
beam. The holder is placed horizontally and excitation and emission de-
tection is carried out from the top of the holder. Problems arising from
laser scattering reaching the detector are minimised by the geometry of
the system focusing the optical fibre out of the laser reflection angle and
by placing a cut-off filter on the optical fibre. (The details of the opera-
tion of the system, its validation and control software are given in the
Supporting Information.)


Figure 6 shows different representations of the three-dimensional data
acquired for a single sample of [Ru(bpy)3]


2+@zeolite ITQ-2, used in the
validation of the system, to provide a fast visualisation of emission spec-
tra and the photoluminescence kinetics of each sample.
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Figure 6. Representation of the three-dimensional data acquired by HT-photoluminescence for a single sample, [Ru(bpy)3]
2+@beta (time range: 4 ms,


wavelength: 380–860 nm).
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Thomas Schrader*[a]


Introduction


The copper-catalyzed conjugate addition of diorganozinc
compounds to enones has become a powerful synthetic tool
for asymmetric catalytic Michael additions.[1] Catalytic
routes to cycloalkanones as well as tandem and annulation
procedures are now available offering almost quantitative
chemical yields and excellent enantioselectivities.[2] Chiral
induction in this valuable process has been achieved mainly
by ligand acceleration with chiral phosphoramidites, phos-
phites and phosphonites.[3] Since the first report by Alexakis
in 1993, many other PIII ligands have been tested in this re-
action during the past decade.[4] These differ substantially
both in their reactivity and their enantioselectivity. System-
atic optimization of Feringa-s original catalyst[5] has led to a
ligand with a second chiral structural unit which usually
gives enantiomeric excesses >95% with enones.[6] High op-
tical yields are also achieved with Alexakis- conformational-


ly tunable biphenyl-based phosphoramidites,[7] and with
Pfaltz- phosphate–oxazolinones.[8]


However, in spite of the importance of this promising cat-
alytic process, very few mechanistic studies have been un-
dertaken to elucidate its mechanism. In the related area of
the conjugate addition of Gilman cuprates[9] early kinetic
studies by Krauss and Smith[10] and subsequent NMR studies
by Ullenius and Smith[11] clearly pointed to a mechanism,
where an intermediate formed in equilibrium with the start-
ing material goes through an irreversible step to give the
conjugate adduct. Further support came from mechanistic
studies by Krause, who identified such an intermediate, fol-
lowed by elegant investigations on kinetic isotope effects by
Singleton.[12,13] It became clear, that the rate-limiting step is
C�C bond formation by reductive elimination of a CuIII in-
termediate.[14] Recently, Krause could determine the activa-
tion parameters for this process.[15] Finally, a much more de-
tailed picture evolved from extensive density functional
studies by Nakamura on conjugate additions of lithium orga-
nocuprates.[16] Based on these mechanistic insights and own
observations, Feringa[17] and Alexakis[18] postulated a similar
mechanism for the organozinc addition in the past years.
Both assume an initial alkyl transfer from R2Zn to the
copper center followed by coordination of the hard Lewis
acid RZnX to the enone carbonyl and formation of a p-
complex between the soft Cu–alkyl species and the enone
double bond. Oxidative addition of the organocopper(i) re-
agent to the enone is presumably followed by a reductive
elimination with concomitant C�C-bond formation, the
latter being the rate-determining step (Scheme 1). Product
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Abstract: A mechanistic study on the
conjugate addition of diethylzinc to cy-
clohexenone catalyzed by various
chiral PIII ligands, provides new insights
into its mechanism. Complete in situ
conversion of the catalytic amount of
Cu(OTf)2 into CuI species by excess
ZnEt2 is demonstrated by EPR spec-
troscopy. Experimental evidence is pre-
sented in favor of a critical ternary


1:1:1 complex between enone, Et2Zn
and catalyst, supporting a rate-limiting
reductive elimination or carbocupra-
tion from a preformed mixed Cu/Zn
cluster carrying one- or two-ligand


molecules. A crystal structure has been
obtained for a CuI·L2 complex, which
shows catalytic turnover on addition of
reagent and substrate. NMR spectro-
scopic analyses and VT experiments
reveal that steric hindrance may pre-
vent complexation of a second ligand
molecule on the CuI cation, leading to
extremely fast precatalysts based on
CuX·L species.


Keywords: asymmetric catalysis ·
conjugate addition · dialkylzinc ·
kinetics
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inhibition is circumvented by liberation of the zinc enolate
in its thermodynamically stable dimeric form. Both, Alexa-
kis and Noyori assume that prior to this the CuR moiety
captures another R2Zn molecule to form a highly nucleo-
philic Cu/Zn cluster.[18] Noyori recently discovered that N-
benzylbenzenesulfonamide itself catalyzes the 1,4-addition
of dialkylzinc compounds to a,b-unsaturated ketones with a
Cu:Zn ratio of up to 1:10000.[19] A catalytic cycle was pro-
posed on the basis of a kinetic study and structural analysis
of the zinc–enolate product. For this special case, kinetic iso-
tope effects point to a concerted mechanism in the alkyl
transfer step.[20] However, most mechanistic assumptions on
the Cu-catalyzed conjugate organozinc addition with PIII li-
gands are only scarcely backed by experimental evidence.


We present in this paper a mechanistic study on the conju-
gate addition of diethylzinc to cyclohexenone catalyzed by
various chiral PIII ligands. Experimental evidence is present-
ed in favor of the above-outlined rationale, supporting a
rate-limiting reductive elimination or a carbocupration from
a preformed mixed Cu/Zn cluster carrying one or two ligand
molecules. A crystal structure has been obtained for a
CuI·L2 complex, which shows catalytic turnover on addition
of reagent and substrate. NMR spectroscopic analyses and
VT experiments reveal that steric hindrance may prevent
complexation of a second ligand molecule on the CuI cation,
leading to extremely fast precatalysts based on CuX·L spe-
cies.


Kinetic studies : If the above-outlined assumption of a reduc-
tive elimination in the rate-limiting step is correct, one


should observe a close correla-
tion between the overall reac-
tion rate and the structure of
the respective PIII ligand, or
more precisely, its electron den-
sity. With the most common
standard reaction, that is, the
conjugate addition of diethyl-
zinc to cyclohexenone, we
therefore carried out a system-
atic investigation on the degree
of ligand acceleration exerted
by various classes of PIII li-
gands.[21] Care was taken to
alter the nucleophilicity of the
phosphorus atom, by starting
from N3P systems and including
more and more electron-with-
drawing oxygen atoms as next
neighbours to phosphorus. In
addition, the steric demands of
the ligands were varied from
slim to bulky. To this end, we
systematically synthesized a
series of new phosphorous
amides based on 2-aminome-
thylpyrrolidine 4. The new li-
gands were derived from the
parent compound 5 with a di-


methylamino group, which was replaced by a slim alkoxy
group (6a) and a sterically demanding aryloxy group (6b,
Scheme 2).[22] We then carried out kinetic investigations with
these ligands and a representative BINOL- (7) and
TADDOL-phosphoramidite ligand[23] (8) used by Feringa
and us before.


The test reaction was carried out at �30 8C in toluene
with 1 mol% of CuII–triflate and 2 mol% of ligand as cata-
lyst system (Scheme 3). One might argue, that the oxidation
state of Cu(OTf)2 differs from that of the postulated cop-
per(i) species. However, numerous earlier investigations
have demonstrated that both CuI and CuII salts can be used
with equal success.[2] It has been generally argued that the


Scheme 1. Postulated catalytic cycle for the copper(i)-catalyzed conjugate addition of organozincs to cyclohex-
enone. b) In the key steps, oxidative addition of the organocopper(i)-species 1b to the enone double bond is
followed by the rate-determining reductive elimination of the catalytic copper(i)-complex 2 with simultaneous
alkyl transfer to the g-carbon of the enone. The resulting enolate anion 3 can be further processed by quench-
ing with appropriate electrophiles.


Scheme 2. Structures of all ligands examined in this comparative kinetic
study.
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CuII salt is quantitatively reduced to the CuI form by the
large excess of diethylzinc present in the reaction mixture.[24]


In order to prove this assumption experimentally, we carried
out EPR measurements on the reaction of Cu(OTf)2 with a
25-fold excess of diethylzinc in toluene, which confirmed the
complete conversion of paramagnetic CuII into diamagnetic
CuI within 20 min (Scheme 3). This reduction is effected by
the dialkylzinc reagent and not by the phosphorus ligand.[25]


In all cases, we observed a clean conversion of starting
material to product (Figure 1), albeit at very different rates.
The reaction was generally monitored as decreasing enone
concentration, determined by calibrated GC analyses. Start-
ing with 1 min, after ZnEt2 addition was complete, 50 mL ali-
quots were drawn from the reaction mixture, quenched with
water and extracted into Et2O. The organic phases were di-
rectly examined by GC, with cyclohexanone as an internal
standard.


The uncatalyzed background reaction was very slow
(Figure 2), but not negligible, in our hands, leading to only


30% conversion after 3 h.[26] A very slow background reac-
tion has also been reported independently by Alexakis[27]


and Noyori,[19] with drastic accelerations by PIII ligands or
benzenesulfonamides. Likewise, in our experiments only
1 mol% of catalyst greatly increased the reaction rate in all
cases. Most interestingly, reactions with electron-rich PIII li-
gands containing two or three N atoms, proceeded much
more slowly than those with only one N atom. This becomes
especially impressive in our new ligand series based on 2-
aminomethylpyrrolidine. The systematic variation of the
linear substituent on phosphorus demonstrates two effects
which seem to be of general relevance: heteroatom ex-
change of N against O leads to a marked increase in reac-
tion rate (NMe2!OMe), which is again decelerated by in-
creasing steric bulk (OMe!O-a-naphthyl). With NMe2 sub-
stituents, the BINOL- (7) and especially the TADDOL-de-
rived phosphoramidites (8) are the most efficient catalysts
in this series, bringing the reaction to completion within less
than 1 h at �30 8C; thus, in spite of their enormous steric
bulkyness both phosphoramidites are much faster than the
phosphorous triamide. Close inspection of early comparative
studies directed by Alexakis, reveal that under identical con-
ditions the simple achiral ligand P(OEt)3 brings the Michael
addition to completion much earlier than P(NMe)3.


[27] Since
the reductive elimination step requires electron donation to
the CuIII centre, electron-rich PIII ligands should be counter-
productive, while electron-withdrawing ligands should facili-
tate the process. This is exactly the case. The same argument
is also valid for a potential carbocupration mechanism,
which we cannot exclude a priori.[28] Sterically demanding li-
gands might further hinder the alkyl transfer step, which re-
quires a close contact between Rd� and C-3d+ of the double
bond in the p-complex. On the contrary, electron-donating
ligands which increase the nucleophilicity of the attacking
alkyl Cu species, should greatly accelerate the oxidative ad-
dition step.[29] In the light of Kitamura-s recent 12C/13C iso-
tope effect experiments on the CuOTf–sulfonamide
system,[20] indicating a concerted mechanism, this seems con-
tradictory, because for such a concerted alkylation step,
electron-donating ligands should be most effective. Howev-
er, it has to be kept in mind, that the catalytic effect origi-
nates in one case from a bridging sulfonamide anion on
zinc, whereas in the other case a PIII ligand on copper accel-
erates the reaction; this may lead to entirely different situa-
tions in the key alkyl transfer step.


Kinetic order : With the final reductive elimination being the
rate-limiting step, all reactions should follow first order ki-
netics, since in a preceding rapid equilibrium the substrate,
catalyst and organozinc reagent are all assembled in one p-
complex which goes directly to the products. First order ki-
netics in substrate, organozinc and (bridging) sulfonamide
ligand were already observed by Noyori in a related CuI-sul-
fonamide system and pointed to a bissubstrate–uniproduct
system with the alkyl-transfer step limiting the turnover
rate.[19] In a logarithmic plot, this is also confirmed for all of
the above-examined ligands: first order kinetics are ob-
served, producing k values between 9O10�5 s�1 and 2O
10�3 s�1 for the fast TADDOL-based ligand 8 (uncatalyzed


Scheme 3. Top: Standard reaction protocol for the kinetic investigations.
Bottom: EPR spectra of 1, free Cu(OTf)2 with [Cu(OTf)2]=4.2mm in
toluene; 2, Cu(OTf)2:ligand 8 (1:2); 3, Cu(OTf)2:ligand 8 (1:2) with a 24-
fold excess of ZnEt2 in toluene after 6 min; 4, after 10 min; 5, after
18 min (300 K).


Figure 1. Kinetic curves for the continuous conversion of enone into 3-al-
kylketone catalyzed by phosphorous acid diamide monoester 6b and
Cu(OTf)2. (GC analysis commenced after 1 min, when ZnEt2 addition
was complete. Cyclohexanone was used as the internal standard, added
stoichiometrically to the reaction mixture simultaneously with the
enone).
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background reaction 2O10�5 s�1). These reaction rates are
comparable to Noyori-s sulfonamide system. In agreement
with the postulated mechanism, the reaction becomes faster,
if more substrate and more catalyst are added, and also, if
an excess of diethylzinc is used. First order kinetics were
also established in experiments with varying ZnEt2 or cata-
lyst concentrations, while all other parameters were kept
constant. The reaction rates were determined over the full
time range and in a concentration range between 100 and
500mm ZnEt2 as well as 0.5 and 4 mol% catalyst (Figure 3b
and c). We conclude that the catalyst forms a ternary 1:1:1
complex with one equivalent of diethylzinc and enone, in
which alkyl transfer occurs. Product release regenerates the
catalyst for the next cycle. As a consequence of this mecha-
nism, the turnover rate must be limited by the alkylation
step and not by the product release.


Recent variations in the copper salts indicate the impor-
tance of charge-alternating bridging anions for the mixed
zinc cuprates.[2,18] Since especially aromatic Cu carboxylates
produce highly efficient catalysts, the degree of lipophilicity
seems to play some role, whereas the Lewis acidity is of
minor relevance. This assumption is strongly supported by
the above-mentioned mechanistic studies conducted by
Noyori.[19] Likewise, exchange of the triflate anion for iodide
greatly decelerated the conjugate addition in our system,
pointing to the necessity of bridging the Cu and Zn center
for efficient catalysis.


X-ray crystal structure :[31] Next we turned to the stoichiome-
try of the precatalyst formed between the CuI salt and the
PIII ligand. Feringa and others observed that a 3:1 ratio of
ligand and Cu salt produced a very stable, catalytically inac-
tive complex, presumably because alkyl transfer to the CuI


centre is hindered.[2] The only crystal structure known to
date shows exactly this a 3:1 complex with CuI.[5,32] Recently
Seebach et al. obtained a crystal structure of a CuI-


TADDOL-thiolate, which catalyzes the somewhat related
Grignard conjugate addition to enones. However, this com-
plex is tetranuclear, and the thio-TADDOL acts as a mono-
dentate ligand bridging two Cu atoms.[33] Optimal conditions
were often found for a 2:1 ratio for monodentate, but a 1:1
ratio for bidentate phosphoramidite ligands; in connection
with moderate nonlinear effects this led many authors to the
conclusion, that in the stereodiscriminating step two ligand
molecules are operating together.[34] Preliminary experi-
ments with our new ligands confirmed that a 3:1 complex
was catalytically inactive, as opposed to 2:1 mixtures which
greatly accelerated the conjugate addition. Although we
tried to crystallize a 3:1 complex from CuI and the N3P
ligand 5, we obtained a crystal structure clearly showing a
ligand/Cu ratio of 2:1, with a trigonal planar arrangement
around Cu (Figure 4). Addition of a large excess of diethyl-


Figure 2. Kinetics of the conjugate ethylation of cyclohexenone by dial-
kylzinc catalyzed by CuI complexes of various PIII ligands, monitored as
decreasing enone concentration (GC analysis, the first injection was only
carried out after complete addition of diethylzinc and therefore does not
start at 100%).


Figure 3. a) ln [enone] versus t plot with resulting k values demonstrating
first order kinetics for all above-shown reactions (200mm enone, 240mm


diethylzinc, 2mm catalyst, �30 8C, toluene). b) Relation between reaction
rate k and [ZnEt2] (200mm enone, 2mm catalyst, �30 8C, toluene/hex-
anes). First order kinetics in [ZnEt2] are observed.[30] c) Relation between
reaction rate k and [catalyst = 1:2 mixture of Cu(OTf)2 and ligand]
(200mm enone, 240mm ZnEt2, �30 8C, toluene/hexanes). First order ki-
netics in [catalyst] are observed.[30]
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zinc and cyclohexenone started the conjugate addition and
proved the efficiency of this 2:1 precatalyst. Since we could
also carry out an X-ray structural analysis on the free phos-
phorous triamide ligand (Figure 5), we were able to com-
pare the bond lengths and angles around the critical P�N


bonds: although no dramatic changes are observed, P�N
bond lengths tend to be shortened on complexation (1.75 to
1.70 P, 1.68 to 1.66 P), whereas NPN angles are slightly
widened by about three degrees (90 to 928, 102 to 1058, 106
to 1098). With great caution, we take this as a first indication
of electron density flowing from nitrogen via phosphorus to
the CuI center. In the complex, both phosphorous triamide
ligands form a quasi C2-symmetric arrangement with respect
to the CuI axis. The concave faces of the roof-like bicycles
are oriented antiparallel to each other.[35] Similar to the free
TADDOL-based ligand 8,[5] one of the NMe2 methyl groups
stands coplanar to the lone pair on phosphorus. This creates
steric hindrance for the copper complexation.


NMR spectroscopy : We finally carried out an NMR-spectro-
scopic comparative study of all complexes formed between
CuI and the kinetically examined PIII ligands. Interestingly
enough, in CDCl3 a drastic upfield-shift of roughly 20 ppm
is consistently produced in most 2:1-complexes. This result
is counterintuitive, but may be explained by the direct Cu�P
bond (in all cases, the nJP,H couplings broke down).[36] We
were again surprised by the TADDOL ligand 8, which ex-
clusively forms a 1:1 complex with CuI. AVT study revealed
a coalescence temperature for the ligand exchange of
~+24 8C, corresponding to a fast ligand exchange rate of
349 s�1 with a low activation barrier of ~11.1 kcalmol�1


(Figure 6).[37] The high preference for 1:1 complexes may ex-
plain TADDOL-s superior performance with respect to re-
action rate and stereoselectivity, since in the catalytically
active species, steric hindrance around the central copper
atom is minimized.


Furthermore, the dioxolane CH and CH3 groups turned
magnetically equivalent, with a large downfield shift for the
CH protons and a large upfield shift for the methyl group;
this may indicate a conformational change in the ligand ro-
tating certain groups in or out of the anisotropic shielding of
TADDOL-s benzene rings,[38] see Figure 6b.


Conclusion


Additional pieces of evidence
have been collected in support
of a reductive elimination or
carbocupration as the rate-lim-
iting step in the CuI-catalyzed
conjugate addition of organo-
zincs to enones. PIII ligands
firmly bound to CuIII seem to
lower the activation energy bar-
rier for this process, especially
if they carry a high number of
electron-withdrawing substitu-
ents, that is, P�O bonds.[39] 2:1
complexes between ligand and
CuI are predominantly formed,
with TADDOL being an excep-
tion, because it furnishes an ex-
tremely powerful 1:1 complex,


Figure 4. Crystal stucture of the 2:1 complex between the new N3P phos-
phorous triamide ligand 5 and CuI (from toluene/CH2Cl2). Perspectives
have been chosen comparable to those in Figure 5. Hydrogen atoms have
been omitted for clarity.


Figure 5. Crystal structure of phosphorous triamide ligand 5.
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exclusively. In the future, we will use our very slow N3P
ligand to characterize the reaction intermediates (e.g., the
postulated p-complex) spectroscopically (1H, 31P,
13C NMR).[40] In addition, kinetic isotope effects should fur-
ther substantiate the postulated reductive alkyl transfer as
the rate-limiting step as opposed to a potential carbocupra-
tion. In a cooperation, we also intend to calculate the whole
process on a DFT level, following a similar approach as in
Nakamura-s seminal papers on Gilman cuprates.[16]


Experimental Section


Ligands


(1R,8S)-1-(Dimethylamino)-2-phenyl-2,7-diaza-1-phosphabicy-
clo[3.3.0]octane (5): (S)-2-anilinomethylpyrrolidine (2.00 g, 11.5 mmol)
was dissolved in anhydrous toluene (10 mL) under argon. After the addi-
tion of tris(dimethylamino)phosphine (1.88 g, 2.1 mL, 11.5 mmol) the


mixture was heated to reflux for 4 h. The reaction was monitored by
31P NMR. After cooling to room temperature, the solvent and the excess
of tris(dimethylamino)phosphine were distilled off. The remaining oil
was subjected to fractional distillation in a Kugelrohr apparatus (2.8O
10�1 mbar, 180 8C) to obtain the title compound as a colorless liquid
(2.15 g, 86.2 mmol, 75.0%). The compound crystallized after being stored
at room temperature under argon for several months. M.p. 41 8C;
1H NMR (200 MHz, CDCl3): d=1.54–1.85 (m, 3H), 1.93–2.05 (m, 1H),
2.60 (d, 3JH,P=8.7 Hz, 6H, C(14)-H), 3.02–3.24 (m, 2H, C(6)-H), 3.37–
3.54 (m, 1H, C(8)-H), 3.77 (ddd, 2J=1.0, 3JH,P=9.0, 3J=7.2 Hz, 1H, C(3)-
H), 4.06–4.19 (m, 1H, C(3)-H), 6.76 (tt, 3J=7.2, 4J=1.0 Hz, 1H, C(12)-
H), 6.84 (m, 2H, C(11)-H), 7.21 (m, 2H, C(10)-H); 31P NMR (81 MHz,
CDCl3): d=119.3 (s); 13C NMR (50 MHz, CDCl3): d=25.4, 32.3, 36.7,
37.1, 50.1, 62.3, 114.4, 114.6, 117.6, 128.9; MS (70 eV): m/z (%): 136 (49)
[N-P-N-C6H5


+], 205 (100) [M +�NMe2], 249 (4) [M +]; ESI-HRMS: m/z :
calcd for C13H20N3P: 249.1390, found 249.1390.


(1R,8S)-1-Methoxy-2-phenyl-2,7-diaza-1-phosphabicyclo[3.3.0]octane
(6a): (S)-2-anilinomethylpyrrolidine (1.00 g, 5.71 mmol) was dissolved in
anhydrous toluene (10 mL) under argon. After the addition of tris(dime-
thylamino)phosphine (0.99 g, 1.1 mL, 6.1 mmol, 1.1 equiv) the mixture


was heated to reflux for 4 h. The reaction was monitored by 31P NMR.
After cooling to room temperature, the solvent and the excess of tris(di-
methylamino)phosphine were distilled off. The residue was diluted with
anhydrous toluene (10 mL), treated with anhydrous methanol (0.20 g,
0.25 mL, 6.1 mmol, 1.1 equiv) and again heated to reflux. The solvent
and the excess of methanol were distilled off in vacuo. The remaining oil
was subjected to fractional distillation in a Kugelrohr apparatus (2.5O
10�1 mbar, 190 8C) to obtain the title compound as a colorless liquid
(0.80 g, 3.4 mmol, 60.0%). 1H NMR (200 MHz, CDCl3): d=1.54–1.85 (m,
3H), 1.95–2.08 (m, 1H), 3.08–3.25 (m, 2H, C(6)-H), 3.33 (d, 3JH,P=


8.5 Hz, 3H, C(14)-H), 3.48–3.64 (m, 1H, C(8)-H), 3.75 (ddd, 2J=1.0,
3JH,P=9.0, 3J=7.2 Hz, 1H, C(3)-H), 4.10–4.22 (m, 1H, C(3)-H), 6.83 (tt,
3J=7.2, 4J=1.0 Hz, 1H, C(12)-H), 6.99–7.04 (m, 2H, C(11)-H), 7.23 (m,
2H, C(10)-H); 31P NMR (81 MHz, CDCl3): d=123.5 (s); 13C NMR
(50 MHz, CDCl3): d=26.1, 32.1, 48.3, 49.0, 54.1, 63.3, 114.5, 114.8, 118.8,
129.0; MS (70 eV): m/z (%): 167 (20) [NP(OMe)N-Ph], 205 (35)


Figure 6. 1H and 31P NMR spectra for a) the free phosphorous triamide
ligand 5 used for the above-discussed mechanistic investigations and its
2:1 complex with CuI, and b) the free phosphoramidite ligand 8 and its
1:1 complex with CuI, both in CDCl3.


Figure 7. Linear dependence of lnk for the TADDOL-based ligand 8 ex-
change on 1/T determined by lineshape analysis of the corresponding
PNMe2


1H NMR signals produced in VT experiments between 233 and
315 K.


Chem. Eur. J. 2004, 10, 6048 – 6057 www.chemeurj.org L 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6053


Conjugate Addition of Diorganozinc Derivatives 6048 – 6057



www.chemeurj.org





[M +�OMe], 236 (74) [M +]; ESI-HRMS: m/z : calcd for C12H17N2OP:
236.1072, found 236.1072.


(1R,8S)-1-(a-Naphthoxy)-2-phenyl-2,7-diaza-1-phosphabicyclo[3.3.0]oc-
tane (6b): (S)-2-anilinomethylpyrrolidine (1.00 g, 5.71 mmol) was dis-
solved in anhydrous toluene (10 mL) under argon. After the addition of


tris(dimethylamino)phosphine (0.99 g, 1.1 mL, 6.1 mmol, 1.1 equiv) the
mixture was heated to reflux for 4 h. The reaction was monitored by
31P NMR. After cooling to room temperature, the solvent and the excess
of tris(dimethylamino)phosphine were distilled off. The residue was dilut-
ed with anhydrous toluene (10 mL), treated with a-naphthol (0.88 g,
6.1 mmol, 1.1 equiv) and again heated to reflux. The solvent was distilled
off in vacuo. The remaining gum-like residue was subjected to fractional
distillation in a Kugelrohr apparatus (1.9O10�1 mbar, 250 8C) to obtain
the title compound as a yellow gum (0.85 g, 2.4 mmol, 42.0%). 1H and
31P NMR spectra indicated a small impurity of (1R,8S)-1-(dimethyla-
mino)-2-phenyl-2,7-diaza-1-phosphabicyclo[3.3.0]octane (2) as well as a-
naphthol, which could not be completely eliminated. 1H NMR (200 MHz,
CDCl3): d=1.35–1.47 (m, 1H), 1.61–1.83 (m, 3H), 3.00–3.20 (m, 2H),
3.41–3.76 (m, 3H), 6.86–6.95 (m, 2H), 7.11 (m, 2H), 7.20–7.46 (m, 7H),
7.71 (m, 1H); 31P NMR (81 MHz, CDCl3): d=125.4 (s); 13C NMR
(50 MHz, CDCl3): d=26.4, 31.8, 47.3, 53.8, 62.7, 115.3, 115.6, 115.8, 119.6,
122.8, 123.1, 125.1, 125.8, 127.3, 128.4, 129.2, 145.2, 150.4.


(1R,7R)-4-N,N-Dimethylamino-9,9-dimethyl-2,2,6,6-tetraphenyl-3,5,8,10-
tetraoxo-4-phosphabicyclo[5.3.0]decane (8): TADDOL (10.0 g,
21.4 mmol) was dissolved under argon in dry chloroform (50.0 mL) and
HMPT (4.2 g, 4.7 mL, 25.7 mmol) was added dropwise with a syringe.
The mixture was heated to reflux for 12–16 h. After 2 h the product
begins to precipitate. At the end of the reaction the mixture is cooled to
room temperature and the product is filtered off, washed with dry chloro-
form and dried in vacuo to furnish pure phosphoramidite (8.5 g, 73%). A
second crop (2.0 g, 18%) of product was obtained after partial removal
of the solvent. The product can be recrystallized from chloroform or di-
chloromethane. 1H NMR (200 MHz, CDCl3): d=0.29 (s, 3H), 1.26 (s,
3H), 2.72 (d, 3JH,P=10.5 Hz, 6H), 4.82 (d, J=8.5 Hz, 1H), 5.18 (dd, J=
3.2, J=8.5 Hz, 1H), 7.16–7.33 (m, 12H), 7.41 (d, J=7.7 Hz, 2H), 7.47 (d,
J=7.5 Hz, 2H), 7.59 (d, J=7.7 Hz, 2H), 7.73 (d, J=7.5 Hz, 2H);
13C NMR (75 MHz, CDCl3): d=25.29 (q), 27.51 (q), 35.18 (q), 35.44 (q),
81.17 (d, JP,C=7.3 Hz), 81.81 (s), 82.35 (d, JP,C=23.2 Hz), 82.45 (d), 111.71
(s), 127.09 (d), 127.25 (d), 127.44 (d), 127.65 (d), 128.07 (d), 128.67 (d),
128.74 (d), 128.95 (d), 141.77 (s), 142.09 (s), 146.43 (s), 146.85 (s);
31P NMR (81 MHz, CDCl3): d=139.9 (s).


General procedure for the conjugate addition of diethylzinc to a,b-unsa-
turated carbonyl compounds : copper(ii)-bis(trifluoromethylsulfonate)
(6.0 mg, 1.7 mmol, 1 mol%) were stirred with two equivalents of the re-
spective ligand (3.4 mmol, 2 mol%) or its solution in toluene at room
temperature for 2 h. The solution was cooled to �30 8C and treated with
the respective enone (1.7 mmol) or its solution. After stirring for 30 min,
a diethylzinc 15% solution in hexanes (0.25 g, 2.2 mL, 2.2 mmol,
1.1 equiv) was added dropwise within 5 min, so that the reaction temper-
ature did not rise above �30 8C. After 16 h the solution was warmed to
0 8C and treated with 1n aqueous HCl. The resulting product was extract-
ed with diethyl ether; then the combined organic phases were washed
with satd aqueous NaHCO3 and subsequently with aqueous NaCl and
dried over MgSO4. After filtration, the solvent was removed in vacuo
and the crude product was purified by chromatography.


3-Ethylcyclohexanone : The reaction was carried out with 2-cyclohexe-
none (0.16 mL, 0.16 g, 1.7 mmol). The reaction went to completion within
16 h with all ligands. The product was purified over silica gel eluting with
n-hexane/ethyl acetate 4:1 (Rf=0.40) to yield the title compound (0.24 g,


1.6 mmol, 92%). GC analyses (tR=14.5 min) did not show any unwanted
side products. 1H NMR (200 MHz, CDCl3): d=0.91 (t, 3J=8.5 Hz, 3H,
C(8)-H), 1.31–1.42 (m, 3H), 1.58–1.72 (m, 2H) 1.89–1.96 (m, 1H, C(3)-
H), 2.01–2.08 (m, 2H), 2.14–2.38 (m, 3H); 13C NMR (50 MHz, CDCl3):
d=11.0 (C(8)), 25.2 (C(7)), 29.2, 30.8, 40.6 (C(3)), 41.4, 47.7, 211.9
(C(1)).


NMR spectroscopic characterization of 2 :1 and 1:1 ligand complexes
with CuI


Free ligand 5 : 1H NMR (200 MHz, CDCl3): d=1.54–1.85 (m, 3H), 1.93–
2.05 (m, 1H), 2.60 (d, 3JH,P=8.7 Hz, 6H), 3.02–3.24 (m, 2H), 3.37–3.54
(m, 1H), 3.77 (ddd, J=1.0, 3JH,P=9.0, J=7.2 Hz, 1H, C(3)-H), 4.06–4.19
(m, 1H), 6.76 (tt, J=7.2, J=1.0 Hz, 1H), 6.84 (m, 2H), 7.21 (m, 2H);
31P NMR (81 MHz, CDCl3): d=119.3 (s).


CuI-ligand 5 (2:1, dissolved crystals): 1H NMR (200 MHz, CDCl3): d=
1.40–1.51 (m, 1H), 1.72–1.97 (m, 3H), 2.55 (s, 6H), 2.98–3.10 (m, 1H),
3.44 (t, J=8.6 Hz, 1H), 3.80–3.87 (m, 2H), 6.52 (d, J=6 Hz, 2H), 6.74 (t,
J=16 Hz, 1H), 7.10 (t, J=16 Hz, 2H); 31P NMR (81 MHz, CDCl3): d=
99.6 (br s); Dd(31P NMR)=20.3 ppm.


Free ligand 6a : 1H NMR (200 MHz, CDCl3): d=1.54–1.85 (m, 3H), 1.95–
2.08 (m, 1H), 3.08–3.25 (m, 2H), 3.33 (d, 3JH,P=8.5 Hz, 3H), 3.48–3.64
(m, 1H), 3.75 (ddd, J=1.0, 3JH,P=9.0, J=7.2 Hz, 1H), 4.10–4.22 (m, 1H),
6.83 (tt, J=7.2, J=1.0 Hz, 1H), 6.99–7.04 (m, 2H), 7.23 (m, 2H);
31P NMR (81 MHz, CDCl3): d=123.5 (s).


CuI-ligand 6a (4.79 mg, 0.025 mmol, 1 equiv CuI; 11.81 mg, 0.05 mmol,
2 equiv 6a): 1H NMR (200 MHz, CDCl3): d=1.52–1.75 (m, 2H), 1.76–
2.04 (m, 3H), 3.15 (t, J=8.7 Hz, 1H), 3.37–3.50 (br s, 3H), 3.62–3.86 (m,
2H), 3.87–3.99 (m, 1H), 6.84 (t, J=14 Hz, 1H), 7.02–7.27 (m, 4H);
31P NMR (81 MHz, CDCl3): d=104 (br s); Dd(31P NMR)=19.5 ppm.


Free ligand 6b : 1H NMR (200 MHz, CDCl3): d=1.35–1.47 (m, 1H),
1.61–1.83 (m, 3H), 3.00–3.20 (m, 2H), 3.41–3.76 (m, 3H), 6.86–6.95 (m,
2H), 7.11 (m, 2H), 7.20–7.46 (m, 7H), 7.71 (m, 1H); 31P NMR (81 MHz,
CDCl3): d=125.4 (s).


CuI-ligand 6b (3.81 mg, 0.02 mmol, 1 equiv CuI; 13.95 mg, 0.04 mmol,
2 equiv 6b): 1H NMR (200 MHz, CDCl3): d=1.18–1.80 (m, 4H), 2.70–
2.91 (m, 2H), 2.92–3.07 (dd, J=7.8 Hz, 1H), 3.27–3.39 (dd, J=7.8 Hz,
1H), 4.00–4.19 (br s, 1H), 6.74–6.88 (m, 2H), 7.01–7.61 (m, 9H), 7.71–
7.78 (m, 1H), 8.22–8.33 (m, 1H) ; 31P NMR (81 MHz, CDCl3): d=96.5
(br s); Dd(31P NMR)=29.1 ppm.


Free ligand 7: 1H NMR (200 MHz, CDCl3): d=2.54 (d, 3JH,P=9 Hz, 6H),
7.18–7.51 (m, 7H), 7.87–7.98 (m, 4H); 31P NMR (81 MHz, CDCl3): d=
149 (s).


CuI-ligand 7 (3.05 mg, 0.016 mmol, 1 equiv CuI; 11.46 mg, 0.032 mmol,
2 equiv 7): 1H NMR (200 MHz, CDCl3): d=2.26 (br s, 6H), 7.16–7.46 (m,
7H), 7.73–7.90 (m, 5H); 31P NMR (81 MHz, CDCl3): d=128 (br s);
Dd(31P NMR)=21 ppm.


Free ligand 8 : 1H NMR (200 MHz, CDCl3): d=0.29 (s, 3H), 1.26 (s, 3H),
2.72 (d, 3JH,P=10.5 Hz, 6H), 4.82 (d, J=8.5 Hz, 1H), 5.18 (dd, J=3.2, J=
8.5 Hz, 1H), 7.16–7.33 (m, 12H), 7.41 (d, J=7.7 Hz, 2H), 7.47 (d, J=
7.5 Hz, 2H), 7.59 (d, J=7.7 Hz, 2H), 7.73 (d, J=7.5 Hz, 2H); 31P NMR
(81 MHz, CDCl3): d=139.9 (s).


CuI-ligand 8 (3.77 mg, 0.02 mmol, 1 equiv CuI; 10.95 mg, 0,02 mmol,
1 equiv 8): 1H NMR (200 MHz, CDCl3): d=0.45–0.71 (brd, J=32.0 Hz,
6H), 2.49 (brd, J=11.3 Hz, 6H), 5.28 (br s, 2H), 7.17–7.36 (m, 11H),
7.37–7.46 (t, J=7.5 Hz, 4H), 7.50–7.66 (m, 6H); 31P NMR (81 MHz,
CDCl3): d=102.6 (s); Dd(31P NMR)=37.3 ppm.


Note : The oxygen and water sensitivity of the ligands required perform-
ance of their weighing procedure and subsequent transfer into NMR
tubes inside a glove box.


Gas chromatography : Gaschromatographic analyses were carried out
with a Hewlett-Packard gaschromatograph (HP 5890 Series II) equipped
with FID and a Hewlett-Packard Integrator (HP 3396 Series II). The sta-
tionary phase was contained in a Supelco “g-Dex 120” column (30 mO
0.25 mmO0.25 mm). The same temperature program was used repeatedly
(start T = 80 8C (5 min), rate: 4 8Cmin�1, final T = 140 8C (5 min) (nitro-
gen carrier gas).


Kinetics of the 1,4-addition of diethylzinc to 2-cyclohexenone


a) Dependence on [enone]: 1m reference solutions were prepared from
2-cyclohexenone and cyclohexanone as internal GC standard in dry tolu-
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ene. TADDOL-phosphoramidite 8 and BINOL-phosphoramidite 7 were
used as solids, whereas 0.1m solutions were prepared from the other li-
gands. Copper(ii)-bis(trifluoromethylsulfonate) (7.2 mg, 0.02 mmol) was
stirred with the ligand (0.04 mmol) or its solution in a total of 2.4 mL tol-
uene for 16 h under argon at ambient temperature. Subsequent cooling
to �30 8C was followed by addition of a 1m solution of 2-cyclohexenone
(2 mL, 0.19 g, 2 mmol) and a 1m solution of cyclohexanone (2 mL, 0.20 g,
2 mmol). After 10 min, a 1m solution of diethylzinc in hexanes (2.4 mL,
0.30 g, 2.4 mmol, 1.2 equiv), which was held at a constant temperature of
0 8C, was added within 1 min. As soon as the addition was complete, a
50 mL sample was taken from the reaction mixture and treated with
water (1 mL) and diethyl ether (0.5 mL). Additional aliquots were taken
after 2, 4, 6, 8, 10, 15, 20, 30, 45, 60, 80, 100, 120, 150 and 180 min and
treated likewise. The ethereal phases were examined by GC. The reac-
tion was carried on for another 13 h and finally quenched with 1n aque-
ous HCl. Workup proceeded in the same manner as described above.
The enantiomeric excess was determined by 13C NMR spectroscopy after
derivatization with (R,R)-1,2-Diamino-1,2-diphenyl-ethane.


b) Dependence on [ZnEt2]: 1m reference solutions were prepared from
2-cyclohexenone and cyclohexanone as internal GC standard in dry tolu-
ene. Copper(ii)-bis(trifluoromethylsulfonate) (7.2 mg, 0.02 mmol) was
stirred with ligand 5 (0.4 mL, 0.04 mmol in 0.1m solution in toluene) in a
total of 1.6 mL–2.4 mL dry toluene and 0.0 mL–2.4 mL dry n-hexane for
1 h under argon at ambient temperature. Subsequent cooling to �30 8C
was followed by addition of a 1m solution of 2-cyclohexenone (2 mL,
0.19 g, 2 mmol) and a 1m solution of cyclohexanone (2 mL, 0.20 g,
2 mmol). After 30 min, 0.8 mL–5.0 mL of a 1m solution of diethylzinc in
hexanes (0.05 g, 2.4 mmol, 0.4 equiv to 0.625 g, 5.0 mmol, 2.5 equiv),
which was held at a constant temperature of 0 8C, was added within
1 min (total capacity: 9.6 mL; total capacity for 2.5 equiv diethylzinc:
10.6 mL). As soon as the addition was completed, a 50 mL sample was
taken from the reaction mixture and treated with 1n aqueous HCl
(1 mL) and diethyl ether (0.5 mL). Additional aliquots were taken after
1, 2, 3, 4, 5, 6, (7), 8, (9), 10, (11), 12, (13, 14), 15, 20, (25), 30, (40, 50),
60, 120 min and treated likewise. The ethereal phases were examined by
GC.


c) Dependence on [catalyst]: 1m reference solutions were prepared from
2-cyclohexenone und cyclohexanone as internal GC standard in dry tolu-
ene. 3.6 mg–18.0 mg copper(ii)-bis(trifluoromethylsulfonate) (0.01 mmol–
0.05 mmol) were stirred with 0.2 mL–1.0 mL (0.02 mmol–0.1 mmol in
0.1m solution in toluene) of ligand 5 in a total of 2.4 mL dry toluene and
0.8 mL dry n-hexane for 1 h under argon at ambient temperature. Subse-
quent cooling to �30 8C was followed by addition of a 1m solution of 2-
cyclohexenone (2 mL, 0.19 g, 2 mmol) and a 1m solution of cyclohexa-
none (2 mL, 0.20 g, 2 mmol). After 30 min, a 1m solution of diethylzinc
in hexanes (2.4 mL, 0.30 g, 2.4 mmol, 1.2 equiv), which was held at a con-
stant temperature of 0 8C, was added within 1 min (total capacity:
9.6 mL). As soon as the addition was complete, a 50 mL sample was
taken from the reaction mixture and treated with 1n aqueous HCl
(1 mL) and diethyl ether (0.5 mL). Additional aliquots were taken after
1, 2, 3, 4, 5, 6, (7), 8, (9), 10, (11), 12, (13, 14), 15, 20, (25), 30, (40, 50),
60, 120 min and treated likewise. The ethereal phases were examined by
GC.


Note : With further increase of the ligand complex concentration the
complex was not soluble any more in the available solvent quantity.
Therefore a kinetic investigation was not possible beyond this point.


Lineshape analysis and calculation of TC and DG�: A 2:1 mixture was
prepared from the TADDOL-phosphoramidite 8 and CuI, and dissolved
in dry CDCl3, as described above. 1H NMR spectra as well as 31P NMR
spectra were recorded in temperature intervals of 8 8C, starting from
233 K and ending at 315 K. While no change was observed within this
temperature range in the 31P NMR spectra, the 1H NMR spectra showed
dramatic changes corresponding to a dynamic exchange between the 1:1
complex 8·CuI and the free ligand itself. At elevated temperatures, fast
exchange leads to a simplified signal pattern with averaged shift values.
At 297 K, coalescence is reached, demonstrated by extremely broad
lines. Below 297 K, further cooling leads to the slow and very slow ex-
change regime, with the appearance of two sets of signals, one for the
free ligand and the other one for the 1:1 complex. At 233 K, lines have
become very sharp and correspond exactly to the superimposed NMR
spectra of isolated 1:1 complex and free ligand.


Graphical representation as stacked plots : Stacked plots (aliphatic
region) for the collected 1H NMR data (400 MHz, dry CDCl3) from the
above-described VT experiment of a 2:1-mixture between TADDOL-
PNMe2 (8) and CuI (Figure 8). The black frame indicates the P-NMe2
signal used for the line-shape analysis.


Evaluation : Since the equilibrium is degenerated, it can be described by
Equation (1):


LþCuI � L0 Ð CuI � LþL0 ð1Þ


with L=L’. For the calculation of rate constants, the usual approxima-
tions were applied, depending on the time regime between fast and very
slow exchange. A very well resolved signal is found in the methyl group
of the P-NMe2 moiety, which does not overlap with any other signal. Its
linewidth was measured at half peak height at various temperatures and
used for the calculation of k values from the respective approximation.
Thus, the following values were obtained:


a) Fast exchange (>10–15 8C above TC) [Eq. (2)]:


k ¼ pDn 2
o=2ðhe�hoÞ ð2Þ


with Dno=peak separations [Hz] for spectra without exchange effects,
and ho=Full Width at Half-Height (FWHH, in Hz) for peaks showing no
exchange effects, as well as he=FWHH for peaks widened from exchange
effects.


At 315 K, Dno=157 Hz, he=25, and ho=12 Hz. From this, k=2978 s�1.


b) Coalescence temperature TC [Eq. (3)]:


k ¼ pDno=2
1=2 ð3Þ


with Dno=peak separations [Hz] for spectra without exchange effects.


At 297 K, Dno=157 Hz. From this, k=349 s�1.


c) Intermediate exchange (below TC and > 20% peak overlap)
[Eq. (4)]:


k ¼ pðDn 2
o�Dn 2


eÞ
1=2=2


1=2 ð4Þ


with Dno and Dne=peak separations [Hz] for spectra without and with
exchange effects, respectively.


At 281 K, Dno=157 Hz, and Dne=96 Hz. From this, k=276 s�1.


d) Slow exchange (well resolved peaks with less than ~20% overlap)
[Eq. (5)]:


k ¼ p ðhe�hoÞ ð5Þ


At 273 K, he=38 Hz, and ho=12 Hz. From this, k=82 s�1.


At 265 K, he=29 Hz, and ho=12 Hz. From this, k=53 s�1.


Figure 8. Lineshape analysis.
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At 249 K, he=19 Hz, and ho=12 Hz. From this, k=22 s�1.


Since Equation (6):


lnk ¼ �Ea=RT þ lnA ð6Þ


a plot of lnk vs 1/T (see Figures 7 and 9 and Table 1) yields �Ea/R as its
slope (R=8.314 Jmol�1K�1). From this, Ea was calculated as 11.1 kcal
mol�1. Thus, the ligand exchange rate at TC is 349 s�1 and the activation
energy barrier for this process amounts to DG�=46.4 or 11.1 kcalmol�1.


EPR measurements : Cu(OTf)2 (14.4 mg, 0.042 mmol) was weighed in a
dry flask under argon (glovebox), treated with dry toluene (9.6 mL) and
stirred vigorously for 2 h. An aliquot of 1.0 mL (corresponding to
0.0042 mmol Cu(OTf)2, 1 equiv) of the resulting suspension was transfer-
red into a 5 mm EPR tube and an EPR spectrum was taken at ambient
temperature (ESP300E, Bruker, 9.2027 GHz, 300 K). In a second experi-
ment, TADDOL-phosphoramidite 8 (43.2 mg, 0.08 mmol) was added
under argon to Cu(OTf)2 (14.4 mg, 0.04 mmol) (glovebox), and dissolved
in dry toluene (9.6 mL) by intense stirring for 2 h. An EPR spectrum was
taken from a 1.0 mL aliquot (corresponding to 0.0042 mmol Cu(OTf)2,
1 equiv) of this (clouded) solution as well. Subsequent addition of ZnEt2
(0.05 mL, 1.0m in hexane, corresponding to 0.050 mmol, 25 equiv) to this
aliquot in the EPR tube initiated the reduction of CuII to CuI. After 6, 10
and 18 min, EPR spectra were taken directly from this mixture under
argon at 300 K (9.2332 GHz).


Results


The EPR spectrum of free suspended Cu(OTf)2 (Scheme 3)
shows the typical solid phase spectrum of a paramagnetic
CuII species with g1=2.520, g2=2.098 and g3=2.098. This
spectrum markedly changes on addition of the phosphor-
amidite, indicating formation of the 2:1 CuII–phosphorami-
dite complex. After addition of excess diethylzinc immediate
alkyl transfer concomitant with reduction of paramagnetic
CuII to diamagnetic CuI takes place. Even without stirring,
the EPR spectrum displays after 20 min only one straight


baseline, indicating complete conversion of the starting ma-
terial.
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Novel Rhodium-Catalyzed Reaction of Thiazolidine Derivatives with
Carbodiimides


Hai-Bing Zhou, Chune Dong, and Howard Alper*[a]


Introduction


The synthesis of five-membered heterocyclic rings by metal-
catalyzed ring-expansion reactions of heterocyclic com-
pounds has attracted considerable attention in recent years,
because of the potential biological activity of some of the
products.[1] The usual heterocyclic substrates for this type of
reaction with heterocumulenes are small rings, such as oxir-
anes[2] and aziridines;[3] the reaction results in the formation
of 1,3-oxazolidine and imidazolidine derivatives in good to
excellent isolated yields. This reaction usually occurs when a
substrate having p-electrons (e.g., phenyl) or a vinyl sub-
stituent is located at the 2-position of the strained ring
system, but not with simple alkylheterocycles. One of us re-
cently reported the first example of the ring expansion of
thiiranes catalyzed by palladium to form thiazolidinimine
derivatives.[4] Some thiazolidine and thiazolidinimine moiet-
ies are found in molecules possessing biological activity.[5]


For a variety of reasons including concerns about the incon-


venient access to thiiranes, and the benefits of having alter-
native procedures available for metal-catalyzed synthetic
transformations, we have been developing new methods for
the formation of functionalized thiazolidine derivatives from
economical and readily available sources. Because of the
supposed poisoning of the catalyst by the organic-sulfur re-
actant,[6,7] there are few examples of ring-expansion reac-
tions catalyzed by transition-metal complexes.[8] There are
no examples, to our knowledge, of the cyclization of a het-
erocycle containing two different heteroatoms with carbodii-
mides. The question arises as to what degree of selectivity of
ring-opened cycloaddition occurs into rings containing two
heteroatoms. In particular, the regioselectivity of the ring
expansion reaction (insertion into carbon�nitrogen versus
carbon�sulfur bonds of an N,S-containing heterocycle) is a
matter of considerable interest. Herein, we describe the first
rhodium-catalyzed rearrangement and cyclization reaction
of thiazolidines with carbodiimides for the formation of
thiazolidinimine derivatives. Moreover, this methodology
uses simple thiazolidines as substrates, which could be readi-
ly prepared by alkylation of commercial available thiazoli-
dines. The cyclization occurred under relatively mild reac-
tion conditions (i.e., 90–130 8C and 5 psi N2). While the an-
ticipated cyclization likely occurs, the reaction proceeds in a
novel manner, affording thiazolidinimines in high yield. An
unusual imine elimination step may be part of the overall
process. The scope of the cyclization was successfully ex-
tended to simple unactivated thiazolidines and to functional-
ized thiazolidinimines.


Results and Discussion


The palladium-catalyzed reaction of 2-vinylpyrrolidine with
heterocumulenes results in the formation of seven-mem-
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data compound 3d.
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Abstract: A new, simple, and regioselective synthesis of thiazolidinimine deriva-
tives based on the rhodium-catalyzed reaction of readily available thiazolidines
with carbodiimides is described. This methodology provides direct access to a
large variety of thiazolidinimine derivatives, possibly via a novel regiospecific in-
sertion of carbodiimides into one of two ring carbon–nitrogen bonds, as well as a
metal-catalyzed imine elimination process.
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bered ring heterocycles.[9,10] We anticipated that thiazoli-
dines would also afford seven-membered ring heterocycles
on reaction with heterocumulenes. Our initial attempts to
realize the cyclization of thiazolidine 1a with aryl isocya-
nates failed, with starting materials recovered and a complex
mixture of unknown compounds formed. When a carbodii-
mide was used as the reactant, for example, in the reaction
of 3-[(ethoxycarbonyl)methyl]thiazolidine (1a) with bis(p-
chlorophenyl)carbodiimide (2d), in the presence of catalytic
amounts of palladium acetate and dppf at 130 8C for 3 d, the
thiazolidinimine 3d was isolated in 22 % yield (Table 1,


entry 2). Dual-site functionalization occurred in this trans-
formation, that is, formation of the thiazolidinimine moiety
by rearrangement and cyclization of the thiazolidine ring
and amide group formation by the amidation of the ester
substituent in the reactant thiazolidine 1a.


Identifying features in the 1H NMR spectra characteristic
of 3d include the singlet for the methylene proton between
the sulfur and nitrogen atoms, and the signals for the ester
ethyl group disappear, while the singlet due to the acet-
amide is shifted downfield by approximately 1 ppm. The
13C NMR spectrum displays a signal for the carbon of the
imine of the thiazolidinimine at 162 ppm. Molecular ion
peaks consistent with the structure are observed in the mass
spectrum. The structure of thiazolidinimine 3d was also un-
ambiguously established by X-ray determination
(Figure 1).[11] We then investigated optimization of the reac-
tion of 1a with 2d by using different reaction conditions.


We found that treatment of the thiazolidine 1a with bis(p-
chlorophenyl)carbodiimide (2c) in the presence of a catalyt-
ic amount of [Pd(OAc)2] and phosphine ligands such as


PPh3, dppp or dpppentane, affords thiazolidinimine 2d in up
to 8 % yield, along with the recovery of some of the starting
material. However, increased loading of the catalyst did not
improve the yield at all (Table 1, entries 1, 3 and 4). When
[PdCl2(PhCN)2] or [PdCl2(MeCN)2] was used as the catalyst,
only traces of the product was observed (Table 1, entries 5
and 6). In comparison, use of a rhodium complex and a
phosphine ligand always afforded the desired product in rel-
atively higher yield.


To optimize the present catalytic reaction, various phos-
phine ligands were systematically tested for the reaction of


1a with 2d. The bidentate
phosphine ligand dppf shows
the highest catalytic activity.
For example, reaction of 1a
with 2d in the presence of
10 mol % [Rh(cod)Cl]2 and
30 mol % of dppf gave 3a in
59 % yield and 65 % conver-
sion at 130 8C for 3 d (Table 1,
entry 7). In addition, we used
PPh3 as the added ligand,
which has similar basicity to
dppf, in the reaction of 1a
with 2d. Use of 10 mol %
[Rh(cod)Cl]2 and 60 mol % of
PPh3 gave 3d in 58 % conver-
sion and 50 % yield respective-
ly (Table 1, entry 8). Use of
the more basic bidentate phos-
phine ligands dpppentane,
dppp or dppe for the rhodium
catalyzed reaction afforded 3d
in modest yields, that is, 30, 38,
and 28 % yields, respectively
(Table 1, entries 9, 10 and 11).
No products were observed by
using a trialkylphosphine such
as tri-n-butylphosphine or tri-


phenylphosphine oxide (Table 1, entries 12 and 13). It
should be noted that simply heating 1a with 2d in the pres-
ence of a catalytic quantity of [Rh(cod)Cl]2, but in the ab-


Table 1. Reaction of 3-[(ethoxycarbonyl)methyl]-thiazolidine (1a) with bis(p-chlorophenyl)carbodiimide 2d
catalyzed by a metal complex.[a]


Entry Catalyst [mol %] Conv. [%][b] 3d, Yields [%][c]


1 [Pd(OAc)2]/PPh3 (15/60) 10 0
2 [Pd(OAc)2]/dppf (15/30) 31 22
3 [Pd(OAc)2]/dppp (15/30) 11 8
4 [Pd(OAc)2]/dpppentane (15/30) 10 6
5 [PdCl2(PhCN)2] (20) 8 <5
6 [PdCl2(MeCN)2] (20) 7 <3
7 [Rh(cod)Cl]2/dppf (10/30) 65 59
8 [Rh(cod)Cl]2/PPh3 (10/60) 58 50
9 [Rh(cod)Cl]2/dpppentane (10/30) 38 30
10 [Rh(cod)Cl]2/dppp (10/30) 42 38
11 [Rh(cod)Cl]2/dppe (10/30) 31 28
12 [Rh(cod)Cl]2/P(tBu)3 (10/60) <10 0
13 [Rh(cod)Cl]2/P(O)Ph3 (10/60) <10 0
14 [Rh(cod)Cl]2 (10) <10 0


[a] The catalyst was dissolved in dry toluene, followed by addition of 1a and 2d, the mixture was transferred
in a glass autoclave by syringe and stirred under 5 psi at 130 8C. [b] The conversion was determined by GC,
using biphenyl as an internal standard, or was calculated based on the crude 1H NMR of the mixture. [c] Iso-
lated yield after preparative TLC and based on the thiazolidine 1a used.


Figure 1. ORTEP of 3d.
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sence of a phosphine ligand,
gave only starting material and
some decomposition (Table 1,
entry 14). Based on the reac-
tions conditions above, we
concluded that the catalytic
system consisting of
[Rh(cod)Cl]2 and dppf is pre-
ferred for this reaction. Having
established the reaction condi-
tions affording the desired
product 3d, we next investigat-
ed the reaction of thiazolidines
1a–c with the carbodiimides
2a–f.


The nature of the carbodii-
mide has a significant effect
upon the reaction course.
When diphenylcarbodiimide
1a was used, product 3a was
obtained in 60 % yield and
81 % conversion in 72 h at
130 8C (Table 2, entry 1).
When carbodiimides contain-
ing electron-withdrawing sub-
stituents on the aromatic ring
(i.e., 2b–f) were used for the
reaction with 1a, the strength
of the electron-withdrawing
substituent on the aryl carbo-
diimide significantly affected
the outcome of the reaction.
For example, reaction of 1a
with bis(chlorophenyl)carbo-
diimides 2b–d, proceeded
smoothly and afforded thiazo-
lidinimines 3b–d in moderate
yields (40–59 %) (Table 2, en-
tries 2, 3 and 4). However, for
bis(p-bromophenyl)carbodii-
mide (2e), the reaction only
occurred at the thiazolidine
ring site, gave thiazolidinimine
3e in 25 % yield, without the
amidation reaction at the ester
position (Table 2, entry 5). Use
of more reactive bis(p-nitro-
phenyl)carbodiimide (2 f),
which has an increased elec-
tron-withdrawing strength, in
the reaction with 1a, rather
than the thiazolidinimine, gave
the imidazolidinimine 4 f in
42 % yield and 52 % conver-
sion (Table 2, entry 6). It is
conceivable that a thioketene
elimination process occurred
instead of imine elimination.


Table 2. Reactions of thiazolidine 1 with carbodiimides 2 catalyzed by 10 mol % [Rh(cod)Cl)]2 and 30 mol %
dppf in toluene.[a]


Entry 1 2 T t Conv.[b] Product yield [%][c]


[ArN=C=NAr] [8C] [h] [%]


1 2a (Ar=Ph) 130 72 81


2 2b (Ar=o-ClC6H4) 140 48 56


3 2c (Ar=m-ClC6H4) 130 72 51


4 2d (Ar=p-ClC6H4) 130 72 65


5 2e (Ar=p-BrC6H4) 125 48 34


6 2 f (Ar=p-NO2C6H4) 90 48 52


7 2a 130 72 91


8 2b 130 72 98


9 2c 130 72 65


10 2d 130 72 85
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We next investigated the reaction of 3-butylthiazolidine
1b with carbodiimides 2a–f by using reaction conditions
similar to those described above. Reaction of 1b with 2a–f
was efficient and the products usually were isolated in rea-
sonable yields. Reaction of 1b with diphenylcarbodiimide
2a only gave the thiazolidinimine 3g in 81 % yield and 91 %
conversion (Table 2, entry 7). For reaction of bis(chlorophe-
nyl)carbodiimides 2b–d with 1b, the position of the chloro
substituent on the aryl carbo-
diimides has a significant effect
on product formation. For ex-
ample, reaction of 1b with
bis(o-chlorophenyl)carbodii-
mide 2b gave the imidazolidi-
nimine 4h as the major prod-
uct in 76 % yield and 98 %
conversion, accompanied by
15 % of thiazolidinimine 3h
(Table 2, entry 8). However,
placing a chloro substituent at
the meta- or para-position of
the aryl carbodiimides (e.g., 2c
and 2d), afforded both thiazo-
lidinimines 3 i and 3 j in 36 and
54 % yield, as well as imidazo-
lidinimines 4 i and 4 j in 24 and
26 % yield, respectively
(Table 2, entries 9 and 10).
Analogous to the reaction of
1b with 2c and 2d, bis(p-bro-


mophenyl)carbodiimide (2e),
in the reaction with 1b, gave
thiazolidinimine 3k and imida-
zolidinimine 4k in 41 and 33 %
yield, respectively (Table 2,
entry 11). Reaction of 1b with
bis(p-nitrophenyl)carbodiimide
2 f led to the exclusive forma-
tion of the imidazolidinimine
4 l in 52 % yield and 63 % con-
version (Table 2, entry 12).


When 3-(benzoylmethyl)th-
iazolidine (1c) was treated
with carbodiimide 2b and 2d
under the same conditions, the
desired products 3m and 3n
were isolated in 52 and 34 %
yield, respectively (Table 2, en-
tries 13 and 14). Some uniden-
tified products were also
formed in these reactions.


A possible mechanism for
the reaction is illustrated in
Scheme 1. The first step may
involve the oxidative addition
of the rhodium complex to the
thiazolidine 1 would form the
RhII complex B.[12] Subsequent
cycloaddition of B to the car-


bodiimide 2, possibly via a four-membered transition state
C, may afford intermediate D or E.[13] Migratory insertion of
aryl imido into the Rh�C bond of C would give D. Competi-
tive insertion of carbene into the Rh�N bond of C would
give E. Subsequent imine elimination of D would give the
intermediate F and alternatively, thioketene elimination of
E would lead to the intermediate G. Insertion of carbene or
aryl imido into the Rh�N or Rh�C bond of F or G may give


Table 2. (Continued)


Entry 1 2 T t Conv.[b] Product yield [%][c]


[ArN=C=NAr] [8C] [h] [%]


11 2e 130 72 95


12 2 f 100 48 63


13 2b 100 48 81


14 2d 100 48 51


[a] The catalyst was dissolved in dry toluene, followed by addition of 1 and 2, the mixture was transferred in a
glass autoclave by syringe and stirred under 5 psi at specified temperature. [b] The conversion was determined
by GC, by using biphenyl as an internal standard, or was calculated based on the crude 1H NMR of the mix-
ture. [c] Isolated yield after preparative TLC and based on the thiazolidine 1 used.


Scheme 1. Possible mechanism for the formation of 3.
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H or I, followed by reductive elimination to form 3 or 4,
and regenerate the catalyst. It seems reasonable to assume
that the imino carbon of 3 or 4 is derived from the carbodi-
imide. To clarify this point, 13C enriched diphenylcarbodi-
imide 5 was prepared from benzoic-carboxy-13C acid. Treat-
ment of this acid with sodium azide by using cyanuric chlo-
ride in the presence of 4-methylmorpholine afforded labeled
benzoyl azide in 80 % yield.[14] The benzoyl azide underwent
thermal rearrangement in refluxing benzene to form the la-
beled phenyl isocyanate.[15] After completion of the reaction
(GC), the phosphine catalyst[16] was added and the mixture
was stirred at 65 8C for 3 h. The solvent was removed and
the residue was distilled under reduced pressure to afford
pure labeled diphenylcarbodiimide 5. When 5 was treated
with 3-butylthiazolidine 1b using conditions identical to
those for the unlabeled reaction {[Rh(cod)Cl]2, PhCH3,
dppf, 130 8C, 3 d}, the 13C-labeled thiazolidinimine 6 was ob-
tained in 90 % conversion and 78 % yield [Eq. (2)].


The 13C NMR spectrum of 6 (in CDCl3) clearly shows that
the product contains 13C at the 2-position (d 158.8 (13C=N))
(Figure 2), which is a very weak peak in 13C NMR of 3g
(Figure 3). The mass spectrum gave an intense molecular
ion at m/e 235. Therefore, the 13C-labeling experiment dem-
onstrated that the source of the new atom in 6 is the imido
group of 5.


In conclusion, we have achieved a facile direct synthesis
of thiazolidinimine derivatives from readily available al-
kylthiazolidines. The reported catalyst system is tolerant to


a variety of thiazolidines and carbodiimides, making the pro-
cedure valuable for the synthesis of interesting heterocycles
of potential pharmaceutical use.


Experimental Section


All reactions and manipulations of chemicals were carried out using stan-
dard Schlenk techniques under an atmosphere of argon. Alkylthiazoli-
dines[8] and carbodiimides[16] were prepared according to the literature.
Toluene was dried over Na prior to use. All NMR spectra were recorded
using CDCl3 as the solvent with reference to residual CHCl3 (1H at
7.24 ppm and 13C at 77.0 ppm). Infrared spectra were recorded on a Four-
ier transform spectrometer and are reported in wavenumbers (cm�1).


General procedure for the rhodium-catalyzed cycloaddition reaction of
alkylthiazolidines (1a–c) with carbodiimides 2 : [Rh(cod)Cl]2 (14.8 mg,
0.03 mmol, 10 mol % to 1) was weighed into a Schlenk tube under a
stream of argon, and dry toluene (3 mL) was added. Dppf (49.86 mg,
30 mol %) was then added, followed by 1a, 1b, or 1c (0.3 mmol) and
then carbodiimide 2 (0.45 mmol). The mixture was transferred in a glass


autoclave and stirred under 5 psi of
N2 at a given temperature. The prog-
ress of the reaction was monitored by
GC and the crude product was puri-
fied by silica chromatography using
hexane/ethyl acetate 10:1 to 1:1 to
afford thiazolidinimine 3 or imidazo-
lidinimine 4. Further purification was
effected using preparative TLC.


N-Phenyl-2-(2-phenyliminothiazoli-
din-3-yl)-acetamide (3a): 60% yield;


colorless oil; IR (neat): ñ=3290, 3056, 2937, 2867, 1672, 1612, 1587, 1546,
1496, 1442, 1294, 1248, 1190, 1142, 1026, 758, 694 cm�1; 1H NMR
(300 MHz, CDCl3): d=3.21 (t, J=6.9 Hz, 2H), 3.78 (t, J=6.9 Hz, 2H),
4.26 (s, 2 H), 6.97–7.52 (m, 10H), 9.46 (b, 1H); 13C NMR (75 MHz,
CDCl3): d = 167.1, 161.1, 150.5, 137.9, 129.2, 129.0, 124.2, 123.9, 121.9,
119.7, 52.8, 52.1, 27.2; MS (70 eV, EI): m/z (%): 311 (10) [M +]; EI-
HRMS: m/z : calcd for C17H17N3OS: 311.109249; found: 311.10776.


N-(2-Chlorphenyl)-2-[2-(2-chlorophenylimino)-thiazolidin-3-yl]-acet-
amide (3b): 43 % yield; colorless oil; IR (neat): ñ=3367, 3060, 2943,
2868, 1693, 1609, 1581, 1524, 1469, 1440, 1292, 1238, 1190, 1126, 1057,
1033, 924, 756, 729 cm�1; 1H NMR (300 MHz, CDCl3): d=3.29 (t, J=


Figure 2. 13C NMR spectrum of 6.
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6.9 Hz, 2H), 3.84 (t, J=6.9 Hz, 2 H), 4.40 (s, 2 H), 6.96–7.07 (m, 3H),
7.15–7.20 (m, 1H), 7.23–7.28 (m, 1H), 7.32–7.36 (m, 2 H), 8.25 (dd, J=
8.2 Hz, 1 H), 9.10 (b, 1H); 13C NMR (75 MHz, CDCl3): d=166.7, 162.3,
134.3, 130.5, 129.8, 129.2, 127.9, 127.5, 127.3, 125.4, 124.3, 123.5, 122.8,
52.6, 52.0, 27.5; MS (70 eV, EI): m/z (%): 379 (6) [M +], 381 (3) [M ++2];
EI-HRMS: m/z : calcd for C17H15N3OSCl2: 379.031309; found: 379.03269.


N-(3-Chlorphenyl)-2-[2-(3-chlorophenylimino)-thiazolidin-3-yl]-acet-
amide (3c): 42 % yield; colorless oil; IR (neat): ñ=3285, 3065, 2947,
2872, 1678, 1614, 1582, 1481, 1425, 1294, 1190, 1089, 1072, 995, 874, 844,
779, 692 cm�1; 1H NMR (300 MHz, CDCl3): d=3.24 (t, J=7.0 Hz, 2H),
3.79 (t, J=7.0 Hz, 2 H), 4.23 (s, 2 H), 6.83–6.87 (m, 1H), 6.97–6.98 (m,
1H), 7.05–7.07 (m, 2H), 7.18–7.26 (m, 3H), 7.67–7.68 (m, 1H), 9.34 (b,
1H); 13C NMR (75 MHz, CDCl3): d=166.9, 161.7, 151.7, 138.8, 134.7,
134.5, 130.2, 130.0, 124.3, 123.9, 122.2, 120.2, 119.8, 117.6, 52.6, 52.1, 27.3;
MS (70 eV, EI): m/z (%): 379 (6) [M +], 381 (23) [M ++2]; EI-HRMS:
m/z : calcd for C17H15N3OSCl2: 379.031309; found: 379.031408.


N-(4-Chlorphenyl)-2-[2-(4-chlorophenylimino)-thiazolidin-3-yl]-acet-
amide (3d): 59 % yield; colorless needles; m.p. 143–145 8C; IR (neat): ñ=
3273, 3053, 2956, 2869, 1674, 1614, 1583, 1539, 1489, 1400, 1327, 1301,
1240, 1190, 1143, 1089, 1010, 923, 831, 731, 704 cm�1; 1H NMR (300 MHz,
CDCl3): d=3.23 (t, J=7.0 Hz, 2H), 3.80 (t, J=7.0 Hz, 2 H), 4.28 (s, 2 H),
6.88–6.91 (m, 2H), 7.23–7.27 (m, 4H), 7.38–7.44 (m, 2H), 9.47 (b, 1 H);
13C NMR (75 MHz, CDCl3): d=166.7, 162.0, 148.5, 136.4, 129.3, 129.2,
129.1, 129.0, 123.3, 120.8, 52.6, 52.4, 27.3; MS (70 eV, EI): m/z (%): 379
(4) [M +], 381 (6) [M ++2]; EI-HRMS: m/z : calcd for C17H15N3OSCl2:
379.031309; found: 379.03159.


[2-(4-Bromophenylimino)-thiazolidin-3-yl]-acetic acid ethyl ester (3e):
25% yield; colorless oil; IR (neat): ñ=3057, 2979, 2929, 2871, 1745, 1614,
1577, 1485, 1442, 1417, 1373, 1296, 1238, 1203, 1097, 1070, 1010, 927, 879,
833, 711 cm�1; 1H NMR (300 MHz, CDCl3): d=1.28 (t, J=7.1 Hz, 1H),
3.16 (t, J=6.9 Hz, 2 H), 3.80 (t, J=6.9 Hz, 2 H), 4.24 (q, J=7.1 Hz, 2H),
4.44 (br, 2H), 6.89 (d, J=7.9 Hz, 2H), 7.37 (d, J=7.9 Hz, 2 H); 13C NMR
(75 MHz, CDCl3): d=168.4, 161.2, 132.0, 131.5, 124.5, 120.2, 61.6, 48.3,
29.7, 27.5, 14.2; MS (70 eV, EI): m/z (%): 342 (100) [M +], 344 (98) [M +


+2]; EI-HRMS: m/z : calcd for C13H15N2O2SBr: 342.003791; found:
341.99644.


[3-(4-Nitrophenyl)-2-(4-nitrophenylimino)-imidazolidin-1-yl]-acetic acid
ethyl ester (4 f): 42 % yield; colorless oil; IR (neat): ñ=3379, 3114, 3080,
2981, 2904, 1741, 1634, 1595, 1573, 1504, 1435, 1323, 1280, 1201, 1101,
1024, 953, 912, 854, 752, 735, 692 cm�1; 1H NMR (300 MHz, CDCl3): d=


1.21 (t, J=7.1 Hz, 3H), 3.72 (t, J=7.7 Hz, 2H), 3.90 (s, 2 H), 4.07 (t, J=
7.7 Hz, 2H), 4.14 (q, J=7.1 Hz, 2H), 6.77 (d, J=8.8 Hz, 2H), 7.41(d, J=
9.1 Hz, 2H), 7.95 (d, J=8.8 Hz, 2 H), 8.05 (d, J=9.1 Hz, 2H); 13C NMR
(75 MHz, CDCl3): d=168.6, 150.0, 146.0, 142.9, 141.6, 125.0, 124.5, 121.3,
120.2, 113.3, 61.7, 48.6, 47.5, 46.1, 14.1; MS (70 eV, EI): m/z (%): 413
(100) [M +]; EI-HRMS: m/z : calcd for C19H19N5O6: 413.133509; found:
413.1327.


(3-Butyl-thiazolidin-2-ylidene)-phenyl-amine (3g): 81 % yield; colorless
oil; IR (neat): ñ=3053, 2957, 2927, 2860, 1622, 1587, 1489, 1441, 1406,
1377, 1333, 1292, 1234, 1184, 1105, 1070, 1024, 926, 877, 767, 696 cm�1;
1H NMR (300 MHz, CDCl3): d=0.95 (t, J=7.3 Hz, 3 H), 1.32–1.44 (m,
2H), 1.57–1.66 (m, 2 H), 3.10 (t, J=6.9 Hz, 2 H), 3.50 (t, J=7.3 Hz, 2H),
3.60 (t, J=6.9 Hz, 2H), 6.90–6.93 (m, 2H), 6.98–7.02 (m, 1H), 7.22–7.27
(m, 2H); 13C NMR (75 MHz, CDCl3): d=158.8, 135.3, 128.7, 122.9, 122.1,
50.9, 46.3, 29.3, 26.9, 20.1, 13.9; MS (70 eV, EI): m/z (%): 234 (70) [M +];
EI-HRMS: m/z : calcd for C13H18N2S: 234.11909; found: 234.11907.


(3-Butyl-thiazolidin-2-ylidene)-(2-chlorophenyl)-amine (3h): 15% yield;
colorless oil; IR (neat): ñ=3060, 2958, 2927, 2858, 1645, 1625, 1581, 1519,
1475, 1440, 1298, 1238, 1126, 1055, 1033, 752, 727, 667 cm�1; 1H NMR
(300 MHz, CDCl3): d=0.92 (t, J=7.3 Hz, 3 H), 1.33–1.42 (m, 2H), 1.54–
1.63 (m, 2H), 3.10 (t, J=6.9 Hz, 2H), 3.50 (t, J=7.3 Hz, 2H), 3.621 (t,
J=6.9 Hz, 2H), 6.80–6.98 (m, 3 H), 7.15 (m, 1H); 13C NMR (75 MHz,
CDCl3): d=159.3, 132.1, 131.5, 128.8, 128.0, 123.6, 120.3, 51.0, 46.3, 29.3,
27.0, 20.1, 13.9; MS (70 eV, EI): m/z (%): 268 (75) [M +], 270 (28) [M +


+2]; EI-HRMS: m/z : calcd for C13H17N2SCl: 268.08012; found: 268.0821.


[1-Butyl-3-(2-chlorophenyl)-imidazolidin-2-ylidene]-(2-chlorophenyl)-
amine (4h): 76 % yield; colorless oil; IR (neat): ñ=3059, 2956, 2927,
2869, 1645, 1579, 1481, 1437, 1419, 1367, 1273, 1099, 1053, 1031, 933, 864,
756, 729, 698 cm�1; 1H NMR (300 MHz, CDCl3): d=0.96 (t, J=7.4 Hz,
3H), 1.35–1.46 (m, 2 H), 1.60–1.70 (m, 2 H), 3.41 (t, J=6.5 Hz, 2H), 3.53
(t, J=7.4 Hz, 2H), 3.66 (b, 2 H), 6.39–6.46 (m, 1 H), 6.55–6.69 (m, 2H),
6.83–6.93 (m, 3 H), 7.06–7.12 (m, 2 H); 13C NMR (75 MHz, CDCl3): d=
152.1, 146.3, 139.2, 131.8, 129.4, 128.8, 128.4, 127.5, 127.0, 126.6, 126.0,
123.6, 121.0, 48.9, 45.7, 45.2, 29.2, 20.1, 14.0; MS (70 eV, EI): m/z (%):
361 (13) [M +], 363 (8) [M ++2], 365 (6) [M ++4]; EI-HRMS: m/z : calcd
for C19H21N3Cl2: 361.111245; found: 361.10829.


(3-Butyl-thiazolidin-2-ylidene)-(3-chlorophenyl)-amine (3 i): 36% yield;
colorless oil; IR (neat): ñ=3059, 2956, 2929, 2860, 1612, 1581, 1556, 1467,
1441, 1404, 1290, 1234, 1184, 1105, 1070, 995, 925, 906, 871, 844, 779, 717,
694 cm�1; 1H NMR (300 MHz, CDCl3): d=0.94 (t, J=7.3 Hz, 3H), 1.31–


Figure 3. 13C NMR spectrum of 3g.
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1.43 (m, 2H), 1.55–1.65 (m, 2 H), 3.12 (t, J=6.9 Hz, 2H), 3.49 (t, J=
7.3 Hz, 2H), 3.62 (t, J=6.9 Hz, 2 H), 6.81 (d, J=8.1 Hz, 1H), 6.93–6.98
(m, 2H), 7.15 (t, J=7.9 Hz, 1 H); 13C NMR (75 MHz, CDCl3): d=159.5,
134.1, 131.5, 129.7, 122.9, 122.5, 120.5, 51.0, 46.3, 29.3, 26.9, 20.1, 13.9; MS
(70 eV, EI): m/z (%): 268 (16) [M +], 270 (6) [M ++2]; EI-HRMS: m/z :
calcd for C13H17N2SCl: 269.08012 (M++1); found: 269.08100.


[1-Butyl-3-(3-chlorophenyl)-imidazolidin-2-ylidene]-(3-chlorophenyl)-
amine (4 i): 24% yield; colorless oil; IR (neat): ñ=3060, 2958, 2929, 2871,
1633, 1579, 1479, 1409, 1371, 1269, 1112, 1095, 993, 900, 871, 777,
686 cm�1; 1H NMR (300 MHz, CDCl3): d=0.88 (t, J=7.3 Hz, 3H), 1.23–
1.28 (m, 2H), 1.50–1.61 (m, 2 H), 3.36 (t, J=7.3 Hz, 2H), 3.57 (t, J=
8.0 Hz, 2H), 3.87 (t, J=8.0 Hz, 2 H), 6.77 (m, 3 H), 6.89–6.92 (m, 2 H),
7.03–7.05 (m, 3 H); 13C NMR (75 MHz, CDCl3): d=151.7, 144.3, 141.8,
134.2, 133.8, 129.5, 129.3, 124.7, 122.7, 122.1, 121.6, 121.0, 120.5, 48.7,
46.7, 45.2, 29.0, 19.9, 13.8; MS (70 eV, EI): m/z (%): 361 (29) [M +], 363
(18) [M ++2], 365 (8) [M ++4]; EI-HRMS: m/z : calcd for C19H21N3Cl2:
361.111245; found: 361.1076.


(3-Butyl-thiazolidin-2-ylidene)-(4-chlorophenyl)-amine (3 j): 54% yield;
colorless oil; IR (neat): ñ=3032, 2956, 2929, 2860, 1616, 1583, 1487, 1441,
1408, 1296, 1232, 1184, 1091, 1009, 833, 715, 700 cm�1; 1H NMR
(300 MHz, CDCl3): d=0.94 (t, J=7.4 Hz, 3 H), 1.30–1.40 (m, 2H), 1.55–
1.65 (m, 2 H), 3.11 (t, J=6.9 Hz, 2H), 3.49 (t, J=7.4 Hz, 2 H), 3.60 (t, J=
6.9 Hz, 2 H), 6.85 (d, J=6.7 Hz, 2H), 7.19 (dd, J=6.7 Hz, 2H); 13C NMR
(75 MHz, CDCl3): d=159.5, 150.5, 128.8, 128.1, 123.6, 51.0, 46.3, 29.3,
26.9, 20.1, 13.9; MS (70 eV, EI): m/z (%): 268 (6) [M +], 270 (3) [M ++2];
EI-HRMS: m/z : calcd for C13H17N2Cl: 269.08012; found: 269.0849 [M +


+H].


[1-Butyl-3-(4-chlorophenyl)-imidazolidin-2-ylidene]-(4-chlorophenyl)-
amine (4 j): 26 % yield; colorless oil; IR (neat): ñ=3033, 2958, 2929,
2871, 1633, 1583, 1492, 1417, 1404, 1371, 1271, 1114, 1091, 1012, 827,
700 cm�1; 1H NMR (300 MHz, CDCl3): d=0.87 (t, J=7.3 Hz, 3H), 1.23–
1.31 (m, 2H), 1.49–1.59 (m, 2 H), 3.37 (t, J=7.3 Hz, 2H), 3.57 (t, J=
7.8 Hz, 2H), 3.86 (t, J=7.8 Hz, 2H), 6.74 (t, J=8.3 Hz, 2H), 6.98 (m,
2H), 7.03 (m, 4 H); 13C NMR (75 MHz, CDCl3): d=152.3, 143.2, 137.6,
134.9, 128.8, 128.4, 123.4, 118.3, 49.2, 46.8, 45.2, 29.0, 19.8, 13.8; MS
(70 eV, EI): m/z (%): 361 (26) [M +], 363 (17) [M ++2], 365 (8) [M ++4];
EI-HRMS: m/z : calcd for C19H21N3Cl2: 361.111245; found: 361.1151.


(3-Butyl-thiazolidin-2-ylidene)-(4-bromophenyl)-amine (3k): 41% yield;
colorless oil; IR (neat): ñ=3055, 2956, 2927, 2860, 1614, 1577, 1483, 1438,
1409, 1332, 1294, 1234, 1184, 1105, 1068, 1004, 924, 879, 831, 731,
692 cm�1; 1H NMR (300 MHz, CDCl3): d=0.93 (t, J=7.3 Hz, 3H), 1.31–
1.40 (m, 2H), 1.53–1.65 (m, 2 H), 3.12 (t, J=6.9 Hz, 2H), 3.48 (t, J=
7.3 Hz, 2H), 3.61 (t, J=6.9 Hz, 2H), 6.87 (d, J=6.8 Hz, 2H), 7.38 (dd,
J=6.8 Hz, 2 H); 13C NMR (75 MHz, CDCl3): d=154.1, 132.0, 131.4,
128.3, 124.8, 52.1, 47.4, 29.7, 27.6, 20.1, 14.0; MS (70 eV, EI): m/z (%):
312 (76) [M +], 314 (77) [M ++2]; EI-HRMS: m/z : calcd for
C13H17N2SBr: 312.029613; found: 312.02800.


[1-Butyl-3-(4-bromophenyl)-imidazolidin-2-ylidene]-(4-bromophenyl)-
amine (4k): 33 % yield; colorless oil; IR (neat): ñ=3024, 2956, 2927,
2869, 1633, 1575, 1479, 1417, 1404, 1375, 1321, 1271, 1095, 1070, 1010,
927, 823, 734 cm�1; 1H NMR (300 MHz, CDCl3): d=0.88 (t, J=7.4 Hz,
3H), 1.25–1.31 (m, 2 H), 1.48–1.59 (m, 2 H), 3.18 (t, J=7.4 Hz, 2H), 3.49
(t, J=7.9 Hz, 2 H), 3.76 (t, J=7.9 Hz, 2H), 6.61 (d, J = 7.9 Hz, 2 H),
6.97–7.09 (m, 4 H), 7.23 (d, J=7.9 Hz, 2H); 13C NMR (75 MHz, CDCl3):
d=151.8, 139.1, 131.8, 131.6, 131.4, 129.5, 124.1, 123.9, 118.1, 49.2, 46.9,
45.3, 29.0, 19.8, 13.8; MS (70 eV, EI): m/z (%): 449 (29) [M +], 451 (58)
[M ++2], 453 (26) [M ++4]; EI-HRMS: m/z : calcd for C19H21N3Br2:
449.010231; found: 449.01198.


[1-Butyl-3-(4-nitrophenyl)-imidazolidin-2-ylidene]-(4-nitrophenyl)-amine
(4 l): 52% yield; colorless oil; IR (neat): ñ=3082, 2958, 2929, 2872, 1633,
1595, 1574, 1500, 1479, 1429, 1321, 1271, 1172, 1139, 1109, 1049, 852, 752,
694 cm�1; 1H NMR (300 MHz, CDCl3): d=0.81 (t, J=7.2 Hz, 3H), 1.14–
1.25 (m, 2H), 1.42–1.49 (m, 2 H), 3.21 (t, J=7.3 Hz, 2H), 3.68 (t, J=
7.2 Hz, 2 H), 4.05 (t, J=7.3 Hz, 2 H), 6.87 (d, J=8.4 Hz, 2H), 7.44 (d, J=
8.4 Hz, 2 H), 7.96–8.17 (m, 4 H); 13C NMR (75 MHz, CDCl3): d=150.2,
146.1, 142.6, 126.3, 125.0, 124.5, 121.1, 119.6, 113.3, 60.4, 46.8, 45.0, 28.7,
19.7, 13.6; MS (70 eV, EI): m/z (%): 383 (28) [M +]; EI-HRMS: m/z :
calcd for C19H21N5O4: 383.159331; found: 383.15924.


2-[2-(2-Chlorophenylimino)-thiazolidin-3-yl]-1-phenyl-ethanone (3m):
52% yield; colorless oil; IR (neat): ñ=3059, 2956, 2924, 2872, 1697, 1624,


1582, 1467, 1438, 1350, 1292, 1222, 1180, 1057, 1031, 912, 831, 756, 729,
688 cm�1; 1H NMR (300 MHz, CDCl3): d=3.25 (t, J=6.9 Hz, 2 H), 3.80
(t, J=6.9 Hz, 2H), 5.02 (s, 2H), 6.94–6.98 (m, 2 H), 7.15 (t, J=7.5 Hz,
1H), 7.33 (d, J=8.0 Hz, 1 H), 7.45 (t, J=7.8 Hz, 2 H), 7.58 (t, J=7.3 Hz,
1H), 8.03–8.06 (m, 2 H); 13C NMR (75 MHz, CDCl3): d=194.6, 159.5,
135.1, 133.6, 129.7, 128.9, 128.3, 127.2, 125.5, 121.6, 52.7, 51.6, 27.3; MS
(70 eV, EI): m/z (%): 330 (43) [M +], 332 (15) [M ++2]; EI-HRMS: m/z :
calcd for C17H15N3Cl2OSCl: 330.059384; found: 330.06056.


2-[2-(4-Chlorophenylimino)-thiazolidin-3-yl]-1-phenyl-ethanone (3n):
34% yield; colorless needles; m.p. 95–97 8C; IR (neat): ñ=3059, 2957,
2923, 2874, 1697, 1620, 1583, 1489, 1439, 1419, 1400, 1294, 1222, 1180,
1144, 1089, 1012, 912, 877, 833, 754, 690 cm�1; 1H NMR (300 MHz,
CDCl3): d=3.27 (t, J=6.9 Hz, 2H), 3.79 (t, J=6.9 Hz, 2 H), 5.07 (s, 2 H),
6.89–6.94 (m, 2 H), 7.19 (d, J=7.9 Hz, 1 H), 7.42–7.49 (m, 2H), 7.60–7.61
(m, 2H), 8.01 (d, J=7.3 Hz, 2H); 13C NMR (75 MHz, CDCl3): d=194.4,
161.2, 135.1, 133.4, 129.6, 127.9, 124.2, 125.5, 121.6, 61.7, 48.3, 29.6; MS
(70 eV, EI): m/z (%): 330 (50) [M +], 332 (21) [M ++2]; EI-HRMS: m/z :
calcd for C17H15N3Cl2OSCl: 330.059384; found: 330.05772.


Procedure for the rhodium-catalyzed reaction of 3-butylthiazolidine 1b
and 13C diphenylcarbodiimide 5—(3-Butyl-thiazolidin-2-ylidene)[2-13C]-
phenyl-amine (6): The reaction procedure was the same as that described
in the general procedure. The isolated yield of pure 6 was 78%; colorless
oil; IR (neat): ñ=3056, 2956, 2854, 1624, 1575, 1493, 1438, 1227, 1176,
1068, 1022, 760 cm�1; 1H NMR (500 MHz, CDCl3): d=0.97 (t, J=7.3 Hz,
3H), 1.36–1.43 (m, 2 H), 1.59–1.66 (m, 2 H), 3.14 (t, J=6.9 Hz, 2H), 3.50
(t, J=7.3 Hz, 2H), 3.60 (t, J=6.9 Hz, 2H), 6.92–6.93 (m, 2H), 7.00–7.04
(m, 1H), 7.24–7.28 (m, 2 H); 13C NMR (125 MHz, CDCl3): d=158.8,
135.3, 128.7, 122.9, 122.1, 50.9, 46.2, 29.3, 26.8, 20.1, 13.9; MS (70 eV, EI):
m/z (%): 235 (60) [M +]; EI-HRMS: m/z : calcd for C13H18N2S: 235.1226;
found: 235.1218.
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Selection of a Pentameric Host in the Host–Guest Complexes {[{[P(m-
NtBu)]2(m-NH)}5]·I}


�[Li(thf)4]
+ and [{[P(m-NtBu)]2(m-NH)}5]·HBr·THF


Felipe Garc)a,[a] Jonathan M. Goodman,[a] Richard A. Kowenicki,[a] Istemi Kuzu,[a]


Mary McPartlin,[b] Mar)a A. Silva,[a] Luc)a Riera,*[a] Anthony D. Woods,[a] and
Dominic S. Wright*[a]


Introduction


In 1980 Scherer and co-workers reported the phosphazane
[{[P(m-NiPr)]2(m-NiPr)}2], composed of two P2N2 rings linked
together into a cyclic arrangement by bridging iPrN
groups.[1] However, the prospect that this cyclic dimer might
represent a broader range of homologous macrocycles of
this type[2] was not realised until recently.[3,4] By reducing
the steric demands of the linking groups we were able to
obtain the cyclic tetramer [{[P(m-NtBu)]2(m-NH)}4] (1)
almost quantitatively from the condensation reaction of
[{H2NP(m-NtBu)}2] with [{ClP(m-NtBu)}2] (1:1 equivalents)
in the presence of Et3N (Figure 1a).


[3] A minor product of
this reaction (0.5–1% yield) is the host–guest complex
[{[P(m-NtBu)]2(m-NH)}5]·HCl·THF (2·HCl·THF), in which
the Cl� ion is coordinated nearly symmetrically within the
cavity of the macrocyclic pentamer [{[P(m-NtBu)2]2(m-NH)}5]
(2) by five N�H···Cl hydrogen bonds (Figure 1b).[4] Since


the hydrogen atom of the HCl unit in 2·HCl·THF could not
be located in the X-ray crystallographic study, and spectro-
scopic studies proved inconclusive, there remains some un-
certainty as to the exact composition of this species, for ex-
ample, whether the HCl unit is intact or whether the H+ ion
is bonded to the N or P atoms of 2. Extensive 31P NMR
spectroscopic studies support the view that a “divergent”
mechanism is involved in the formation of 1 and 2·HCl·THF
in this reaction (Scheme 1), a combination of pre-organisa-
tion by the favoured cis conformations of the dimeric pre-
cursors [{H2NP(m-NtBu)}2] and [{ClP(m-NtBu)}2] and tem-
plating by Cl� being responsible for cyclisation rather than
polymerisation.[4] Importantly, these studies also revealed
that the tetramer 1 and the pentamer 2 are not in dynamic
equilibrium with each other, showing that the formation of
these frameworks is the result of kinetic rather than thermo-
dynamic control.[4] 31P spectroscopic studies of the reaction
products also showed that the formation of 2 can be tem-
plated by excess halide ions in the order I�>Br�>Cl� , a
result which we ascribed to the apparent better size match
of I� compared to Cl� for the cavity.[4]


We report here further studies of the reactions of
[{H2NP(m-NtBu)}2] with [{ClP(m-NtBu)}2] in the presence of
LiX (X=Cl� , Br� , I�) aimed primarily at the development
of an efficient synthesis of the pentameric macrocycle 2. The
synthesis and structures of the new host–guest complexes
2·HBr·THF and [2·I{Li(thf)4}] are reported, the latter being
the first viable source of the pentamer for future coordina-
tion studies. Molecular orbital (MO) calculations on the for-


[a] F. GarcCa, Dr. J. M. Goodman, R. A. Kowenicki, I. Kuzu,
Dr. M. A. Silva, Dr. L. Riera, Dr. A. D. Woods, Dr. D. S. Wright
Chemistry Department, University of Cambridge
Lensfield Road, Cambridge CB21EW (UK)
Fax: (+44)1223-336-362
E-mail : lr252@hermes.cam.ac.uk


dsw1000@cus.cam.ac.uk.


[b] Dr. M. McPartlin
Department of Health and Biological Science
London Metropolitan University, London N78DB (UK)


Abstract: The structures of the host–
guest complexes {[{[P(m-NtBu)]2(m-
NH)}5]I}


�·[Li(thf)4]
+ [2·I{Li(thf)4}] and


[{[P(m-NtBu)]2(m-NH)}5]·HBr·THF
(2·HBr·THF) show that increased dis-
tortion of the framework of the pen-
tameric macrocycle [{[P(m-NtBu)]2(m-
NH)}5] (2) occurs with the larger halide
ions. Theoretical studies show that the


thermodynamic stabilities of the model
host–guest anions [2·X]� (X=Cl, Br, I)
are in the order Cl��Br�> I� , that is,
the reverse of the templating trend ob-


served experimentally. These studies
support the view that the selection of
the pentamer 2 over the tetramer
[{[P(m-NtBu)]2(m-NH)}4] (1) is kineti-
cally controlled, a conclusion which is
also consistent with the previous obser-
vation that the frameworks of 1 and 2
are not in dynamic equilibrium with
each other.


Keywords: halides · host–guest sys-
tems · macrocycles · P heterocycles ·
phosphazane
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mation of the anions [2·X]� provide further evidence that
the selection of the pentamer is kinetically controlled.


Results and Discussion


Synthetic and structural studies: Although previous in situ
31P NMR spectroscopic studies had shown the pentamer 2 is
formed in the absence of the tetramer 1 in the 1:1 stoichio-
metric reaction of [{H2NP(m-NtBu)}2] with [{ClP(m-NtBu)}2]
in the presence of excess LiI in THF, preparative-scale reac-
tions result in a complicated mixture of solid products and 2
could not be obtained in good yield or in pure form using
this procedure. However, we noted earlier that the forma-
tion of the pentameric arrangement can only be explained
by a competing ring-closing step involving [{NH2P(m-
NtBu)}2], since a consecutive head-to-tail reaction of the
components could only produce rings with an even number
of constituents (such as the tetramer 1; Scheme 1).[4] With
this in mind, we undertook the 3:2 reactions of [{NH2P(m-
NtBu)}2] with [{ClP(m-NtBu)}2] in the presence of LiX (X=


Cl� , Br� , I�) (1:6 equiv, respectively). Even after prolonged
reflux, the presence of LiCl or LiBr in these reactions result-
ed only in a similar mixture of apparent chain products, with
little of 1 or 2 being formed. For example, the in situ
31P NMR spectrum of the reaction mixture in the presence
of LiBr shows a collection of well-resolved, overlapping
multiplets in the region d=94–134 ppm, with resonances at
about d=115.0 ppm and about d=130.0 ppm being found
for 2·HBr and 1, respectively. In this case, extraction with n-
pentane followed by crystallisation of the crude solid from
n-pentane/THF gave a low yield of the crystalline THF sol-
vate 2·HBr·THF (ca. 1–2%). Despite repeated attempts, we
were unable to obtain pure samples of 2·HBr free from con-
tamination with variable amounts of apparent chain prod-Figure 1. Structures of a) the tetramer 1 and b) the host–guest complex


2·HCl·THF (the lattice-bound THF molecule is not shown).


Scheme 1. A possible “divergent” mechanism for the formation of 1 and 2·HCl·THF.
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ucts and consequently we were unable to obtain satisfactory
elemental analysis on the complex. The impurities present
in samples of 2·HBr also precluded more extensive 1H and
31P NMR spectroscopic investigations. However, we were
able obtain single crystals of 2·HBr suitable for an X-ray dif-
fraction study and, hence, characterise the complex in the
solid state. It can be noted that all of the crystals obtained
on separate samples of the complex could be identified as
2·HBr by unit cell analysis. In addition, in previous studies
the presence of 2·HBr in the crude reaction mixture had
been inferred by positive-ion electrospray mass spectrosco-
py, which showed the presence of [2·H2Br]


+ .[4] Interestingly,
despite protonation of one of the P centres of the pentame-
ric framework in 2·HBr (shown by later X-ray analysis to be
of the form [2·H]+Br�) only a singlet is observed in the
31P NMR spectrum of this complex in solution at room tem-
perature. This suggests that either intermolecular proton ex-
change is occurring (e.g., involving solvent) or a fluxional
process in which the H+ ion is processing around the pen-
tamer, being passed from one P to the next P centre in the
ring unit. This suggested mechanism is in contrast to the re-
sults obtained by Niecke and co-workers on a P-protonated
diphosph(iii)azane dimer in which a static structure is shown
by 31P NMR spectroscopic studies.[5]


A similar mixture of products to that formed in the LiBr
reaction is also generated in the room-temperature reaction
of [{NH2P(m-NtBu)}2] with [{ClP(m-NtBu)}2] in the presence
of LiI. However, after reflux the in situ 31P NMR spectrum
of the reaction mixture shows only the presence of
[2·I{Li(thf)4}] (d=115.2 ppm) and traces of 1. Crystalline
2·I{Li(thf)4} is isolated in 44% yield after extraction with n-
pentane and crystallisation from n-pentane/THF. The
31P NMR spectrum of isolated 2·I{Li(thf)4} at room tempera-
ture shows only a singlet at d=115.2 ppm due to the intact
complex, irrespective of the concentration. This assignment
is supported by the fact that the spectrum does not change
on addition of LiI (thus, this resonance cannot result from
dissociation into 2 and LiI). The 2·I� ion is also observed in
the negative-ion electrospray mass spectrum of 2·I{Li(thf)4}
(m/z=1222.3).
The low-temperature X-ray structures of 2·I{Li(thf)4} and


2·HBr·THF were obtained. Details of the data collections
and refinements of 2·I{Li(thf)4} and 2·HBr can be found in
Table 1, while key bond lengths and angles for these com-
pounds are mentioned in the text and in the captions to Fig-
ures 2 and 3.
The solid-state structure of 2·HBr·THF (Figure 2) consists


of a host–guest complex of the pentamer 2 with HBr, to-
gether with a lattice-bound THF molecule. The crystallo-
graphic analysis of 2·HBr·THF suggests strongly that the
complex consists of a protonated [2·H]+ ion which coordi-
nates a Br� ion within the cavity. This conclusion is not only
supported by the direct location of the H-atom bonded to
P(1) but by a more detailed analysis of the variation in the
bond lengths and angles within the macrocyclic framework.
As expected on the basis of the positive charge carried by
P(1)(-H), there is a noticeable shortening of the associated
P-m-N(-H) (P(1)�N(15) 1.614(5) P) and P-m-N(tBu) (P(1)�
N(1) 1.651(5), P(1)�N(2) 1.633(5) P) bond lengths in the vi-


Table 1. Details of the structure refinements and data collections on
2·HBr and 2·I{Li(thf)4}.


Compound 2·HBr·THF 2·I{Li(thf)4}


empirical formula C44H104BrN15OP10 C56H127ILiN15O4P10
FW 1249.03 1518.27
T [K] 180(2) 180(2)
crystal system orthorhombic monoclinic
l [P] 0.71073 0.71073
space group P2(1)2(1)2(1) P2(1)/c
a [P] 10.1489(2) 21.417(4)
b [P] 25.1105(5) 13.359(3)
c [P] 27.8804(5) 29.692(6)
b [8] –- 99.98(3)
V [P3] 7105.2(2) 8366(3)
Z 4 4
1calcd [Mgm


�3] 1.168 1.205
reflections collected 45672 29456
independent reflections (Rint) 12487 (0.088) 11041 (0.077)
R1, wR2 [I>2s(I)] 0.063, 0.150 0.060, 0.121
R1, wR2 (all data) 0.100, 0.168 0.112, 0.144


Figure 2. a) Structure of 2·HBr·THF. Hydrogen atoms (except those at-
tached to N and P) and the disordered THF molecule in the lattice have
been omitted for clarity. b) A view parallel to the macrocyclic plane of
2·HBr·THF, showing the tilting of the P(5)-N(5)-P(6)-N(6) ring unit. Se-
lected bond lengths [P] and angles [8]: P�(m-NtBu) range 1.633(5)–
1.758(5), P�(m-NH) range 1.614(5)–1.763(5), P···P in P2N2 rings range
2.557(2)–2.606(2) (mean 2.60), X···N(11–15)centroid 0.22; P-m-N(tBu)-P
96.9(3)–99.0(3) (mean 98.0), N(tBu)-P�N(tBu) 79.1(2)–85.8(2) (mean
81.8), P-m-N(H)-P 122.0(3)–129.0(3) (mean 123.8), N�H···Br(1) range
2.41–2.62 [N···Br(1) range 3.275(5)–3.496(5), N�H···Br(1) 167–178].
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cinity of P(1) compared to the other P�N bonds within
2·HBr (range P-m-N(-H) 1.656(5)–1.763(5), range P-m-
N(tBu) 1.707(5)–1.758(5) P). In addition, the N-P-N angles
about P(1) all show a significant expansion compared to the
other P centres of the complex, consistent with the removal
of lone-pair/bonding pair repulsion upon protonation of
P(1). This is seen in particular in the exocyclic N(15)-P(1)-
N(1) and N(15)-P(1)-N(2) angles (116.7(3)8 and 119.6(3)8,
respectively), which are at least about 128 greater than the
other exocyclic N-P-N angles for the neutral P centres in
2·HBr·THF (range 102.7(2)–107.7(3)8). The endocylic N(1)-
P(1)-N(2) angle (85.8(2)8) is also the largest such angle
found within the P2N2 ring units of the complex (range
79.1(2)–82.5(2)8 for the other endocyclic N-P-N angles). The
protonation of P(1) appears also to be responsible for the
expansion of the P(1)-N(15)-P(10) angle (129.0(3)8) com-
pared to the other P-m-NH-P angles (range 122.0(3)–
123.7(3)8). As noted previously, owing to disorder and to
the high crystallographic symmetry of the structurally char-
acterised THF solvate 2·HCl·THF we had been unable to
locate the H+ cation of the HCl unit. There is therefore
some uncertainty as to the precise composition of this com-
pound, for example, whether an intact HCl unit is present or
whether the N or P atoms of 2 are protonated. While the
structure of 2·HBr·THF may suggest that a similar formula-
tion is appropriate for 2·HCl·THF (i.e., [2·H]+Cl�) there re-
mains some uncertainty. In particular, in the solid-state
structure of 2·HCl·THF, a distinctive pattern of bond lengths
and angles which might suggest protonation at a P centre is
not observed, with the all the P�N bond lengths being in the
range 1.685(4)–1.753(3) P and with the P-m-NH-P angles
being in the range 120.9(3)–121.4(4)8. It should be noted,
however, that the hydrogen-atom position and its effect on
the pentameric framework would be averaged over at least
two of the P centres of the backbone, since only five of the
ten P centres are crystallographically independent (see Fig-
ure 1b). The difficulty in locating such a potential hydrogen
atom is exacerbated by the presence of a highly disordered
THF components on either side of the cavity of
2·HCl·THF.[4] In contrast, in 2·HBr·THF the disordered
THF molecule in the lattice is remote from the macrocyclic
unit.
Apparently as a consequence of the coordination of the


larger Br� ion within 2·HBr·THF, the pentameric framework
in this complex is significantly more distorted than in the
HCl counterpart. In 2·HCl·THF, the fifteen P and N atoms
forming the (P···P-N)5 backbone of the pentamer and the
Cl� ion reside almost within a plane, with the Cl� being co-
ordinated symmetrically by all five N-H protons (H···Cl
2.52(1)–2.56(1) P; N�H···Cl 175(5)–180(5)8).[4] In
2·HBr·THF, the Br� ion is located about 0.22 P above the
centroid of the five N(-H) atoms. Although the anion is H-
bonded to all five N-H protons of the macrocyclic pentam-
er,[6] the H···Br distances fall over a large range (2.41–
2.62 P). Interestingly, the shortest of these interactions is
made with N(15)-H (2.41 P), that is, the most acidic N-H
proton which is adjacent to the cationic P(1)(-H) centre.
Eight of the P centres and all five of the bridging N(-H)
atoms in 2·HBr are coplanar (to within 0.21 P), with the


mean planes of the four associated P2N2 ring constituents
being tilted with respect to this plane by 0.2–14.58. The re-
maining P2N2 ring unit {P(5)N(5)P(6)N(6)} shows the most
marked distortion. This ring unit pivots about N(12) and
N(13), tilting this ring by 29.88 out of the major plane of the
macrocycle (Figure 2b). This conformation contrasts with
that found in 2·HCl·THF in which all five of the P2N2 ring
units are perpendicular to the [(P···P)N]5 plane.


[4]


Despite the fact that the pentameric unit of 2·I{Li(thf)4} is
not protonated, the overall structural features of this com-
plex, which consists of a [2·I]� ion (Figure 3) and a
[Li(thf)4]


+ ion, appear to be related to those found in
2·HBr, particularly in respect to the nature of the distortion
of the macrocyclic unit and the non-planar coordination of
the I� ion. The I� ion of the 2·I� anion in 2·I{Li(thf)4} is situ-
ated 1.36 P above the centroid of the five N(-H) centres of
the macrocyclic ring. Although the N�H···I H-bonds (N�
H···I 2.78–2.91 P) are all within the range of values estimat-
ed for H···I hydrogen bonds (H···I 3.15–3.57 P),[6] two of
these interactions appear to be stronger (N(11,12)�H···I
172–1778) than the remaining three (N(13,14,15)�H···I 158–


Figure 3. a) Structure of the anion 2·I� . The Li(thf)4
+ ion and hydrogen


atoms (except those attached to N) and have been omitted for clarity. b)
A view parallel to the macrocyclic plane of the 2·I� ion, showing the tilt-
ing of the P(3)-N(3)-P(4)-N(4) ring unit. Selected bond lengths [P] and
angles [8]: P�(m-NtBu) range 1.711(6)–1.745(5), P�(m-NH) range
1.685(5)–1.730(6), P···P in P2N2 rings range 2.607(3)–2.619(3) (mean
2.61), X···N(11–15)centroid 1.36; P-m-N(tBu)-P 96.8(3)–99.5(3) (mean 98.4),
N(tBu)-P�N(tBu) 80.1(3)–82.2(2) (mean 81.1), P-m-N(H)-P 121.7(3)–
123.0(5) (mean 122.6), N�H···I(1) range 2.78–2.91 [N···I(1) range
3.690(5)–3.743(5), N�H···I(1) 158–177].
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1638). The presence of two sets of (stronger and weaker) N�
H···I bonds provides an explanation for the observation of
two N-H stretching bands in the IR spectrum of 2·I{Li(thf)4}
(3144 and 3104 cm�1). The distortion of the macrocyclic unit
and the asymmetrical coordination of the I� ion are related.
Eight of the P centres and all five bridging N(-H) atoms of
the pentameric unit of the 2·I� ion are coplanar (to within
0.21 P), with the mean planes of the four associated P2N2
constituents being almost perpendicular to this plane (within
7.7o). The remaining ring unit {P(3)N(3)P(4)N(4)} pivots
about N(11) and N(12), tilting this ring from perpendicular
by 29.1o to the major macrocyclic plane (Figure 3b; this dis-
tortion results in the N(11)-H(11) and N(12)-H(12) vectors
pointing more directly at the I� ion than the other N�H
atoms (thus optimising the two strongest N�H···I hydrogen
bonds observed). The resulting displacement of the tBu
group bonded to N(3) towards the lower face of the cavity
(away from the anion) presumably precludes the similar dis-
tortion of the other P2N2 ring units and the formation of
stronger hydrogen bonds involving the remaining three N-H
groups. The conformations of the macrocyclic units found in
2·HBr·THF and 2·I{Li(thf)4} are broadly similar to each
other, despite the accommodation of the different halide
ions within the pentameric units.


MO calculations: Ab initio calculations of the uncoordinat-
ed pentamer 2 and the host–guest complexes 2·X� (X=Cl� ,
Br� , I�) at the restricted Hartree–Fock (RHF) level of
theory with the 3–21G basis sets[7] were undertaken using
various imposed symmetries.[8] Density functional theory
(DFT) methods at the B3LYP/6–31G** level[9] were also
employed for 2·Cl� and 2·Br� . Interestingly, the geometry
optimisations of the free pentamer 2 in C5v and Cs symmetry
(Figure 4a and 4b, respectively) reveal that the distorted Cs


structure is preferred to the planar C5v structure by
12.62 kcalmol�1. The geometry optimisations of 2·Cl� and
2·Br� in which the (P···P�N)5 backbone of 2 is constrained
to be planar (D5h and C5v symmetry) show that the preferred
arrangements are those where the X� ions reside within the
cavity of 2, with the most stable structure of 2·Cl� being
very similar to that of 2·HCl·THF in the solid state (Fig-
ure 5a).[4] However, for 2·I� the optimised C5v structure
shows the I� ion displaced 1.99 P above the centroid of 2
and it is favoured by 8.8 kcalmol�1 over the symmetrical


(D5h) coordination of the ion within the cavity (Figure 5c).
A similar structural trend is found for lower symmetry Cs


models, that is, for 2·Cl� and 2·Br� the halide ions prefer to
be located essentially within the cavity (Figure 6a and 6b, re-
spectively), whereas (similarly to the experimental struc-
ture) the I� ion of 2·I� is displaced above the mean plane of
the N(-H) groups by 1.86 P (Figure 6c). Most significantly,
for all the symmetries investigated the reaction energies
(DE) for 2 + X�!2·X� are in the order Cl� �Br� > I� . In
the case of the most stable Cs models investigated, DE for
2·Cl� (�46.8 kcalmol�1) and 2·Br� (�43.1 kcalmol�1) are
about twice that for 2·I� (�20.6 kcalmol�1).


Conclusion


It was already clear from our previous studies that halide
ions are acting as kinetic templates in this system,[10] since
the alternative products (the tetramer 1 and pentamer 2, see
Scheme 1) are not in dynamic equilibrium with each other
under the reaction conditions.[4] The theoretical results show
that, in addition, the templating of 2 by LiI observed experi-


mentally is not due to the ther-
modynamic preference of the
pentamer for I� ions. The most
plausible explanation for the
observed order of templating I�


> Br� > Cl� is the effect of
the I� ion on the framework of
the pivotal intermediate I4


(Scheme 2) and on the rates of
the subsequent reactions pro-
ducing 1 and 2·X� . In particu-
lar, by holding the -NH2 and
-Cl termini furthest apart the
rate of I4 ! 1 will be retarded
to the greatest extent by I� (so-


Figure 4. HF/3-21G-optimised geometries for the ligand with C5v and CS symmetries. Relative energies in
kcalmol�1.


Figure 5. HF/3–21G-optimised geometries for 2·X� (X=Cl� , Br� , I�)
with C5v symmetry. Reaction energies (with respect to the most stable Cs
structure for 2) for 2 + X�!2·X� , in parentheses.
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called negative templating[11]). It is also possible that opti-
mum separation of these groups for reaction with [{H2NP(m-
NtBu)}2] is also provided by I


� , increasing the rate of I4 ! 2
(positive templating[11]). An analogous situation has been
demonstrated in the selection of a cyclic porphyrin tetramer
(as opposed to the cyclic porphyrin dimer) from a linear
porphyrin dimer, using a tetradentate template.[12] The fact
that 1 is generated almost exclusively at �78�25 8C in the
absence of LiI in THF (in the 1:1 stoichiometric reaction),[3]


but that 2 is generated almost exclusively in the presence of
LiI at reflux in THF (in the 2:3 stoichiometric reaction) pro-
vides qualitative support for the view that the major effect
of I� is as a negative template, that is, resulting in a drastic
reduction in the rate of I4 ! 1 rather than an increase in I4


! 2. Unfortunately, although experimental determination of
the kinetics of the reactions producing 1 (i.e., the rate con-
stant for I4 ! 1) and 2·X� (i.e., the rate constant for I4 !
2·X�) would provide the ultimate proof of this hypothesis,
there is no amenable spectroscopic method available. In par-
ticular, the use of 31P NMR spectroscopy is precluded by the
high temperature at which 2·I� is formed and by the compli-
cated mixture of chain intermediates present in the reaction
mixture (which occur in the region of the resonances for 1
and 2·X�). It should be noted that the acidity of HX could
also have a further effect on the selection of the tetrameric


or pentameric frameworks in these reactions that has not
been considered in the current study.


Experimental Section


General : Compounds 2·HBr and 2·I{Li(thf)4} are only moderately air-
and moisture sensitive. They were prepared under dry, O2-free N2 on a
vacuum line. tBuNH2 was distilled over CaH2 and stored under N2 over
molecular sieve (13X). PCl3 was distilled and stored under N2. THF and
toluene were dried by distillation over sodium/benzophenone prior to the
reactions. [{ClP(m-NtBu)}2] was obtained from the 3:1 reaction of
tBuNH2 with PCl3, respectively, in THF.


[13] [{NH2P(m-NtBu)}2] was pre-
pared by the reaction of [{ClP(m-NtBu)}2] with a saturated NH3/THF so-
lution.[3,4] The compounds 2·HBr·THF and 2·I{Li(thf)4} were isolated and
characterised with the aid of an N2-filled glove box fitted with a Belle
Technology O2 and H2O internal recirculation system. Melting points
were determined by using a conventional apparatus and sealing samples
in capillaries under N2. IR spectra were recorded as Nujol mulls using
NaCl plates and were run on a Perkin-Elmer Paragon 1000 FTIR spec-
trophotometer. Elemental analyses were performed by first sealing the
samples under argon in air-tight aluminium boats (1–2 mg) and C, H and
N content was analysed by using an Exeter Analytical CE-440. P analysis
was obtained by using spectrophotometric means. 1H, 31P NMR spectra
were recorded on a Bruker ATM DRX500 spectrometer, in dry deuterat-
ed [D8]toluene (using the solvent resonances as the internal reference
standard for 1H NMR and 85% H3PO4/D2O as the external standard for
31P NMR spectra). In situ 31P NMR spectroscopic studies on reaction
mixtures in non-deuterated solvents were recorded using an internal
[D6]acetone capillary to obtain a lock.


Synthesis of 2·HBr·THF : Et3N (0.7 mL, excess) was added to a mixture
of [{NH2P(m-NtBu)}2] (0.855 g, 3.75 mmol) and LiBr (1.30 g, excess
15 mmol) in THF (40 mL) at �78 8C. A solution of [{ClP(m-NtBu)}2]
(0.688 g, 2.5 mmol) in THF (40 mL) was then added dropwise. The mix-
ture was stirred (2 hrs) then allowed to warm to room temperature and
brought to reflux (14 h). The solvent was removed under vacuum and the
resulting white residue was heated to 50 8C under vacuum (1 h, 10�1 atm)
to remove residual solvent. The residue was extracted with n-pentane
(60 mL) and filtered through Celite (P3). Gradual evaporation of the sol-
vent under vacuum led to the precipitation of a white solid. The solid
was then dissolved by the addition of THF (ca. 1 ml) and heating. Stor-
age (�5 8C, 24 h) afforded colourless crystals of 2·HBr (ca. 1–2%).
31P NMR spectroscopy of the crystalline material showed that apparent
chain products were present with overlapping multiplets in the region d=


94–134, and with resonances at about d=115.0 ppm (2·HBr) (ca. 60% of
product estimated by integration) and about d=130.0 ppm (1) (ca. 10%).
The amount of chain material varies from batch to batch but is typically
10–30% of the solid isolated after crystallisation. Typical elemental anal-
ysis calcd (%) for 2·HBr·THF: C 40.8, H 8.2, N 17.8; found: C 41.1, H
7.9, N 15.4.


Synthesis of 2·I{Li(thf)4}: Et3N (1.4 mL, excess) was added to a mixture
of [{NH2P(m-NtBu)}2] (2.30 g, 7.5 mmol) and LiI (2.00 g, excess
15.0 mmol) in THF (60 mL) at �78 8C. A solution of [{ClP(m-NtBu)}2]
(1.38 g, 5 mmol) in THF (60 mL) was then added dropwise. The mixture


Figure 6. HF/3-21G-optimised geometries for 2·X� (X=Cl� , Br� , I�)
with CS symmetry. Reaction energies (with respect to the most stable Cs


structure for 2) for 2 + X�!2·X� , in parentheses.


Scheme 2. The effect of the X� ion on the framework of the intermediate I4 and the subsequent reactions to give 1 and 2�X� .
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was stirred (2 h) then allowed to warm to room temperature and brought
to reflux (4 h). The solvent was removed under vacuum and the resulting
white residue was heated to 50 8C under vacuum (1 h, 10�1 atm) to
remove residual solvent. The residue was extracted with n-pentane
(100 mL) and filtered through Celite (P3). Gradual evaporation of the
solvent under vacuum led to the precipitation of a white solid. Evapora-
tion of the solvent was continued well past the point of precipitation. The
solid was then dissolved by the addition of THF (ca. 2 mL) and heating.
Storage (�5 8C, 24 h) afforded colourless crystals of 2·I{Li(thf)4}. Yield
0.84 g (44%). M.p. 187 8C. IR (Nujol, NaCl): ñ=3144(w, sh), 3104(w)
(N�H str.), other bands at 1261(s), 1212(s), 1157(w), 1089(m, br),
1040(s), 975(w, sh), 890(w), 802(vs) cm�1; 1H NMR (500.203 MHz,
[D8]toluene, +25 8C): d=4.54 (s, 5H; N�H), 3.66 (m, 16H; -CH2- THF),
1.63 (m, 4H; -CH2�O THF), 1.48 ppm (s, 90H; tBu); 31P NMR
(202.484 MHz, [D8]toluene, +25 8C, rel. 85% H3PO4/D2O): d=


115.2 ppm (s, intact 2·Li{I(thf)4}); ES-MS (negative ion): m/z : 1350.4
(2·I2H


�), 1222.3 (2·I�); elemental analysis calcd (%) for 2·Li{I(thf)4}: C
44.3, H 8.4, N 13.8, P 20.4; found: C 42.6, H 8.3, N 13.8, P 19.7.


X-ray structures of 2·HBr·THF and 2·I{Li(thf)4}: Crystals were mounted
directly from solution under argon using an inert oil which protects them
from atmospheric oxygen and moisture. X-ray intensity data were collect-
ed by using a Nonius Kappa CCD diffractometer. Details of the data col-
lections and structural refinements are given in Table 1. The structures
were solved by direct methods and refined by full-matrix least-squares on
F2.[13] The N-H and P-H protons were directly located in 2·HBr·THF, but
the structure was refined with the N�H protons in idealised positions.
Two of the tBu groups (attached to N(6) and N(7)) exhibited rotational
disorder over two sites. The lattice-bound THF molecule was also disor-
dered over two sites. In 2·I{Li(thf)4} the N-H protons were directly locat-
ed but the structure was refined with them in idealised positions. Four of
the tBu groups (attached to N(3), N(8), N(9) and N(10)) exhibited rota-
tional disorder over two sites. In both compounds all other H atoms were
included in idealised positions. CCDC-230418 (2·HBr·THF) and CCDC-
235096 (2·I{Li(thf)4}) contain the supplementary crystallographic data for
this paper. These data can be obtained free of charge via www.ccdc.
cam.ac.uk/conts/retrieving.html (or from the Cambridge Crystallographic
Data Centre, 12, Union Road, Cambridge CB21EZ, UK; fax:
(+44)1223-336-033; or deposit@ccdc.cam.ac.uk).


MO calculations : Geometry optimisation calculations were initially car-
ried out at the semi-empirical level AM1. Although qualitatively similar
results were obtained for both geometries and energies, compared to the
ab initio calculations, geometries predicted by the latter gave a significant
closer match to the X-ray structures. Geometry optimisations for 2·Cl�


and 2Br� were also carried out using DFT methods at the B3LYP/6-
31G** level of theory. The results of these higher level calculations corre-
late very closely to the ab initio level and support the results obtained at
the HF/3-21G level. Frequency calculations for these large molecules at
the HF/3-21G level were of prohibited computational expense and could
not be performed. However, the change in energy at the HF/3–21G level
with the displacement of the X� ions in 2·X� along the C5v axis was calcu-
lated. The energy profile shows that the energy rises in the direction of
the C5v axis for all the complexes. This suggests that they represent a min-
imum energy position under the given symmetry constraints imposed on
the structures. In addition, AM1 frequency calculations were carried out
and no negative modes were found, except those associated with rotation
of the methyl groups and these are due to the constraints imposed by the
symmetry.


Solvation energies based on single-point calculations using THF as sol-
vent were carried out on the optimised HF/3-21G geometries with C5v


symmetry. Solvation energies were computed with Jaguar program suite
(Version 4.2), using a continuum dielectric solvent approach. Calculated
solvation energies in kcalmol�1 of 2·X� (X=Cl� , Br� , I�) with C5v sym-
metry (HF/3-21G geometries); Cl �38.94, Br �34.50, I �33.65. Thus no
important effects of solvation on the complex stabilities were observed
and the trend in energy when considering solvation is the same as in the
gas-phase calculations, that is, Cl > Br > I.


Acknowledgement


We gratefully acknowledge the EPSRC (F.G., M.McP., D.S.W.), the EU
(Fellowship for L.R., Erasmus studentship I.K.), The States of Guernsey
and The Domestic and Millennium Fund (R.A.K.), Unilever (M.A.S.),
St. CatharineUs College Cambridge (Fellowship for A.D.W.) and The
Cambridge European Trust (F.G.) for financial support. We also thank
Prof. J. K. M. Sanders for valuable discussions and Dr. J. Davies for col-
lecting X-ray data on 2·HBr·THF and 2·I{Li(thf)4}.


[1] O. J. Scherer, K. Andres, C. KrVger, Y.-H. Tsay, G. WolmerhWuser,
Angew. Chem. 1980, 92, 563; Angew. Chem. Int. Ed. Engl. 1980, 19,
571; J. K. Brask, T. Chivers, M. L. Krahn, M. Parvez, Inorg. Chem.
1999, 38, 290.


[2] M. L. Thompson, A. Tarassoli, R. C. Haltiwanger, A. D. Norman,
Inorg. Chem. 1987, 26, 684.


[3] A. Bashall, E. L. Doyle, C. Tubb, S. J. Kidd, M. McPartlin, A. D.
Wood, D. S. Wright, Chem. Commun. 2001, 2542.


[4] A. Bashall, A. D. Bond, E. L. Doyle, F. GarcCa, S. Kidd, G. T.
Lawson, M. McPartlin, M. C. Parry, A. D. Woods, D. S. Wright,
Chem. Eur. J. 2002, 8, 3377.


[5] E. Niecke, D. Gudat, E. Symalla, Angew. Chem. 1986, 98, 817;
Angew. Chem. Int. Ed. Engl. 1986, 25, 834.


[6] J. E. Huheey, E. A. Keiter, R. L. Keiter, Inorganic Chemistry,
4th ed., Cummings, San Francisco, 1997, p. 292, and references
therein.


[7] W. J. Hehre, L. Radom, P. von R. Schleyer, J. A. Pople, Ab Initio
Molecular Orbital Theory, Wiley, New York, 1986.


[8] Optimisation calculations were carried out using GAMESS version
6/20/2002: M. W. Schmidt, K. K. Baldridge, J. A. Boatz, S. T. Elbert,
M. S. Gordon, J. H. Jensen, S. Koseki, N. Matsunaga, K. A. Nguyen,
S. J. Su, T. L. Windus, M. Dupuis, J. A. Montgomery, J. Comput.
Chem. 1993, 14, 1347.


[9] a) A. D. Becke, J. Chem. Phys. 1993, 98, 5648. b) C. Lee, W. Yang,
R. Parr, Phys. Rev. B 1988, 37, 785.


[10] M. C. Thomson, P. H. Busch, J. Am. Chem. Soc. 1964, 86, 213.
[11] S. Anderson, H. L. Anderson, J. K. M. Sanders, Acc. Chem. Res.


1993, 26, 469.
[12] S. Anderson, H. L. Anderson, J. K. M. Sanders, J. Chem. Soc. Perkin


Trans. 1 1995, 2255.
[13] R. Jefferson, J. F. Nixon, T. M. Painter, R. Keat, L. Stobbs, J. Chem.


Soc. Dalton Trans. 1973, 1414.
[14] G. M. Sheldrick, SHELX-97, Gçttingen, Germany, 1997.


Received: March 31, 2004
Published online: October 28, 2004


K 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 6066 – 60726072


FULL PAPER L. Riera, D. S. W. Wright et al.



www.chemeurj.org






Theoretical Study on the Reactivities of Stannylene and Plumbylene and the
Origin of their Activation Barriers


Ming-Der Su*[a]


Introduction


Divalent molecules of the Group 14 elements, such as car-
benes (R2C),


[1] silylenes (R2Si),
[2] and germylenes (R2Ge),[3]


have long been the subject of intense experimental and the-
oretical investigation. The structures and reactivity of the
corresponding divalent tin species, stannylenes (R2Sn), have
gained increasing attention in recent years.[4] Thus, X-ray
crystallographic studies have resulted in the structural char-
acterization of numerous substituted stannylenes bearing
various ligands R.[5,6] The study of the chemical reactivity of
stannylenes has also led to the synthesis of many intriguing
molecules.[7] Nevertheless, the detailed reaction mechanisms
for such reactions have not been firmly established by either
experimental or theoretical studies, and many key questions
remain open.
The principal motivation for this research was a remarka-


ble recent experimental discovery by Walsh et al.[8] who,
using a laser flash photolysis/laser probe technique, showed
that Me2Sn does not insert readily into C�H, Si�H, Ge�H,


C�C, Si�C, or Ge�C bonds. It is also unreactive towards al-
kenes, although not towards dienes or alkynes. These experi-
mental observations are quite different from those made for
carbenes,[9] silylenes,[10] and germylenes.[11] In fact, it is well
known that silylenes and germylenes, like carbenes, can un-
dergo insertions into a variety of s bonds and cycloadditions
with various kinds of p bonds. Accordingly, there is a desire
to understand the fundamental chemistry of stannylenes and
how their reactions compare to those of its Group 14 ana-
logues. Indeed, comparison of the behavior of stannylenes
with their carbon, silicon, and germanium analogues reveal
how the mechanistic principles developed for organic
chemistry can be extended to deal with bond-making and
bond-cleavage processes for elements lying further down the
Periodic Table (vide infra).
Hence, attention has inevitably also been directed towards


the reactivity of divalent plumbylenes (R2Pb).
[12] Despite the


considerable interest in carbene, silylene, and germylene
chemistry over the past thirty years, the chemistry of stanny-
lenes and plumbylenes has not been similarly investigated.
This is presumably a result of the instability inherent to
electron-deficient divalent species, and the fact that both
have not been easily accessible by the synthetic routes con-
ventionally used in the preparation of carbenes, silylenes,
and germylenes. As far as I am aware, theoretical analyses
of crucial stannylene and plumbylene reactions are still
greatly lacking, with the exception of some work by Dewar,


[a] Prof. M.-D. Su
School of Medicinal and Applied Chemistry
Kaohsiung Medical University
Kaohsiung 80708, Taiwan (Republic of China)
Fax: (+886)07-3125339
E-mail : midesu@cc.kmu.edu.tw


Abstract: The potential energy surfaces
corresponding to the reactions of
heavy carbenes with various molecules
were investigated by employing com-
putations at the B3LYP and CCSD(T)
levels of theory. To understand the
origin of barrier heights and reactivi-
ties, the model system (CH3)2X+Y
(X=C, Si, Ge, Sn, and Pb; Y=CH4,
SiH4, GeH4, CH3OH, C2H6, C2H4, and
C2H2) was chosen for the present study.
All reactions involve initial formation
of a precursor complex, followed by a
high-energy transition state, and then a


final product. My theoretical investiga-
tions suggest that the heavier the X
center, the larger the activation barrier,
and the less exothermic (or the more
endothermic) the chemical reaction. In
particular, the computational results
show that (CH3)2Sn does not insert
readily into C�H, Si�H, C�H, Ge�H,


or C�C bonds. It is also unreactive to-
wards C=C bonds, but is reactive to-
wards C�C and O�H bonds. My theo-
retical findings are in good agreement
with experimental observations. Fur-
thermore, a configuration mixing
model based on the work of Pross and
Shaik is used to rationalize the compu-
tational results. It is demonstrated that
the singlet–triplet splitting of a heavy
carbene (CH3)2X plays a decisive role
in determining its chemical reactivity.
The results obtained allow a number of
predictions to be made.


Keywords: carbene homologues ·
cycloaddition · density functional
calculations · Group 14 elements ·
insertion


Chem. Eur. J. 2004, 10, 6073 – 6084 DOI: 10.1002/chem.200400413 G 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6073


FULL PAPER







et al.[13a] and Sakai.[13b] In these theoretical studies only the
latter proposed a simple singlet excitation model for the
transition states (TSs) of stannylenes with ethylene to ra-
tionalize the heights of their energy barriers.
If the basic factors governing the chemical reactivity of


various carbene analogues with organic molecules could be
understood, this would help to design systems which facili-
tate these synthetically useful, but presently unattainable,
reactions. My aim is therefore to search for a general theory
of reactivity for carbene and its heavier analogues and to
delineate the significant role played by their singlet–triplet
energy separations (vide infra). To mimic the experimental
observations of Walsh et al. ,[8] I calculated the potential
energy surfaces of five insertion reactions [Eqs. (1)–(5)] and
two addition reactions [Eqs. (6)and (7)].


CH4 þMe2X ! Me2ðHÞX�CH3 ð1Þ


SiH4 þMe2X ! Me2ðHÞX�SiH3 ð2Þ


GeH4 þMe2X ! Me2ðHÞX�GeH3 ð3Þ


CH3OHþMe2X ! Me2ðHÞX�OCH3 ð4Þ


CH3CH3 þMe2X ! Me2ðCH3ÞX�CH3 ð5Þ


H2C¼CH2 þMe2X ! ð6Þ


HC�CHþMe2X !


ðX ¼ C, Si, Ge, Sn, PbÞ
ð7Þ


No systematic theoretical study has yet, to my knowledge,
been published on the potential energy surfaces and reac-
tion mechanisms of insertion and cycloaddition reactions of
stannylenes and plumbylenes. Thus, in this work I attempted
to study such reactions of heavier carbenes using both DFT
and the ab initio CCSD(T) methods. On the basis of these
computational results, I show that the singlet–triplet splitting
of carbene analogues can be used as a diagnostic tool for
the prediction of their reactivity.


The Origin of the Barrier and Reaction Enthalpy
for Me2X Reactions


To highlight the questions which formed the basis of this
study, it is worthwhile to review briefly the origin of barrier
height and reaction enthalpy. Indeed, the question of the
origin of barriers to chemical reactions, and of how their
heights may be predicted, lies at the heart of the under-
standing of chemical processes. The following attempts to
provide a qualitative explanation for the source of the acti-
vation energy. This explanation is based on the general con-
clusions which Pross and Shaik arrived at with the aid of the
configuration mixing (CM) model.[14, 15] Within this model,
all possible configurations involving the frontier orbitals of
the individual reacting molecules are formed, and the wave-
functions along the reaction coordinate are analyzed in
terms of these configurations. As a result, in the s-bond in-
sertion (or cycloaddition) reaction, the system can exist in a


number of predetermined states, each of which can be ap-
proximated by the appropriate electronic configuration.[14,15]


However, there are only two predominant configurations
that contribute significantly to the total wavefunction Y and,
in turn, affect the shape of the potential energy surface. As
one can see in Figure 1, we can represent the qualitative be-


havior of the two configurations for the insertion of Me2X
species into a Y�W bond. One is the reactant ground-state
configuration, which ends up as an excited configuration in
the product region. The other is the excited configuration of
the reactants, which correlates with the ground state of the
products. These two components are denoted as the reactant
configuration IR and the product configuration IP, respective-
ly.
The key valence bond (VB) configurations for Me2X in-


sertion are illustrated in 1 and 2. The VB configuration 1, la-
beled 1[Me2X]


1[YW], is termed the reactant configuration IR
because this configuration is a good description of the reac-
tants; the two electrons on the Me2X moiety are spin-paired
to form a lone pair, while the two electrons on the YW
moiety are spin-paired to form a Y�W s bond. On the other
hand, configuration 2 is the VB product configuration IP.
Note that the spin arrangement is now different. The elec-
tron pairs are coupled to allow both X�Y and X�W bond
formation and simultaneous Y�W bond breaking. To obtain
this configuration from the reactant configuration 1, each of
the two original electron pairs must be uncoupled, that is,
these two electron pairs require excitation from the singlet
to the triplet state. Hence, this configuration is labeled


Figure 1. Energy diagram for a chemical reaction showing the formation
of a state curve Y by mixing two configurations: the reactant configura-
tion IR and the product configuration IP. In the reactants, they are sepa-
rated by an energy gap S. Configuration mixing near the crossing point
causes avoidance of crossing (dotted line).
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3[Me2X]
3[YW]. The molecular orbital (MO) representations


of VB configurations 1 and 2 are 3 and 4, respectively.


On the basis of these considerations, I propose that the
transition state for the insertion reaction of Me2X into a
Y�W bond is composed of the respective triplet states of
the reactants, which couple to give an overall singlet state.
At first glance, it might appear that promotion to such a va-
lence state requires too much energy. However, it will be
shown below that such a promotion is indeed feasible.
Before further discussion, let us emphasize the importance
of the status of the triplet state for the Me2X and Y�W re-
actants. Since two new covalent bonds are formed in the
product Me2X(Y)(W), that is, the X�Y and X�W bonds, the
bond-prepared Me2X state thus must have at least two open
shells, and the lowest state of this type is the triplet state.
Therefore, from the valence-bond point of view, the bonding
in the product can be recognized as that between the triplet
Me2X state and two doublet radicals (overall singlet), that
is, the Y radical and the W radical. This is much the same as
the bonding in the water molecule, which can be considered
as that between a triplet oxygen atom and two doublet hy-
drogen atoms.[17]


At this point, it is interesting to note that the singlet–trip-
let excitation energy mentioned above plays a decisive role
in the CM model (schematically illustrated in Figure 1), pro-
posed by Pross and Shaik for understanding barrier forma-
tion in chemical reactions.[14,15] The singlet–triplet excitation
energy corresponds to the energy gap E in the CM model
between the reactant configuration IR and product configu-
ration IP. In the reactants, IR is the ground state of the
system, whereas IP is an excited state at an energy E above
IR. As the reaction proceeds, the energy of IR rises and that
of IP drops. The transition state is reached at a point along
the reaction coordinate at which the energy curves of IR and
IP cross. The reaction system reaches a maximum energy
somewhat below this crossing point, due to avoided crossing
of IR and IP; this is indicated by the dotted curve in Figure 1.
Finally, in the products the roles of IR and IP have been in-
verted. That is, IR becomes the excited-state configuration,
and IP a ground state. As a consequence, it is the avoided
crossing of these two configurations that leads to the sim-
plest description of the ground state energy profiles for
chemical reactions of carbenes and their analogues.[11,14–16]


Based on Figure 1 for barrier formation in chemical reac-
tions, we are now in a position to provide an insight into the
parameters that are likely to affect reactivity in this system.
The energy of point 2 (left-hand side of Figure 1), the
anchor point for 3[Me2X]


3[YW] in the reactant geometry,
will be governed by the singlet–triplet energy gap for both
Me2X and Y�W, that is, DEst (=Etriplet�Esinglet for Me2X)+
DEss* (=Etriplet�Esinglet for Y�W). Note that the barrier of
the chemical reaction is caused by the promotion energy S,
which is nonzero, as shown in Figure 1. The decrease in S
(S=DEst+DEss*) also stabilizes the product and makes the
reaction enthalpy DH more exothermic.[18] In other words,
the smaller the promotion energy S, the lower the activation
barrier, and the larger the exothermicity.[14,15] For this
reason, if a reactant Me2X has a singlet ground state with a
small triplet excitation energy, it offers a greater opportunity
for involvement of triplet Me2X in the singlet reaction, and
such reactions will occur readily.
One can thus conclude that both the order of the singlet


and triplet states as well as the magnitude of the singlet–
triplet energy separation are responsible for the existence
and height of the energy barrier. Bearing the above analysis
(Figure 1) in mind, the origin of the observed trends which
are described in the following section will be explained.[19]


Results and Discussion


Geometries and energetics of Me2X : Before discussing the
geometrical optimizations and potential energy surfaces for
the chemical reactions studied in the present work, we shall
first discuss the geometries and energies of the dimethyl-
substituted Group 14 divalent reactants Me2X. The electron-
ic structures and geometries of such divalent species have
been extensively studied by many groups. In this work, se-
lected geometrical values for singlet and triplet Me2X as
well as the triplet energies relative to the singlet reactants
based on the B3LYP and CCSD(T) levels are given in
Table 1.


An interesting trend that can be observed in Table 1 is the
decrease in the X�CH3 bond lengths and the increase in the
aCXC bond angles on going from the singlet to the triplet
state. The reason for this can be understood simply by con-


Table 1. Geometrical parameters and relative energies for singlet and
triplet Me2X species (X=C, Si, Ge, Sn, Pb).[a,b]


System X�C aCXC X�C aCXC DE[c]


(singlet) (singlet) (triplet) (triplet) [kcalmol�1]
[K] [8] [K] [8]


(CH3)2C 1.505 112.7 1.492 133.6 �4.951 [�0.4651]
(CH3)2Si 1.931 97.82 1.918 119.1 +21.59 [+22.00]
(CH3)2Ge 2.209 95.62 2.012 117.6 +27.64 [+26.91]
(CH3)2Sn 2.197 93.58 2.192 116.7 +29.36 [+27.93]
(CH3)2Pb 2.267 93.02 2.239 116.9 +36.99 [+36.49]


[a] At the B3LYP/LANL2DZ [CCSD(T)/LANL2DZdp//B3LYP/
LANL2DZ] levels of theory. [b] Energy differences have been zero-
point-corrected. See text. [c] Energy relative to the corresponding singlet
state. A positive value means the singlet is the ground state.
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sidering their electronic structures.[9,14, 15] The other intrigu-
ing feature is the singlet–triplet splittings (DEst=Etriplet�singlet).
The DFT and CCSD(T) calculations (in parentheses) indi-
cate that the singlet–triplet splittings for dimethyl-substitut-
ed carbene, silylene, germylene, stannylene, and plumbylene
are �5.0 (�0.47), 22 (22), 28 (27), 29 (28), and 37 (36) kcal -
mol�1, respectively. That is, DEst increases in the order
Me2C<Me2Si<Me2Ge<Me2Sn<Me2Pb, and thus follows
the same trend as the electronegativity of the central atom
X. Apparently, the heavier Group 14 elements are pivotal
atoms in this regard. These results are consistent with those
reported in the previous studies cited above, and will not be
discussed further. Finally, as shown in Table 1, all the Me2X
species are predicted to have singlet (or nearly singlet)
ground states according to both DFT and CCSD(T) compu-
tational results. This strongly implies that all the chemical
reactions [Eqs. (1)–(7)] studied in this work should proceed
on the singlet surface, and thus the focus will be on the sin-
glet surface from now on.
Basically, the chemical reactions studied in this work


follow the general reaction path as shown in Scheme 1. The
Me2X species attacks an organic molecule to form a precur-


sor complex, which then rearranges to yield the eventual
product via a TS. Thus, four stationary points on the poten-
tial energy surfaces are considered: Me2X (X=C, Si, Ge,
Sn, and Pb) plus an organic molecule, the precursor com-
plex, the TS, and the final product. Experimental geometries
for the above stationary points are not yet available, and it
is hard to determine the accuracy of stationary-point geome-
tries generated by computational methods. Nevertheless, the
prediction of geometrical parameters seems to be consistent
with changing level of theory. Moreover, as can be seen in
the tables shown below, the trends for both B3LYP and
CCSD(T) results are qualitatively the same. This means that
the use of the latter is sufficient to provide qualitatively cor-
rect results. This work is primarily concerned with discover-
ing the key factors that affect the reactivity of heavy car-
bene species, and thus, unless otherwise noted, only the
CCSD(T) energetic results are used in the following discus-
sion for the sake of convenience.


Methane insertion reactions : The geometries and energetics
of the stationary points shown in 5 for methane insertion re-
actions [Eq. (1)] were calculated with the B3LYP and
CCSD(T) methods. The fully optimized geometries for these
stationary points, calculated at the B3LYP/LANL2DZ level,
are given in Figure 2. The relative energies of these station-


ary points based on B3LYP and CCSD(T) methods are also
summarized in Table 2. The major conclusions that can be
drawn from Table 2 and Figure 2 follow.
The B3LYP frequency calculations for these transition


states show that the single imaginary frequency values are


Scheme 1.


Figure 2. B3LYP/LANL2DZ-optimized geometries [K, 8] of the reactants
(singlet), precursor complexes, transition states, and insertion products of
(CH3)2X (X=C, Si, Ge, Sn, and Pb) and CH4.


Table 2. Relative energies for singlet and triplet carbenes and for the process
reactants ((CH3)2X+CH4)!precursor complex!transition state!insertion
product.[a,b]


System DEst
[c] DEcpx


[d] DE�[e] DH[f]


[kcalmol�1] [kcalmol�1] [kcalmol�1] [kcalmol�1]


(CH3)2CD �0.4651 �0.4586 +6.659 �83.46
(�4.951) (�0.1738) (+6.603) (�81.78)


(CH3)2SiD +22.00 �0.7964 +22.69 �51.59
(+21.59) (�0.1242) (+27.72) (�44.33)


(CH3)2GeD +26.91 �1.039 +33.31 �30.82
(+27.64) (�0.1079) (+36.25) (�28.23)


(CH3)2SnD +27.93 �1.138 +44.16 �3.700
(+29.36) (�0.1418) (+46.60) (�2.624)


(CH3)2PbD +36.49 �1.211 +57.11 +10.05
(+36.96) (�0.6275) (+59.98) (+11.43)


[a] At the CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ (B3LYP/LANL2DZ)
levels of theory. For B3LYP-optimized structures of the stationary points, see
Figure 2. [b] Energies differences have been zero-point-corrected. See text.
[c] Energy relative to the corresponding singlet state. A positive value means
the singlet is the ground state. [d] Stabilization energy of the precursor com-
plex, relative to the corresponding reactants. [e] Activation energy of the
transition state, relative to the corresponding reactants. [f] Reaction enthalpy
of the product, relative to the corresponding reactants.
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665i (Me2C-TS), 1214i (Me2Si-TS), 1174i (Me2Ge-TS), 1114i
(Me2Sn-TS), and 985i cm�1 (Me2Pb-TS). Examination of the
single imaginary frequency for each TS provides an excel-
lent confirmation of the concept of an insertion process.
These insertion reactions appear to be concerted, because I
was able to locate only one TS for each reaction and con-
firmed that it is a true TS on the basis of frequency analysis.
The transition structures for the insertion of Me2X into CH4


for various central atoms X are very similar. The computa-
tional results show that the primary similarity among these
transition structures is the three-center pattern involving
central X, carbon, and hydrogen atoms. Such characteristic
three-center transition states are in accordance with mecha-
nisms postulated by Su and Chu.[11] In addition, our model
calculations show that all the insertion products adopt a
staggered, ethane-like structure.
A comparison of the aforementioned five species reveals


several interesting trends. According to the CM model dis-
cussed earlier, the stabilization of an insertion transition
state depends on the singlet–triplet splitting DEst (=Etriplet


�Esinglet) of the carbene reactant; that is, a smaller DEst re-
sults in a more stable transition state, a lower activation
energy, and a faster insertion reaction. Our model calcula-
tions confirm this prediction, and suggest an increasing DEst


in the series Me2C<Me2Si<Me2Ge<Me2Sn<Me2Pb. From
Table 2, it can be seen that this result is in good agreement
with the trend in activation energies (kcalmol�1): Me2C-TS
(+6.7)<Me2Si-TS (+23)<Me2Ge-TS (+33)<Me2Sn-TS
(+44)<Me2Pb-TS (+57). Also, the order of reaction en-
thalpy (kcalmol�1) follows the same trend as the DEst of
Me2X Me2C-Pro (�83)<Me2Si-Pro (�52)<Me2Ge-Pro
(�31)<Me2Sn-Pro (�3.7)<Me2Pb-Pro (+10). These data
strongly imply that the value of DEst is a remarkably diag-
nostic tool of the reactivity of a Me2X species.[14,15] Note that
the energy of Me2Pb-Pro is higher than that of its corre-
sponding reactants. This indicates that insertion of plumb-
ylene into methane is endothermic and would be energeti-
cally unfavorable. Stannylene insertion into methane is pre-
dicted to be nearly thermoneutral, with an exothermicity of
less than 4 kcalmol�1. This computational result is consistent
with the experimental observation that Me2Sn is unreactive
towards C�H bonds.[8] Likewise, my theoretical findings also
suggest that Me2Ge does not insert readily into the C�H
bond, which has been confirmed by experimental works.[20]


Silane insertion reactions : The geometrical results from the
theoretical study on silane insertion reactions [Eq. (2)] are
collected in Figure 3. The relative energies of the stationary
points shown in 5 are summarized in Table 3. The major
conclusions that can be drawn from Table 3 and Figure 3 are
given below.
Again, only one TS could be located for each silane inser-


tion reaction, and it was confirmed that it is a true TS on
the basis of frequency analysis. Examination of the single
imaginary frequency for each transition state [121i (Me2C-
TS), 800i (Me2Si-TS), 814i (Me2Ge-TS), 797i (Me2Sn-TS),
and 690i cm�1 (Me2Pb-TS)] provides an excellent confirma-
tion of the concept of the SiH4 insertion process; that is, the
reactants approach each other with their molecular planes


perpendicular, and two new bonds are formed at the same
time. Let us now consider the effect of singlet–triplet split-
ting. Clearly, the smaller DEst (Me2X), the lower the activa-
tion energy and the lower the heat of the silane insertion re-
action. For instance, as demonstrated in Table 3, since DEst


Table 3. Relative energies for singlet and triplet carbenes ((CH3)2X) and for
the process: reactants ((CH3)2X+SiH4)!precursor complex!transition
state!insertion product.[a,b]


System DEst
[c] DEcpx


[d] DE�[e] DH[f]


[kcalmol�1] [kcalmol�1] [kcalmol�1] [kcalmol�1]


(CH3)2CD �0.4651 �0.5829 +1.545 �86.12
(�4.951) (�0.7906) (+1.855) (�87.67)


(CH3)2SiD +22.00 �1.085 +6.300 �51.69
(+21.59) (�0.3220) (+10.63) (�46.56)


(CH3)2GeD +26.91 �1.399 +14.72 �35.15
(+27.64) (�0.5993) (+17.15) (�33.91)


(CH3)2SnD +27.93 �1.388 +24.74 �10.84
(+29.36) (�0.3796) (+26.08) (�11.01)


(CH3)2PbD +36.49 �1.842 +37.04 �0.4211
(+36.96) (�0.3859) (+37.27) (�1.228)


[a] At the CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ (B3LYP/LANL2DZ)
levels of theory. For B3LYP-optimized structures of the stationary points, see
Figure 3. [b] Energies differences have been zero-point-corrected. See text.
[c] Energy relative to the corresponding singlet state. A positive value means
the singlet is the ground state. [d] Stabilization energy of the precursor com-
plex, relative to the corresponding reactants. [e] Activation energy of the
transition state, relative to the corresponding reactants. [f] Reaction enthalpy
of the product, relative to the corresponding reactants.


Figure 3. B3LYP/LANL2DZ-optimized geometries [K, 8] of the reactants
(singlet), precursor complexes, transition states, and insertion products of
(CH3)2X (X=C, Si, Ge, Sn, Pb) and SiH4.
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is in the order C<Si<Ge<Sn<Pb, the barrier height
(kcalmol�1) for SiH4 activation increases in the order:
Me2C-TS (+1.5)<Me2Si-TS (+6.3)<Me2Ge-TS (+15)<
Me2Sn-TS (+25)<Me2Pb-TS (+37). Likewise, the order of
enthalpy (kcalmol�1) follows the same trend as the activa-
tion energy: Me2C-Pro (�86)<Me2Si-Pro (�52)<Me2Ge-
Pro (�35)<Me2Sn-Pro (�11)<Me2Pb-Pro (�0.42). Again,
the theoretical findings are in excellent agreement with the
CM model. This investigation provides strong evidence that
the singlet–triplet splitting can be used as a guide to predict
the reactivity of the Me2X species. Additionally, the compu-
tational results suggest that the barrier heights for insertion
of dimethyl-substituted stannylene and plumbylene into
SiH4 are much larger than for the other three divalent spe-
cies, while the reaction enthalpies of the former reactions
are also much less exothermic than the latter. All of these
computational results indicate that Me2Ge, Me2Sn, and
Me2Pb should be unreactive towards insertion into the Si�H
bond. On the other hand, both Me2C and Me2Si readily
insert into the Si�H bond. These theoretical findings have
been confirmed by experimental observations.[8,20, 21]


Germane insertion reactions : The stationary points shown
in 5 were located for each germane insertion reaction
[Eq. (3)] at both the DFT and CCSD(T) levels of theory.
The optimized geometries of the stationary points can be
found in Figure 4. The relative energies for each insertion


reaction are presented in Table 4. Several intriguing results
are found in the figure and in the table.


As in the methane and silane insertion reactions, all five
transition state structures show the same three-center pat-
tern involving X (X=C, Si, Ge, Sn, Pb), germanium, and
hydrogen atoms. The main components of the transition
vector correspond to displacement of Me2X towards GeH4,
whose eigenvalue gives an imaginary frequency of
52.9i cm�1 for Me2C-TS, 685i cm


�1 for Me2Si-TS, 724i cm
�1


for Me2Ge-TS, 725i cm�1 for Me2Sn-TS, and 641i cm�1 for
Me2Pb-TS. As already discussed, the CCSD(T) calculations
suggest increasing DEst in the series Me2C<Me2Si<
Me2Ge<Me2Sn<Me2Pb. These results are in accordance
with the trend in activation energy and enthalpy (DE�, DH):
Me2C (0.24, �86)<Me2Si (1.5, �54)<Me2Ge (9.3, �38)<
Me2Sn (19, �11)<Me2Pb (31, �4.8) kcalmol�1 (Table 4).
Again, the theoretical findings are in excellent agreement
with the CM model. Thus, to find a good model for a facile
germane insertion reaction, an understanding of the singlet–
triplet splitting DEst of the heavy carbene is crucial. Besides
this, considering both the activation barrier and the reaction
enthalpy obtained from the model calculations presented
here, it is concluded that the greater the atomic number of
the X center, the larger the activation energy, the less exo-
thermic the insertion reaction, and therefore the more diffi-
cult is its insertion into the Ge�H bond of germane. These
theoretical investigations are in agreement with some availa-
ble experimental findings, especially for the germylene[20,22]


and stannylene cases.[8]


Methanol insertion reactions : The reaction of Me2X with n-
type lone pair donors such as MeOH was also studied in
this work. Selected geometrical parameters of reactants
(Me2X+MeOH), precursor complex, TS, and insertion
product for Equation (4) are collected in Figure 5. The rela-


Figure 4. B3LYP/LANL2DZ-optimized geometries [K, 8] of the reactants
(singlet), precursor complexes, transition states, and insertion products of
(CH3)2X (X=C, Si, Ge, Sn, Pb) and GeH4


Table 4. Relative energies for singlet and triplet carbenes ((CH3)2X) and for
the process: reactants ((CH3)2X+GeH4)!precursor complex!transition
state!insertion product.[a,b]


Systems DEst
[c] DEcpx


[d] DE�[e] DH[f]


[kcalmol�1] [kcalmol�1] [kcalmol�1] [kcalmol�1]


(CH3)2CD �0.4651 �1.962 +0.2355 �86.12
(�4.951) (�1.017) (+1.054) (�87.67)


(CH3)2SiD +22.00 �0.7753 +1.492 �53.96
(+21.59) (�0.6275) (+6.091) (�48.48)


(CH3)2GeD +26.91 �0.8507 +9.330 �38.02
(+27.64) (�0.1443) (+12.39) (�36.12)


(CH3)2SnD +27.93 �0.7187 +18.72 �14.72
(+29.36) (�0.2259) (+21.15) (�13.81)


(CH3)2PbD +36.49 �1.483 +30.68 �4.817
(+36.96) (�0.2560) (+32.25) (�4.493)


[a] At the CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ (B3LYP/LANL2DZ)
levels of theory. For B3LYP-optimized structures of the stationary points, see
Figure 4. [b] Energy differences have been zero-point-corrected. See text.
[c] Energy relative to the corresponding singlet state. A positive value means
the singlet is the ground state. [d] Stabilization energy of the precursor com-
plex, relative to the corresponding reactants. [e] Activation energy of the
transition state, relative to the corresponding reactants. [f] Reaction enthalpy
of the product, relative to the corresponding reactants.
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tive energies of these stationary points are summarized in
Table 5. Several interesting conclusions can be drawn from
Table 5 and Figure 5.


First, the closed-shell Me2X electron configuration is such
that there is a vacant p orbital on X capable of forming
chemical bonds with a Lewis base such as ammonia, water,
or hygrogen fluoride. As can be seen in Figure 5, these pre-
cursor complexes (Me2X···MeOH) appear to have the same
structure, in which optimal overlap between the lone pair
orbital of MeOH and the empty p orbital of Me2X is ach-
ieved by an orthogonally planar approach of the two mole-
cules (see Scheme 2). The donor–acceptor interaction leads
to calculated C�O, Si�O, Ge�O, Sn�O, and Pb�O bond
lengths of 1.93, 2.06, 2.19, 2.33, and 2.46 K, respectively. At-
tempts to locate molecular complexes at much longer X�O
distances failed. Thus, the theoretical findings suggest that
the complexes obtained in this work can be considered as
Lewis acid–base adducts.


Furthermore, an intriguing question here is whether the
initial formation of the donor–acceptor complex from
Me2X+MeOH is reversible. In principle, it is the depth of
the well for the precursor complex that determines whether
the barrier lies above or below the reactant threshold.
Deepening the well of the molecular complex may lower
the barrier to reaction below the energy of the reactants.
For instance, as shown in Table 5, in the Me2C+MeOH
case, the energy of the transition state is below the energy
of the reactants, so that no net barrier to reaction exists. The
present theoretical findings indicate that the formation of
the Me2C···MeOH Lewis acid–base adduct should not be re-
versible. On the other hand, as seen in Table 5, the stabiliza-
tion energies of the other four precursor complexes (PC)
are large, for example, Me2Si-PC (�9.9 kcalmol�1), Me2Ge-
PC (�7.7 kcalmol�1), Me2Sn-PC (�10 kcalmol�1), and
Me2Pb-PC (�9.6 kcalmol�1). Additionally, the energy of the
transition states relative to their corresponding reactants are
Me2Si-TS (+5.1 kcalmol�1), Me2Ge-TS (+15 kcalmol�1),
Me2Sn-TS (+24 kcalmol�1), and Me2Pb-TS (+
38 kcalmol�1); that is, the Me2X+MeOH (X=Si, Ge, Sn,
and Pb) reactions may not have enough energy to overcome
the barrier to insertion, and their donor–acceptor complexes
(Me2X···MeOH) should exist as local minima. All of the the-
oretical evidence suggests that the overall reactions of
Me2X+MeOH should not be reversible. Indeed, to my
knowledge, no experimental evidence of reversibility in
Me2X+MeOH reactions at room temperature has been re-
ported.[8,23, 24]


Second, the DFT frequency calculations for the transition
states Me2C-TS, Me2Si-TS, Me2Ge-TS, Me2Sn-TS, and
Me2Pb-TS showed that the single imaginary frequency
values are 58.0i, 1360i, 1332i, 1281i, and 1183i cm�1, respec-
tively. As mentioned above, the primary similarity between
the optimized transition states of Equation (4) was a struc-
ture of C1 symmetry resembling a Lewis acid–base adduct.


Table 5. Relative energies for singlet and triplet carbenes ((CH3)2X) and for
the process: reactants ((CH3)2X+CH3OH)precursor complex!transition
state!insertion product.[a,b]


System DEst
[c] DEcpx


[d] DE�[e] DH[f]


[kcalmol�1] [kcalmol�1] [kcalmol�1] [kcalmol�1]


(CH3)2CD �0.4651 �6.707 �1.526 �81.91
(�4.951) (�1.694) (�3.556) (�83.87)


(CH3)2SiD +22.00 �9.947 +5.092 �72.10
(+21.59) (�14.74) (+1.997) (�64.82)


(CH3)2GeD +26.91 �7.737 +15.41 �46.02
(+27.64) (�14.20) (+9.623) (�46.79)


(CH3)2SnD +27.93 �10.25 +23.75 �29.15
(+29.36) (�14.94) (+15.14) (�33.96)


(CH3)2PbD +36.49 �9.581 +37.76 �1.822
(+36.96) (�12.27) (+29.43) (�6.536)


[a] At the CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ (B3LYP/LANL2DZ)
levels of theory. For B3LYP-optimized structures of the stationary points, see
Figure 5. [b] Energies differences have been zero-point-corrected. See text.
[c] Energy relative to the corresponding singlet state. A positive value means
the singlet is the ground state. [d] Stabilization energy of the precursor com-
plex, relative to the corresponding reactants. [e] Activation energy of the
transition state, relative to the corresponding reactants. [f] Reaction enthalpy
of the product, relative to the corresponding reactants.


Scheme 2.


Figure 5. B3LYP/LANL2DZ-optimized geometries [K, 8] of the reactants
(singlet), precursor complexes, transition states, and insertion products of
(CH3)2X (X=C, Si, Ge, Sn, Pb) and CH3OH.
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As shown in Table 5, the CCSD(T) barrier heights (kcal
mol�1) for the insertion reactions increase in the order:
Me2C-TS (�2.2)<Me2Si-TS (+5.1)<Me2Ge-TS (+15)<
Me2Sn-TS (+24)<Me2Pb-TS (+38). Also, their reaction en-
thalpies (kcalmol�1) increase in the order: Me2C (�82)<
Me2Si (�72)<Me2Ge (�46)<Me2Sn (�29)<Me2C (�1.8).
Again, one can easily observe that both orders follow the
same trend as the singlet–triplet splitting DEst of Me2X, as
shown above. This strongly implies that the values of DEst


are remarkably diagnostic of the reactivities of heavy car-
bene species.[14, 15] Finally, the present theoretical investiga-
tions predicted that Me2C, Me2Si, Me2Ge, and Me2Sn should
insert readily into the O�H bond of MeOH at room temper-
ature, which has been confirmed by some available experi-
mental observations.[8,24] Nevertheless, the calculations also
imply that Me2Pb insertion into the MeOH molecule is
nearly thermoneutral, with an exothermicity of less than
2 kcalmol�1. Hence, Me2Pb should not insert readily into
the O�H bond. As there are no relevant experimental and
theoretical data on such systems, the above result is a pre-
diction.


Ethane insertion reactions : The reaction of Me2X with C2H6


was studied in the present work. Selected geometrical pa-
rameters of reactants (Me2X+C2H6), precursor complex,
TS, and insertion product for Equation (5) are shown in
Figure 6. The relative energies of these stationary points are


summarized in Table 6. The major conclusions that can be
drawn from Table 6 and Figure 6 follow.


Like the case of methane insertion shown previously, my
computational results indicate that singlet-state Me2X in-
serts into the C�C bond of C2H6 in a concerted manner via
a three-center transition state, and that the stereochemistry
at the X center (X=C, Si, Ge, Sn, Pb) is preserved. The
B3LYP/LANL2DZ frequency calculations for the transition
states Me2C-TS, Me2Si-TS, Me2Ge-TS, Me2Sn-TS, and
Me2Pb-TS gave single imaginary frequency values of 831i,
700i, 612i, 569i, and 480i cm�1, respectively. Again, as dem-
onstrated in Table 6, it can be seen that the trend in DEst of
Me2X is in reasonable agreement with the that in the activa-
tion energies (kcalmol�1): Me2C-TS (+55)<Me2Si-TS
(+59)<Me2Ge-TS (+63)<Me2Sn-TS (+67)<Me2Pb-TS
(+71). Moreover, all the C�C bond insertion reactions are
thermodynamically exothermic. The order of exothermicity
also follows the same trend as that of the DEst of Me2X
(kcalmol�1): Me2C-Pro (�74)<Me2Si-Pro (�62)<Me2Ge-
Pro (�40)<Me2Sn-Pro (�20)<Me2Pb-Pro (�14). Again,
these phenomena emphasize that the singlet–triplet splitting
DEst of Me2X plays a key role in determining its chemical
reactivity. Furthermore, the calculated barrier heights are
quite sizable (55–71 kcalmol�1), and this suggests that di-
methyl-substituted heavy carbenes are kinetically stable
with respect to insertion into the C�C bond of alkanes.
Indeed, my theoretical results are consistent with some ex-
perimental evidence that Me2Sn does not insert readily into
the C�C bond.[8]


Ethene cycloaddition reactions : In this section the results
for the four regions on the potential energy surfaces of 5 are
presented: the reactants (Me2X+C2H4), the precursor com-
plex, the TS, and the cycloaddition product [see Eq. (6)].
The fully optimized geometries for these stationary points,
calculated at the B3LYP/LANL2DZ level, are given in


Table 6. Relative energies for singlet and triplet carbenes ((CH3)2X) and for
the process: reactants ((CH3)2X+C2H6)!precursor complex!transition
state!insertion product.[a,b]


System DEst
[c] DEcpx


[d] DE�[e] DH[f]


[kcalmol�1] [kcalmol�1] [kcalmol�1] [kcalmol�1]


(CH3)2CD �0.4651 �1.182 +55.02 �74.00
(�4.951) (�0.2209) (+57.61) (�85.25)


(CH3)2SiD +22.00 �1.326 +58.76 �62.42
(+21.59) (�0.3640) (+60.91) (�58.34)


(CH3)2GeD +26.91 �2.103 +62.80 �39.62
(+27.64) (�0.3721) (+63.22) (�41.25)


(CH3)2SnD +27.93 �1.800 +66.57 �20.49
(+29.36) (�0.4675) (+66.35) (�25.29)


(CH3)2PbD +36.49 �1.852 +71.43 �14.39
(+36.96) (�0.1763) (+72.25) (�17.45)


[a] At the CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ (B3LYP/LANL2DZ)
levels of theory. For B3LYP-optimized structures of the stationary points, see
Figure 6. [b] Energy differences have been zero-point-corrected. See text.
[c] Energy relative to the corresponding singlet state. A positive value means
the singlet is the ground state. [d] Stabilization energy of the precursor com-
plex, relative to the corresponding reactants. [e] Activation energy of the
transition state, relative to the corresponding reactants. [f] Reaction enthalpy
of the product, relative to the corresponding reactants.


Figure 6. B3LYP/LANL2DZ-optimized geometries [K, 8] of the reactants
(singlet), precursor complexes, transition states, and insertion products of
(CH3)2X (X=C, Si, Ge, Sn, Pb) and C2H6.
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Figure 7. The relative energies at the DFT and CCSD(T)
levels of theory are collected in Table 7. Several interesting
results obtained from Figure 7 and Table 7 follow.


Since the Me2X plus ethene reaction leads to a three-
membered cyclic product, as expected for a 1,2-addition, it
is reasonable to assume a parallel planar approach of Me2X
to ethylene in the formation of the p complex.[11c] As can be
seen in Figure 7, the parallel planar orientation of the react-
ing molecules is maintained along this reaction coordinate.
The transition state for each Me2X addition reaction was lo-
cated at the B3LYP/LANL2DZ level of theory. The opti-
mized geometries of the five transition states can be found
in Figure 7. Examination of the single imaginary frequency
for each transition state (56.8i cm�1 for Me2C-TS, 41.5i cm


�1


for Me2Si-TS, 58.1i cm�1 for Me2Ge-TS, 150i cm�1 for
Me2Sn-TS, and 75.0i cm�1 for Me2Pb-TS) provides excellent
confirmation of the concept of a cycloaddition process.
Moreover, the energy of the transition state relative to its
corresponding precursor complex, at the CCSD(T) level, is
calculated to increase in the order (kcalmol�1): Me2C-TS
(+0.22)<Me2Si-TS (+1.7)<Me2Ge-TS (+2.8)<Me2Sn-TS
(+9.1)<Me2Pb-TS (+30). The trend in reaction enthalpy
also mirrors the trend in activation energy: Me2C-Pro
(�83)<Me2Si-Pro (�44)<Me2Ge-Pro (�19)<Me2Sn-Pro
(+0.27)<Me2Pb-Pro (+24). Again, these trends reflect that
of DEst, which increases as X changes from C to Pb. These re-
sults are also consistent with the prediction that the activation
barrier should be correlated to the reaction enthalpy for a
cycloaddition.[14,15] Finally, the energies of the cycloaddition
products for both Me2Sn and Me2Pb are above those of the
corresponding reactants. This strongly implies that the cyclo-
addition reactions of stannylene and plumbylene to alkenes
should be energetically unfavorable from a thermodynamic
viewpoint. This is in good agreement with the experimental
observation that Me2Sn is unreactive towards alkenes.[8]


Ethyne cycloaddition reactions : The fully optimized geome-
tries of the reactants, the precursor complex, the TS, and the
ethyne cycloaddition product [Eq. (7)] for Me2X calculated
at the B3LYP/LANL2DZ level are collected in Figure 8.
Their relative energies at the DFT and CCSD(T) levels of
theory are summarized in Table 8. The major conclusions
that can be drawn from Table 8 and Figure 8 are discussed
below.
As in the case of ethylene cycloaddition to Me2X, model


systems showed that ethyne cycloaddition reactions all pro-
ceed in a concerted fashion via a three-center transition
state in the p-attack pathway,[11c] as shown in Figure 8.
These transition structures are characterized by one imagi-
nary frequency of 180i, 121i, 137i, 184i, and 75.0i cm�1 for
Me2C-TS, Me2Si-TS, Me2Ge-TS, Me2Sn-TS, and Me2Pb-TS,
respectively. The normal coordinate corresponding to the
imaginary frequency is primarily the motion of the Me2X
species toward the C�C triple bond, as found in the TS for
ethylene cycloaddition to Me2X. As demonstrated in
Table 8, the trends in DEst of Me2X correlate well with those
in activation energy and enthalpy (DE�, DH) for the cyclo-
addition reaction: Me2C (+0.12, �72)<Me2Si (�1.9, �51)<
Me2Ge (�4.0, �27)<Me2Sn (+2.4, �8.4)<Me2Pb (+18,
+17) kcalmol�1. Again, all of the theoretical observations
strongly suggest that the singlet–triplet separation DEst of
Me2X plays a decisive role in determining the chemical reac-


Figure 7. B3LYP/LANL2DZ-optimized geometries [K, 8] of the reactants
(singlet), precursor complexes, transition states, and insertion products of
(CH3)2X (X=C, Si, Ge, Sn, Pb) and C2H4.


Table 7. Relative energies for singlet and triplet carbenes ((CH3)2X) and for
the process: reactants ((CH3)2X+C2H4)!precursor complex!transition
state!addition product.[a,b]


System DEst
[c] DEcpx


[d] DE�[e] DH[f]


[kcalmol�1] [kcalmol�1] [kcalmol�1] [kcalmol�1]


(CH3)2CD �0.4651 �0.9522 �??7290 �83.31
(�4.951) (�0.1883) (+0.8120) (�78.91)


(CH3)2SiD +22.00 �3.754 �2.026 �43.58
(+21.59) (�0.8842) (�1.034) (�36.65)


(CH3)2GeD +26.91 �6.306 �3.487 �19.49
(+27.64) (�5.041) (�5.063) (�17.73)


(CH3)2SnD +27.93 �5.066 +4.098 +0.2681
(+29.36) (�4.121) (+3.585) (�0.6903)


(CH3)2PbD +36.49 �5.457 +24.40 +24.41
(+36.96) (�3.540) (+24.32) (+24.33)


[a] At the CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ (B3LYP/LANL2DZ)
levels of theory. For B3LYP-optimized structures of the stationary points, see
Figure 7. [b] Energies differences have been zero-point-corrected. See text.
[c] Energy relative to the corresponding singlet state. A positive value means
the singlet is the ground state. [d] Stabilization energy of the precursor com-
plex, relative to the corresponding reactants. [e] Activation energy of the
transition state, relative to the corresponding reactants. [f] Reaction enthalpy
of the product, relative to the corresponding reactants.
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tivity of the heavy carbene species. Furthermore, it is note-
worthy that the CCSD(T) results show that the activation
energy for the cycloaddition of Me2Sn to C2H2 is quite
small, just above the energy of the reactants by 2.4 kcal


mol�1. On the other hand, the exothermicity of the reaction
is predicted to be �8.4 kcalmol�1. These theoretical results
suggest that Me2Sn should be reactive towards ethyne,
which has been confirmed by Walsh et al.[8] Nevertheless,
our theoretical investigations also predict that Me2Pb should
be unreactive towards alkynes. Since there are no relevant
experimental and theoretical data on this system, this result
can be regarded as a prediction.


Conclusion


As the above analysis has demonstrated, the CM approach
adds additional facets and insights into this relatively poorly
understood area of mechanistic studies for both stannylenes
and plumbylenes. Although the relative reactivity of heavy
carbenes is determined by the entire potential energy sur-
face, the concepts of the CM model, which focuses on the
singlet–triplet splitting in the reactants, allows one to assess
quickly the relative reactivity of a variety of heavy carbenes
without specific knowledge of the actual energies of the in-
teractions involved. Therefore, the energetic separation be-
tween the lowest singlet and triplet electronic states of a
heavy carbene is perhaps the most critical parameter re-
quired for the prediction of the reactivity of these fascinat-
ing species. In spite of its simplicity, my approach can pro-
vide chemists with important insights into the factors con-
trolling the activation energies for both insertion and addi-
tion reactions, and thus permit them to predict the reactivity
of unknown substituted heavy carbenes. The predictions
may be useful as a guide to future synthetic efforts and to
indicate problems that merit further study by both theory
and experiment. It is hoped that the present work will stim-
ulate a further research into this subject.


Methods of Calculation


All geometries were fully optimized without imposing any symmetry con-
straints, although in some instances the resulting structure showed vari-
ous elements of symmetry. Their geometries and energetics were calculat-
ed by using nonlocalized DFT in conjunction with a standard LANL2DZ
basis set,[25] which is denoted as B3LYP/LANL2DZ.[26] The spin-unre-
stricted (UB3LYP) formalism was used for the open-shell (triplet) spe-
cies. Frequency calculations were performed on all structures to confirm
that the reactants, intermediates, and products had no imaginary frequen-
cies, and that transition states possessed only one imaginary frequency.
The relative energies were thus corrected for vibrational zero-point ener-
gies (ZPE, not scaled).


Single-point energies were also calculated at CCSD(T)(frozen)/
LANL2DZdp//B3LYP/LANL2DZ level of theory,[27] to improve the
treatment of electron correlation. Unless otherwise noted, relative ener-
gies given in the text are those determined at the CCSD(T) level[28] and
include vibrational zero-point energy (DZPE) corrections determined at
the B3LYP/LANL2DZ level. Furthermore, seven of the reactions that
we have investigated [i.e., Me2C in Eqs. (1)–(7)] were probed in some
detail by determining the intrinsic reaction coordinate (IRC) with the al-
gorithm proposed by Schlegel.[29]


In any event, our IRC calculations show that the transition states we
found in this work should be true transition states since they correctly
link either the reactants or the precursor complexes. All calculations
were performed with the Gaussian98/DFT package.[30,31]


Figure 8. B3LYP/LANL2DZ-optimized geometries [K, 8] of the reactants
(singlet), precursor complexes, transition states, and insertion products of
(CH3)2X (X=C, Si, Ge, Sn, Pb) and C2H2.


Table 8. Relative energies for singlet and triplet carbenes ((CH3)2X) and for
the process: reactants ((CH3)2X+C2H2)!precursor complex!transition
state!addition product.[a,b]


Systems DEst
[c] DEcpx


[d] DE�[e] DH[f]


[kcalmol�1] [kcalmol�1] [kcalmol�1] [kcalmol�1]


(CH3)2CD �0.4651 �3.180 +0.1216 �71.69
(�4.951) (�0.8321) (+0.7850) (�67.35)


(CH3)2SiD +22.00 �4.396 �1.854 �51.45
(+21.59) (�2.225) (�1.249) (�41.70)


(CH3)2GeD +26.91 �1.176 �4.029 �26.74
(+27.64) (�1.391) (�3.672) (�23.03)


(CH3)2SnD +27.93 �4.767 +2.420 �8.395
(+29.36) (�3.324) (+1.202) (�8.362)


(CH3)2PbD +36.49 �4.994 +18.14 +17.56
(+36.96) (�3.065) (+17.63) (+17.69)


[a] At the CCSD(T)/LANL2DZdp//B3LYP/LANL2DZ (B3LYP/LANL2DZ)
levels of theory. For B3LYP-optimized structures of the stationary points, see
Figure 8. [b] Energy differences have been zero-point-corrected. See text.
[c] Energy relative to the corresponding singlet state. A positive value means
the singlet is the ground state. [d] Stabilization energy of the precursor com-
plex, relative to the corresponding reactants. [e] Activation energy of the
transition state, relative to the corresponding reactants. [f] Reaction enthalpy
of the product, relative to the corresponding reactants.
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Synthesis and Characterization of Nanocast Silica NCS-1 with
CMK-3 as a Template


An-Hui Lu, Wolfgang Schmidt, Bernd Spliethoff, and Ferdi Sch%th*[a]


Introduction


Since the synthesis of M41S materials in 1992,[1] mesoporous
materials have attracted much attention, because such mate-
rials are promising for applications in heterogeneous cataly-
sis, adsorption, low-k dielectrics, and many others. A
number of studies have been carried out to find novel syn-
thesis strategies to produce mesoporous solids.[2,3] The repli-
cation of nanostructures by using mesoporous silica as a
template seems promising for synthesizing mesoporous ma-
terials by means of a nanocasting process.[4,5] For instance,
mesoporous carbon, CMK-1, with a I41/a (or lower) symme-
try was first templated by MCM-48.[4] Later on, CMK-3,
with a p6mm symmetry, was synthesized by replication of
SBA-15.[6] Such processes rely on the fact that an ordered-
pore system, provided by ordered mesoporous silicas, can be
filled with a carbon precursor that can be pyrolyzed, and the
silica leached with solutions of sodium hydroxide (NaOH)
or hydrofluoric acid (HF). Details of the synthesis have
been described in a recent review.[7] However, it is difficult
to synthesize framework compositions other than carbon


with this technique, as the leaching of the silica also typical-
ly affects the framework of other materials that are filled
into the silica pore system. As an alternative, one could take
the nanocasting approach one step further, as it is much
easier to remove carbon than silica; namely by combustion,
but in principle by other techniques also, such as reaction
with sulfur, hydrogenation, or fluorination. Thus, ordered
mesoporous carbon might be used as a mold for the synthe-
sis of any material in a mesoporous and ordered form, as
long as its precursors can be infiltrated into the pore system
of carbon, and the material retains its integrity during
carbon combustion.[8] Previous research of our group has
practically verified this principle by the synthesis of nano-
cast silica No. 1 (NCS-1) using mesoporous carbon CMK-3
(the replica of SBA-15) as a template, by means of a repeat-
ed nanocasting process.[9,10] Also, independently, Kang et al.
have demonstrated the feasibility of this approach, using a
different silica precursor and also SBA-15 as the mold.[11]


This synthetic strategy was recently extended to synthesize
structured silica HUM-1 by using mesoporous carbon tem-
plated from MCM-48.[12] Moreover, a mesoporous carbon
template has another advantage, that is, its high thermal sta-
bility and chemical inertness. This should also allow the ac-
commodation of structural transformations of the infiltrated
materials during the heat treatment. Domen and co-work-
ers[13] have exploited this property in a slightly different
way: they filled the pores of an amorphous niobium tanta-
lum oxide with carbon, crystallized the oxide by treatment


[a] Dr. A.-H. Lu, Dr. W. Schmidt, B. Spliethoff, Prof. Dr. F. Sch>th
Max-Planck-Institut f>r Kohlenforschung
Kaiser-Wilhelm-Platz 1
45470 M>lheim (Germany)
Fax: (+49) 208-306-2995
E-mail : schueth@mpi-muelheim.mpg.de


Abstract: Nanocast silica (NCS-1) was
synthesized by a casting process by em-
ploying the mesoporous carbon CMK-3
(the replica of SBA-15) as a template,
tetraethoxysilane (TEOS) as the silica
source, and hydrochloric acid (HCl) as
the catalyst. The ordered carbon tem-
plate was removed by employing differ-
ent methods, such as calcination, ther-
mal treatment followed by calcination,
and controlled combustion. According
to XRD and TEM characterization,
NCS-1 exhibits an ordered structure


with hexagonal symmetry and retains
the morphology of the original SBA-15
used for the synthesis of CMK-3 over
two replication steps on the nanometer
scale. This demonstrates the well-con-
nected porosity in CMK-3 type carbon,
which can be used as a mold to synthe-
size mesostructured materials. The ni-


trogen adsorption isotherms generally
show type IV shape, indicating meso-
porous characteristics. The structure of
NCS-1 is strongly influenced by vari-
ables of the nanocasting process, such
as the loading amount of silica, hydrol-
ysis temperature, and carbon removal
methods. The surface area, pore size,
and pore volume of NCS-1 can be
tuned to a certain range by varying
these parameters.


Keywords: adsorption · meso-
porous materials · nanocasting ·
scanning probe microscopy
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at high temperature in inert gas, and then removed the
carbon by calcination.


In the initial communication we only demonstrated the
possibility of repeated nanocasting as a proof of principle.
Dependence of the characteristics of the synthesized silica
on preparation parameters was only briefly addressed.[9]


This will be described in more detail in this work, in which
the structure of NCS-1, synthesized under different condi-
tions, was investigated in order to thoroughly understand
this method. The results obtained not only allow insight into
the formation of silica cast on CMK-3 materials, but can
also be transferred to other carbon templates, for example,
carbon aerogels and xerogels, other CMK materials, or acti-
vated carbons, allowing the formation of completely new hi-
erarchically ordered porous silicas.


Results and Discussion


Mesoporous silica (NCS-1) can be successfully synthesized
by using a repeated nanocasting process, as we have demon-
strated earlier.[9] Figure 1 shows the morphologies of the


starting SBA-15, CMK-3 from
this SBA-15, and NCS-1 from
this CMK-3. The images show
how the morphology and poros-
ity of the particles is retained
during the nanocasting process.
This template method opens a
novel synthetic pathway and
probably can be applied to
other types of metal oxides and
even sulfides. For this purpose,
it is necessary to clearly under-
stand the influence of some im-
portant variables on structural
properties.


Silica precursor and hydrolysis
temperature : Experimental de-
tails of all variables are listed in
Table 1 for the samples studied
in this work. In the present


study, TEOS was used as the silica source, because of its
moderate hydrolysis rate and high ratio between the central
silicon atom and the hydrolyzable groups.[9] In general,
TEOS can be used for infiltration as-received, because of its
liquid state and low viscosity. However, for other silica pre-
cursors dissolution may be necessary. Therefore we studied
the dilution of TEOS with the precursor trimethylbenzene
(TMB) and investigated the effect of the dilution. For these
experiments, an aqueous HCl solution with pH 1 was used
as a catalyst to initiate the hydrolysis of TEOS in the pore
system of CMK-3. However, it should be pointed out that
the infiltration sequence of TEOS and HCl influences the
structure of the final product. When small amounts of HCl
were introduced, and subsequently the TEOS was infiltrated
into the CMK-3, even visually, small white spots could be
identified on the CMK-3 particles, indicating inefficient in-
filtration of silica into the pore system of CMK-3. This is
probably caused by premature hydrolysis of the TEOS and
would lead to partial blocking of the pores from further in-
filtration. Hence, all further experiments were carried out
using the sequence of firstly introducing TEOS and then
HCl; this sequence was then repeated until the desired load-
ing was achieved.


The samples NCS-1-1 and NCS-1-2 were obtained by
using TEOS dissolved in TMB as the silica precursor. As
can be seen in Figure 2, both samples exhibit an XRD re-
flection pattern with a very weak (100) peak, indicating a
relatively disordered structure compared to other samples
synthesized by directly using TEOS without dilution. Nitro-
gen adsorption measurements show that the two materials
have very similar isotherms (Figure 3) with a clear hysteresis
in the relative pressure range of 0.65–0.85, indicating that
these samples are mesoporous. However, NCS-1-1 adsorbed
substantially more nitrogen at low relative pressures, leading
to a parallel shift of the isotherm. As in the low-pressure
range micropores predominantly contribute to the adsorp-
tion, the difference between the two samples is mainly as-
cribed to the influence of the micropores that result from


Figure 1. TEM observations of the morphologies of SBA-15, CMK-3, and
the resultant NCS-1.


Table 1. Typical experiments carried out for the study of the nanocasting process.


Samples SiO2 precursor Hydrolysis SiO2/C Removal of carbon template[a]


temperature [8C] mass ratio A [8C] B [8C] C [8C]


composite 1 TEOS 40 0.4
composite 2 TEOS 40 1.4
NCS-1-1 TEOS+TMB 40 1.6 550
NCS-1-2 TEOS+TMB 40 1.6 700/500
NCS-1-3 TEOS 90 2.1 550
NCS-1-4 TEOS 90 2.1 550
NCS-1-5 TEOS 40 1.9 550
NCS-1-6 TEOS 40 2.1 550
NCS-1-7 TEOS 40 0.4 700/550
NCS-1-8 TEOS 40 0.6 550
NCS-1-9 TEOS 40 0.9 550
NCS-1-10 TEOS 40 1.3 550
NCS-1-11 TEOS 40 1.7 550
NCS-1-12 TEOS 40 1.4 700/550
NCS-1-13 TEOS 40 1.4 550
NCS-1-14 TEOS 40 1.3 700/550
NCS-1-15 TEOS 40 1.3 900/550
NCS-1-16 TEOS 40 1.3 1100/550


[a] A: Thermal treatment and calcination, B: calcination, C: controlled combustion.
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the different template-removal methods. This will be dis-
cussed in more detail below. As expected from the very sim-
ilar isotherms at higher relative pressures, NCS-1-1 and
NCS-1-2 have almost identical pore size distributions
(PSDs) as calculated by the BJH (BJH=Barrett–Joyner–
Halenda) formalism, with a maximum pore diameter of
about 10 nm (see the inset in Figure 3).


If perfect casting occurs, NCS-1 should not have pores as
large as 10 nm, because these pores result from the combus-
tion of the carbon rods forming the CMK-3 network. These
rods have sizes around 7 nm, comparable to the size of the
pores of the starting SBA-15 material. By ignoring the
shrinkage of NCS-1 during the combustion step, the maxi-
mum pore size it could reach would thus be roughly 7 nm.
To explore how the larger pores are formed if TEOS dis-
solved in TMB is used as the silica precursor, NCS-1-1 was
also analyzed by TEM. As presented in Figure 4a and b, it
can be clearly seen that NCS-1-1 is composed of ordered
silica as usual with a hexagonal structure, as well as some
disordered silica on the outer surface of the particle. This
disordered silica results in decreased intensity of the XRD


reflections and the relatively wide pore size distribution,
with the maximum shifted to larger pore sizes. In contrast to
this, TEM images of NCS-1-12 synthesized by using TEOS
without TMB in Figure 4c and d (discussed in detail later)
show well-developed pore structures; only minute amounts
of disordered silica can be observed on the outer surface of
NCS-1-12. Based on these TEM observations, we concluded
that the pore size distributions of NCS-1-1 and NCS-1-2 ob-
tained from the BJH calculation are average diameters of
the pores generated both from the replica of CMK-3 and
the disordered silica. These different pores cannot be distin-
guished by nitrogen adsorption. Thus, the use of TMB sol-
vent leads to the formation of disordered silica on the outer
surfaces of NCS-1 particles, and a mixture of materials with
ordered and disordered structures is consequently obtained.
It therefore seems advisable to use the silica precursor in as
high a concentration as possible, ideally in its undiluted
form.


It is well known that the hydrolysis temperature of TEOS
determines its hydrolysis rate.[14] The higher the tempera-
ture, the faster the hydrolysis rate will be. In the present
study, complete hydrolysis of the TEOS, infiltrated into the
limited mesopore space of CMK-3, without evaporation was
highly desired in order to form NCS-1 with a stable struc-
ture. Therefore, a compromise had to be found: the hydroly-
sis temperature should not be so high as to cause evapora-
tion of TEOS from the mesopores to the outer surface, but
hydrolysis should be sufficiently rapid to allow a reasonable
processing speed. Therefore, two hydrolysis temperatures
were investigated, namely, 40 8C and 90 8C. NCS-1-3 and
NCS-1-4 were hydrolyzed at 90 8C and show a distinct (100)
reflection in their XRD patterns (Figure 2). These proper-
ties do not strongly deviate for NCS-1-5 and NCS-1-6, hy-
drolyzed at 40 8C, as shown in Figure 2 and Table 2. This in-
dicates that an ordered structure with hexagonal symmetry
was formed in all of these samples. Therefore, the hydrolysis
temperature does not strongly influence the ordered struc-


Figure 2. XRD patterns of NCS-1-1 to NCS-1-6.


Figure 3. Nitrogen sorption isotherms of NCS-1 samples synthesized
using TEOS and TMB as the silica source. The inset shows the pore size
distributions.


Figure 4. TEM images of NCS-1 samples synthesized by using TEOS dis-
solved in TMB (a and b: NCS-1-1) or TEOS in its undiluted form (c and
d: NCS-1-12).
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ture formation of NCS-1. However, it should be noted that
some evaporation takes place at 90 8C and, therefore, im-
pregnation of samples hydrolyzed at 90 8C needs to be re-
peated 2–3 times more than samples hydrolyzed at 40 8C to
achieve the same silica loading of the CMK-3.


Loading amount of silica in CMK-3 : After the general con-
ditions for the optimal impregnating procedure had been es-
tablished, the two factors that were assumed to be the key
steps in controlling the structures of the resulting NCS-1
were studied, that is, the degree of loading of the CMK-3
and the carbon-removal procedure. The loading of CMK-3
with silica is the key factor in achieving NCS-1 with a stable
structure. Due to the hydrolysis and condensation of TEOS,
a substantial part of the pore is occupied by a mixture of
water and ethanol. Therefore, it is impossible to fill the pore
system of CMK-3 completely with silica by single step im-
pregnation. Different loading amounts of silica in CMK-3
were obtained by repeating the impregnation procedure.
The number of loading cycles was varied between two and
six.


At a SiO2/C ratio of about
0.4, the obtained NCS-1-7
shows only a weakly developed
XRD pattern (Figure 5). The
nitrogen adsorption isotherm
(Figure 6) demonstrates the
presence of a pore system in
the size range of mesopores,
with a relatively narrow pore
size distribution (not shown
here). At a SiO2/C ratio below
0.4, the resultant NCS-1 does
not show any XRD reflection
in the low-angle range. One
such sample is displayed in
Figure 5, denoted as “silica 1”.


This indicates that the removal of the carbon template leads
to a collapse of the silica mesostructure due to the low
amount of silica present in the CMK-3, resulting in the for-
mation of a disordered structure. At such a low silica
loading, probably no coherent silica framework is formed,
so that the structure loses its integrity after carbon re-
moval.


As shown in Figure 6, with increasing SiO2/C ratio from
0.6 to 1.7, the nitrogen adsorption isotherms of the as-pre-
pared NCS-1-8 to NCS-1-11 still maintain type IV shape and
are characteristic for mesoporous silica. However, the
amount adsorbed decreases gradually; this is also reflected
in a decrease of the specific surface area and of the pore
volume (Table 3). Generally, the pore size of NCS-1 is relat-
ed to the carbon wall thickness of the parent CMK-3. By


Table 2. Textural parameters of NCS-1 series.


Samples SBET
[a] Vmicro


[b] Smeso
[c] Vsingle


[d] DBJH
[e] a twall


[f]


[m2 g�1] [cm3 g�1] [m2 g�1] [cm3 g�1] [nm] [nm] [nm]


Al/SBA-15 676 0.05 482 1.0 7.2 – –
CMK-3 1043 0.09 867 0.90 3.8 – –
NCS-1-1 432 0.103 181 0.57 10.0 – –
NCS-1-2 290 0.041 172 0.50 10.0 – –
NCS-1-3 541 0.105 262 0.46 5.4 9.6 4.3
NCS-1-4 449 0.089 196 0.31 4.2 8.6 4.4
NCS-1-5 557 0.084 327 0.49 4.9 9.4 4.1
NCS-1-6 541 0.110 232 0.37 4.2 8.7 4.9


[a] SBET: specific surface area calculated based on the BET theory. [b] Vmicro : micropore volume calculated
from the t-plot method. [c] Smeso : mesopore surface area calculated by the BJH method (in p/p0 range of hyste-
resis loop). [d] Vsingle : single-point total pore volume. [e] DBJH: average pore diameter calculated from the BJH
method (adsorption branch). [f] twall : wall thickness.


Figure 5. XRD patterns of NCS-1-7 to NCS-1-11 (SiO2/C ratio�0.4). The
sample denoted as “silica 1” has an SiO2/C ratio below 0.4.


Figure 6. Nitrogen sorption isotherms of NCS-1 samples and their com-
posites. The isotherm of composite 2 was offset vertically by 200 cm3 g�1


STP. From NCS-1-7 to NCS-1-11, the isotherms were offset vertically by
700, 300, 200, 200, and 200 cm3 g�1 STP, respectively.
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using the same CMK-3, it is expected that NCS-1 with a
similar pore size can be prepared, assuming that its structure
does not change during the carbon combustion. As seen in
Figure 7, the maximum of the PSD moves to larger pore


sizes with increasing SiO2/C ratio, but is below 6.1 nm, the
carbon-rod thickness of CMK-3. Moreover, the unit cell pa-
rameter a of NCS-1 is smaller than that observed for CMK-
3 (10 nm) and exhibits a slight increase with increasing SiO2/
C ratio. These results indicate that the structure of NCS-1
shrinks to some extent during the combustion. With higher
silica loadings, more stable structures of NCS-1 are obtained
as the textural parameters are much closer to those of the
mother template CMK-3. From Table 3 one can see that the
micropore volume increases with increasing loading. This
seems to be counterintuitive at first, since one would expect
a more open silica framework for lower loadings and thus
higher micropore volume. However, as stated above, the
less filled materials show stronger shrinkage, which most
probably leads to the loss of microporosity, unlike the highly
loaded samples, in which the microporosity is maintained.
One should keep in mind, however, that the determination
of the micropore volume by the t-plot method is not very
precise for these samples; for the low-loaded samples, nega-


tive intercepts with the volume
axis are observed, indicating
that the reference isotherm
(fully hydroxylated silica) is not
fully appropriate.


The effect of the loading
amount of silica in CMK-3 can
actually be best studied in the
silica–carbon composite sam-
ples before carbon combustion.
The nitrogen adsorption iso-
therms of the composites treat-
ed at 700 8C under nitrogen are
also shown in Figure 6. When


the SiO2/C ratio is about 0.4 (composite 1), a hysteresis in
the isotherms can be clearly seen, indicating that the meso-
pores of CMK-3 are not completely filled with silica at such
low loading. However, when the SiO2/C ratio reaches about
1.4 (composite 2) the hysteresis vanishes, and the mesopores
of CMK-3 are almost completely filled. All of the com-
posites exhibit a sharp increase in the volume adsorbed at
the very beginning of the isotherms below p/p0=0.05, indi-
cating that a high micropore volume is created by the infil-
tration of silica. The textural data in Table 3 clearly show
that the micropore volume of the composite is as high as
0.18 cm3 g�1. These observations for the composites cor-
roborate the conclusions drawn above for the resulting
NCS-1 materials. Microporosity is present initially, but due
to the shrinkage during the carbon combustion the micro-
porosity is lost, except for the more stable, highly loaded
samples.


Removal of carbon template : As mentioned in the previous
communication,[9] the structure of NCS-1 is strongly influ-
enced by the different methods used to remove the carbon
template. The removal of the carbon was performed here by
three different pathways: A) thermal treatment in inert gas
and subsequent calcination, B) simple calcination, and C)
controlled combustion. The detailed information is listed in
Table 1.


NCS-1-12 was obtained by the treatment of the SiO2/C
composite according to method A. For comparison, the
same composite was calcined directly, namely method B, to
remove the carbon template, leading to the formation of
NCS-1-13. As seen in Figure 8, NCS-1-12 exhibits a larger
unit cell than NCS-1-13, due to the different template re-
moval method. Thermal treatment leads to increased con-
densation of SiO2 in the pore system of CMK-3; this in turn
stabilizes the ordered silica structure and makes it less sus-
ceptible to shrinkage during the carbon combustion. The ni-
trogen adsorption isotherms presented in Figure 9 show that
both NCS-1-12 and NCS-1-13 are typical mesoporous mate-
rials demonstrated by a clear hysteresis loop. Both samples
exhibit a narrow pore size distribution, as shown in
Figure 10. However, NCS-1-12 possesses a larger pore size
than that of NCS-1-13. Again, this is attributed to the ther-
mal treatment preventing the silica framework from signifi-
cant shrinkage. The textural parameters listed in Table 4
show that NCS-1-12 has a lower BET surface area but simi-


Table 3. Textural parameters of NCS-1 series.


Samples SBET
[a] Vmicro


[b] Smeso
[c] Vsingle


[d] DBJH
[e] a twall


[f]


[m2 g�1] [cm3 g�1] [m2 g�1] [cm3 g�1] [nm] [nm] [nm]


composite 1 706 0.178 199 0.40 3.5 – –
composite 2 388 0.134 46 0.19 2.8 – –
NCS-1-7 693 0.054 505 1.10 9.6 9.9 3.3
NCS-1-8 1151 – 1071 1.12 4.1 9.2 4.8
NCS-1-9 1030 – 900 0.95 4.1 9.3 5.0
NCS-1-10 909 0.014 659 0.75 3.9 9.4 4.7
NCS-1-11 537 0.065 347 0.51 4.8 9.4 4.0


[a] SBET: specific surface area calculated based on the BET theory. [b] Vmicro : micropore volume calculated
from the t-plot method. [c] Smeso : mesopore surface area calculated by the BJH method (in p/p0 range of hyste-
resis loop). [d] Vsingle : single-point total pore volume. [e] DBJH: average pore diameter calculated from the BJH
method (adsorption branch). [f] twall : wall thickness.


Figure 7. Pore size distributions of NCS-1-7 to NCS-1-11.
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lar mesopore surface area relative to those of NCS-1-13.
The micropore volume of NCS-1-13 is much higher than
that of NCS-1-12. This confirms that thermal treatment in-
creases the condensation degree of silica in CMK-3 and in
turn leads to the formation of a rigid silica skeleton, which
does not shrink significantly during carbon combustion. Re-
sults from nitrogen adsorption isotherms agree well with the
XRD data. The hexagonal order of the channels of NCS-1 is
visible in the TEM images in many sections, as shown in Fig-
ures 4c and d. All sections of the sample show channels that
are clearly similar to the ones present in SBA-15 (Figure 1);
also clearly visible are the noodle-shaped particles, which


are likewise often observed in SBA-15. The distance of 9 nm
between channels observed in the TEM images corresponds
well to the unit cell parameter calculated from the XRD
pattern of sample NCS-1-12. The results show that the struc-
ture of CMK-3 is transferred into the silica imprint.


Removing the carbon template by methods B and C also
have different influences on the final structure. For this
series, samples with high silica loading were selected as ex-
amples. As seen before (Figure 2 and Table 2), NCS-1-3 and
NCS-1-5, both treated according to method C, exhibit larger
unit cells than those of samples NCS-1-4 and NCS-1-6, both
treated with method B. Interestingly, the isotherm shape of
the samples was related to the template removal method.
As seen in Table 1 and Figure 9, the same template removal
method leads to identically shaped isotherms; for instance,
NCS-1-3 is similar to NCS-1-5, and NCS-1-4 is similar to
NCS-1-6. The isotherms of samples NCS-1-3 and NCS-1-5
(Figure 9) show an evident hysteresis and cover a larger
pressure range, as well as adsorbing a higher volume in the
step, relative to those of samples calcined directly (NCS-1-4
and NCS-1-6). These differences are caused by the different
carbon removal methods, with direct calcination resulting in
significant structural shrinkage. To compare, NCS-1-5 has a
lower micropore volume, but larger mesopore surface area
than NCS-1-6, even though NCS-1-6 has a higher SiO2/C
ratio. This is in line with the notion that the controlled com-
bustion causes additional condensation of silica. On the
other hand, the BJH pore size distributions, as presented in
Figure 10, clearly show that thermally pretreated samples
(NCS-1-3 and NCS-1-5) have larger pore sizes than directly
calcined samples (NCS-1-4 and NCS-1-6). Again, results
from nitrogen adsorption isotherms and XRD are consistent
with each other.


Moreover, the influence of a thermal pretreatment step at
high temperature for method A was also investigated. The


Figure 8. XRD patterns of NCS-1-12 to NCS-1-16.


Figure 9. Nitrogen sorption isotherms of NCS-1. From NCS-1-4 to NCS-
1-6, the isotherms were offset vertically by 100, 100, 200 cm3 g�1 STP, re-
spectively. From NCS-1-12 to NCS-1-16, the isotherms were offset verti-
cally by 400, 450, 400, 550 and 700 cm3 g�1 STP, respectively.


Figure 10. Pore size distributions of NCS-1-3, NCS-1-4, and NCS-1-12 to
NCS-1-16.
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composite was pretreated under nitrogen at either 700, 900,
or 1100 8C, in order to achieve a high degree of silica con-
densation. Afterwards, the composite was calcined in a
muffle oven following method A, leading to the formation
of NCS-1-14, NCS-1-15, and NCS-1-16, respectively. The
XRD pattern of NCS-1-14 (Figure 8) shows a large unit cell
parameter a, indicating that the silica was sufficiently con-
densed to resist the shrinkage that could possibly be caused
by carbon combustion. Samples NCS-1-15 and NCS-1-16
both have a similar unit cell parameter a ; however, it is
smaller than that of NCS-1-14, because of the structural
shrinkage during the high-temperature treatment. This can
be further verified by analyzing the nitrogen adsorption iso-
therms, as shown in Figure 9. All these samples exhibit a
similar type IV isotherm with a clear condensation step in
the middle relative pressure range, indicating mesoporous
characteristics. As seen in Table 4, the higher the thermal
treatment temperature, the lower the micropore content.
Moreover, the mesopore surface area and the pore volume
of NCS-1 treated at 700 8C are the highest and decrease
with increasing thermal treatment temperature. These three
samples exhibit a similar pore size with a maximum between
4 and 5 nm, indicating that the dominant pore size does not
change with increased treatment temperature. This suggests
that after annealing at temperatures of around 700 8C, com-
plete condensation of the silica in CMK-3 occurs. A further
increase of temperature does not lead to additional evident
changes in the structures of the silica or the carbon.


The above analysis of results strongly demonstrates that
the structure of NCS-1 depends greatly on the carbon-re-
moval procedure. In turn, this also provides the opportunity
for tailoring the structure of the NCS-1 obtained just by
varying the processing conditions. In addition, it is notewor-
thy that NCS-1-16 treated at 1100 8C does not show any in-
dication of the existence of silicon carbide according to the
NMR analysis. This means silica and carbon do not react at
1100 8C under the present conditions, even though both of
them are highly dispersed on the nanometer scale, at which
high reactivity might have been expected.


Conclusions


The results presented show that it is possible to create a
highly ordered mesoporous silica by repeated nanocasting
with CMK-3-type carbon (the replica of SBA-15), which


itself is obtained by nanocast-
ing, as a mold. It is highly sur-
prising that a true replication of
the nanostructure can be
achieved in repeated nanocast-
ing steps. Figure 1 demonstrates
how perfect the replication is. It
is not only the mesostructure
that is replicated, but also the
general morphology of the
SBA-15 is recovered in the
NCS-1 samples. The optimum
synthesis conditions consist of


repeated impregnation/hydrolysis/condensation cycles with
undiluted TEOS at 40 8C hydrolysis temperature. For tem-
plate removal, simple calcination is the least favorable
method, as the confining carbon framework is lost while
condensation of silica still proceeds, thus resulting in a lower
degree of order and loss of pore volume. Depending on the
desired properties of the NCS-1 materials, thermal treat-
ment in an inert atmosphere and subsequent calcination or
controlled combustion are both suitable pathways for
carbon removal. By adjustment of the processing conditions,
the pore volume and the ratio between micropores and
mesopores can be tailored to some extent.


For the synthesis of an ordered mesoporous silica, this
pathway is rather complicated. Although the textural prop-
erties of the NCS-1 differ to some extent from the SBA-15
due to the processing at high temperatures, the generation
of ordered silica following this pathway does not appear to
be too attractive. However, the synthesis of the silica is pro-
totypic and it is hoped that this process can be transferred
to the synthesis of other base-metal and transition-metal
oxides, possibly even sulfides or halogenides, because
carbon can also be removed by reaction with sulfur at high
temperature or with the more reactive halogens.


Experimental Section


The principal of the experimental procedure is represented in Scheme 1.
Briefly, an ordered mesoporous silica, SBA-15, was impregnated with a
precursor for carbon to obtain an ordered mesoporous carbon, known as
CMK-3; after removal of the silica by aqueous HF treatment, this meso-
porous carbon was then used as a new mold to produce another nanocast
by impregnation with tetraethoxysilane. After calcination in air to
remove the carbon, with an optional thermal treatment in inert atmo-
sphere before calcination, another ordered mesoporous silica was ob-
tained, denoted as NCS-1.


Synthesis of SBA-15 : SBA-15 was synthesized by using Pluronics P123 as
surfactant according to published procedures.[15] Tetraethoxysilane (8.5 g,
98%, Aldrich) was hydrolyzed at 40 8C in water (105 mL) for 4 h in the
presence of hydrochloric acid (20 mL, 37%) and Pluronics P123 (4 g), and


Table 4. Textural parameters of NCS-1 series.


Samples SBET
[a] Vmicro


[b] Smeso
[c] Vsingle


[d] DBJH
[e] a twall


[f]


[m2 g�1] [cm3 g�1] [m2 g�1] [cm3 g�1] [nm] [nm] [nm]


NCS-1-12 272 0.003 239 0.38 7.2 9.5 3.5
NCS-1-13 379 0.026 263 0.34 4.8 8.9 4.7
NCS-1-14 819 0.004 629 0.71 4.1 9.6 4.9
NCS-1-15 689 – 574 0.67 4.5 9.2 4.5
NCS-1-16 556 – 484 0.56 4.4 9.3 4.7


[a] SBET: specific surface area calculated based on the BET theory. [b] Vmicro : micropore volume calculated
from the t-plot method. [c] Smeso : mesopore surface area calculated by the BJH method (in p/p0 range of hyste-
resis loop). [d] Vsingle : single-point total pore volume. [e] DBJH: average pore diameter calculated from the BJH
method (adsorption branch). [f] twall : wall thickness.


Scheme 1. Schematic illustration of the synthesis of NCS-1.
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then aged at 80 8C for 24 h. The filtered sample was calcined at 550 8C for
5 h with a heating rate of 1 8C min�1 to obtain SBA-15. Furthermore, alu-
minosilicate SBA-15 (Al/SBA-15) was obtained through the following
procedure: calcined SBA-15 (1 g) was impregnated by a solution of alu-
minum chloride (AlCl3, 1 g) in ethanol (100 mL) under vigorous stirring
for 14 h. The resulting Al/SBA-15 was filtered and washed with ethanol
to remove the aluminum from the outer surface as much as possible, fol-
lowed by a calcination step at 550 8C for 5 h in air.


Synthesis of CMK-3 : Furfuryl alcohol (98 %, Fluka), as the carbon pre-
cursor, was introduced into the pores of Al/SBA-15 by incipient wetness
impregnation, followed by carbonization of the infiltrated furfuryl alco-
hol. For this the sample was heated in nitrogen from 80–150 8C at a heat-
ing rate of 1 8C min�1, kept at 150 8C for 3 h, then heated from 150 8C to
300 8C at a heating rate of 1 8C min�1. Finally, the temperature was in-
creased to 850 8C with a heating rate of 5 8C min�1 and kept at that tem-
perature for 4 h. In general, by using 1 g of SBA-15, 2 g of composite can
be obtained. To remove the silica, the composite (2 g) was treated in an
aqueous HF solution (150 mL, 20%). After filtration, washing with
water, and drying steps, CMK-3 was obtained. The ash content of the
sample was less than 0.5%, thus demonstrating almost complete removal
of the silica; this is important to check the success of the next step.


Synthesis of NCS-1: CMK-3 (0.5 g) was impregnated dropwise with
TEOS (0.5 mL) under vigorous agitation. Then an aqueous solution of
HCl (2–3 drops, pH 1) was added to initiate the hydrolysis of TEOS. This
hydrolysis was carried out at different temperatures for 3 h. Subsequent-
ly, the water and ethanol formed were removed by evaporation at 80 8C.
After removal of water and ethanol from the silica/carbon composite, the
impregnation procedure was repeated until the desired amount of silica
was reached. CMK-3 was removed by three different methods, which re-
sulted in the formation of white powdery materials (NCS-1).


In order to investigate the influence of the variables affecting the final
structural properties of NCS-1 generated from CMK-3, several important
variables were chosen. Firstly, pure TEOS or TEOS diluted with tri-
methylbenzene was selected as the silica precursor. Subsequently, hydro-
lysis of these silica precursors was performed at either 40 8C or 90 8C, at
different loading levels of silica ranging from 0.4 to 2.1 (denoted as SiO2/
C mass ratio). Finally, the carbon template was removed by three differ-
ent methods: A) Thermal treatment and subsequent calcination. Normal-
ly, the composite was heat-treated up to 700 8C in a furnace under nitro-
gen in order to achieve a high degree of silica condensation, and then the
composite was calcined in a muffle oven at 550 8C for 5 h; B) Calcination
in air. The composite was heated to 550 8C in a muffle oven and calcined
at that temperature for 5 h; C) Controlled combustion. The composite
was heated to 550 8C in flowing nitrogen, then the gas was switched to air
to burn out the carbon. The air-flow rate was controlled in order to keep
the temperature of the sample below 550 8C, thus avoiding hot spots that
could damage the structure of the forming silica. All of these methods re-
sulted in the formation of white powdery materials. A survey of all the
experiments carried out is presented in Table 1. It should be noted that
the reproducibility of sample properties, such as pore volume, surface
area, pore size, and lattice parameters, were typically found to be within
5% based on the results obtained for many more samples than discussed
here.


Characterization : Low-angle X-ray diffraction patterns were recorded
with a Stoe STADI P diffractometer in Bragg–Brentano (reflection) ge-


ometry with CuKa radiation. The step width was 0.028 2q at an acquisition
time of 8 s per step. Nitrogen adsorption isotherms were measured with
an ASAP 2010 adsorption analyzer (Micromeritics) at liquid nitrogen
temperature. Prior to the measurements, all samples were degassed at
250 8C for at least 3 h. The pore size distribution was calculated from the
nitrogen adsorption isotherm by using the BJH method. The position of
the maximum of the PSD was used to determine the pore diameter. All
of the textural parameters of as-prepared samples are compiled in
Tables 2–4, for which the micropore volume and mesopore surface area
were calculated by using the t-plot method. The wall thickness of NCS-1,
determined by subtraction of the pore diameter from the value of the
unit cell parameter a, is also listed in these tables. TEM images of sam-
ples were obtained with a HF 2000 microscope (Hitachi) equipped with a
cold field emission gun. The acceleration voltage was 200 kV.
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cis/trans Photoisomerization of Secondary Thiopeptide Bonds


Jianzhang Zhao,*[a, b] Jean-Claude Micheau,*[c] Carolyn Vargas,[a] and
Cordelia Schiene-Fischer*[a]


Introduction


As the recognition, reactivity, and stability of peptides and
proteins are conformer specific, modulation of the backbone
conformation of peptides or proteins has attracted great at-
tention.[1–4] Photoswitching of the conformation of peptides
is an ideal method for achieving this goal because the only
external stimulus needed is light irradiation. However, the
reported molecular models for photoswitching of the pep-
tide conformation usually involve a bulky organic moiety
that is not an amino acid, such as a photochromic azoben-
zene or spiropyran group.[2,5–8] Although some promising re-
sults have been obtained, the inherent disadvantages of this
approach are the limited biocompatibility of the hybrid pep-
tide and the problem that the final effects imposed on the
backbone by the isomerizing moiety are unpredictable, that
is, it is impossible to predict which peptide bond will be set
in the cis (or trans) conformation following the photoswitch
because the isomerization constraint is transferred from the
photoresponsive center to the peptide chain through flexible


bonds. Therefore, the challenge in the photomodulation of
the backbone conformation of peptides is to find a novel
photoresponsive constituent that can trigger the conforma-
tional change of a peptide upon illumination, by directly set-
ting the peptide bond at a specific site in the cis or trans
conformation, but that at the same time introduces only
minimum perturbation of the peptide chain so that the
modified peptide behaves like the native one. Unfortunately,
most reported photochromic organic moieties fail to meet
this critical requirement.[7] In our present study, however,
the secondary thiopeptide bond has turned out to be a novel
and attractive photoresponsive constituent.
Recently, the thiopeptide bond has attracted considerable


interest because of its effects of conformation restriction,
enhanced proteolytic stability, and modulable activity and
selectivity.[9] It has been shown that the thioxylated N-alkyl-
amide peptide bond is photoswitchable and that the cis con-
former can be generated by irradiation.[10] However, for this
kind of thioxylated prolyl peptide bond, the increase in cis
conformers can also be achieved by a slow thermal equili-
bration process,[1] which does not take place for secondary
peptide bonds. For the latter, a synthetically demanding con-
formation-restriction method has to be used to obtain the
thermodynamically unfavorable cis conformers.[11,12] Here
we prove that significant photoswitching occurs with secon-
dary thiopeptide bonds and, more importantly, that the sec-
ondary thiopeptide bond can undergo dual-directional pho-
toswitching, that is, it can be photoswitched from the trans
conformation to the cis conformation and vice versa; this is
different to the situation with the reported N-alkyl thiopep-
tide bonds.
A few established methods are available to study the cis/


trans isomerization of peptide bonds, such as 1H NMR spec-
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Abstract: The reversible cis/trans pho-
toisomerization of secondary thiopep-
tide bonds has been systematically
studied with UV-visible absorption, ca-
pillary electrophoresis, 1H NMR spec-
troscopy, and circular dichroism meth-
ods. It was found that the concentra-
tion of the cis conformers could be in-


creased from less than 1% in the ther-
mal equilibrated solution to up to 20%
in the photostationary state. The rota-


tional barriers of the thiopeptide bond
and the pH dependence of the isomeri-
zation rates were also studied. The
quantum yields of the trans!cis and
the cis!trans processes were deter-
mined from photokinetic analysis.
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troscopy line-shape analysis or magnetization-transfer ex-
periments,[13] UV-resonance Raman spectroscopy,[14] and sol-
vent-jump and coupled assays for the cis!trans isomeriza-
tion of prolyl peptide bonds.[15] However, these methods
suffer from some limitations. For example, the signal-to-
noise ratio is low for the UV-resonance Raman spectroscopy
method and signal overlapping is often encountered with
the NMR spectroscopy method.[16] In addition, these meth-
ods are usually based on the steady state (there is no or
only a small shift of the cis/trans equilibrium) and they are
indirect, instrumentally or technically demanding ap-
proaches for studying cis/trans isomerizations.
The study of the cis/trans isomerization of secondary


amide bonds in dipeptides by monitoring the UV-visible ab-
sorption of the amide C=O groups after a jump in pH value
has been reported.[17] This method is based on the shift of
the cis/trans equilibrium by rapid pH variation and on the
differential UV-visible absorptions of the cis and trans iso-
mers of the secondary oxo peptide bonds. Inspired by these
recent developments, we found that the cis/trans isomeriza-
tion of four representative thiopeptides, H-Phe-y[CSNH]-
Ala-OH (1), H-Ala-y[CSNH]-Phe-OH (2), H-Ala-
y[CSNH]-Ala-OH (3), and Ac-Ala-y[CSNH]-Ala-NH2 (4)
(Scheme 1), can be studied with the UV-visible monitoring


method under continuous monochromatic irradiation. Other
highly sensitive methods, such as capillary electrophoresis,
1H NMR spectroscopy, and circular dichroism[18] were also
successfully used to characterize the cis/trans isomerizations.
The rotational barrier of the thiopeptide bond was deter-
mined from temperature-variable kinetic measurements.
As the cis/trans isomerizations of secondary peptide


bonds could also be crucial for the stability, recognition, and
catalytic capability of proteins,[19] our studies pave the way
for future conformation–activity correlation investigations
of bioactive secondary peptide bonds.


Results and Discussion


UV-visible absorption : For the N-methyl thioacetamide or
b-thiopeptides,[20–22] the UV-visible absorption, circular di-
chroism, and Raman spectra are different for the cis and
trans conformers.[9s] Similarly, the UV-visible absorption
spectrum of peptide 1 shows a significant change under UV
irradiation of 254 nm, with an isosbestic point at 274 nm
(Figure 1). Analogous spectral changes could also be ach-


ieved with laser irradiation at 337 nm (in this case, it is an
n!p* excitation; inset of Figure 1). It is unprecedented for
such a significant spectral difference to be caused by irradia-
tion in cis/trans conformers of pseudopeptide bonds. The
UV-visible spectrum of the re-equilibrated peptide solution
can be fully restored and remained unchanged after several
cycles of irradiation–re-equilibration. This observation indi-
cates that the photoisomerization is fully reversible and
there is no noticeable photochemical degradation during
several photoisomerization cycles. Similar spectral changes
are also observed for peptides 2–4. On the contrary, signifi-
cant photodecomposition has been observed for N-methyl
thioacetamide and the oxo secondary peptide bonds.[14,21]


Figure 1 shows that the cis conformer of peptide 1 has a
stronger absorption near 300 nm, whereas the trans con-
former gives a stronger absorption near 270 nm. Therefore,
the equilibrium of the cis and trans conformers of 1 is dual-
directionally photoswitchable.[23] Similar results were also
observed for 2–4.


Capillary electropheresis (CE): The irradiated solutions of
peptides 1–4 were also investigated by high-performance
CE.[23,24] When the new electropherogram was compared to
the electropherogram of the nonirradiated peptide, it could
be seen that a new peak appeared after irradiation. This
peak was assigned to the cis conformer, which was generat-
ed by irradiation (supported by its UV-visible spectrum, ob-
tained in situ with a diode-array CE instrument), and its rel-
ative concentration was determined to be about 9% for
peptide 1. By extrapolating to the photostationary state


Scheme 1. Schematic representation of the cis/trans equilibrium and the
structures of the trans conformers of the thiopeptides used in the study.


Figure 1. UV-visible absorption spectra of peptide 1 (c=1.4M
10�4 moldm�3 in 5.0M10�2 moldm�3 sodium phosphate buffer, pH 7.0,
16 8C): Equilibrated peptide (c), peptide after 3 min of irradiation at
254 nm (d), and thermally re-equilibrated peptide after 4 cycles of irra-
diation (g). Inset: The n!p* absorption of the equilibrated peptide at
the same pH value and temperature (c=1.3M10�2 moldm�3).
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(PSS), the cis concentration has been corrected as 11% at
pH 3.0, 20% at pH 4.0, and 19% at pH 7.0. The new peak
disappeared completely after sufficient re-equilibration
time. The reversibility of the electropherogram offers anoth-
er confirmation that the change in the UV-visible absorption
was caused by reversible cis/trans isomerization of the sec-
ondary thiopeptide bond. The UV-visible spectra deter-
mined in situ gave a reliable absorption-peak position for
the cis and trans isomers and confirmed that the isosbestic
point is indeed at 275 nm. Our method offers a new ap-
proach for the direct determination of the UV-visible ab-
sorption spectrum of the unstable cis conformers, a tough
task that usually has to be done by indirect spectra analy-
sis.[25] However, it should be noted that this CE approach is
limited to systems exhibiting sufficiently slow isomerization
rates.


1H NMR spectra analysis : 1H NMR was also used to study
the changes of peptide 1 with irradiation (Figure 2). After ir-
radiation, a peak assigned to the cis conformer appeared (in


the alanine CH3 region)
[16] and its ratio was determined to


be around 13%. Under these conditions, the cis concentra-
tion at the PSS was determined to be about 14% (pH 7.0), a
value that roughly agrees with the CE analysis. The percent-
age of the cis conformer at the PSS is affected by several
factors, such as the wavelength and the power of the irradia-
tion, the temperature, and so forth. By monitoring the ther-
mal re-equilibration (inset of Figure 2), the first-order cis/
trans isomerization rate constant (kobsd) was determined to
be (2.98�0.03)M10�4 s�1 at 5 8C and (5.04�0.05)M10�4 s�1 at
10 8C. These results agree with those derived from the pho-
toswitch UV-visible absorption data, for which the kobsd
values are of the same order of magnitude (2.95M10�4 s�1 at
5 8C and 5.29M10�4 s�1 at 10 8C).


Circular dichroism (CD) analysis : As the cis/trans isomeriza-
tion of the thiopeptide bonds occurs in the proximity of


chiral centers, the CD spectrum should report such bond-ro-
tation events.[10] After irradiation, the CD response of pep-
tide 1 at 268 nm changed to the opposite sign (Figure 3a).


This finding suggests that the molecular geometry around
the chromophore (C=S) was changed significantly upon irra-
diation. After re-equilibration, the original CD spectrum
was fully recovered. The molar ellipticity at 268 nm was
used to monitor the re-equilibration process. At 14 8C, a
first-order rate constant of kobsd= (8.73�0.14)M10�4 s�1 was
obtained (Figure 3b), which was comparable to those ob-
tained from UV-visible absorption spectroscopy (kobsd=
(8.43�0.01)M10�4 s�1). Peptides 2–4 gave similar results (as
an example, the result with peptide 3 is depicted in Fig-
ure 3c).


Rotation barrier of the thiopeptide bond (DG�): As it has
been established that the cis/trans isomerization was caused
by photoswitching, the UV-visible absorbance at 290 nm was
used to monitor the re-equilibration process of peptide 1
after irradiation.[17] The nonlinear single-exponential regres-
sion of the relaxation curve gave a first-order rate constant
of kobsd= (1.04�0.00)M10�3 s�1 (16 8C) and a determination
coefficient of r2=0.9999. The perfect fitting of the experi-
mental data shows that the process is a well-defined first-
order reaction, as expected for a cis/trans isomerization of
peptide-bond conformers. A pH-jump experiment (inset of
Figure 4), which is known to be able to shift the cis/trans
equilibrium of peptide bonds with ionizable side chains,[17]


gave a similar rate constant of kobsd= (9.70�0.17)M10�4 s�1
(r2=0.8805). However, the signal-to-noise ratio for the pho-
toswitch method is greatly improved over that of the pH-
jump experiments (Figure 4 and the r2 values). Therefore,
the cis/trans isomerization rate constants of peptides 2–4
were also studied by using a similar photoswitch method.


Figure 2. 1H NMR spectra of peptide 1 with irradiation (c=3.0M
10�2 moldm�3 in D2O). The alanine CH3 region at 1.4 ppm is shown.
(The signal of the cis conformer appears at 0.9 ppm.): a) Thermally equi-
librated peptide solution, b) peptide after 45 min of irradiation at
254 nm, and c) peptide after 30 min relaxation in darkess at 5 8C. Inset:
Evolution of the first-order re-equilibration of the irradiated peptide 1,
as monitored through the concentration of the cis conformer. kobsd=
(2.98�0.03)M10�4 s�1 at 5 8C (*) and kobsd= (5.04�0.05)M10�4 s�1 at
10 8C (&).


Figure 3. a) CD spectra of peptide 1 with irradiation (c=1.4M
10�4 moldm�3 in a 5.0M10�2 moldm�3 sodium phosphate buffer, pH 7.0,
14 8C): Thermally equilibrated peptide (c), peptide after irradiation at
254 nm for 3 min (a), and re-equilibrated peptide (g); b) first-order
evolution of the 268 nm molar ellipticity of peptide 1 after irradiation at
254 nm for 1 min: kobsd= (8.73�0.14)M10�4 s�1; c) CD spectra of peptide
3 (c=1.2 M10�4 moldm�3 in 5.0M10�2 moldm�3 sodium phosphate buffer,
pH 7.0, 16 8C): Thermally equilibrated peptide (c), peptide after irradi-
ation at 254 nm for 3 min (a), re-equilibrated peptide (g).
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The temperature dependence of the isomerization rate
constants kobsd were analyzed by using Eyring plots to obtain
the activation enthalpy and entropy of the rotation
(Figure 5). The activation parameters for the rotational bar-
rier of peptides 1–4 are listed in Table 1. Due to the greatly
improved signal-to-noise ratio, the photoswitch method gave
Eyring plots with much better linearity (shown by r2,
Table 1). The results of the activation energy are in reasona-
ble agreement with the reported rotational barrier for the
Ala–Ala peptide bond (69.9 kJmol�1)[17] and the theoretical
calculations that the rotational barrier of thiopeptide bond
will be increased in comparison to that of oxo peptide
bonds.[26] The cationic, zwitterionic, and anionic forms have
different rotational barriers. This effect is caused by the dif-
ferent driving forces lying on the opposite charges on the N
terminus and the C terminus of the peptides.[13] The rota-


tional barrier is sensitive to the amino acid sequence of the
thiopeptides. To the best of our knowledge, this is the first
successful measurement of the rotational barrier of thiopep-
tide bonds, based on a facile, yet accurate, spectroscopic
method.


pH Dependence of the cis/trans isomerization rate constants
(kobsd): The pH dependence of the cis/trans isomerization
rate constants kobsd of thiopeptides 1–3 was also studied in
detail (Figure 6).[27] The results were applied to the modified
Henderson–Hasselbalch equation.[17] The kobsd/pH profile of
peptide 1 is drastically different from that of the oxo dipep-
tides (for example, the profile of the oxo peptide Ala–Ala,
shown as a dotted line in Figure 6). The slower cis/trans iso-
merization will result in an increased rotation barrier
(DG�). For all pH-sensitive peptides such as 1–3, the rota-
tional barrier is higher in the anionic form than in the cat-
ionic form (Table 1). The kobsd/pH profile of peptides 2 and


Figure 4. Time course of cis-to-trans reverse isomerization of peptide 1
(1.4M10�4 moldm�3 in 5.0M10�2 moldm�3 sodium phosphate buffer,
pH 7.0, 16 8C) after irradiation at 254 nm for 2 min. Cis/trans isomeriza-
tion rate constant kobsd= (1.04�0.00)M10�3 s�1 (r2=0.9999). Inset: Time
course of cis/trans isomerization of peptide 1 following a pH jump
(pH 1.1!6.9). Peptide 1 (1.2M10�3 moldm�3) in HCl (0.1 moldm�3 ;
pH 1.1) was diluted 16-fold in sodium phosphate buffer (0.05 moldm�3 ;
pH 7.0) at 16 8C. Cis/trans isomerization rate constant kobsd= (9.70�
0.17)M10�4 s�1 (r2=0.8805). The solid lines represent the single-exponen-
tial nonlinear regression. For clarity, only some of the recorded data
points are displayed.


Figure 5. Eyring plots of the cis/trans isomerization of the thiopeptides 1–
4 (6.0M10�4 moldm�3 peptide in 5.0M10�2 moldm�3 sodium phosphate
buffer, pH 7.0): Peptide 1 (~), peptide 2 (^), peptide 3 (&), and peptide
4 (*). Inset: Eyring plot of peptide 3 at pH 3 (&), pH 5 (^), and pH 9
(~). The result obtained from the solvent-mediated pH-jump (from 1.7 to
6.9) is also included (+). Error bars (1–2%) for the respective kobsd
values at different temperatures are omitted for clarity.


Table 1. Characteristic kinetic and thermodynamic parameters for the cis/trans isomerization of the thiopeptide bond of compounds 1–4.


kobsd
[a] kobsd


[b] DH�[c] DS�[c] DG�[d] r2[e]


[s�1] [s�1] [kJmol�1] [Jmol�1K�1] [kJmol�1]


1+ (1.60�0.00)M10�2 (1.25�0.07)M10�2 67.9�1.5 �53.7�5.0 84.0 0.9975
1� (3.79�0.00)M10�3 (3.24�0.34)M10�3 74.4�0.7 �44.0�2.3 87.6 0.9996
1� (1.82�0.00)M10�3 (1.55�0.32)M10�3 80.1�1.0 �32.0�3.7 89.7 0.9993
2+ (2.39�0.01)M10�2 (1.66�0.10)M10�2 66.7�1.2 �54.3�4.0 83.0 0.9994
2� (8.04�0.02)M10�3 (8.21�0.40)M10�3 80.3�1.4 �18.3�4.7 85.8 0.9994
2� (2.85�0.01)M10�3 (3.02�0.42)M10�3 83.6�1.3 �16.0�4.3 88.4 0.9995
3+ (3.72�0.01)M10�2 (2.79�0.24)M10�2 67.5�0.8 �47.3�2.7 81.7 0.9972
3� (9.32�0.01)M10�3 (8.68�0.94)M10�3 68.9�0.7 �54.7�2.3 85.3 0.9995
3� [f] (8.45�0.03)M10�3 – 81.6�12.7 �12.7�42.3 85.4 0.8923
3� (5.84�0.01)M10�3 (3.17�1.37)M10�3 65.3�0.4 �73.3�3.3 87.3 0.9998
4 (3.17�0.01)M10�2 – 64.7�0.9 �58.0�3.0 82.1 0.9989


[a] kobsd value of the cationic (+), zwitterionic (� ), or anionic (�) forms of the peptides at pH 2.0, 7.0, and 9.0, respectively, and at 27 8C. [b] kobsd value
from the fitting of the kobsd/pH value profile obtained with the modified Henderson–Hasselbalch equation for measurements taken at 27 8C. [c] DH� and
DS� values from the Eyring plots at pH 2.0, 7.0, and 9.0, for the cationic (+), zwitterionic (� ), and anionic (�) forms of the peptides, respectively. DH�


and DS� were obtained simultaneously with the Eyring plot. [d] DG� value from the Gibbs equation for measurements taken at 27 8C. [e] Determination
coefficients of the Erying plot fitting. [f] The data were obtained from pH-jump experiments.
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3 shows a similar result. For the thiopeptides, the kobsd value
at high pH values is much smaller than that in low pH con-
ditions. It is preliminarily supposed that the thermodynami-
cally unfavorable cis conformers of thiopeptides 1–3 are ki-
netically stabilized at high pH values, possibly by an intra-
molecular hydrogen bond (COO� at the C terminal as a hy-
drogen-bond acceptor and CS�NH as a hydrogen-bond
donor).[22] The 1H NMR spectroscopy temperature coeffi-
cient of the thioamide proton of peptide 1 was determined
to be around �4.45 ppbK�1. Such a value supports our hy-
pothesis because it is known that if the temperature coeffi-
cient of the amide proton is higher than �4.5 ppbK�1 then it
is highly possible that an intramolecular hydrogen bond
exists.[28]


Based on the equilibrium constant for peptide 1 (NMR
spectroscopy determination), and the Henderson–Hassel-
bach simulation, the respective isomerization rate constants
of the cis!trans (kC!T) and trans!cis (kT!C) processes
were derived (Table 2). The results show that the rate con-
stant for the spontaneous process of trans!cis can be ne-
glected and the variation of the kobsd values at different pH
values (Figure 6) was mainly due to the change in the rate
constant of the cis!trans process (kC!T).
From the cis content/pH profile, the free Gibbs energy


gap for the cis and trans isomer of peptide 1 (DG8) was


found to vary from 14.1 kJmol�1 in the zwitterionic form to
19.2 kJmol�1 in the cationic form. This result confirms that
the free Gibbs energy gap of the cis and trans peptide-bond
conformers, which is usually smaller than 8.4 kJmol�1 in oxo
peptides, has been increased by thioxylation.[26,29]


Determination of the photoisomerization quantum yields :
For photokinetic analysis purposes,[30–38] the above cis/trans
photoisomerizable thiopeptides can be considered as the
well-known (2F, 1k) model.[34] The whole process involves
two photoisomerizations (trans!cis and cis!trans ; hence
there are two unknown quantum yields or 2F) and one ther-
mal relaxation (cis!trans ; hence there is one first-order
rate constant or 1k, which can be determined from relaxa-
tion monitoring). The thermal process from trans to cis was
neglected.
The two quantum yields were determined with sufficient


accuracy from the photokinetic analysis of absorbance
versus time curves recorded under continuous monochro-
matic irradiations. The analysis compares the effect of the ir-
radiation, which promotes the trans to cis isomerization, to
the effect of the thermal relaxation of the cis to the trans
isomerization. However, as the effect of the irradiation is
not only the trans to cis photoisomerization, but also the re-
verse process, it was necessary to use at least two different
irradiation wavelengths in order to vary the relative impor-
tance of the two photochemical processes. This approach,
which does not need previous knowledge of the spectrum of
the unstable conformer, is particularly useful when the pho-
toisomer is too labile to be easily isolated. From the practi-
cal point of view, the rates of the three processes are used to
establish a differential equation [Table 3; Eq. (1)] that gives


rise to the evolution of the concentration of the trans (T)
species (see the Experimental Section for more details).


d½T�=dt ¼ �v1þ v2þ v3 ð1Þ


at PSS, d½T�=dt ¼ 0, and v1 ¼ v2þ v3


BeerNs law and mass balance
are used for the calculation of
the absorbance at any wave-
length [Eq. (2)], where [T0] is
the initial concentration of the
thiopeptide in its stable trans
form, eT and eC are the absorb-
tion coefficients of the trans
and cis isomers, respectively,
and l is the pathlength.


Figure 6. pH dependence of the cis/trans isomerization rate constants
(kobsd) for peptide 1 after photoswitching (c=6.0M10�4 moldm�3 in a
0.05m phosphate buffer at various pH values, 27 8C; marked by &, left
vertical axis scale). The pH-dependence profile of the kobsd for the pep-
tide Ala–Ala is included as a comparison (g, left vertical axis scale).[17]


pH dependence of the cis content of peptide 1 (marked by *, right verti-
cal axis scale; determined by the 1H NMR spectroscopy method at
27 8C). The solid lines represent the calculated curves according to the
modified Henderson–Hasselbalch equations with pKa values of 3.0
(COOH) and 7.7 (NH3


+). Error bars (1–2%) for the respective kobsd
values are omitted for clarity.


Table 2. Cis/trans isomerization rate constants (kC!T and kT!C) for the secondary thiopeptide bond in peptide
1 in the cationic (1+), zwitterionic (1� ), and anionic (1�) forms.


1+ 1� 1�
cis conformer [%][a] 0.045 0.35 0.275
kobsd [s


�1][b] (1.25�0.07)M10�2 (3.24�0.34)M10�3 (1.55�0.32)M10�3
kC!T [s


�1][c] (1.25�0.07)M10�2 (3.23�0.34)M10�3 (1.55�0.32)M10�3
kT!C [s


�1][c] (5.65�0.32)M10�6 (1.14�0.12)M10�5 (4.28�0.88)M10�6


[a] Determined by 1H NMR analysis and the modified Henderson–Hasselbalch equation (see Figure 6).
[b] From the fitting of the kobsd/pH value profile with the modified Henderson–Hasselbalch equation. [c] Ac-
cording to the equilibrium constants and the equations kobsd=kC!T+kT!C and kC!T=kobsd(1�%cis). The error
limits for kC!T and kT!C were estimated from that of kobsd.


Table 3. Primary photo- and thermal reactions used for the photokinetic
analysis (I0 is the photon flux and F is the photokinetic factor).


Process Rate


trans (T)!cis (C) (FTC) v1=FTCe’T[T]lI0F
cis (C)!trans (T) (FCT) v2=FCTe’C[C]lI0F
cis (C)!trans (T) (kD) v3=kD[C]
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Absorbance ¼ ½ðeT�eCÞ½T� þ eT½T0��l ð2Þ


The variations of the absorbance at the two irradiation
and three monitoring wavelengths were recorded (Figure 7).
The quantum yields and several absorption coefficients were


optimized simultaneously to achieve numerical fitting.
The results for peptides 2–4 are gathered in Table 4. (We
failed to obtain accurate quantum yields for compound 1.)


The photoisomerization quantum yields are comparable to
those of oxo peptide bonds, lying in the range of 0.075–0.12
as determined by Raman spectroscopy.[35] For the nonaro-
matic peptides 3 and 4, the reverse quantum yield (FCT) re-
mains low. From the calculations, the spectra of the cis con-
formers can be reconstructed. Figure 8 allows a comparison


between the UV-visible spectra of the trans and cis conform-
ers for thiopeptide 3, as determined from CE and recon-
structed from photokinetic analysis. The good agreement be-


tween the two results indicates
the validity of our photokinetic
quantum yield determinations.
The calculated cis concentration
at PSS (Table 4) is different
from the CE and NMR spectro-
scopy results. However, this dif-
ference is easily understandable
by taking into account the dif-
ferent experimental conditions.
The photoswitch effect dis-


cussed above was also applica-
ble to oligothiopeptides, such as
the His12-thio-S-peptide (a pep-
tide with 20 amino acid resi-
dues).[23] Preliminary results
show that the activity of the


Figure 7. Evolution of the absorbance of peptide 3 (6.0M10�5 moldm�3 in
0.05m sodium phosphate buffer, pH7.0, 16 8C) with continuous irradia-
tion. Top: Irradiation at 252 nm, 16 8C: &=absorbance at 252 nm; *=ab-
sorbance at 290 nm. Bottom: Irradiation at 266 nm: &=absorbance at
266 nm; *=absorbance at 290 nm. The four experimental curves were
fitted simultaneously from Equations (1) and (2) by using parameter
values from Table 4 (solid lines represent the fitting result). For clarity,
only half of the recorded raw data points are displayed.


Table 4. Photokinetic parameters of the cis/trans photoisomerization of thiopeptides 2–4, back-isomerization
rate constants (kC!T, experimental determination), photon flux (experimental determination), quantum yield
of the trans-to-cis process (FT!C) and the cis-to-trans process (FC!T), cis concentration at the PSS (numerical
determination, cis/trans ratio at the PSS is given by [C]/[T]PSS=FTCe’TlI0F/(FCTe’ClI0F+kC!T)), and extinction
coefficients of the trans and cis conformers (numerical determination). Peptide solution in 5.0M10�2 moldm�3


sodium phosphate buffer (pH 7.0, 16 8C).


2 3 4


kC!T [s
�1] (2.07�0.00)M10�3 (2.64�0.00)M10�3 (1.06�0.00)M10�2


photon flux (I0) [mol
�1 dm3cm�1] 252 nm 1.11M10�7 8.52M10�8 8.24M10�8


266 nm 1.36M10�7 1.27M10�7 1.29M10�7


quantum yields (F) FT!C 0.13 0.16 0.18
FC!T 0.60 0.04 0.01


[cis] at the PSS [%] 252 nm 4.0 5.0 1.0
266 nm 7.0 8.5 3.0


etrans (ecis) [mol
�1dm3cm�1] 252 nm 3900 (600) 6000 (4100) 6400 (1400)


266 nm 8200 (4500) 11600 (10300) 10800 (7000)
290 nm 1200 (10700) 2500 (7300) 600 (9700)


Figure 8. The UV-visible absorbance spectra of the trans (c) and the
cis (d) conformers of peptide 3. Top: Spectra determined in situ by
CE. Bottom: Spectrum of trans form determined by UV-visible spec-
trometry and spectrum of cis form determined from photokinetic analy-
sis.
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modified ribonuclease, obtained with the above S-peptide
and S-protein, can be modulated by photoswitching.


Conclusion


In summary, a significant cis/trans photoisomerization ability
was found for secondary thiopeptide bonds and was used to
characterize the cis/trans isomerization of four representa-
tive thiopeptides. Due to the spectral differences between
the cis and trans conformers, the cis/trans photoisomeriza-
tion was systematically studied with UV-visible absorbance,
capillary electrophoresis, circular dichroism, and NMR spec-
troscopy methods. The quantum yields of the cis/trans pho-
toisomerization were determined by using photokinetic
analysis. From temperature-variation kinetic measurements,
it was shown that the thioxylated peptide bond has higher
rotation barriers than the normal oxo peptide bond. Thus,
the thiopeptide bonds shows much slower thermal re-equili-
bration rates than the normal oxo peptide bonds; this is im-
portant for the photomodulation of the peptide backbone
conformation and the bioactivity. Moreover, in comparison
to the results with the normal peptides, the cis/trans isomeri-
zation of the thiopeptide bonds is retarded at high pH
values. With the photoswitch method, this work offers the
first opportunity of a panoramic insight into the cis/trans iso-
merization of thiopeptide bonds. With secondary thiopep-
tide bonds as the photoresponsive constituent, the photoiso-
merization capability can be directly coupled to the peptide
backbone in an efficient and precise way. Further studies
will concentrate on the photoregulation of the conformation
and consequently of the bioactivity of peptides or proteins.


Experimental Section


General : Peptides 1–4 were synthesized according to the reported meth-
ods.[9l, 39] The products were lyophilized and analyzed with HPLC, MS
(ESI), and 1H and 13C NMR spectroscopy. A standard laboratory UV
lamp was used in the irradiation, with a wavelength of 254 nm and an in-
tensity of 2 mWcm�2. The wavelength-tunable monochromatic light
source was described previously.[23] Data analysis of the time-course
curves, performed by single-exponential nonlinear regression by using a
SigmaPlot scientific graphing system (Version 2000), gave the isomeriza-
tion rate constants (kobsd).


UV/Vis absorption spectra : The UV/Vis difference spectra for the pep-
tide-bond isomers of peptides 1–4 were evaluated from the spectra of the
peptides before and after 254 nm irradiation. A Hewlett–Packard 8452A
diode-array UV/Vis spectrophotometer was used for monitoring the UV/
Vis spectra during continuous irradiation. The integration time for the ac-
quirement of the spectra was set as the minimal value of 0.1 s to mini-
mize the side effects of the probe beam of the diode-array instrument.
1H NMR spectroscopy: All NMR measurements were performed on a
Bruker ARX 500 spectrometer operating at a 500.13 MHz proton fre-
quency. The cis content/pH value study of the peptides was performed at
27 8C with a peptide concentration of 2M10�2 moldm�3 in solution. The
final pH value was adjusted with HCl and NaOH. The 1H NMR spectra
of the irradiated peptide was recorded at 5 8C and 10 8C, with a peptide
concentration of 3M10�2 moldm�3 in solution (pH 7.0). The standard
(254 nm) UV lamp was used in the irradiation. The irradiated sample
was transferred into the spectrometer immediately after irradiation. The
typical time interval between the termination of irradiation and the start


of measurement was 1.5 min. The pKa values of the peptide side chains
were determined by the pH titration method.


Capillary electrophoresis (CE): A Beckman P/ACE system MDQ capilla-
ry electrophoresis instrument was used. The analyses were carried out
with the following conditions: 0.05 moldm�3 sodium phosphate buffer
with the desired pH value was used as the running buffer, 30M25 mm
fused silica capillary, separation voltage of 25 kV, capillary temperature
of 2 8C, UV detection at the isosbestic point of the cis and trans conform-
ers of the thiopeptides. The irradiated peptide solution was transferred
into the CE instrument immediately after irradiation. The typical time in-
terval between the termination of irradiation and the start of measure-
ment was 2 min. The typical migration time was about 210–270 s. The cis/
trans ratios were determined by Gaussian fitting of the CE peaks.


Circular dichroism (CD): The CD spectra of the peptides were recorded
with a J-710 spectropolarimeter and a 1 mm CD cuvette. For the determi-
nation of the CD spectrum without irradiation, 10 accumulations were
used. For the determination of the CD spectra of the irradiated peptide
solution, however, only 1 accumulation was used and the irradiation/re-
cording experiment was repeated 10 times. The final spectrum was the
mean result of 10 raw spectra. The temperature of the CD cuvette was
controlled by circulating water from a thermostat (�0.1 8C; Haake D8,
Germany).


Determination of the rotational activation energies and the kobsd/pH
value profile : The peptide solution (1.4M10�4 moldm�3 in 0.05 moldm�3


sodium phosphate buffer) was thermally equilibrated for 5 min before
each experiment by putting the sample in the cuvette holder, then irradi-
ated with the laser or UV lamp at the desired pH value and temperature.
After irradiation, the time course of the absorption at 290 nm was moni-
tored with a PerkinElmer UV/Vis/NIR Lambda 900 spectrometer. The
solution was continuously stirred with a magnetic bar within the cuvette
to ensure homogeneity. The temperature of the cuvette holder was con-
trolled by circulating water from a thermostat (�0.1 8C; Haake D8, Ger-
many). The temperature was measured directly with a microthermoprobe
within the cuvette. For the pH-jump experiments, a solution of peptide 1
(1.2M10�3 moldm�3) in HCl (0.1 moldm�3) at pH 1.1 was 100-fold diluted
into 0.05 moldm�3 sodium phosphate buffer at pH 7. The time course of
the absorption at 290 nm was monitored. The final pH value was mea-
sured at the end of the monitoring process. In order to calculate the rota-
tional barriers, the temperature dependency of the isomerization rate
constants was studied and the data were applied to the Eyring plot to
obtain the activation enthalpy, DH� (in Jmol�1), and the activation entro-
py, DS� (in Jmol�1 K�1), values, according to Equation (3), in which kobsd
(in s�1) is the observed first-order rate constant, T is the experimental
temperature (in K), R is the universal gas constant, kB is the Boltzmann
constant, and h is the Planck constant. The rotational barriers were calcu-
lated according to the Gibbs equation [Eq. (4)].


lnðkobsd=TÞ ¼ ð�DH�=RÞð1=TÞþDS�=RþlnðkB=hÞ ð3Þ


DG� ¼ DH��TDS� ð4Þ


The energy gaps between the trans and the cis conformers were deter-
mined with the vanNt Hoff equation [Eq. (5)], in which the equilibrium
constant, K, was readily calculated from the cis/trans ratio of the equili-
brated solution, as determined with the NMR spectroscopy method.


DGo ¼ �RTlnK ð5Þ


For the kobsd/pH value study, the cis/trans isomerization rate constants of
the thiopeptides were determined at different pH values and the rate
constants were applied to the modified Henderson–Hasselbalch equation
[Eq. (6)]. In this equation, kobsd is the isomerization rate constant deter-
mined experimentally, k+, k� , and k� are the isomerization constants of
the cationic, zwitterionic, and anionic forms of the thiopeptides (to be
numerically fitted), respectively, pKa


1 and pKa
2 are the acidic and basic


pKa values of the peptides (determined with the NMR titration method),
respectively, and x is the variable pH value. This equation was imbedded
within the SigmaPlot scientific graphing system (Version 2000) and the
numerical fitting gave the k+, k� , and k� values.
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kobsd ¼kþ=f10ðx�pKa
1Þ � ½1þ10ðx�pKa


2Þ�gþk�=½1þ10ðx�pKa
2Þ�þ


½k� � 10ðx�pKa
1Þ � 10ðx�pKa


2Þ�=f10ðx�pKa
1Þ � ½1þ10ðx�pKa


2Þ�g
ð6Þ


Photokinetic monitoring of the cis/trans photoisomerization : A Hewlett–
Packard 8452A diode-array UV/Vis spectrophotometer was used for mul-
tiwavelength monitoring of the absorption changes of the peptide so-
lution during continuous irradiation. The wavelength and resolution of
the home-assembled monochromatic light source were calibrated with
the diode-array UV/Vis spectrophotometer. The typical bandwidth of the
monochromatic beam is less than 8 nm. The monochromatic light intensi-
ty of the continuous irradiation beam was measured with a DR-1600 digi-
tal radiometer (24600-Si diode detector with an active area of 1 cm2;
Gamma Scientific, USA). The peptide solution was continuously stirred
with a hydrodynamic bar within the photoreactor to ensure homogeneity.
The temperature of the photoreactor holder was controlled by circulating
water from a thermostat (�0.1 8C; Haake D8, Germany). The tempera-
ture was measured directly with a microthermoprobe within the reactor.
The internal volume of the reactor was 2.0 mL. The photoreactor had an
optical pathlength of 1.6 cm. The data sampling time was set as 1 point
per 20 seconds and the integration time (the opening of the shutter of the
spectrophotometer) of each data point was 0.1 seconds. A control experi-
ment showed that such a sampling setting does not cause any photoiso-
merization. A higher sampling frequency is not recommended because
the probe beam of the diode array spectrophotometer causes undesired
photoconversion. It should be noted that in this case a continuous scan-
ning spectrophotometer (double beam, with a photomultiplier-tube de-
tector) was not applicable. For each experiment, the absorbance was re-
corded at two wavelengths (one being the irradiation wavelength).


Determination of the quantum yields from photokinetic analysis of the
absorbance (Abs) versus time curves : The (2F, 1k) model[34] was used,
thereby giving rise to Equations (1) and (2). Four independent photoki-
netic curves were recorded at two irradiation wavelengths. The parame-
ters to be determined were the quantum yields, the molar extinction co-
efficients of the trans and the cis isomers, and the rate constant of ther-
mal re-equilibration. Most of them could be reached from independent
measurements. The UV/Vis spectra of the trans and the cis isomers of
the thiopeptide bonds could be preliminarily determined with CE analy-
sis, based on the separation of the cis and the trans conformers. The iso-
merization rate constant values for kC!T (kD) were extracted separately
from the kinetics of the reverse isomerization in the dark at the same
temperature. Experimental photokinetic curves (Absexp versus t) were
fitted by the model (Abscalcd versus t). The calculated curves were ob-
tained from the numerical integration of the differential kinetic equation
by using a Runge–Kutta semi-implicit procedure for the concentrations
and the BeerNs law for the absorbencies. The photokinetic factor F=


(1�10�Abs’)/Abs’ was continuously monitored with the records of the
absorbance at the irradiation wavelength (Abs’). The residual error func-
tion RE=�p�j(Abscalcd(j)�Absexp(j))2/pj (where p is the number of plots
fitted simultaneously and j is the number of points in each plot) was com-
puted and the parameters were optimized until a minimum RE value was
reached. In our case, this was when p was 4 and j was higher than 100.
After a rough approach during which only the quantum yields were opti-
mized, all the parameters were made free in order to refine the final fit-
tings. At the end of the calculation, the set of optimized parameters was
proved to be unique.
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A Practical Synthesis of (+)-Biotin from l-Cysteine


Masahiko Seki,*[a] Masanori Hatsuda,[b] Yoshikazu Mori,[b] Shin-ichi Yoshida,[b]


Shin-ichi Yamada,[b] and Toshiaki Shimizu[b]


Introduction


(+)-Biotin (1) has recently induced intense research activity
owing to its important biological role in human nutrition
and animal health.[1] Because 1 cannot be produced effi-


ciently by a fermentation approach,[2] the vast amount of 1
required throughout the world, that is, more than 80 ton per
year, is said to be produced by a totally synthetic method.
Of the synthetic approaches to 1,[3] the Goldberg and Stern-
bach approach,[4] which was established about 50 years ago,
is considered to be the most efficient one hitherto accom-
plished. While the Goldberg and Sternbach approach has
been thoroughly optimized for many years, it has some fun-
damental drawbacks: 1) it is a multistep synthesis (more


than 14 steps), 2) the use of toxic reagents and intermediates
is necessary, and 3) it involves theoretically impractical dia-
stereomeric or enzymatic resolution of racemic materials. To
overcome these problems, we initially developed a synthetic
method that involves l-cysteine as the starting material.[5]


Although we attempted to scale up this method for industri-
al large-scale production, it failed because a low tempera-
ture, �20 8C, was needed. In addition, from the view point
of atom economy,[6] the use of bulky tert-butyloxycarbonyl
(tBoc) and benzylidene acetal to protect the cysteine deriva-
tives is not satisfactory.
In view of the need to eliminate the use of bulky protect-


ing groups and to decrease the number of steps required for
the protection-deprotection sequence, we sought to develop
a novel protecting group for cysteine derivatives. We envi-
sioned the possible use of 2-thiazolidinone derivatives 2 for
protecting cysteine derivatives (Scheme 1). Compound 2,


which has a thiocarbamate group within the molecule, might
be sufficiently stable to allow transformations at the C-4
substituent. After the transformations, if the relative hard-
ness[7] of the carbonyl group is closer to the X atom (N, O,
etc) than to the sulfur atom, S,X-carbonyl migration should
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Abstract: a-Amino aldehyde 4, which
is readily derived from l-cysteine
through cyclization and elaboration of
the carboxy group, was subjected to
the Strecker reaction, which, via
sodium bisulfite adduct 16, afforded a-
amino nitrile 5 with high diastereose-
lectivity (syn/anti=11:1) and in high
yield. Amide 6, derived from 5, was


converted to thiolactone 8, a key inter-
mediate in the synthesis of (+)-biotin
(1), by a novel S,N-carbonyl migration
and cyclization reaction. The Fukuya-


ma coupling reaction of 8 with the zinc
reagent 21, which has an ester group,
in the presence of a heterogeneous Pd/
C catalyst allowed the efficient installa-
tion of the 4-carboxybutyl chain to pro-
vide 9. Compound 9 was hydrogenated
and the protecting groups removed to
furnish 1 in 10 steps and in 34% over-
all yield from l-cysteine.


Keywords: amino acids · organo-
zinc compounds · Strecker synthe-
sis · total synthesis · vitamins


Scheme 1. A novel protecting group for l-cysteine derivatives.
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take place upon heating to readily liberate the thiol group
(2!3). We therefore considered a route to biotin that in-
volves this novel protecting surrogate.[8]


It was planned that the stereogenic centers of 1 would be
established by the Strecker reaction of a-amino aldehyde 4
derived from l-cysteine (Scheme 2). Then, upon heating,


amide 6, derived from 4, should undergo S,N-carbonyl mi-
gration, and subsequent acid hydrolysis might provide the
thiol carboxylic acid 7. Thiolactone 8 obtained from 7 would
then be subjected to Fukuyama coupling[9] with the zinc re-
agent, ethoxycarbonylbutylzinc iodide (21), which has an
ester group, to give 9, a precursor to 1, in a highly efficient
manner.


Results and Discussion


Synthesis of a-amino aldehyde 4 : In our initial study, the
synthesis of a-amino aldehyde 4 from l-cysteine was investi-
gated. Treatment of l-cysteine
hydrochloride with ethyl chlo-
roformate in the presence of
NaOH only led to a trace of
(R)-2-oxothiazolidine-4-carbox-
ylic acid 10 (Table 1, entry 1).
The more reactive phenyl chlo-
roformate was thus employed
to effect the cyclization, which
provided 10 in 96% yield, al-
though the use of a weak base
such as NaHCO3 and Na2CO3


gave much lower yields
(Table 1, entry 4 versus en-
tries 2 and 3). A reduction in


the amount of phenyl chloroformate from 2.2 to 1.2 equiva-
lents and a decrease in the amount of NaOH from 5.0 to
3.5 equivalents combined with an increase in the reaction
temperature from 20–30 to 40 8C had little effect on the re-
action yield (Table 1, entry 5). However, when the time for
the addition of the chloride was changed from 1 to 2 h, as
might be required in a large-scale synthesis, the yield unex-
pectedly dropped to 69% (Table 1, entry 6). In this case the
reaction was accompanied by the formation of diphenyl car-
bonate ((PhO)2CO) by the reaction between phenyl chloro-
formate and the phenol generated by cyclization. A slight
increase in the amount of phenyl chloroformate from 1.2 to
1.4 equiv was found to improve the yield dramatically
(Table 1, entry 7).
With (R)-2-oxothiazolidine-4-carboxylic acid 10 in hand,


we next tried to synthesize the N-benzyl derivative 12 by
benzylation of the ester derivative 11. Although the benzyla-
tion proceeded in high yield with benzyl bromide and
K2CO3 in DMA (Table 2, entry 1), the use of corrosive
benzyl bromide proved to be commercially unviable for the
large-scale production of 12 and an alternative method,
which employed benzyl chloride, had to be investigated. The
use of benzyl chloride for the benzylation of 11, however,
resulted in some racemization (Table 2, entry 2). It was
eventually found that the use of benzyl chloride in aqueous
DMSO smoothly underwent selective N-benzylation of 10


Scheme 2. Synthetic scheme for (+)-biotin from l-cysteine.


Table 1. Synthesis of (R)-2-oxothiazolidine-4-carboxylic acid 10 from l-
cysteine.


Entry ClCO2R Base Addition T Yield[b]


(equiv) (equiv) time[a] [h] [8C] [%]


1 ClCO2Et (2.2) NaOH (5.0) 1 5–20 5
2 ClCO2Ph (2.2) NaHCO3 (5.0) 1 5–20 14
3 ClCO2Ph (2.2) Na2CO3 (2.5) 1 5–20 32
4 ClCO2Ph (2.2) NaOH (5.0) 1 20–30 96
5 ClCO2Ph (1.2) NaOH (3.5) 1 40 94
6 ClCO2Ph (1.2) NaOH (3.5) 2 40 69
7 ClCO2Ph (1.4) NaOH (3.5) 2 40 98


[a] Time for the addition of ClCO2R. After the addition, the mixture was
further stirred at the indicated temperature for 1 h. [b] Assay yield.


Table 2. Synthesis of N-benzyl-2-oxothiazolidine-4-carboxylic acid 12.


Entry R BnX Base Solvent T [8C] t [h] Yield[a] [%] ee [%]


1 Et BnBr K2CO3 DMA 25 14 89 99
2 Et BnCl K2CO3 DMSO 25 2 60 81
3 H BnCl NaOH CH3CN/H2O 25 21 trace –[b]


4 H BnCl NaOH DMF/H2O 25 20 trace –[b]


5 H BnCl NaOH DMSO/H2O 25 15 94 >99


[a] Assay yield. [b] Not determined.
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without converting to the ester derivative 11 (Table 2,
entry 5). Note that the use of DMSO is essential and that
the desired product was not obtained when either CH3CN
or DMF was used as the solvent (Table 2, entry 5 versus en-
tries 3 and 4). The synthesis of 12 from l-cysteine was con-
veniently conducted in a one-pot procedure as shown in
Scheme 3: compound 12 was synthesized in 83% yield by


simple addition of benzyl chloride and NaOH to an aqueous
solution of sodium (R)-2-oxothiazolidine-4-carboxylate 14,
which was prepared by the treatment of l-cysteine with
phenyl chloroformate and NaOH in a mixture of water and
toluene.
The synthesis of a-amino aldehyde 4 from 12 was then in-


vestigated. Because of the ready racemization of 4, a syn-
thetic scheme that involves the reduction of 12 followed by
oxidation was examined. Although the reduction of the
ester derivative 13 took place in high yield on treatment
with NaBH4 in EtOH, it was accompanied by considerable
racemization (93% yield, 69% ee). Instead, the reduction of
12 with borane, generated in situ by treatment of NaBH4


with H2SO4,
[10] suppressed this racemization to give the de-


sired alcohol 15 in 91% yield (Scheme 4).


The Swern or Corey–Kim oxidation of 15 was then con-
ducted to give a-amino aldehyde 4 in high yields (Table 3,
entries 1 and 2). However, as a temperature as low as �20
and �30 8C cannot be applied in large-scale production, we
investigated an alternative method and finally found that
Moffatt oxidation,[11] which employs DCC in the presence of
TFA, pyridine, and DMSO, provided 4 in 95% yield under
industrially viable conditions, such as at 50 8C (Table 3,
entry 5). The oxidation of 15 by using the HO-TEMPO free
radical,[12] which can be conducted under mild conditions,
gave only a poor yield (Table 3, entry 3).


Construction of contiguous stereogenic centers: The amino
aldehyde 4 was then treated with benzylamine followed by
TMSCN to afford the syn isomer of a-amino nitrile 5 in
high yield (Method A) (Table 4, entries 1–4). The syn selec-


tivity largely depends on the nature of the solvent: the high-
est syn selectivity (syn/anti=28:1) was achieved when tolu-
ene was used as the solvent (Table 4, entry 3).


To avoid using the expensive TMSCN, we initially at-
tempted to use HCN which was generated by the treatment
of NaCN with acetic acid. However, the reaction was diffi-


Scheme 3. One-pot synthesis of 12 from l-cysteine. Reagents and condi-
tions: a) ClCO2Ph, NaOH, H2O, toluene, 25 8C, 2 h; b) to the aqueous
phase were added BnCl, NaOH, DMSO, H2O, 25 8C, 15 h.


Scheme 4. Reduction of 12 to 15.


Table 3. Synthesis of 2-oxothiazolidine-4-carbaldehyde 4.[a]


Entry Reagent Solvent T t Yield[b] ee
(equiv) [8C] [h] [%] [%]


1 (COCl)2 (2.2) DMSO/
CH2Cl2


�20 to �10 1 93 97


Et3N(5)
2 Cl2 (2.2) CH2Cl2 �30 to �20 1 93 >99


DMS (4.8)
Et3N (5)


3 CH2Cl2/H2O 0 1 33 –[c]


4 DCC (1.5) toluene 50 3 74 99
H3PO4 (0.25)
DMSO


5 DCC (1.2) AcOEt 50 3 95 >99
TFA (0.2)
pyridine (0.2)
DMSO


[a] DMS=dimethyl sulfide, DCC=1,3-dicyclohexylcarbodiimide,
DMSO= dimethyl sulfoxide, TFA= trifluoroacetic acid. [b] Assay yield.
[c] Not determined.


Table 4. Synthesis[a] of a-amino nitrile 5.


Entry Method Solvent Yield [%][b] syn/anti[c]


1 A AcOEt 98 16:1
2 A CH2Cl2 95 20:1
3 A toluene 96 28:1
4 A toluene/DMSO 94 7:1
5 B AcOEt quant. 11:1
6 B CH2Cl2 quant. 11:1
7 B toluene quant. 11:1


[a] Reagents and conditions: a) 1) BnNH2 (1.0 equiv), MgSO4, 5–25 8C,
3 h; 2) TMSCN (2 equiv), solvent, 0–25 8C, 15 h; b) NaHSO3 (1.1 equiv),
AcOEt, H2O, 20 8C, 18 h; c) 1) BnNH2 (1.7 equiv), CH2Cl2, 20 8C, 2 h; 2)
NaCN (1.2 equiv), 8–20 8C, 20 h; 3) NaHSO3 (0.3 equiv), NaCN
(0.3 equiv), 20 8C, 1.5 h. [b] Assay yield. [c] Determined by HPLC.
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cult to perform even in a laboratory-scale experiment owing
to the difficulties of handling toxic and low-boiling HCN. In
addition, there are serious drawbacks due to the chemical
properties of 4. The attempted purification of 4 by silica gel
column chromatography resulted in considerable decompo-
sition and racemization of the product. Taylor and Hauser
reported that the Strecker reaction takes place with sodium
bisulfite adducts of achiral aldehydes and inexpensive and
easy-to-handle NaCN.[13a] We envisioned a possible use of
this protocol for our diastereoselective synthesis of 5 by em-
ploying the chiral a-amino aldehyde 4 (Method B).[14] The
solution of 4 in AcOEt obtained from the Moffatt oxidation
of 15 was treated with aqueous sodium bisulfite (1.1 equiv)
to give the water-soluble sodium bisulfite adduct 16 in 99%
conversion and, as expected, a simple work up involving ex-
traction and separation provided 16 which was pure enough
to be used in the next step. The aqueous solution of 16 was
then treated with benzylamine at 20 8C for 2 h followed by
NaCN (1.2 equiv) at 8 8C and this mixture was stirred at am-
bient temperature for 20 h to provide a-amino nitrile 5 in
high yield (syn/anti=11:1, 95% yield based on 15) (Table 4,
entry 5). Although the diastereoselectivity of the reaction
was unaffected by a change of solvent and poorer than was
observed in the reactions that employed TMSCN, both syn-
5 and anti-5 could be used for the subsequent transforma-
tion to (+)-biotin (vide infra). The ee value of 5 was con-
firmed to be >99% ee by HPLC analysis. Note that during
the reaction the mixture was always basic and evolution of
HCN gas in the reaction flask was much less than that ob-
served in the reaction employing NaCN/AcOH.[15] The syn
selectivity of the Strecker reaction may be accounted for by
the Houk model shown in Figure 1.[16] Coordination of the
hypervalent silicon or hydrogen atom to the imine nitrogen
atom enables internal delivery of the cyanide to the imine
from the opposite side of the bulky benzylamide group to
provide syn-a-amino nitrile syn-5 stereoselectively.
A CH2Cl2 solution of 5 was directly amidated by using


KatritzkyKs protocol,[17] which involves the use of H2O2,
K2CO3, and DMSO (Scheme 5). The reaction proceeded
smoothly, even in a mixture of DMSO and CH2Cl2, to afford
the corresponding amide 6 in quantitative yield. Amide syn-
6 was obtained as a solid in 93% yield by just adding water
to the reaction mixture followed by filtration and anti-6 was
isolated from the mother liquor as the hydrochloride salt in
7% yield (Scheme 5).


S,N-Carbonyl migration: S,N-Carbonyl migration of amide 6
was the next subject of our investigation. As expected, when
amide syn-6 was heated to 90 8C in DMF under a N2 atmos-
phere,[18] S,N-carbonyl migration occurred over a period of


1 h to give thiol amide 18 (Scheme 6). The resulting so-
lution, which contained 18, was directly treated with hydro-
chloric acid to afford thiol carboxylic acid 7 in 95% yield
based on syn-6.


When the hydrochloride anti-6·HCl was heated at a
higher temperature (120 8C) for 5 h under a N2 atmosphere,
S,N-carbonyl migration took place to directly give thiolac-
tone 8 in 91% yield (Scheme 7).


The conversion of thiol carboxylic acid 7, derived from
amide syn-6 (Scheme 6), to thiolactone 8 was then investi-
gated. Although MerckKs group, by employing DCC in the


Figure 1. Proposed mechanism for the Strecker reaction of 4.


Scheme 5. Amidation of 5. Reagents and conditions: a) 1) H2O2, K2CO3,
DMSO/CH2Cl2, 20 8C, 2.5 h; 2) H2O, filtration; 3) aq. HCl was added to
the filtrate to obtain anti-6·HCl.


Scheme 6. S,N-Carbonyl migration of amide syn-6.


Scheme 7. S,N-Carbonyl migration of amide hydrochloride anti-6·HCl.
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presence of p-toluenesulfonic acid (PTSA) in pyridine, have
accomplished this transformation,[19] we only obtained a
moderate yield (57%) by following their protocol (Table 5,


entry 1). We then thoroughly investigated the reaction inter-
mediates and found that the reaction took place through an
initial cyclization to trans-8 followed by epimerization to the
desired thiolactone 8.[20] We then tested the reaction by
using DCC in the presence of various acid-base catalysts.
While the use of BodenKs catalyst,[21] DMAP·HCl, provided
8 in 63% yield, the use of the more acidic pyridinium p-tol-
uenesulfonate (PPTS) resulted in a much better yield
(Table 5, entries 2 and 3). Finally, when TFA and pyridine
were employed as additives and a two-step procedure in-
volving initial cyclization to trans-8 at 10 8C followed by epi-
merization at 60 8C was conducted, compound 8 was ob-
tained in 93% yield (Table 5, entry 4). Practically, com-
pound 8 was isolated in 80% yield based on 7 by crystalliza-
tion of the crude product from MeOH. Compound 8 is a
well-established key intermediate in the synthesis of (+)-
biotin.[3] Product 8 was identical to an authentic sample with
respect to IR, NMR, and mass spectra and optical rotation.


Introduction of a carbon chain at C-4: The introduction of a
carbon chain at the C-4 position of thiolactone 8 was previ-
ously carried out by using Grignard reagents.[3] Although
the yields are high, this reaction suffers from such draw-
backs as multisteps, the use of hazardous reagents (Na
metal, HBr, and NaCN) and a low reaction temperature.[22]


Development of a better procedure is thus highly desirable.
Fukuyama and co-workers have recently developed a highly
efficient synthetic approach to functionalized ketones.[9] The
treatment of thiol esters with zinc reagents in the presence
of palladium catalyst [PdCl2(PPh3)2] provides a variety of
functionalized ketones in excellent yields. The reaction is
characterized by unusually high chemoselectivity, mild reac-
tion conditions and the use of nontoxic reagents. We envi-
sioned the possible use of the Fukuyama coupling reaction


for the introduction of the carbon chain at the C-4 position
(Scheme 8). If zinc reagent 21 reacts with thiolactone 8, a
cyclic thiol ester, ketone 22, would be formed. After treat-


ment of 22 with acid, cyclization of 22 to 23 followed by de-
hydration should provide the desired compound 9 with the
required C-4 chain.
The reaction was initially tested by using the homogene-


ous catalyst [PdCl2(PPh3)2].
[9] Although six equivalents of


iodide 24 was required for the reaction to go to completion,
the desired product 9 was obtained in 80% yield (Table 6,
entry 1).[23] Although the use of inexpensive [Ni(acac)2]


[24]


was tested with a view to reducing the cost of raw materials,
it gave a moderate yield of 9 (78%, Table 6, entry 2). The
use of easily recoverable heterogeneous Pd/C catalysts was
then examined. While the use of standard conditions involv-
ing THF and toluene as the solvent resulted in a moderate
yield (50%, Table 6, entry 3), the addition of DMF to the
reaction mixture considerably improved the reaction to pro-
vide 9 in 94% yield (Table 6, entry 4).[25] Nonpyrophoric
PearlmanKs catalyst, Pd(OH)2/C, was found to give 9 in ex-
cellent yield with a catalyst loading as low as 0.65 mol%
(Table 6, entry 5).[26] While, in our previous studies, zinc dust
was activated by the addition of 1,2-dibromoethane
(0.026 equiv relative to Zn) followed by TMSCl (0.018 equiv
relative to Zn),[26] here this approach allowed us to address
the serious issues of poor reproducibility and the require-
ment to use an excess of iodide 24 (2.5 equiv relative to 8)
to complete the reaction. As the Fukuyama coupling reac-
tion has been reported not to proceed with dialkylzinc
(R2Zn), the Schlenk equilibrium of the zinc reagents should
lie to the left for maximum utilization of the reduced iodide
(Scheme 9). We envisioned that addition of a ZnII salt
(ZnX2) might shift the equilibrium toward the desired
RZnX, thereby reducing the amount of iodide 24 required.
When the suspension of zinc dust was treated with bromine
(0.25 equiv relative to Zn dust) before the addition of iodide


Table 5. Cyclization and epimerization of 7 to 8.[a]


Entry Additive Solvent T t Yield[b]


(equiv) [8C] [h] [%]


1 PTSA·H2O (0.05) none 25 7 57
pyridine (26)


2 DMAP·HCl (2) THF 65 3 63
pyridine (2)


3 PPTS (2) THF 65 3 87
pyridine (3)


4[c] TFA (0.4) CHCl3 10 1 93 (80)[d]


pyridine (1.4) 60 6


[a] PTSA=p-toluenesulfonic acid, DMAP=4-(dimethylamino)pyridine,
PPTS=pyridinium p-toluenesulfonate. [b] Assay yield. [c] DCC
(1.0 equiv) was employed. [d] Yield of product isolated by crystallization
from MeOH. Scheme 8. Introduction of the chain at C-4 by the Fukuyama coupling re-


action.
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24, zinc reagent 21 was formed with high reproducibility,
and, as expected, the amount of 24 needed was reduced
from 2.5 to 1.4 equiv and provided 9 in high yield as well
(Table 6, entry 6).[28]


Conversion to (+)-biotin (1): Hydrogenation of 9 to 25 in-
herently requires the use of high H2 pressure because of the
catalytic poison caused by the presence of the sulfide moiety
in the substrate 9 (Scheme 10).


The use of PearlmanKs catalyst [Pd(OH)2/C] in aqueous
MeOH was found to lower the required H2 pressure to
0.9MPa and provided 25 in 90% yield after hydrolysis. Re-
moval of the benzyl groups from 25 to give 1 was best con-
ducted by using methanesulfonic acid.[29] The pure target
compound 1, which was identical to an authentic sample
with respect to IR, NMR, and MS spectra and optical rota-
tion, was obtained by simple crystallization from water.


Conclusion


As described above, a practical synthetic approach to (+)-
biotin (1) from l-cysteine has been accomplished through 1)
the formation of contiguous stereogenic centers by the
highly diastereoselective Strecker reaction (4!5), 2) the
novel ring transformation and deblocking by S,N-carbonyl
migration (syn-6!7 and anti-6·HCl!8), and 3) the intro-
duction of the carbon chain at C-4 by the Fukuyama cou-
pling reaction (8!9). The use of 2-thiazolidinone deriva-
tives as a protecting surrogate for cysteine derivatives has
considerably decreased the number of steps in the synthesis
of (+)-biotin, which is now accessible in 10 steps and in
34% overall yield from readily available l-cysteine. The
high yield, ease of operation and mild reaction conditions of
this approach permit ready access to (+)-biotin,[30] a com-
pound of great biological significance.


Experimental Section


General : Melting points were measured on a BNchi melting point appara-
tus (B-450) and are uncorrected. 1H and 13C NMR spectra (400 and
100 MHz, respectively) were recorded on a Bruker Avance 400 spectrom-
eter with tetramethylsilane as the internal standard. Optical rotations
were measured on a Perkin–Elmer 243 automatic polarimeter at the indi-
cated temperature by using a sodium lamp (D line, 589 nm); [a]D values
are given in units of 10�1 degcm2g�1. Mass spectra were obtained on a
Hitachi M-2000A double-focusing mass spectrometer and on a Finnigan
MAT LC-Q instrument. Silica gel column chromatography was per-
formed using Kieselgel 60 (E. Merck). Thin-layer chromatography (TLC)
was carried out on E. Merck 0.25 mm precoated glass-backed plates (60
F254). Development of the plates was accomplished by using 5% phos-
phomolybdic acid in ethanol-heat or they were visualized by UV light
where feasible. All solvents and reagents were used as received.


(R)-3-Benzyl-2-oxothiazolidine-4-carboxylic acid (12): Whilst cooling
with ice water, l-cysteine hydrochloride monohydrate (176 g, 1 mol) was
added to a solution of NaOH (184 g, 4.6 mol) in water (0.88 L). A so-
lution of phenyl chloroformate (313 g, 2 mol) in toluene (0.35 L) was
added dropwise to this mixture at <30 8C. After the mixture had been
stirred at 25 8C for 2 h, the aqueous layer was separated and washed with
toluene (0.35 L) to afford the sodium salt of (R)-2-oxothiazolidine-4-car-
boxylic acid 14 (Net: 246 g) as an aqueous solution that was used in the
next step without further purification. The purified sample of 10 was ob-
tained as follows: The aqueous solution of 14 was acidified (pH 1) by
adding concentrated HCl and then the solvent was evaporated in vacuo.
The residue was extracted with AcOEt. The extracts were evaporated
and the solids that formed were collected and recrystallized from water
to afford 10 as colorless crystals. M.p. 168–170 8C; [a]25D =�62.8 (c=1.0 in
H2O); 1H NMR (400 MHz, [D6]DMSO): d=13.22 (br s, 1H), 8.45 (s,
1H), 4.40 (ddd, J=1.3, 3.4, 8.6 Hz, 1H), 3.72 (dd, J=8.6, 11.4 Hz, 1H),
3.46 ppm (dd, J=3.4, 11.4 Hz, 1H); 13C NMR (100 MHz, [D6]DMSO):
d=173.5 (s), 172.8 (s), 55.7 (d), 32.1 ppm (t); IR (KBr): ñmax=3280, 1738,
1627, 1231 cm�1; MS (70 eV, SI): m/z : 148 [M+H]+ ; elemental analysis


Table 6. Introduction of the chain at C-4 by the Fukuyama coupling reac-
tion.


Entry[a] DMF Catalyst 24 Conditions Yield
[% (v/v)] (mol%[b]) (equiv) T [8C] t [h] [%][c]


1 none [PdCl2(PPh3)2] (10) 6.0 20 24 80
2 4 [Ni(acac)2] (10) 2.5 25–30 15 78
3 none Pd/C[d] (5) 6.0 20 24 50
4 4 Pd/C[d] (5) 2.5 20 18 94[e]


5 4 Pd(OH)2/C
[f] (0.65) 2.5 25–30 2 92[e]


6[g] 4 Pd/C D1[h] (0.86) 1.4 28–40 5 94[e]


[a] Zinc dust was activated by the treatment with 1,2-dibromoethane
(0.026 equiv relative to Zn dust) followed by TMSCl (0.018 equiv).[27]


[b] mol% relative to 8. [c] Yield of isolated product. [d] Purchased from
Kawaken Fine Chemicals; Pd distribution: uniform; reduction degree:
25–99%; Pd dispersion: 36%; water content: 1.8%. [e] Recovery of Pd:
>95%. [f] Purchased from Kawaken Fine Chemicals. [g] Br2 (0.26 equiv
relative to Zn dust) was used to activate the Zn dust (1.9 equiv relative
to 24). [h] Purchased from Degussa Japan Co., Ltd.; Pd distribution: egg
shell ; impregnation depth: 50–150 nm; reduction degree: 0–25%; Pd dis-
persion: 29%; water content: 3%.


Scheme 9. The Schlenk equilibrium of zinc reagents.


Scheme 10. Hydrogenation and deblocking of 9. Reagents and condi-
tions: a) 1) H2, Pd(OH)2/C (0.9 MPa), MeOH, H2O; 2) NaOH;
b) MeSO3H, mesitylene.
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calcd (%) for C4H5NO3S: C 32.65, H 3.42, N 9.52; found: C 32.04, H
3.26, N 9.39. The aqueous solution of 14 (Net: 162 g, 0.95 mol) obtained
above was evaporated. Whilst cooling with ice water, a solution of
NaOH (57 g, 1.4 mol) in water (143 mL) and DMSO (418 mL) were
added to the residue. Benzyl chloride (219 mL, 1.9 mol) was then added
at 25 8C and the mixture was stirred for 15 h. The mixture was acidified
(pH 1) with concentrated HCl and extracted with AcOEt. The organic
layer was washed with water and brine, dried over MgSO4 and the sol-
vent evaporated to afford 12 (213 g, 83%) as colorless crystals. M.p. 95–
97 8C; [a]25D =�102.2 (c=1.0 in CHCl3);


1H NMR (400 MHz, CDCl3): d=
7.39–7.32 (m, 3H), 7.27–7.25 (m, 2H), 5.23 (d, J=15.1 Hz, 1H), 5.21 (dd,
J=2.4, 8.6 Hz, 1H), 4.06 (d, J=15.1 Hz, 1H), 3.57 (dd, J=8.6, 15.1 Hz,
1H), 3.43 ppm (dd, J=2.4, 11.5 Hz, 1H); 13C NMR (100 MHz,
[D6]DMSO): d=171.8 (s), 171.4 (s), 136.8 (s), 128.9 (d), 128.1 (d), 127.8
(d), 60.0 (d), 47.5 (t), 29.2 ppm (t); IR (KBr): ñmax=3029, 1729,
1619 cm�1; MS (70 eV, SI): m/z : 238 [M+H]+ ; elemental analysis calcd
(%) for C11H11NO3S: C 55.68, H 4.67, N 5.90; found: C 55.97, H 4.82, N
5.77.


(R)-3-Benzyl-4-hydroxymethyl-2-oxothiazolidine (15): H2SO4 (2 g,
19.4 mmol) was added dropwise to a suspension of 12 (8 g, 33.7 mmol)
and NaBH4 (1.53 g, 40.4 mmol) in THF (32 mL) at 40–50 8C and the mix-
ture was stirred at the same temperature for 3 h. Whilst cooling with ice
water, the mixture was carefully acidified to pH 1 with 2N aq. HCl and
then extracted with AcOEt. The extracts were washed twice with water,
dried over MgSO4, and the solvent evaporated. The residue was crystal-
lized by adding isopropyl ether to give 15 (6.82 g, 91%) as colorless crys-
tals. M.p. 87–90 8C; [a]25D =�26.7 (c=1.0 in MeOH); optical purity:
>99.9% ee [HPLC: Chiralcel AD (Daicel), EtOH/hexane=10:90,
0.8 mLmin�1, 40 8C, 225 nm]; 1H NMR (400 MHz, CDCl3): d=7.37–7.26
(m, 5H), 4.85 (d, J=15.2 Hz, 1H), 4.27 (d, J=15.2 Hz, 1H), 4.13–3.76
(m, 2H), 3.66–3.64 (m, 1H), 3.34–3.27 (m, 2H), 1.90 ppm (br s, 1H); 13C
NMR (100 MHz, CDCl3): d=173.1, 136.2 (2s), 128.9, 128.1, 128.0 (3d),
61.0 (t), 59.5 (d), 47.1, 28.0 ppm (2t); IR (KBr): ñmax=3446, 1645 cm�1;
MS (70 eV, SI): m/z : 224 [M+H]+ ; elemental analysis calcd (%) for
C11H13NO2S: C 59.17, H 5.87, N 6.27; found: C 58.75, H 5.68, N 6.09.


(R)-3-Benzyl-2-oxothiazolidine-4-carbaldehyde (4): Pyridine (1.45 mL,
17.9 mol), TFA (1.38 mL, 17.9 mol) and DCC (22.2 g, 0.107 mol) in tolu-
ene (40 mL) were successively added to a solution of 15 (20 g, 0.084 mol)
in DMSO (45 mL) at 25 8C and the mixture was stirred at 45 8C for 4.5 h.
Toluene (200 mL) was added to the mixture, which was then cooled in an
ice bath and filtered. The filtrate was washed with brine and water while
the aqueous layer was extracted with AcOEt. The extracts were com-
bined, washed with brine and water, dried over MgSO4 and the solvent
evaporated to afford 4 (16.6 g, 90%) as a viscous oil. 1H NMR
(400 MHz, CDCl3): d=9.55 (d, J=1.8 Hz, 1H), 7.41–7.24 (m, 5H), 5.00
(d, J=14.9 Hz, 1H), 4.30 (d, J=14.9 Hz, 1H), 4.07 (ddd, J=1.8, 3.3,
8.8 Hz, 1H), 3.52 (dd, J=8.8, 11.5 Hz, 1H), 3.34 ppm (dd, J=3.3,
11.5 Hz, 1H); IR (KBr): ñmax=1649 cm�1; HRMS: m/z for [M�H]� :
calcd for C11H11NO2S: 221.0501; found: 221.0502.


2-[(4R)-3-Benzyl-2-oxothiazolidin-4-yl]-2-benzylaminoacetonitrile (5):
The crude 4 (30 g, 0.13 mol) obtained above was dissolved in toluene
(150 mL) and MgSO4 (15 g) was added at 25 8C followed by benzylamine
(14.7 mL, 0.13 mol) at <5 8C. After the mixture had been stirred at 25 8C
for 2 h, TMSCN (35.8 mL, 0.27 mol) was added at �5 8C and the mixture
was stirred at 20 8C for 15 h. The mixture was concentrated under re-
duced pressure and the solids that formed were collected and washed
with water and hexane to give 5 (42.1 g, 96%, syn/anti=28:1) as a color-
less solid [HPLC; L-Column ODS (Daicel), 0.01m KH2PO4 (pH 3)
buffer/CH3CN=50:50, 0.5 mLmin�1, 40 8C, 225 nm]. Compounds syn-5
and anti-5 were purified by silica gel column chromatography (hexane/
CHCl3/AcOEt=5:5:1).


(2R)-2-[(4R)-3-Benzyl-2-oxothiazolidin-4-yl]-2-benzylaminoacetonitrile
(syn-5): M.p. 124–125 8C; [a]25D =++46.1 (c=1.0 in CHCl3); optical purity:
>99% ee [HPLC: Chiralcel AD-H (Daicel), EtOH/hexane=10:90,
0.8 mLmin�1, 40 8C, 225 nm]; 1H NMR (400 MHz, CDCl3): d=7.36–7.25
(m, 8H), 7.12 (dd, J=3.4, 7.4 Hz, 2H), 5.04 (d, J=15.3 Hz, 1H), 4.30 (d,
J=15.3 Hz, 1H), 4.06 (d, J=13.1 Hz, 1H), 3.86–3.76 (m, 3H), 3.40 (dd,
J=8.2, 11.5 Hz, 1H), 3.23 ppm (dd, J=4.5, 11.5 Hz, 1H); 13C NMR
(100 MHz, CDCl3): d=172.6, 137.6, 135.8, 117.8 (4s), 129.6, 129.5, 129.3,
128.8, 128.6, 128.4, 59.3, 52.13 (8d), 52.07, 48.5, 28.8 ppm (3t); IR (KBr):
ñmax=2220, 1648 cm�1; MS (70 eV, SI): m/z : 338 [M+H]+ ; elemental anal-


ysis calcd (%) for C19H19N3OS: C 67.67, H 5.81, N 12.45; found: C 67.35,
H 5.81, N 12.41.


(2S)-2-[(4R)-3-Benzyl-2-oxothiazolidin-4-yl]-2-benzylaminoacetonitrile
(anti-5): M.p. 134 8C; [a]25D =�183.8 (c=0.24 in MeOH); 1H NMR
(400 MHz, CDCl3): d=7.42–7.23 (m, 8H), 7.15–7.07 (m, 2H), 5.03 (d, J=
15.4 Hz, 1H), 4.05 (d, J=13.0 Hz, 1H), 3.96 (d, J=15.4 Hz, 1H), 3.78–
3.68 (m, 2H), 3.52 ppm (m, 2H); 13C NMR (100 MHz, CDCl3): d=172.4,
137.8, 135.8, 118.8 (4s), 129.5, 129.3, 129.2, 129.1, 129.0, 128.8, 128.7,
128.6, 128.43, 128.37, 128.3, 128.1, 59.0, 50.3 (14d), 51.7, 47.9, 28.5 ppm
(3t); IR (film): ñmax=2220, 1674 cm�1; MS (70 eV, SI): m/z : 338 [M+H]+ ;
elemental analysis calcd (%) for C19H19N3OS: C 67.63, H 5.68, N 12.45, S
9.50; found: C 67.59, H 5.63, N 12.47, S 9.24.


Preparation of 2-[(4R)-3-benzyl-2-oxothiazolidin-4-yl]-2-benzylaminoace-
tonitrile (5) via sodium bisulfite adduct 16 : Pyridine (2.92 mL,
0.036 mol), TFA (2.78 mL, 0.036 mol) and DCC (44.4 g, 0.22 mol) were
successively added to a solution of 15 (40 g, 0.18 mol) in a mixture of
AcOEt (90 mL) and DMSO (90 mL) at <43 8C. After the mixture had
been stirred at 50 8C for 3 h, AcOEt (200 mL) was added and the mixture
was cooled in an ice bath. The precipitated DCU 1,3-dicyclohexylurea
(DCU) was filtered and the filtrate was washed with 12% aq. NaCl
(200 mL). The aqueous layer was extracted with AcOEt (100 mL) and
the combined organic phases were washed with 12% aq. NaCl (200 mL).
The AcOEt solution contained a-amino aldehyde 4 (35.9 g, 90%)
[HPLC; Capcell Pak C18 SG 120A (Shiseido), 15 cmQ4.6 mm, 15mm


Na2HPO4/CH3CN=5:1, 1 mLmin�1, 40 8C, 220 nm]. Water (80 mL) and
sodium bisulfite (18.6 g, 0.178 mol) were added to compound 4 (35.9 g,
0.162 mol) in AcOEt and the mixture was stirred at 20 8C for 30 min.
After the solution was concentrated under reduced pressure, AcOEt
(80 mL) was added to the residue. The mixture was stirred at 20 8C for
17 h and the aqueous layer containing bisulfite adduct 16 (35.4 g,
0.16 mol) was suspended in CH2Cl2 (106 mL). Benzylamine (23.2 g,
0.27 mol) was added to this suspension and the mixture was stirred at
20 8C for 2 h. The mixture was then cooled to 8 8C and NaCN (9.4 g,
0.19 mol) was added. After the mixture had been stirred at 20 8C for
20 h, NaHSO3 (5.0 g, 0.048 mol) and NaCN (2.35 g, 0.048 mol) were
added and the mixture was stirred for 1.5 h. Aq. NaOH (10%, 40 mL)
was added to the mixture. The organic phase was separated and washed
with water (40 mL). The aqueous layer was extracted with CH2Cl2
(40 mL) and the combined extracts were dried over anhydrous MgSO4


and filtered to afford a-amino nitrile 5 (51.1 g, 95%) in CH2Cl2 as a mix-
ture of syn and anti isomers [syn/anti=11:1, HPLC; L-Column ODS
(Shimadzu), 0.01m KH2PO4 buffer (pH 3)/CH3CN=55:45, 1 mLmin�1,
40 8C, 225 nm].


(2R)-2-[(4R)-3-Benzyl-2-oxothiazolidin-4-yl]-2-benzylaminoacetamide
(syn-6): DMSO (140 mL), K2CO3 (fine powder, 2.7 g, 0.019 mol), and
30% H2O2 (46.3 g) were added to a CH2Cl2 solution of 5 (vide supra)
(Net 46.9 g, 0.14 mol). After the mixture had been stirred at 20 8C for 6 h,
water was added and the crystals that formed were collected and washed
with CH2Cl2 and water to afford syn-6 (46 g, 93%) as colorless crystals.
M.p. 194–195 8C; [a]25D =�38.8 (c=0.45 in DMF); 1H NMR (400 MHz,
[D6]DMSO): d=7.64 (s, 1H), 7.41 (s, 1H), 7.36–7.14 (m, 10H), 4.91 (d,
J=16.0 Hz, 1H), 4.33 (d, J=16.0 Hz, 1H), 3.87–3.82 (m, 1H), 3.78 (d,
J=16.0 Hz, 1H), 3.53 (d, J=16.0 Hz, 1H), 3.41–3.25 ppm (m, 2H); 13C
NMR ([D6]DMSO): d=173.4, 171.5, 140.5, 137.0 (4s), 129.0, 128.6, 128.2,
127.9, 127.7, 127.1, 62.1, 59.5 (8d), 51.5, 47.2, 27.7 ppm (3t); IR (KBr):
ñmax=3397, 1660 cm�1; MS (70 eV, SI): m/z : 356 [M+H]+ ; elemental anal-
ysis calcd (%) for C19H21N3O2S: C 64.20, H 5.95, N 11.82; found: C 63.99,
H 5.84, N 11.79.


(2S)-2-[(4R)-3-Benzyl-2-oxothiazolidin-4-yl]-2-benzylaminoacetamide hy-
drochloride (anti-6·HCl): Na2S2O3·5H2O (48.5 g) in H2O (100 mL) was
added to the mother liquor of syn-6 (vide supra). The organic phase was
washed successively with brine (twice), 4% aq. citric acid and water, and
the solvent evaporated. Acetone (36 g) and concentrated HCl (5 g) were
added to the residue and the solids that formed were collected and
washed with acetone to afford anti-6·HCl (3.8 g, 7%) as colorless crystals.
M.p. 200–207 8C; [a]25D =�29.3 (c=1.0 in MeOH); IR (KBr): ñmax=1702,
1679 cm�1; 1H NMR (400 MHz, CDCl3): d=10.01 (br s, 1H), 9.58 (br s,
1H), 8.67 (s, 1H), 8.06 (s, 1H), 7.61–7.26 (m, 10H), 4.78 (d, J=15.9 Hz,
1H), 4.38–4.35 (m, 1H), 4.27 (s, 1H), 4.10 (d, J=15.6 Hz, 1H), 3.99 (s,
2H), 3.77 (dd, J=12.0, 3.2 Hz, 1H), 3.52 ppm (dd, J=12.1, 8.4 Hz, 1H);
13C NMR (100 MHz, [D6]DMSO): d=171.1, 136.3 (4s), 130.5, 129.0,
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128.5, 128.4, 127.4, 127.4, 58.8, 57.8 (8d), 49.7, 46.5, 27.3 ppm (3t); MS
(70 eV, SI): m/z : 356 [M+H]+ .


(4R,5R)-1,3-Dibenzyl-5-mercaptomethyl-2-oxothiazolidine-4-carboxylic
acid (7): A solution of syn-6 (100 g, 0.28 mol) in DMF (200 mL) was de-
gassed by bubbling with N2 gas and then stirred at 90 8C for 3 h under a
N2 atmosphere. Concentrated HCl (200 mL, 1.9 mol) was added dropwise
to the mixture at 90 8C over 1.75 h. After the mixture had been stirred at
the same temperature for a further 1.25 h, water (100 mL) was added
dropwise at 85 8C over 30 min. The mixture was cooled to 0 8C and the
solids that formed were collected to afford 7 (95.1 g, 95%) as colorless
crystals. M.p. 159–160 8C; [a]20D =++48.8 (c=0.62 in DMF); optical purity:
>99% ee [HPLC: Chiralcel AD (Daicel), EtOH/hexane/THF=
10:90:0.1, 0.8 mLmin�1, 40 8C, 225 nm]; 1H NMR (400 MHz, DMSO-d6):
d=7.58 (s, 1H), 7.37–7.22 (m, 10H), 4.83 (d, J=16.0 Hz, 1H), 4.54 (d,
J=16.0 Hz, 1H), 4.13 (d, J=16.0 Hz, 1H), 4.06 (d, J=16.0 Hz, 1H), 3.82
(d, J=4.0 Hz, 1H), 3.61–3.58 (m, 1H), 2.75–2.65 (m, 2H), 2.13–2.11 ppm
(m, 1H); 13C NMR (100 MHz, [D6]DMSO): d=170.6, 160.7, 136.9, 136.4
(4s), 128.8–127.5, 58.3, 58.0 (8d), 46.5, 46.3, 23.4 ppm (3t); IR (KBr):
ñmax=1735, 1625 cm�1; MS (70 eV, SI): m/z : 357 [M+H]+ ; elemental anal-
ysis calcd (%) for C19H20N2O2S: C 64.02, H 5.66, N 7.86; found: C 63.83,
H 5.38, N 7.96.


Bis{[(4R,5R)-4-carbamoyl-1,3-dibenzyl-2-oxothiazolidin-5-yl]methyl} di-
sulfide (26): A mixture of syn-6 (14 g, 0.039 mol) and NaHCO3 (3.96 g,
0.047 mol) in DMF was stirred at 80–85 8C for 17 h. The mixture was
evaporated and water (20 mL) was added and the mixture was stirred at
5 8C for 1 h. The crystals that formed were collected and washed with a
mixture of MeOH (80 mL) and water (40 mL), and dried at 50 8C for
17 h to afford 26 (12.1 g, 87%) as colorless crystals. M.p. 208–211 8C;
[a]20D =++55.4 (c=0.29 in DMF); 1H NMR (400 MHz, [D6]DMSO): d=
7.60 (s, 1H), 7.12–7.42 (m, 11H), 4.80 (d, J=16 Hz, 1H), 4.69 (d, J=
16 Hz, 1H), 4.09 (d, J=16 Hz, 1H), 3.84 (d, J=16 Hz, 1H), 3.67 (d, J=
4 Hz, 1H), 3.51–3.55 (m, 1H), 2.86–2.98 ppm (m, 2H); 13C NMR
(100 MHz, [D6]DMSO): d=169.2, 157.2, 135.2, 135.1 (4s), 126.63, 126.6,
125.9, 125.8, 125.4, 125.3, 57.4, 53.7 (8d), 43.9, 42.8, 39.0 ppm (3t); IR
(KBr): ñmax=3356, 1682 cm�1; MS (70 eV, SI): m/z : 709 [M+H]+ .


(4S,5R)-1,3-Dibenzyl-3,3a,6,6a-tetrahydro-1H-thieno[3,4-d]imidazole-2,4-
dione (8): Pyridine (32 mL, 0.39 mol) and TFA (8.7 mL, 0.11 mol) were
added to a solution of 7 (100 g, 0.28 mol) in CHCl3 (400 mL) at 0 8C. A
solution of DCC (86.8 g, 0.42 mol) in CHCl3 (136 mL) was then added to
this mixture at 25 8C, which was then stirred at 0 8C for 1 h and refluxed
for 6 h. The mixture was cooled to 25 8C and the solids that formed were
collected. The filtrate was evaporated and the residue was purified by
silica gel column chromatography (hexane/AcOEt=2:1) to afford 8
(88.1 g, 93%) as colorless crystals. Pure 8 was obtained in 80% yield by
recrystallization of the crude residue from MeOH. M.p. 122–123 8C
(Lit. :[4c] 125.5–127 8C); [a]25D =++90.5 (c=1.0 in CHCl3) {Lit. :[4c] [a]20D =


+91.3�0.9 (c=1.0 in CHCl3)};
1H NMR (400 MHz, CDCl3): d=7.39–


7.25 (m, 10H), 5.04 (d, J=15.0 Hz, 1H), 4.69 (d, J=15.0 Hz, 1H), 4.37
(d, J=15.0 Hz, 1H), 4.36 (d, J=15.0 Hz, 1H), 4.16–4.09 (m, 1H), 3.81(d,
J=7.8 Hz, 1H), 3.38 (dd, J=13.0, 5.6 Hz, 1H), 3.29 ppm (dd, J=13.0,
2.2 Hz, 1H); 13C NMR (100 MHz, [D6]DMSO): d=205.6, 158.1, 137.1,
136.7 (4s), 128.5–127.3, 62.4, 56.0 (12d), 45.2, 44.6, 32.5 ppm (3t); IR
(KBr): ñmax=1697, 1686 cm�1; MS (70 eV, SI): m/z : 339 [M+H]+ .


(4S,5R)-1,3-Dibenzyl-3,3a,6,6a-tetrahydro-1H-thieno[3,4-d]imidazol-2,4-
dione (8): A solution of anti-6·HCl (3.8 g, 9.7 mmol) in DMF (18 g) was
degassed by bubbling with N2 gas and stirred at 120 8C for 5 h. AcOEt
(50 mL) and water (50 mL) was added to the mixture and the aqueous
phase was extracted with AcOEt. The combined extracts were collected
and washed twice with water, and the solvent evaporated. The residue
was purified by silica gel column chromatography (hexane/AcOEt=2:1)
to afford 8 (2.99 g, 91%) as colorless crystals. The spectral properties of
the product were identical to those of 8 obtained from syn-6.


(4R,5R)-1,3-Dibenzyl-3,3a,6,6a-tetrahydro-1H-thieno[3,4-d]imidazol-2,4-
dione (trans-8): Pyridine (32 mL, 0.39 mol) and TFA (8.7 mL, 0.11 mol)
were added to a solution of 7 (100 g, 0.28 mol) in CHCl3 (400 mL) at
0 8C. A solution of DCC (63.5 g, 0.31 mol) in CHCl3 (200 mL) was then
added to the mixture at <15 8C, which was then stirred at 25 8C for 1 h.
The mixture was diluted with AcOEt and filtered. The filtrate was
washed successively with 2N aq. HCl, water, sat. aq. NaHCO3, and brine,
dried over MgSO4 and the solvent evaporated. The residue was crystal-


lized from AcOEt to afford trans-8 (40.0 g, 42%) as colorless crystals.
M.p. 115–116 8C; [a]26D =++10.6 (c=1.0 in CHCl3);


1H NMR (400 MHz,
CDCl3): d=7.37–7.29 (m, 8H), 4.95 (d, J=7.3 Hz, 1H), 4.61 (d, J=
7.3 Hz, 1H), 4.31 (d, J=5.5 Hz, 1H), 4.27 (d, J=5.5 Hz, 1H), 3.49 (m,
1H), 3.38 (d, J=7.0 Hz, 1H), 2.95 (dd, J=4.8, 5.2 Hz, 1H), 2.81 ppm (dd,
J=4.6, 4.8 Hz, 1H); 13C NMR (100 MHz, [D6]DMSO): d=170.9, 140.9,
136.8 (3s), 128.5, 128.4, 128.0, 127.9, 127.4, 127.3, 126.5, 57.9 (8d), 52.8,
48.4, 46.0, 28.7 ppm (4t); IR (KBr): ñmax=2944, 1741, 1710 cm�1; MS
(70 eV, SI): m/z : 339 [M+H]+ ; elemental analysis calcd (%) for
C19H18N2O2S: C, 67.43; H, 5.36; N, 8.28; S, 9.48; found: C 67.27, H 5.31,
N 8.30, S 9.49.


Synthesis of 8 from trans-8 : Pyridine (0.5 mL, 6 mmol) was added to a
solution of trans-8 (100 mg, 0.296 mmol) in CHCl3 (1 mL) and the mix-
ture was stirred at 25 8C for 23 h. The mixture was washed successively
with 2n aq. HCl, water, sat. aq. NaHCO3, and brine, dried over MgSO4


and the solvent evaporated. The residue was crystallized from isopropyl
ether to afford 8 (75.1 mg, 75%) as colorless crystals. The spectral prop-
erties of the product were identical to those of 8 obtained from 7.


Ethyl (3aS,4Z,6aR)-5-(1,3-dibenzyl-2,3,3a,4,6,6a-hexahydro-2-oxo-1H-
thieno[3,4-d]imidazol-5-ylidene)pentanoate (9): Bromine (5.8 g,
36 mmol) was added to a suspension of zinc dust (9.3 g, 0.14 mol) in THF
(18 mL) and toluene (12 mL) at 10–40 8C over 15 min and the mixture
was heated to 50 8C. Ethyl 5-iodopentanoate (18.6 g, 72.8 mmol) was then
added dropwise to the mixture at 50–60 8C over 1 h. After stirring the
mixture for 1 h, the mixture was cooled to 30 8C. Compound 8 (17.6 g,
52 mmol), toluene (36 mL), DMF (4.4 mL), and 10% Pd/C D1 (0.5 g,
0.45 mmol) were added to the resulting mixture and the mixture was stir-
red at 28–40 8C for 5 h. The mixture was treated with 18% HCl (34 mL)
at 10–30 8C. After the mixture had been stirred at 20 8C for 1 h, the mix-
ture was filtered. The organic phase of the filtrate was washed successive-
ly with water, saturated aq. sodium sulfite, and water, dried over MgSO4


and the solvent evaporated to give 9 (22 g, 94%) as a viscous oil. [a]25D =


+190.9 (c=0.95 in MeOH); 1H NMR (400 MHz, CDCl3): d=7.08–6.95
(m, 10H), 5.13 (t, J=8.0 Hz, 1H), 4.59 (m, 2H), 3.99–3.72 (m, 6H), 2.71–
2.62 (m, 2H), 1.99–1.95 (m, 2H), 1.88–1.72 (m, 2H), 1.45–1.35 (m, 2H),
0.96 ppm (t, J=8.0 Hz, 3H); 13C NMR (400 MHz, CDCl3): d=173.3,
159.0, 137.9, 137.1 (4s), 129.0–127.3, 125.7, 64.6, 59.0 (13d), 60.3, 46.5,
44.9, 37.1, 33.6, 31.1, 24.2 (7t), 14.3 ppm (1q); IR (KBr): ñmax=2932,
1691 cm�1; HRMS: m/z for [M�H]� : calcd for C26H30N2O3S: 450.1977;
found: 450.1966.


(3aS,4S,6aR)-5-(1,3-Dibenzyl-2,3,3a,4,6,6a-hexahydro-2-oxo-1H-
thieno[3,4-d]imidazol-5-yl)pentanoic acid (25): A mixture of 9 (100 g,
0.22 mol) and 20% Pd(OH)2/C (50% wet) (7.3 g, 6.9 mmol) in MeOH
(730 mL) and H2O (200 mL) was stirred under H2 (0.9mPa) at 110 8C for
12 h. The mixture was cooled to 25 8C and filtered. Water (2 mL) and
31% aqueous NaOH [86 g: NaOH (27 g) and H2O (59 mL)] were added
to the filtrate and the mixture was stirred at 40 8C for 2 h and the solvent
evaporated. The residue was diluted with AcOEt and acidified to pH 1
with 10% aq. HCl. The organic phase was separated and washed twice
with H2O and the solvent evaporated. Hexane was added to the residue
and the solid that formed was collected to afford 25 (85 g, 90%) as color-
less crystals. M.p. 94 8C; [a]20D =�28.0 (c=0.5 in MeOH); 1H NMR
(400 MHz, CDCl3): d=10.58 (br s, 1H), 7.34–7.23 (m, 10H), 5.07 (d, J=
15.0 Hz, 1H), 4.75 (d, J=15.0 Hz, 1H), 4.15 (d, J=15.0 Hz, 1H), 3.99–
3.83 (m, 3H), 3.10–3.05 (m, 1H), 2.76–2.64 (m, 2H), 2.36–2.32 (m, 2H),
1.68–1.45 (m, 5H), 1.37–1.23 ppm (m, 1H); 13C NMR (100 MHz, CDCl3):
d=178.6, 161.1, 136.9, 136.7 (4s), 128.7–127.7, 62.7, 61.2, 54.2 (13d), 48.0,
46.6, 34.7, 33.9, 28.6, 28.5, 24.4 ppm (7t); IR (ATR): ñmax=1725,
1660 cm�1; MS (70 eV, SI): m/z : 425 [M+H]+ ; elemental analysis calcd
(%) for C24H28N2O3S: C 67.90, H 6.65, N 6.60, S 7.55; found: C 67.69, H
6.69, N 6.56, S 7.47.


(+)-Biotin (1): MeSO3H (15.5 g, 0.16 mol) was added to a solution of 25
(6.36 g, 0.015 mol) in mesitylene (16 mL) at 25 8C. After the mixture had
been stirred at 135 8C for 3 h, it was cooled to 85 8C. The lower phase was
separated and poured into water (100 mL). After the mixture had been
stirred at 10 8C for 1 h, the crystals that formed were collected and
washed with water and acetone to give the crude product. NaOH (0.54 g,
0.014 mol) was added to a stirred suspension of the crude solid in water
(45 mL) at 25 8C, and the pH value of the mixture was adjusted to 7.5–8.0
at 90 8C by adding concentrated HCl. Activated carbon (2.5 g) was added
to the mixture at the same temperature and the mixture was filtered. The
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filtrate was acidified to pH 1.6–1.8 with concentrated HCl at 95 8C. After
the mixture had been stirred at 10 8C for 1 h, the crystals that formed
were collected and washed with water to give 1 (2.71 g, 74%) as colorless
crystals. M.p. 231–232 8C (Lit.[31] 229.5–230 8C): [a]24D =++91.0 (c=1.0 in 0.1
N NaOH) {Lit. :[31] [a]25D =++91.3 (c=1.0 in 0.1N NaOH)}; IR (neat):
ñmax=3299, 2920, 1686 cm�1; 1H NMR (400 MHz, [D6]DMSO): d=12.02
(br s, 1H), 6.49 (br s, 1H), 6.40 (br s, 1H), 4.31 (dd, J=5.2, 7.6 Hz, 1H),
4.16–4.13 (m, 1H), 3.12–3.10 (m, 1H), 2.81 (dd, J=5.1, 12 Hz, 1H), 2.58
(d, J=12 Hz, 1H), 2.21 (t, J=7.3 Hz, 2H), 1.54–1.36 (m, 4H), 1.36–
1.32 ppm (m, 2H); 13C NMR (100 MHz, [D6]DMSO): d=174.8, 163.1
(2s), 61.4, 59.5, 55.7 (3d), 40.0, 33.8, 28.44, 28.36, 24.9 ppm (5t); MS
(70 eV, SI): m/z : 245 [M+H]+ ; elemental analysis calcd (%) for
C10H16N2O3S: C 49.16, H 6.60, N 11.47, S 13.13; found: C 49.28, H 6.63,
N 11.54, S 13.09.
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Studies on Stereoselective [2+2] Cycloadditions between
N,N-Dialkylhydrazones and Ketenes
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Introduction


Thanks to their high efficacy and extremely safe toxicologi-
cal profiles, b-lactam antibiotics have for over 60 years been
crucial drugs in the war against infectious diseases, being the
most widely employed type of antibacterial agents and thus
constituting one of the major cornerstones in medicinal
chemistry.[1] Since the discovery[2] and structural elucidation
of the first isolated members of this family of antibiotics


(penicillin G[3] and cephalosporin C[4]), synthetic chemists
have intensively investigated the development of methodol-
ogies for the construction of the b-lactam skeleton.[5] This
activity has sustained its interest because of the constant
need for new drugs displaying broader antibacterial activity
and/or different biological profiles, while the indiscriminate
and massive use of classic antibiotics (both in humans and
in livestock) now necessitates the preparation of new b-
lactam antibiotics to combat bacteria that have built up re-
sistance against most traditional compounds.


Apart from their clinical use as antibacterial agents,
recent reports on the use of b-lactams (especially non-natu-
ral ones) for other purposes are also gaining attention.
Some of the most notable advances deal with the develop-
ment of inhibitors, such as those of serine protease,[6] of
human leukocyte elastase,[7] of cytomegalovirus protease,[8]


of thrombin,[9] of prostate-specific antigen,[10] of cholesterol
absorption,[11] and of tryptase.[12] Some b-lactams have also
shown anti-cancer activity,[13] and recent studies have dem-
onstrated the utility of synthetic b-lactams as key structures
for the synthesis of conformationally restricted peptidomi-
metics of biological significance.[14] In addition to their im-
portance as bioactive compounds, b-lactams can also be
viewed as protected b-amino acids, and enantiopure deriva-
tives have hence been used as chiral building blocks in syn-
thetic organic chemistry.[15]
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Abstract: Staudinger-like cycloaddi-
tions between chiral, non-racemic N,N-
dialkylhydrazones 1 and functionalized
ketenes constitute an efficient method-
ology for the stereoselective construc-
tion of the b-lactam ring. The potential
for fine tuning of the dialkylamino aux-
iliary structure, the availability of a
high-yielding deprotection method for
the release of the free azetidinones,
and the high thermal and chemical sta-
bility of hydrazones as N-dialkylamino
imines are highlighted as the key ele-
ments for the success of the strategy.


This last aspect is of particular impor-
tance concerning generality: even hy-
drazones from easily enolizable alde-
hydes or from formaldehyde reacted to
afford the corresponding cycloadducts
with high chemical and stereochemical
yields. The syntheses of the b-amino-a-
hydroxyacids (2R,3S)-phenylisoserine
(42) and (2R,3S)-norstatin (45) were


accomplished as illustrative examples
of the synthetic utility of this proce-
dure. A model system for the cycload-
dition of g series auxiliaries was studied
by ab initio computational methods.
The collected results support a two-
step mechanism through zwitterionic
intermediates, and explain the ob-
served absolute and relative stereo-
chemistry in terms of the preferred out-
ward cycloaddition to the Re face of
the hydrazone.


Keywords: [2+2] cycloadditions ·
b-lactams · asymmetric synthesis ·
hydrazones · synthetic methods


Chem. Eur. J. 2004, 10, 6111 – 6129 DOI: 10.1002/chem.200400452 I 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6111


FULL PAPER







Among the available methods for the stereocontrolled
synthesis of the azetidinone skeleton and their open-chain
b-amino acid analogues, catalytic enantioselective ap-
proaches such as the enolate–imine[16] and silyl ketene
acetal–imine[17] condensations, the Kinugasa reaction,[18] and
the [2+2] ketene–imine cycloaddition[19] have recently been
described for some derivatives. This last procedure, also
known as the Staudinger reaction,[20] is one of the most
widely used strategies, due to its simplicity and the availabil-
ity of the starting materials, and many approaches based on
the introduction of chiral auxiliaries in the ketene or in the
imine component in order to carry out cycloadditions in a
stereoselective way have also been examined.[21] These
methodologies, however, in general suffer some limitations,
mainly imposed by the poor stabilities of the required
imines. With very few exceptions,[22] enolizable aldimines
cannot be used in this type of cycloaddition because of their
low thermal stabilities and competitive deprotonation by the
base required for the generation of the ketene in situ. For-
maldimines constitute a second type of unstable imines, due
in this case to their tendency to tri- and oligomerize under
the conditions used in the Staudinger cycloaddition.[23,24] The
particular case of 4-unsubstituted b-lactams, however, de-
serves particular attention due to the presence of such moi-
eties in nocardicins, as well as in other bioactive compounds
such as tabtoxin[25] and the pachystermines,[26] and so indi-
rect, longer routes to these compounds have been devel-
oped.[27]


During the last few years, our research group has been in-
vestigating the chemical behavior of aldehyde N,N-dialkyl-
hydrazones and their use in asymmetric synthesis in several


types of reactions.[28] During these studies, we have regularly
observed high stability of such hydrazones even at high tem-
peratures and in the presence of bases and some Lewis
acids. The higher stability of hydrazones in relation to
imines is most probably due to conjugation between the N-1
lone electron pair and the C=N double bond. Thanks to this,
reaction conditions (temperature, presence of acids or bases,
etc.) usually incompatible with simple imines can be success-
fully used with hydrazones, including aliphatic enolizable
ones or those derived from formaldehyde. Additionally, the
availability of several hydrazones containing tunable chiral
auxiliaries prompted us to explore the usefulness of these
compounds as imine components in Staudinger-like
[2+2] cycloaddition reactions with functionalized ketenes.[29]


Here we wish to report the results obtained on the basis of
this strategy, together with a theoretical study providing an
explanation for the high inductions achieved with the sim-
plest auxiliary and for the observed absolute and relative
configurations.


Results and Discussion


Cycloadditions between formaldehyde N,N-dialkylhydra-
zones and alkoxy- and aminoketenes : Preliminary reactivity
experiments were performed with a model system consisting
of benzyloxyketene (3 ; formed in situ from benzyloxyacetyl
chloride (2) and triethylamine as the base) and 1-(methyl-
eneamino)pyrrolidine (1a ;[30] Scheme 1). The results collected
initially were discouraging: use of chloroform, THF, or Et2O
under a variety of conditions (several temperatures; 1.4 to
2.5 equivalents of triethylamine) resulted in the formation
of complex mixtures in which 1-benzyloxy-3-pyrrolidin-1-yli-
mino)-propan-2-one (5 ; 1,2-adduct to the ketene carbonyl)
was found as the major component along with smaller
amounts of the desired cycloadduct 4a. Indeed, when the re-
action between hydrazone 1a and ketene 3 was carried out
in CH2Cl2 as the solvent between 0 8C and room tempera-
ture, only the 1,2-adduct 5 was isolated, in 31% chemical
yield (Scheme 1). The formation of this compound is most
probably due to the nucleophilicity of the azomethine
carbon of 1a,[28] which is apparently able to attack the
ketene carbonyl of 3.


A marked improvement was observed for reactions car-
ried out in toluene at 50 8C; the desired product 4a could be
isolated in 67% yield without formation of significant
amounts of 5. Additional reactivity experiments were car-
ried out with formaldehyde N,N-dimethylhydrazone 1b.[31]


As would be expected, the lower nucleophilicity of the azo-
methine carbon of this reagent minimizes the side reaction
described above and results in the isolation of the corre-
sponding cycloadduct 4b in a better yield (84%) from the
reaction carried out in toluene at rt.


Once the desired reactivity was established, we started
studies to perform reactions in a stereoselective way. The
SAMP-derived formaldehyde hydrazone 1c[32] (Scheme 2; R
= H) exhibited a better reactivity than 1a, affording cyclo-
adduct 4c in 80 and 89% yields at room temperature and
80 8C, respectively, but the observed diastereoselectivities


Abstract in Spanish: La reacci�n de cicloadici�n [2+2] de
tipo Staudinger entre cetenas funcionalizadas y las hidrazo-
nas quirales 1 constituye un m$todo eficiente para la cons-
trucci�n estereoselectiva del anillo de azetidinona. La modu-
laci�n de la estructura del grupo dialquilamino empleado
como auxiliar, la disponibilidad de un procedimiento eficien-
te para la desprotecci�n de las b-lactamas libres y la alta esta-
bilidad qu)mica y t$rmica de las hidrazonas como N-dialqui-
lamino iminas son los puntos clave para el $xito de la estrate-
gia. Este fflltimo aspecto es de particular importancia por su
implicaci�n en la generalidad del m$todo: hidrazonas deriva-
das de aldeh)dos f-cilmente enolizables o incluso las deriva-
das de formaldeh)do reaccionan para dar lugar a los corres-
pondientes cicloaductos con excelentes rendimientos qu)mi-
cos y estereoqu)micos. La s)ntesis de los b-amino-a-hidroxi--
cidos (2R,3S)-fenilisoserina (42) y (2R,3S)-norestatina (45)
se llevaron a cabo como ejemplos ilustrativos del potencial
sint$tico del m$todo. Estudios computacionales ab initio rea-
lizados sobre una reacci�n modelo basada en los auxiliares
de la serie g sugieren un mecanismo en dos pasos a trav$s de
intermedios zwitteri�nicos. Los resultados obtenidos explican
la estereoqu)mica absoluta y relativa, as) como el alto grado
de inducci�n observado para estos auxiliares, por la preferen-
cia de la aproximaci�n “outward” de la cetena sobre la cara
Re de la hidrazona.
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were disappointing in both cases (Table 1, entries 1 and 2).
Different approaches to improve the chiral auxiliary were
therefore considered.


We first decided to investi-
gate the influence of the steric
bulk on other readily available
proline-derived hydrazones. Ac-
cordingly, hydrazones 1d[30]


(Scheme 2; R = Ph) and 1e[30]


(Scheme 2; R = Et), with
bigger (quaternary) residues at
position 2, were treated at room
temperature with benzyloxyace-
tyl chloride (2) to afford cyclo-
adducts 4d and 4e in good
yields (85–96%) and with a
marked improvement in dia-
stereoselectivity (Table 1, en-
tries 3–6). As in the preceding
cases, even better yields and
faster reaction times were ob-
served at 80 8C, while the dia-
stereoselectivities were influenced very little by this change
(entries 4 and 6). The result obtained with hydrazone 1e
was particularly satisfactory, not only because of the better
induction observed, but also for the easy chromatographic
separation of the (3R)- and (3S)-4e diastereomers, the com-
bination of an excellent 96% chemical yield and a moderate
selectivity (dr 84:16) thus resulting in the isolation of the


pure major isomer (3R)-4e in
80% yield in a single step
(entry 6).


We next investigated the be-
havior of C2-symmetric hydra-
zones, and started experiments
with the mannitol-derived re-
agent 1 f[33] (Scheme 3). The ini-
tial interest in this particular
compound was the result of
several singularities. Firstly,
better stereoselectivity could be
expected, due to the benefits
frequently observed for C2-sym-
metric auxiliaries.[34] Secondly,
the presence of two neighbor-
ing groups at either side (C-2
and C-5) of the C=N double


bond, together with the rigidity conferred by the condensed
1,3-dioxane rings, should hinder the planar conformation as-
sociated with the competing nucleophilic reactivity of the


azomethine carbon.[28] Finally,
hydrazone 1 f can be prepared
in bulk quantities and in a few
steps from inexpensive d-man-
nitol (Scheme 3). The prepara-
tion of the parent hydrazine 7
was carried out by modifying
the procedure described in the
literature.[35] In this way, the
known dimesylate 6[36] was


treated with anhydrous hydrazine to yield 7, which gave 1 f
after condensation with paraformaldehyde in the presence
of Et3N (77% overall yield).


Interestingly, the reaction between hydrazone 1 f and ben-
zyloxyacetyl chloride (2) afforded a single isomer 4 f, which
was readily isolated in 89% yield under the optimized con-
ditions (toluene, 80 8C) found for proline derivatives. This


Scheme 1. Reactions between benzyloxyketene and formaldehyde N,N-dialkylhydrazones: preliminary experi-
ments.


Scheme 2. Cycloadditions of proline-derived formaldehyde hydrazones 1c–e.


Table 1. Synthesis of 1-dialkylamino-3-azetidin-2-ones 4c–g, (R)-14e, (S)-14e, and 17e–g.


Entry Hydrazone Ketene R T [8C] t Product Yield [%][a] dr[b] Conf.[c]


1 1c 3[d] H rt 50 h 4c 80 58:42 –[e]


2 1c 3[d] H 80 2.5 h 4c 89 58:42 –[e]


3 1d 3[d] Ph rt 6 d 4d 85 85:15 R[e]


4 1d 3[d] Ph 80 3.5 h 4d 96 81:19 R[e]


5 1e 3[d] Et rt 24 h 4e 89 (75) 85:15 R
6 1e 3[d] Et 80 1.5 h 4e 96 (80) 84:16 R
7 1 f 3[d] – 80 7 h 4 f 89 >99:1 S
8 1g 3[d] – 80 20 min 4g 88 >99:1 R
9 1e (R)-13[f] Et 80 8 h (R)-14e 94 >99:1 R
10 1e (S)-13[g] Et 80 8 h (S)-14e 80[h] 98:2 S
11 1e 16[i] Et 80 23 h 17e 93 (76) 82:18 R
12 1 f 16[j] – 60[k] 8 h 17 f 81 >99:1 S
13 1g 16[i] – 80 4 h 17g 80 >99:1 R


[a] Isolated yield after column chromatography. In brackets: yield of isolated, pure major isomer (de >98%).
[b] Determined by 1H NMR in the crude reaction product. [c] At C3 of major isomer. [d] From 2 equiv 2.
[e] Inseparable mixture of diastereomers. [f] From 1.5 equiv (R)-12. [g] From 1.5 equiv (S)-12. [h] Isolated as
the pure mayor isomer; the minor isomer was lost during purification. [i] From 2.5 equiv 15. [j] From 6 equiv
15. [k] Extensive decomposition of 1 f was observed at 80 8C.
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result revealed for the first time the appropriateness of C2-
symmetric auxiliaries for this reaction. As would be expect-
ed in view of the relative stereochemistry of 1e and 1 f,
adduct 4 f had the S configuration at C-3, opposite to that of
the major isomer of 4e, and so hydrazones 1e and 1 f in this
way complement each other from a stereochemical point of
view. However, it should be pointed out that the presumed
lack of effective conjugation in 1 f did not result in the ex-
pected enhancement of the imine-like reactivity for this
compound. In fact, it was found that 1 f is less reactive than
proline derivatives towards 3, as demonstrated by the ab-
sence of reactivity at room temperature, and by the longer
reaction times (7 h for 1 f versus 1.5 h for 1e) required for
completion at 80 8C.


Finally, for reasons fully explained in the next section, the
behavior of the C2-symmetric hydrazone 1g was also investi-
gated. This product was obtained from the parent hydrazine
(2R,5R)-1-amino-2,5-dimethylpyrrolidine (9), which can be
efficiently prepared from the commercially available (S,S)-
2,5-hexanediol (8).[37] The reaction between hydrazone 1g
and 2 afforded a single isomer 4g, isolated in 88% chemical
yield (Scheme 3, Table 1, entry 8). As in the case of the pro-
line derivatives, 4g had the R configuration at C-3. It should
be noted, however, that the enantiomer of 1g is also easily
available, enabling access to the product 4g with the desired
absolute configuration. Additionally, hydrazone 1g proved
to be more reactive than any of the other hydrazones 1a–f
previously employed, as revealed by the shorter reaction
times needed for completion (20 min, Table 1, entry 7).


Once the methodology for the preparation of 4-unsubsti-
tuted 3-alkoxy-b-lactams had been established, and with ac-
count being taken of the fact that many biologically impor-
tant b-lactam derivatives carry nitrogen functionalities at C-
3, cycloadditions between hydrazones 1e–g and a-aminoke-
tene derivatives were also investigated. A preliminary
screening was made with hydrazone 1e as the reagent and
many common combinations of aminoketene precursors
(azidoacetyl chloride,[38] phthalimidoacetyl chloride,[39]


DanePs salt,[40] azidoacetic acid, and N-Boc-glycine) and acti-
vators (Et3N, 2-chloro-N-methylpyridinium iodide or tosy-


late, phenyl dichlorophosphate), under a variety of condi-
tions, but no significant amounts of the desired cycloadducts
could be isolated from the complex reaction mixtures. As
one exception, though, N,N-dibenzylglycine 10[41] underwent
a clean reaction in the presence of 2-chloro-N-methylpyridi-
nium iodide to afford hydrazone 11 as the sole reaction
product in 90% yield (Scheme 4).[42]


On the other hand, the desired cycloadduct was detected
in the reaction between phthaloylglycine and 1e under dif-
ferent conditions, but was always isolated in low yields and
contaminated with unknown impurities. The low thermal
stability of the aminoketene generated in the reaction
medium (80 8C in toluene) was advanced as a possible ex-
planation for the poor results observed in this case. Since
Palomo et al. had described the Staudinger reaction of
Evans–Sjogren aminoketene 13 at high temperature,[22] we
studied the reactions between hydrazone 1e and the chiral
aminoketenes (R)- and (S)-13 (Scheme 5). The best results
were obtained by use of the corresponding a-amino acid
precursors (R)- and (S)-12 and 2-chloro-N-methylpyridinium
iodide as activating agent[43] for the generation of the amino-
ketene. A matched double induction experiment with (R)-13
and hydrazone 1e afforded the corresponding adduct (3R)-
14e as a single diastereoisomer in high yield (Table 1,
entry 9). The mismatched pair formed by hydrazone 1e and
aminoketene (S)-13 gave the corresponding b-lactam in a
slower and less clean reaction, although enantiomerically
pure (3S)-14e could be isolated in 80% yield after flash
chromatography (entry 10).


Scheme 3. Cycloadditions of C2-symmetric hydrazones 1 f and 1g.


Scheme 4. Reaction between hydrazone 1e and dibenzylglycine 10.
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Important conclusions were drawn from these experi-
ments, leading to the design of more efficient strategies:


a) The stability of aminoketene derivatives in the reaction
conditions strongly depends on the nature of the sub-
stituents on nitrogen. Consequently, we prepared the gly-
cine derivative 15 (Scheme 6), which, carrying the same
functionality pattern on nitrogen as 12, should behave in
a similar way. Treatment of aminoketene 16—generated
from 15 under the above conditions—with 1e afforded
adduct 17e in 93% chemical yield and as an 82:18 mix-
ture of diastereoisomers (Table 1, entry 11). As also ob-
served for the oxygen analogues, the resolving properties
of the auxiliary of 1e allowed easy chromatographic sep-
aration of diastereomers (3R)- and (3S)-17e, isolated as
pure compounds in 76 and 16% yields, respectively.


b) From the cycloaddition between the mistmatched pair of
reactants 1e/(S)-13, it can be deduced that the induction


effected by the chiral oxazo-
lidinone is clearly higher
than that of the dialkylami-
no auxiliary, suggesting a
further improvement on the
latter. Again, C2-symmetric
dialkylamino groups proved
to be more efficient auxilia-
ries; an almost perfect par-
allel with the preceding
oxygen case was observed
in the cycloadditions be-
tween hydrazones 1 f and
1g and aminoketene 16,
with b-lactams 17 f and 17g
also being obtained in good
chemical yields and as
single diastereoisomers, the
two products having oppo-
site configurations at C3
(Scheme 7). Once more, hy-


drazone 1g proved to be much more reactive than 1 f
and 1e (Table 1, entries 12 and 13).


Cycloadditions between higher hydrazones and benzyloxy-
ketene : In view of the above results, we started studies on
the extension of the methodology to cycloadditions of
higher hydrazones. Since the use of aliphatic, enolizable
imines is particularly restricted because of their limited sta-
bilities, we concentrated on cycloadditions of hydrazones de-
rived from easily enolizable aldehydes. In view also of the
lack of general approaches for the enantioselective synthesis
of 4-alkyl(aryl)-3-hydroxy-b-lactams and their potential as
precursors of bioactive b-amino-a-hydroxyacids (isoserines),
we focused on [2+2] cycloadditions between chiral aldehyde
hydrazones and a-benzyloxyketene 3.[44] Studies began with
treatment of the proline-derived hydrazones 18e–22e with
benzyloxyacetyl chloride (2), as in the preceding formalde-


hyde case. Under optimized re-
action conditions (toluene,
Et3N, 80 8C for primary sub-
strates, 100 8C for secondary or
aromatic hydrazones), the ex-
pected cycloadducts 23e–27e
were obtained in excellent
chemical yields (84–98%) and
with moderate to good (3R,4S)/
(3S,4R) selectivities (Scheme 8,
Table 2), with only traces of
trans isomers being detected in
some cases. Nevertheless, the
collected results were deemed
satisfactory because the major
diastereoisomers could be
easily separated by flash chro-
matography in all cases, thus al-
lowing the isolation of the opti-
cally pure major cis isomers


Scheme 5. Cycloadditions between hydrazone 1e and aminoketenes (S)- and (R)-13.


Scheme 6. Cycloaddition between 1e and aminoketene 16.
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(3R,4S)-23e to (3R,4S)-27e in yields ranging from 70 to
82%. The results collected in Table 2 indicate the generality
of the process, as applied both to aromatic and to primary
and secondary aliphatic substrates.


A high reaction temperature (80–100 8C) proved to be
key for the cycloaddition: interestingly, reactions carried out
at room temperature afforded hydrazide 28 as the only iden-
tifiable product, in 70–75% yields (Scheme 8). This behavior


suggests that the higher steric
demand in these substrates hin-
ders the conrotatory ring-clo-
sure from the zwitterionic spe-
cies 29, a generally accepted in-
termediate in the Staudinger re-
action.[45] The formation of 28
can be then explained by as-
suming hydrolytic CN cleavage
of the alkylidene fragment
during workup.


The previously collected re-
sults from cycloadditions of
formaldehyde derivatives made
us consider the use of C2-sym-
metric auxiliaries in this case as
well. Surprisingly, however,
treatment of the d-mannitol-de-
rived hydrazone 19 f with 3 af-
forded only enamine 30 in high
yields (>90%) under a variety
of conditions (Scheme 9). The
observed gap in reactivity be-
tween 1 f and 1e may be associ-
ated with their structural differ-
ences. The small methylene
groups at C2 and C5 in 1 f donPt
appear to be much more de-
manding than the bigger side
chain at C2 in 1e. On the other
hand, the presence of the two
condensed dioxane rings in 1 f
strongly restricts the flexibility
of the pyrrolidine ring, hinder-
ing the ring planarity associated
with an effective n–p conjuga-
tion. Interestingly, a dramatic
difference in the reactivities of
1e and 1 f had previously been
observed in a different context:


the nucleophilicity of 1e allows 1,2-addition to trifluoro-
methyl ketones, while 1 f fails as reagent in the same reac-
tion.[33] The above considerations suggest that the f series hy-
drazones, due to less effective n–p conjugation, present


hybrid chemical behavior lying
between proline derivatives and
“normal” imines, possessing
high chemical stability as in the
former, but a tendency to tauto-
merize closer to the latter. The
formation of 30 was conse-
quently attributed to a tauto-
merization (!31)/acylation
path (Scheme 9, path a). The in-
itially proposed intramolecular


H-transfer[29b] in 32 (Scheme 9, path b) was later ruled out
because the calculated geometry of such intermediates (see
below) would prevent any significant contribution of n!p


conjugative effects, and there would therefore be no explan-


Scheme 7. Cycloadditions between C2-symmetric hydrazones 1 f and 1g and 15.


Scheme 8. Reactions between e-series hydrazones 18e–22e and 2.


Table 2. Synthesis of 4-alkyl(aryl)-1-(N,N-dialkylamino)-3-benzyloxyazetidin-2-ones 23e–27e.


Hydrazone T [8C] Product R Yield [%][a] dr[b,c] cis/trans[c]


18e 80 23e n-C5H11 85 (70) 82:18 98:2
19e 80 24e iBu 84 (73) 87:13 98:2
20e 80 25e Ph(CH2)2 97 (78) 80:20 >99:1
21e 100 26e iPr 90 (82) 91:9 >99:1
22e 100 27e Ph 98 (75) 76:24 >99:1


[a] Isolated yield. Values in parentheses correspond to the pure (de 98%) major isomer. [b] (3R,4S)/(3S,4R).
[c] Determined by 1H and 13C NMR.
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ation for the observed difference of behavior with proline
derivatives.


In order to gain further information, the non-enolizable
hydrazone 22 f (Scheme 10) was prepared and treated with
2. Under forcing conditions (100 8C), the desired b-lactam
27 f was formed in a moderate 66% yield, but with excellent
stereoselectivity (de�98%). Thus, the introduction of a C2-
symmetric auxiliary seems to be an appropriate strategy, but
the lower reactivity of d-mannitol derivatives prevents a
better result. The more flexible C2-symmetric hydrazone
19h was synthesized and treated with 2 to afford cycload-
duct 24h with complete (3R,4S)/(3S,4R) selectivity, support-
ing the validity of the starting hypothesis, but the yield
(53%) was disappointing and the product was contaminated
with ca. 10% of the undesired trans (3R,4R) diastereomer
(Scheme 10). The partial formation of trans products and
the moderate reactivity of 19h were now attributed to a
higher steric hindrance around the C=N bond.


A final attempt to improve the results obtained with hy-
drazones 18e–22e was therefore based on the strategy out-
lined above, but with use of substrates containing the steri-
cally less demanding (2R,5R)-dimethylpyrrolidine as the
auxiliary. As was to be expected, higher reactivities were ob-
served in the reactions between 19g–22g and 2, which pro-
ceeded smoothly to give the corresponding cycloadducts
24g–27g in high yields and, notably, with excellent (3R,4S)/
(3S,4R) selectivities (de �98%) in spite of the low steric
demand effected by the small methyl groups at C2 and C5
(Scheme 11, Table 3). In this case, an optimum reaction tem-
perature of 60 8C was applied for treatment of 2 with ali-
phatic primary hydrazones 19g and 20g (Table 3, entries 1
and 4), since significant amounts of trans isomers appeared
at 80 8C (entries 2 and 5). Interestingly, the high reactivities
of 19g–22g allow cycloadditions to be performed even at


room temperature (entry 3), in
contrast with all other hydra-
zones tested. Secondary (21g)
and aromatic (22g) hydrazones
also reacted smoothly with 2 at
optimized temperatures of 80
and 100 8C to give the corre-
sponding adducts 26g and 27g
in 80 and 96% yields, respec-
tively (entries 6 and 7).


Deprotection and synthesis of
b-amino-a-hydroxyacids : The
use of hydrazones as reagents
in Staudinger-like cycloaddi-
tions to ketenes appears to be a
successful strategy in view of
two key aspects: 1) the higher
stability of hydrazones derived
from formaldehyde or aliphatic
aldehydes provides an easy
route to the 4-unsubstituted
and 4-alkylated azetidin-2-one


rings, and 2) the potential for tuning of the structure of the
chiral dialkylamino auxiliary offers very efficient control
over the stereochemical course of the reaction, affording
enantiomerically pure compounds in all cases. The success


Scheme 9. Reaction between 19 f and 2.


Scheme 10. Cycloadditions of 22 f and 19h.


Scheme 11. Cycloadditions of 19g–22g.
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of the whole strategy, however,
relies on the availability of an
efficient method for the release
of the dialkylamino auxiliary to
obtain the desired deprotected
b-lactams. Unfortunately, the
attempted key cleavage of the
N�N bonds in adducts 4e and
4 f by catalytic hydrogenolysis
with use of several catalysts
[Raney-Ni, Pd/C, and Pd(OH)2/
C] or by use of Li/NH3 under
several sets of conditions was
unsuccessful. Only large excesses of SmI2


[46] in the presence
of HMPA as co-solvent afforded the desired products, but
this inconvenient procedure gave only low to moderate
yields of product in the investigated 4-unsubstituted cases
(33 : 64–65% from 4e or 4 f ; 34 : 42% from 17e). We were
therefore forced to develop a new procedure for the N�N
bond cleavage, which was finally accomplished under oxida-
tive conditions[47] through the use of N-oxidation reagents
such as m-CBPA, magnesium monoperoxyphthalate
(MMPP), or Oxone. The best results were observed with
methanolic solutions of MMPP, which afforded high yields
of product 33–40 in all cases (Scheme 12, Table 4). The reac-


tions were performed from single diastereomers except in
the case of (3R,4S)-24g (entry 14), which was contaminated
with 5% of the inseparable trans isomer (Table 3, entry 1).
The deprotected product (3R,4S)-37, however, was isolated
in 84% yield as the pure cis compound; the corresponding
deprotected trans derivative was presumably removed
during chromatographic purification.


Finally, standard transformations from 40 and 37 afforded
b-amino-a-hydroxy acids (2R,3S)-42, the side chain of
Taxol,[48] and (2R,3S)-45, a component of the renin inhibitor
KRI-1230[49] and of antitumoral drug ABT-271[50]


(Scheme 13).
Overall, (2R,3S)-phenylisoserine (42) was synthesized in


four steps and in 66% and 52% yields from hydrazones


(R,R)-22g and (S)-22e, respectively, while (2R,3S)-norstatin
45 was obtained in 50 or 57% overall yields from (R,R)-19g
or (S)-19e, respectively. It is also worth stressing again that
the auxiliaries used (e and g series) are available in both
enantiomeric forms.[51] Thus, the same methodology but use
of the enantiomeric hydrazones (S,S)-19g or (R)-19e could
be applied to the synthesis of (2S,3R)-norstatin (ent-45), a
key component of amastatin, a nontoxic inhibitor of amino-
peptidase A and leucine aminopeptidase.[52]


Determination of the absolute configurations : The absolute
3R configuration of (3R)-4e was determined by X-ray dif-
fraction analysis of its derivative (3R)-47.[29a] The absolute
configurations of (3S)-4 f and (3R)-4g were assigned by
chemical correlation according to the transformations shown
in Scheme 14.


The absolute configuration of (3S)-17 f was assigned by
chemical correlation with the known compound (3S)-48,[53]


while that (3R)-17e was assigned by comparison of the spe-
cific rotations of (3S)- and (3R)-35 as shown in Scheme 15.


The results of the double induction experiments per-
formed with (R)-13 and (S)-13 are in agreement with the R
configuration induced by (S)-1e : the latter forms a matched
pair with the R-inducing ketene (R)-13,[15a,24,44, 54] while the S
product was formed from the mismatched pair (S)-1e/(S)-13
with predominant S induction by the ketene. This last state-
ment was deduced after cleavage of the cycloadducts (3R)-
14e and (3S)-14e, which afforded the enantiomeric products
(3R)-34 and (3S)-34, respectively (Table 4, entries 4 and 5).


The cis stereochemistry was established from the coupling
constant 3JH3,H4, which can be easily distinguished from that
of trans isomers.[55] The absolute configuration of (3R,4S)-
27e was established by chemical correlation with the known
derivative (3R,4S)-41, obtained via (3R,4S)-40 (Scheme 13)


Table 3. Synthesis of 1-(N,N-dialkylamino)-3-benzyloxyazetidin-2-ones 24g–27g.


Entry Hydrazone T [8C] R Product Yield [%][a] dr[b,c] cis/trans[b]


1 19g 60 iBu 24g 70 >99:1 95:5[d]


2 19g 80 iBu 24g 91 >99:1 85:15
3 20g rt Ph(CH2)2 25g 67 >99:1 >99:1
4 20g 60 Ph(CH2)2 25g 83 >99:1 >99:1
5 20g 80 Ph(CH2)2 25g 91 >99:1 91:9
6 21g 80 iPr 26g 80 >99:1 >99:1
7 22g 100 Ph 27g 96 >99:1 >99:1


[a] Yield of isolated product. [b] Determined by 13C and 1H NMR. [c] (3R,4S)/(3S,4R) [d] Inseparable mixture. The pure cis isomer was obtained after re-
lease of the auxiliary (see Table 4, entry 14).


Scheme 12. Release of the chiral auxiliary: oxidative cleavage of N�N
bonds.


Scheme 13. Synthesis of Taxol side chain (2R,3S)-42 and norstatin (2R,3S)-45.
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Table 4. Synthesis of azetidin-2-ones 33–40 by oxidative N�N bond cleavage of N-dialkylamino-b-lactams.[a]


Entry Starting compound X R NR1R2 t [h] Product Yield [%][b]


1 (3R)-4e OBn H 1 (3R)-33 89


2 (3S)-4 f OBn H 6 (3S)-33 82


3 (3R)-4g OBn H 2 (3R)-33 82


4 (3R)-14e H 2.5 (3R)-34 75


5 (3S)-14e H 1.75 (3S)-34 71


6 (3R)-17e H 1 (3R)-35 83


7 (3S)-17 f H 6 (3S)-35 82


8 (3R)-17g H 2 (3R)-35 83


9 (3R,4S)-23e OBn n-C5H11 3 (3R,4S)-36 78


10 (3R,4S)-24e OBn iBu 2.5 (3R,4S)-37 91


11 (3R,4S)-25e OBn Ph(CH2)2 2 (3R,4S)-38 87


12 (3R,4S)-26e OBn iPr 4 (3R,4S)-39 88


13 (3R,4S)-27e OBn Ph 2 (3R,4S)-40 96


14 (3R,4S)-24g OBn iBu 2 (3R,4S)-37 84[c]


15 (3R,4S)-25g OBn Ph(CH2)2 2 (3R,4S)-38 84


17 (3R,4S)-26g OBn iPr 2 (3R,4S)-39 91


18 (3R,4S)-27g OBn Ph 2 (3R,4S)-40 95


[a] Substrate/MMPP 1:6. [Substrate] = 0.4m. [b] Of isolated product after column chromatography. [c] Of pure cis isomer.
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([a]31D = ++181.9 (c = 1.3, MeOH); lit. [a]D = 182–193
(MeOH)[56]). Compound (3R,4S)-40 ([a]25D = ++97.3 (c = 1,
DMSO)) was also obtained from (3R,4S)-27g, which there-
fore had the same absolute configuration as (3R,4S)-27e at
C3 and C4. The obtaining of the enantiomer (3S,4R)-40
([a]31D = �102.4 (c = 0.3, DMSO)) from (3S,4R)-27 f con-
firmed the absolute configuration assigned to the latter. Fi-
nally, the absolute configurations of (3R,4S)-37 and their


precursors (3R,4S)-24e and (3R,4S)-24g were assigned after
the synthesis of (2R,3S)-norstatin as described above.


Computational studies : Since there was no evident explana-
tion for the almost complete inductions achieved by the use
of the rather simple 2,5-dimethylpyrrolidine auxiliary, we
decided to perform a computational study in order to under-
stand the stereochemical outcome of the reaction better. Ab
initio calculations at the B3LYP6-31G* level were applied
to the cycloaddition of acetaldehyde hydrazone H and me-
thoxyketene K as the model system. In agreement with pre-
vious studies on the Staudinger reaction,[45] our results sup-
port a two-step mechanism consisting of: i) nucleophilic
attack of the imine nitrogen to the ketene carbonyl, leading
to a zwitterionic intermediate ZW trough a transition state
TS1, and ii) electrocyclic conrotatory ring-closure via TS2 to
the final product P. Four different paths can be considered
by combining two relative positions of the methoxy residue
of K (outward or inward) and the two diastereomeric faces
(Re,Si) of the C=N bond of H (Scheme 16).


The stationary points corresponding to the transition
states TS1 (first step) and TS2 (second step), the zwitterion-
ic intermediates ZW, and the final products P were located
for the paths described above and fully characterized by
computation of the vibrational frequencies. The relative en-
ergies calculated for these structures are collected in
Table 5.


Analysis of these data suggests that, as in related ketene-
imine systems,[45] the conrotatory ring-closure appears, in
general, to be the rate-determining step. A strong prefer-


ence for the outward ap-
proaches can be deduced from
the different energies of the
TS2 and ZW structures. Thus,
the calculated energy barriers
for outward approaches are 5.1
and 6.3 kcalmol�1 for the Re
and Si attacks, respectively. In
sharp contrast, the barriers cor-
responding to inward ap-
proaches are 16.9 and 17.6 kcal
mol�1. This tendency is also
consistent with previous studies
on related cycloadditions with
electron-rich ketenes, a fact an-
alyzed in terms of the so-called
torquoelectronic effect.[57]


In order to explain the pref-
erence for the P-O/Re product,
it is therefore necessary to com-


Scheme 14. Determination of the absolute configurations of (3R)-4e,
(3S)-4 f, and (3R)-4g.


Scheme 15. Determination of the absolute configurations of (3S)-17 f and (3R)-17e.


Table 5. Relative energies for the stationary points.


Pathway Relative energies [kcalmol�1]
TS1 ZW TS2 P


outward/Re 3.4 3.1 8.2 �36.4
inward/Re 3.8 2.2 19.1 �36.5
outward/Si 7.7 6.3 12.6 �35.8
inward/Si 8.0 5.6 23.2 �32.6
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pare the calculated relative energies for the stationary
points along the outward/Re and outward/Si paths
(Figure 1). Firstly, the most stable ZW-O/Re intermediate is


formed through a less energy-demanding addition step
(3.4 kcalmol�1 for TS1-O/Re versus 7.7 kcalmol�1 for TS1-
O/Si). Moreover, the second step operates in the same
sense: the barrier leading to product P-O/Re through the es-
sentially irreversible ring-closing step is also smaller (5.1
versus 6.3 kcalmol�1 for P-O/Si).


A careful analysis of the relevant structures shown in
Figure 2 suggests a description of the data reported above in
terms of two significant interactions:


a) There are CH···O hydrogen bonds that contribute to the
stabilization of the proposed structures. However, there
is a considerable difference in the number and efficiency
of these interactions in the two paths: the outward/Re
transition states TS1-O/Re and TS2-O/Re (as well as the
zwitterionic intermediate ZW-O/Re) each exhibit two of
these hydrogen bonds, while the structures correspond-
ing to the outward/Si pathway present only the NCH···O
bond. The most significant difference appears through
comparison of the ring-closing transition states TS2-O/
Re, with H–O distances of 2.51 and 2.49 X, and TS2-O/
Si, which has only a weak CH···O bond with an H–O dis-
tance of 2.61 X.


b) The methyl groups at C2 and C5 in the pyrrolidine ring
arrange in almost perfect pseudoequatorial positions in
the calculated outward/Re stationary points. In the out-
ward/Si transition states and zwitterionic intermediate,
however, one of the methyl groups arranges in an almost
perfect pseudoaxial position. As a direct consequence,
there are considerable steric interactions that should
contribute to the higher relative energy calculated for
the latter. The short C(Me)–C(ketene carbonyl) distan-
ces in ZW-O/Si (3.11 X) and TS2-O/Si (3.09 X) are rep-
resentative examples of this effect.


In summary, a model based on the computational study is
proposed. According to this model, the absolute and relative
absolute configurations are the result of a favored outward
cycloaddition involving the Re face of the hydrazone. This


Scheme 16. Possible reaction paths between methoxyketene K and acetaldehyde g series hydrazone H according to a two-step mechanism via zwitterionic
intermediates.


Figure 1. Energy profiles for the outward/Re and outward/Si paths.
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approach is less energy-demanding than that resulting from
the attack to the Si face of the C=N bond, mainly due to the
contribution of stabilizing CH···O hydrogen bonds and the
absence of CO–Me repulsive interactions.


Conclusion


The obtained results indicate that chiral N,N-dialkylhydra-
zones are advantageous reagents for use as imine compo-
nents in Staudinger [2+2] cycloadditions with functionalized
ketenes. The stability of formaldehyde and enolizable sub-
strates gives the method generality, while the potential for
fine tuning of the auxiliary offers efficient control over the
stereochemical course of the reaction. The method could be
applied to the synthesis of bioactive isoserines, which were
synthesized in a reduced number of steps thanks to the mul-
tiple roles played by the dialkylamino residue. In fact, the
optimized 2,5-dimethylpyrrolidine moiety was used simulta-
neously as stabilizing function, chiral auxiliary, and protect-
ing group.


Experimental Section


General methods : Melting points were determined on a metal block and
are uncorrected. Optical rotations were measured at room temperature.
FT-IR spectra were recorded on KBr pellets or films. EI-mass spectra
were recorded at 70 eV, with use of an ionizing current of 100 mA, an ac-
celerating voltage of 4 kV, and a resolution of 1000 or 10000 (10% valley
definition). The reactions were monitored by TLC. Purification of the


products was carried out by chromatography (silica gel). The light petro-
leum ether used had a boiling range of 40–65 8C. All the calculations
were performed by use of Gaussian98W[58] with the standard 6-31G**
basis set[59] and the B3-LYP[60] method; see Supporting Information for
further details.


General procedure for the synthesis of 1-dialkylamino-3-benzyloxyazeti-
din-2-ones 4a–g : A solution of benzyloxyacetyl chloride (2, 2 mmol,
0.33 mL) in toluene (5 mL) was added dropwise to a solution of the hy-
drazone 1a–g (1 mmol) and TEA (4 mmol, 0.56 mL) in dry toluene
(10 mL). The mixture was heated until consumption of the starting hy-
drazone and washed with water, and the aqueous layer was extracted
with EA (2Y15 mL). The combined organic layer was washed with brine,
dried (Na2SO4), and concentrated. Flash chromatography (Et2O/DCM/
PE) gave the corresponding 1-(dialkylamino)-3-benzyloxyazetidin-2-ones
4a–g. Starting materials, reaction times, and characterization data were
as follows:


3-Benzyloxy-1-pyrrolidin-1-yl-azetidin-2-one (4a): This compound was
prepared from hydrazone 1a,[30] the reaction being complete after 2.5 h
at 50 8C. Flash chromatography (Et2O/DCM/PE 1:1:2) gave 4a (165 mg,
67%) as an oil. 1H NMR (300 MHz, CDCl3): d = 1.81–1.85 (m, 4H),
2.90–2.96 (m, 4H), 3.27 (dd, J = 1.8, 5.2 Hz, 1H), 3.52 (t, J = 4.9 Hz, 1H),
4.57 (dd, J = 1.8, 4.8 Hz, 1H), 4.64 (d, J = 11.5 Hz, 1H), 4.85 (d, J =


11.5 Hz, 1H), 7.31–7.39 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): d =


22.1 (2C), 45.0, 51.2 (2C), 72.3, 77.3, 128.0, 128.1, 128.4, 136.7, 166.2 ppm;
IR (KBr): ñ = 1769, 1458, 1092, 1028 cm�1; MS (EI): m/z (%): 246 (0.3)
[M]+ , 127 (68), 91 (100), 56 (40); elemental analysis calcd (%) for
C14H18N2O2: C 68.27, H 7.37, N 11.37; found C 68.28, H 7.40, N 11.60.


3-Benzyloxy-1-(dimethylamino)azetidin-2-one (4b): This compound was
prepared from hydrazone 1b, the reaction being complete after 48 h at
rt. Flash chromatography (Et2O/DCM/PE 1:1:1) gave 4b (185 mg, 84%)
as an oil. 1H NMR (300 MHz, CDCl3): d = 2.58 (s, 6H), 3.25 (dd, J =


1.9, 5.2 Hz, 1H), 3.50 (td, J = 4.7, 5.2 Hz, 1H), 4.56 (dd, J = 1.9, 4.7 Hz,
1H), 4.65 (d, J = 11.5 Hz, 1H), 4.84 (d, J = 11.5 Hz, 1H), 7.30–
7.40 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): d = 44.1, 44.4, 72.3, 77.6,
128.0, 128.1, 128.4, 136.7, 165.2 ppm; IR (KBr): ñ = 1768, 1458, 1093,


Figure 2. Transition states TS1 and TS2 and zwitterionic intermediates ZW for the outward/Re and outward/Si approaches.
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1029 cm�1; MS (EI): m/z (%): 220 (2) [M]+ , 101 (100), 91 (65), 58 (22);
elemental analysis calcd (%) for C12H16N2O2: C 65.43, H 7.32, N 12.72;
found C 65.26, H 7.60, N 12.94.


(3R)- and (3S)-3-Benzyloxy-1-[(2S)-2-methoxymethyl-pyrrolidin-1-yl]aze-
tidin-2-one [(3R)- and (3S)-4c]: These compounds were prepared from
hydrazone 1c, the reaction being complete after 2.5 h at 80 8C. Flash
chromatography (Et2O/DCM/PE 1:1:2!1:1:1) gave 4c (258 mg, 89%) as
an inseparable mixture of diastereoisomers (3R)- and (3S)-4c (dr 58:42).
1H NMR (500 MHz, CDCl3) (3R)-4c : d = 1.57–1.64 (m, 1H), 1.75–1.89
(m, 2H), 1.90–1.99 (m, 1H), 2.90 (q, J = 7.6 Hz, 1H), 3.10–3.24 (m, 2H),
3.25 (dd, J = 1.8, 5.0 Hz, 1H), 3.32 (s, 3H), 3.38–3.48 (m, 2H), 3.56 (t, J
= 5.0 Hz, 1H), 4.54 (dd, J = 1.8, 4.8 Hz, 1H), 4.64 (d, J = 11.6 Hz, 1H),
4.83 (d, J = 11.6 Hz, 1H), 7.29–7.38 ppm (m, 5H); (3S)-4c d = 1.57–
1.64 (m, 1H), 1.75–1.89 (m, 2H), 1.90–1.99 (m, 1H), 2.90 (q, J = 7.6 Hz,
1H), 3.10–3.24 (m, 2H), 3.33–3.35 (m, 1H), 3.34 (s, 3H), 3.38–3.48 (m,
2H), 3.50 (t, J = 4.9 Hz, 1H), 4.56 (dd, J = 1.9, 4.7 Hz, 1H), 4.65 (d, J
= 11.6 Hz, 1H), 4.83 (d, J = 11.6 Hz, 1H), 7.29–7.38 ppm (m, 5H); 13C
NMR (125 MHz, CDCl3) (3R)-4c : d = 20.9, 26.0, 45.7, 51.8, 59.0, 60.9,
72.1, 75.2, 77.4, 127.9, 128.0, 128.1, 128.4, 137.0, 166.7 ppm; (3S)-4c : d =


21.1, 26.1, 46.2, 51.9, 59.1, 61.1, 72.2, 75.0, 77.4, 127.9, 128.0, 128.1, 128.4,
137.0, 166.7 ppm; IR (KBr): ñ = 1768, 1453, 1114, 1027 cm�1; MS (CI):
m/z (%): 291 (80) [M+H]+ , 129 (100), 91 (62); elemental analysis calcd
(%) for C16H22N2O3: C 66.18, H 7.64, N 9.65; found C 66.16, H 7.70, N
9.56.


(3R)- and (3S)-3-Benzyloxy-1-[(2S)-2-(methoxydiphenylmethyl-pyrroli-
din-1-yl]-azetidin-2-one [(3R)- and (3S)-4d]: These compounds were pre-
pared from hydrazone 1d, the reaction being complete after 3.5 h at
80 8C. Flash chromatography (Et2O/DCM/PE 1:1:4) gave 4d (424 mg,
96%) as an inseparable mixture of diastereoisomers (3R)- and (3S)-4d
(dr 81:19). 1H NMR (500 MHz, CDCl3) (3R)-4d : d = 0.21–0.33 (m, 1H),
1.22–1.34 (m, 1H), 1.58–1.65 (m, 1H), 1.93–2.18 (m, 1H), 2.61 (br s, 1H),
2.71–2.81 (m, 1H), 2.79 (s, 3H), 2.89–2.94 (m, 1H), 3.03 (dd, J = 1.6,
4.9 Hz, 1H), 4.16 (dd, J = 1.6, 4.5 Hz, 1H), 4.46 (d, J = 11.5 Hz, 1H),
4.44–4.49 (m, 1H), 4.65 (d, J = 11.5 Hz, 1H), 7.14–7.56 ppm (m, 15H);
(3S)-4d : d = 0.21–0.33 (m, 1H), 1.22–1.34 (m, 1H), 1.58–1.65 (m, 1H),
1.93–2.18 (m, 1H), 2.71–2.81 (m, 1H), 2.81 (s, 3H), 2.89–2.94 (m, 2H),
3.29 (t, J = 4.9 Hz, 1H), 4.09–4.10 (m, 1H), 4.21 (dd, J = 3.5, 10 Hz,
1H), 4.44–4.49 (m, 1H), 4.60–4.71 (m, 1H), 7.14–7.56 ppm (m, 15H); 13C
NMR (125 MHz, CDCl3) (3R)-4d : d = 22.7, 27.2, 49.6, 51.7, 54.0, 66.9,
72.1, 77.7, 85.9, 127.1–130.3 (m), 137.1, 138.0, 138.2, 140.0, 140.1,
165.9 ppm; (3S)-4d : d = 22.4, 27.0, 47.3, 51.7, 53.2, 66.4, 72.1, 77.7, 85.9,
127.1–130.3 (m), 137.1, 138.0, 138.2, 140.0, 140.1, 165.6 ppm; IR (KBr):
ñ = 1762, 1452, 1093, 1038 cm�1; MS (CI): m/z (%): 443 (5) [M+H]+ ,
411 (100), 245 (70), 91 (56); elemental analysis calcd (%) for
C28H30N2O3: C 76.00, H 6.83, N 6.33; found C 76.11, H 7.03, N 6.10.


(3R)- and (3S)-3-Benzyloxy-1-[(2S)-2-(1-ethyl-1-methoxypropyl) pyrroli-
din-1-yl]azetidin-2-one [(3R)- and (3S)-4e]: These compounds were pre-
pared from hydrazone 1e, the reaction being complete after 1.5 h at
80 8C. Flash chromatography (Et2O/DCM/PE 1:1:3) of the crude oil (dr
84:16) allowed separation of both diastereoisomers.


Diastereoisomer (3R)-4e : (266 mg, 80%); [a]21D = ++8.6 (c = 1 in
CH2Cl2);


1H NMR (500 MHz, CDCl3): d = 0.83–0.87 (m, 6H), 1.46–1.60
(m, 2H), 1.61–1.69 (m, 2H), 1.70–1.90 (m, 4H), 2.87–2.92 (m, 1H), 3.11–
3.15 (m, 1H), 3.26 (s, 3H), 3.26–3.31 (m, 2H), 3.47 (t, J = 4.9 Hz, 1H),
4.49 (dd, J = 1.8, 4.7 Hz, 1H), 4.60 (d, J = 11.6 Hz, 1H), 4.82 (d, J =


11.6 Hz, 1H), 7.26–7.34 ppm (m, 5H); 13C NMR (125 MHz, CDCl3): d =


8.0, 8.4, 23.5, 23.6, 25.6, 26.4, 46.1, 50.3, 54.2, 66.4, 72.2, 77.4, 79.6, 128.0,
128.1, 128.5, 137.2, 165.8 ppm; IR (KBr): ñ = 1762, 1458, 1088,
1030 cm�1; MS (EI): m/z (%): 346 (3) [M]+ , 245 (100), 101 (19), 91 (56);
elemental analysis calcd (%) for C2oH30N2O3: C 69.33, H 8.73, N 8.09;
found C 68.99, H 8.44, N 8.10.


Diastereoisomer (3S)-4e : (50 mg, 15%); [a]21D = �50.9 (c = 1.3 in
CH2Cl2);


1H NMR (500 MHz, CDCl3): d = 0.81 (t, J = 7.5 Hz, 6H),
1.23–1.57 (m, 2H), 1.60–1.65 (m, 2H), 1.73–1.86 (m, 4H), 2.90–2.94 (m,
1H), 3.13–3.19 (m, 1H), 3.24–3.25 (m, 1H), 3.25 (s, 3H), 3.49 (t, J =


4.9 Hz, 1H), 4.45 (dd, J = 1.8, 4.8 Hz, 1H), 4.61 (d, J = 11.6 Hz, 1H),
4.80 (d, J = 11.6 Hz, 1H), 7.24–7.35 ppm (m, 5H); 13C NMR (125 MHz,
CDCl3): d = 7.9, 8.5, 23.1, 23.6, 25.5, 26.3, 45.8, 50.2, 53.9, 66.3, 72.3,
77.3, 79.6, 128.0, 128.2, 128.5, 137.1, 166.0 ppm; IR (KBr): ñ = 1762,
1458, 1088, 1030 cm�1; MS (EI): m/z (%): 346 (2) [M]+ , 245 (100), 101


(19), 91 (64); elemental analysis calcd (%) for C20H30N2O3: C 69.33, H
8.73, N 8.09; found C 69.34, H 8.54, N 8.06.


Compound [(3R)- and (3S)-4 f]: This compound was prepared from hy-
drazone 1 f, the reaction being complete after 7 h at 80 8C. Flash chroma-
tography (Et2O/PE 2:1) gave (3S)-4 f (460 mg, 89%) as a single crystal-
line diastereoisomer (dr >99:1). M.p. 77–80 8C; [a]21D = ++88.5 (c = 1 in
CH2Cl2);


1H NMR (500 MHz, CDCl3): d = 3.39 (dd, J = 2.1, 5.0 Hz,
1H), 3.68 (br s, 2H), 3.86 (t, J = 5.0 Hz, 1H), 4.07 (dd, J = 2.6, 13.1 Hz,
2H), 4.23 (d, J = 13.1 Hz, 2H), 4.42 (d, J = 2.5 Hz, 2H), 4.66 (dd, J =


2.1, 4.8 Hz, 1H), 4.66 (d, J = 11.6 Hz, 1H), 4.87 (d, J = 11.6 Hz, 1H),
5.45 (s, 2H), 7.29–7.45 ppm (m, 15H); 13C NMR (125 MHz, CDCl3): d =


48.7, 57.1 (2C), 65.3, 72.5, 77.2, 78.1 (2C), 99.5 (2C), 126.0–129.1 (m),
136.9, 137.5, 169.2 ppm; IR (KBr): ñ = 1771, 1395, 1111, 1018 cm�1; MS
(EI): m/z (%): 514 (10) [M]+ , 261 (40), 105 (100), 91 (83); elemental
analysis calcd (%) for C30H30N2O6: C 70.02, H 5.88, N 5.44; found C
69.82, H 5.86, N 5.46.


(3R)-3-Benzyloxy-1-[(2R,5R)-2,5-dimethyl-pyrrolidin-1-yl]azetidin-2-one
(4g): This compound was prepared from hydrazone 1g, the reaction
being complete after 20 min at 80 8C. Flash chromatography (Et2O/DCM/
PE 1:1:3!1:1:2) gave (3R)-4g (241 mg, 88%) as a single diastereomer
(dr >99:1). [a]28D = ++2.1 (c = 1 in CH2Cl2);


1H NMR (500 MHz,
CDCl3): d = 1.09 (d, J = 6.3 Hz, 6H), 1.32–1.48 (m, 2H), 1.95–2.06 (m,
2H), 3.40–3.44 (m, 2H), 3.54–3.60 (m, 2H), 4.65 (dd, J = 2.6, 4.0 Hz,
1H), 4.65 (d, J = 11.6 Hz, 1H), 4.85 (d, J = 11.6 Hz, 1H), 7.32–
7.37 ppm (m, 5H); 13C NMR (125 MHz, CDCl3): d = 18.5 (2C), 30.0
(2C), 51.9 (2C), 56.2, 72.2, 77.4, 128.0, 128.1, 128.5, 137.0, 167.9 ppm; IR
(KBr): ñ = 1768, 1458, 1093, 1032 cm�1; MS (EI): m/z (%): 274 (11)
[M]+ , 155 (32), 91 (100), 84 (47); HRMS: m/z : calcd for C16H22N2O:
274.1681; found: 274.1675.


Azetidin-2-ones (3R)- and (3S)-14e : 2-Chloro-N-methylpyridinium
iodide (219 mg, 0.83 mmol), dry TEA (0.21 mL, 1.5 mmol), and hydra-
zone 1e (0.5 mmol) were added to a solution of (S)- or (R)-12 (166 mg,
0.75 mmol) in dry toluene (7.5 mL). The reaction mixture was heated at
80 8C for 6 h and washed with water (2Y8 mL), and the aqueous layer
was extracted with EA (2Y15 mL). The combined organic layer was
washed with brine, dried (Na2SO4), filtered, and evaporated. Starting ma-
terial, reaction times, and purification conditions are as follows.


Compound (3R)-14e : Preparation from acid (R)-12 and, after 8 h, flash
chromatography (EA/PE 2:3) gave (3R)-14e (213 mg, 94%) as an oil (dr
>99:1). [a]22D = �112.8 (c = 1 in CH2Cl2);


1H NMR (500 MHz, CDCl3,
500 MHz): d = 0.76 (t, J = 7.5 Hz, 3H), 0.79 (t, J = 7.5 Hz, 3H), 1.31–
1.45 (m, 3H), 1.53–1.65 (m, 3H), 1.71–1.78 (m, 1H), 1.83–1.90 (m, 1H),
2.76 (t, J = 6.7 Hz, 2H), 2.86 (dd, J = 2.4, 5.2 Hz, 1H), 3.15 (s, 3H),
3.42 (t, J = 5.2 Hz, 1H), 3.47 (dd, J = 6.6, 8.3 Hz, 1H), 4.13 (dd, J =


6.7, 8.9 Hz, 1H), 4.65 (t, J = 8.9 Hz, 1H), 4.72 (dd, J = 2.4, 5.4 Hz, 1H),
5.0 (dd, J = 6.7, 9 Hz, 1H), 7.27–7.39 ppm (m, 5H); 13C NMR
(125 MHz, CDCl3): d = 7.8, 8.6, 24.0, 24.2, 25.9, 26.2, 48.5, 50.1, 54.5,
56.0, 59.0, 67.5, 70.8, 79.5, 127.3, 129.3, 129.4, 138.5, 157.7, 163.0 ppm; IR
(KBr): ñ = 1760, 1090, 1034 cm�1; MS (EI): m/z (%): 401 (1) [M]+ , 300
(100), 101 (19), 91 (12); elemental analysis calcd(%) for C22H31N3O4: C
65.81, H 7.78, N 10.47; found C 65.83, H 7.94, N 10.41.


Compound (3S)-14e : Preparation from acid (S)-12 and, after 8 h, flash
chromatography (EA/PE 2:3) gave (3S)-14e (160 mg, 80%) as an oil (dr
99:1). [a]22D = ++38.3 (c = 1 in CH2Cl2);


1H NMR (500 MHz, CDCl3): d
= 0.76 (t, J = 7.5 Hz, 3H), 0.81 (t, J = 7.5 Hz, 3H), 1.45–1.61 (m, 7H),
1.63–1.66 (m, 1H), 1.94–1.96 (m, 1H), 2.60 (dd, J = 2.4, 5.2 Hz, 1H),
2.61–2.64 (m, 1H), 2.77 (t, J = 8.1 Hz, 1H), 3.17 (s, 3H), 3.40 (t, J =


5.2 Hz, 1H), 4.18 (dd, J = 6.7, 8.9 Hz, 1H), 4.66 (t, J = 9.0 Hz, 1H),
4.77 (dd, J = 2.4, 5.5 Hz, 1H), 5.05 (dd, J = 6.7, 9 Hz, 1H), 7.36–
7.42 ppm (m, 5H); 13C NMR (125 MHz, CDCl3): d = 7.7, 8.6, 21.9, 23.1,
24.7, 26.0, 41.8, 50.1, 52.8, 55.6, 58.6, 65.2, 70.5, 79.4, 127.6, 129.2, 129.3,
138.3, 157.6, 163.1 ppm; IR (KBr): ñ = 1760, 1090, 1034 cm�1; MS (EI):
m/z (%): 401 (1) [M]+ , 300 (100), 109 (18), 91 (10); elemental analysis
calcd(%) for C22H31N3O4: C 65.81, H 7.78, N 10.47; found C 65.33, H
8.03, N 10.29.


Synthesis of 1-dialkylamino-3-(N-benzyl-N-benzyloxycarbonylamino)aze-
tidin-2-ones 17e–g : 2-Chloro-N-methylpyridinium iodide (1.45 g,
5.5 mmol), dry TEA (1.4 mL, 10 mmol), and the hydrazone (2 mmol)
were added dropwise to a solution of N-benzyl-N-benzyloxycarbonylgly-
cine (15 ; 1.5 g, 5 mmol) in dry toluene (30 mL). The reaction mixture was
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heated at 80 8C until the hydrazone had been consumed and was then
washed with water (2Y25 mL), and the aqueous layer was extracted with
EA (2Y25 mL). The combined organic layer was washed with brine,
dried (Na2SO4), filtered, and evaporated. Flash chromatography (Et2O/
DCM/PE) gave compounds 17. Starting materials, reaction times, and
characterization data are as follows:


(3R)- and (3S)-3-(N-Benzyl-N-benzyloxycarbonylamine)-1-[(2S)-2-(1-
ethyl-1-methoxypropyl)pyrrolidin-1-yl]azetidin-2-one (17e): The com-
pounds were obtained from hydrazone 1e, the reaction mixture being
heated for 23 h. Flash chromatography (Et2O/DCM/PE 1:1:2) of the
crude product (dr 82:18) gave (3R)-17e (720 mg, 76%) and (3S)-17e
(160 mg, 16%) as oils.


Compound (3R)-17e : [a]21D = �32.6 (c = 1 in CH2Cl2);
1H NMR


(500 MHz, [D6]DMSO, 90 8C): d = 0.81 (c, J = 7.3 Hz, 6H), 1.46–1.64
(m, 3H), 1.64–1.77 (m, 4H), 1.83–1.86 (m, 1H), 2.92–3.00 (m, 2H), 3.14
(s, 3H), 3.31 (dd, J = 2.6, 5.1 Hz, 1H), 3.37 (dd, J = 6.7, 8.7 Hz, 1H),
3.55 (t, J = 5.3 Hz, 1H), 4.47 (d, J = 16 Hz, 1H), 4.57 (d, J = 16 Hz,
1H), 4.72 (dd, J = 2.6, 5.3 Hz, 1H), 5.11 (d, J = 12.8 Hz, 1H), 5.13 (d, J
= 12.8 Hz, 1H), 7.22–7.33 ppm (m, 10H); 13C NMR (125 MHz,
[D6]DMSO, 90 8C): d = 7.0, 7.3, 22.8, 23.3, 25.0, 25.2, 43.8, 48.7, 49.2,
53.1, 59.1, 66.3, 66.7, 78.7, 126.2, 126.4, 127.1, 127.5, 135.9, 137.5, 154.6,
163.2 ppm; IR (KBr): ñ = 1772, 1703, 1101, 1024 cm�1; MS (CI): m/z
(%): 480 (56) [M+H]+ , 448 (100), 378 (95), 91 (28); elemental analysis
calcd (%) for C28H37N3O4: C 70.12, H 7.78, N 8.76; found C 70.16, H
8.07, N 8.77.


Compound (3S)-17e : [a]21D = �28.9 (c = 1 in CH2Cl2);
1H NMR


(500 MHz, [D6]DMSO, 90 8C): d = 0.80–0.84 (m, 6H), 1.48–1.60 (m,
2H), 1.60–1.75 (m, 5H), 1.71–1.85 (m, 1H), 2.73–2.79 (m, 1H), 2.88–2.91
(m, 1H), 3.11–3.14 (m, 1H), 3.16 (s, 3H), 3.28 (dd, J = 2.7, 5.0 Hz, 1H),
3.51 (t, J = 5.0 Hz, 1H), 4.50 (d, J = 16.0 Hz, 1H), 4.60 (d, J = 16.0 Hz,
1H), 4.59 (dd, J = 2.7, 5.4 Hz, 1H), 5.12 (d, J = 12.0 Hz, 1H), 5.15 (d, J
= 12.0 Hz, 1H), 7.24–7.33 ppm (m, 10H); 13C NMR (125 MHz,
[D6]DMSO, 90 8C): d = 7.0, 7.2, 22.4, 23.3, 24.7, 25.2, 43.2, 48.8, 49.6,
52.5, 59.0, 66.1, 66.4, 78.7, 126.3, 126.4, 126.9, 127.1, 127.5, 136.1, 137.5,
154.6, 163.4 ppm; IR (KBr): ñ = 1772, 1703, 1101, 1024 cm�1; MS (CI):
m/z (%): 480 (27) [M+H]+ , 448 (100), 378 (77), 91 (37); elemental analy-
sis calcd (%) for C28H37N3O4: C 70.12, H 7.78, N 8.76; found C 69.61, H
7.89, N 8.73.


Compound (3S)-17 f : This compound was prepared from 1 f with use of
different proportions of reactants: hydrazone (1 mmol), acid 15
(6 mmol), 2-chloro-N-methylpyridinium iodide (6.6 mmol), TEA
(18 mmol), and dry toluene (15 mmol). The reaction mixture was heated
for 8 h at 60 8C. Flash chromatography (Et2O/DCM/PE 1:1:2) of the
crude product (dr >99:1) gave crystalline (3S)-17 f (524 mg, 81%). M.p.
67–70 8C; [a]21D = ++84.3 (c = 1 in CH2Cl2);


1H NMR (500 MHz,
[D6]DMSO, 90 8C): d = 3.56 (m, 2H), 3.58 (dd, J = 2.9, 5.0 Hz, 1H),
3.73 (t, J = 5.0 Hz, 1H), 4.07 (dd, J = 2.7, 12.9 Hz, 2H), 4.23 (d, J =


12.9 Hz, 2H), 4.41 (d, J = 2.7 Hz, 2H), 4.56 (s, 2H), 4.74 (dd, J = 2.9,
5.5 Hz, 1H), 5.16 (s, 2H), 5.55 (s, 2H), 7.22–7.43 ppm (m, 20H); 13C
NMR (125 MHz, [D6]DMSO, 90 8C): d = 47.1, 52.1, 57.8 (2C), 60.7, 65.7
(2C), 67.8, 78.4 (2C), 99.4 (2C), 126.3–129.3 (m), 137.4, 138.9, 139.2,
155.9, 168.7 ppm; IR (KBr): ñ = 1773, 1701, 1393, 1099 cm�1; MS (EI):
m/z (%): 647 (0.5) [M]+ , 556 (70), 105 (38), 91 (100); elemental analysis
calcd (%) for C38H37N3O7: C 70.46, H 5.76, N 6.49; found C 70.76, H
6.15, N 6.21.


Compound (3R)-17g : This compound was prepared from 1g, but with
use of the following proportions of reagents: hydrazone (1 mmol),
acid 15 (2.5 mmol), 2-chloro-N-methylpyridinium iodide (2.8 mmol),
TEA (5 mmol), and dry toluene (13 mL). Flash chromatography (Et2O/
PE 1:1) of the crude product (dr >99:1) gave (3S)-17f (326 mg, 80%) as
an oil. [a]24D = �38.0 (c = 1 in CH2Cl2);


1H NMR (300 MHz,
[D6]DMSO, 90 8C): d = 0.99 (d, J = 6.3 Hz, 6H), 1.24–1.34 (m, 2H),
1.87–1.95 (m, 2H), 3.38–3.45 (m, 3H), 3.49 (dd, J = 2.8, 5.1 Hz, 1H)),
4.48 (d, J = 16.1 Hz, 1H), 4.58 (d, J = 16.1 Hz, 1H), 4.84 (dd, J = 2.8,
5.4 Hz, 1H), 5.12 (d, J = 13.1 Hz, 1H), 5.16 (d, J = 13.1 Hz, 1H), 7.23–
7.31 ppm (m, 10H); 13C NMR (125 MHz, [D6]DMSO, 90 8C): d = 17.8
(2C), 29.4 (2C), 49.9 (3C), 55.4, 59.3, 66.4, 126.4, 126.5, 126.9, 127.2,
127.7, 136.0, 137.5, 154.6, 164.9 ppm; IR (KBr): ñ = 1776, 1712, 1458,
1100, 1024 cm�1; MS (CI): m/z (%): 408 (100) [M+H]+ , 316 (44), 91 (42);
HRMS: m/z : calcd for C24H30N3O3: 408.2287; found: 408.2287.


Synthesis of cis-4-alkyl(aryl)-1-(N,N-dialkylamino)-3-benzyloxy-azetidin-
2-ones 23e–27e : A solution of benzyloxyacetyl chloride (2 ; 0.4m, 1 mL,
6 mmol) in dry toluene (15 mL) was added in small portions over 3 h to a
solution of the appropriate hydrazone (18e–22e, 1.5 mmol) and TEA
(1.7 mL, 12 mmol) in dry toluene (8 mL). The reaction mixture was
heated until the hydrazone had been consumed and washed with water
(2Y25 mL), and the aqueous layer was extracted with EA (2Y25 mL).
The combined organic layer was washed with brine, dried (Na2SO4), fil-
tered, and evaporated. Flash chromatography (Et2O/DCM/PE) gave the
b-lactams 23–27e. Starting materials, reaction times, and characterization
data are as follows:


(3R,4S)- and (3R,4R)-3-Benzyloxy-1-[(2S)-2-(1-ethyl-1-methoxypropyl)-
pyrrolidin-1-yl]-4-pentylazetidin-2-one (23e): These compounds were
prepared from hydrazone 18e, the reaction mixture being heated at 80 8C
for 8 h. Flash chromatography (Et2O/DCM/PE 1:1:6) of the crude prod-
uct (dr 82:18 and cis/trans 98:2) gave (3R,4S)-23e (435 mg, 70%) and
(3S,4R)-23e (95 mg, 15%).


Compound (3R,4S)-23e : [a]24D = ++6.6 (c = 1 in CH2Cl2);
1H NMR


(500 MHz, CDCl3): d = 0.84–0.91 (m, 9H), 1.29–1.37 (m, 4H), 1.41–1.53
(m, 4H), 1.53–1.59 (m, 2H), 1.68–1.75 (m, 2H), 1.68–1.78 (m, 2H), 1.96–
2.03 (m, 2H), 3.17–3.21 (m, 1H), 3.21 (s, 3H), 3.25–3.31 (m, 1H), 3.73–
3.78 (m, 2H), 4.38 (d, J = 4.8 Hz, 1H), 4.67 (d, J = 11.9 Hz, 1H), 4.85
(d, J = 11.9 Hz, 1H), 7.28–7.36 ppm (m, 5H); 13C NMR (125 MHz,
CDCl3): d = 7.9, 8.5, 13.9, 22.5, 24.3 (2C), 25.8, 26.2, 26.4, 28.5, 31.9,
49.8, 56.7, 61.9, 67.7, 72.6, 79.1, 79.6, 127.6, 127.7, 128.3, 137.6, 166.4 ppm;
IR (KBr): ñ = 1751, 1468, 1103 cm�1; MS (EI): m/z (%): 416 (2) [M]+ ,
315 (41), 111 (100), 91 (30); elemental analysis calcd (%) for
C25H40N2O3: C 72.08, H 9.68, N 6.72; found C 72.12, H 9.25, N 6.92.


Compound (3S,4R)-23e : [a]24D = �96.3 (c = 1 in CH2Cl2);
1H NMR


(300 MHz, CDCl3): d = 0.83–0.91 (m, 9H), 1.25–1.50 (m, 4H), 1.52–1.67
(m, 4H), 1.71–1.96 (m, 8H), 2.92–3.0 (m, 1H), 3.26 (s, 3H), 3.27–3.32 (m,
1H), 3.39–3.44 (m, 1H), 3.93 (dt, J = 5.1, 8.6 Hz, 1H), 4.34 (d, J =


5.1 Hz, 1H), 4.70 (d, J = 11.9 Hz, 1H), 4.92 (d, J = 11.9 Hz, 1H), 7.27–
7.37 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): d = 7.8, 8.5, 13.9, 22.4,
23.3, 23.5, 25.6, 25.9, 26.2, 28.8, 31.8, 50.2, 55.7, 59.4, 65.3, 72.4, 78.4, 79.7,
127.6, 127.8, 128.0, 137.6, 166.9 ppm; IR (KBr): ñ = 1751, 1468,
1103 cm�1; MS (CI): m/z (%): 417 (37) [M+H]+ , 385 (100), 181 (98), 91
(76); elemental analysis calcd (%) for C25H40N2O3: C 72.08, H 9.68, N
6.72; found C 71.81, H 9.73, N 6.50.


(3R,4S)- and (3S,4R)-3-Benzyloxy-4-isobutyl-1-[(2S)-2-(1-ethyl-1-methoxy-
propyl)pyrrolidin-1-yl]azetidin-2-one (24e): These compounds were pre-
pared from 19e, the reaction mixture being heated at 80 8C for 8 h. Flash
chromatography (Et2O/DCM/PE 1:1:6) of the crude product (dr 87:13
and cis/trans 98:2) gave (3R,4S)-24e (441 mg, 73%) and (3S,4R)-24e
(66 mg, 11%).


Compound (3R,4S)-24e : [a]26D = ++10.8 (c = 1.5 in CH2Cl2);
1H NMR


(300 MHz, CDCl3): d = 0.86 (t, J = 7.5 Hz, 3H), 0.88 (t, J = 7.5 Hz,
3H), 0.95 (d, J = 6.6 Hz, 3H), 0.96 (d, J = 6.6 Hz, 3H), 1.43–1.63 (m,
6H), 1.66–1.76 (m, 2H), 1.82 (q, J = 6.6 Hz, 1H), 1.95–2.02 (m, 2H),
3.14–3.22 (m, 1H), 3.21 (s, 3H), 3.25–3.31 (m, 1H), 3.73–3.78 (m, 1H),
3.86 (dt, J = 4.8, 6.6 Hz, 1H), 4.40 (d, J = 4.8 Hz, 1H), 4.67 (d, J =


11.9 Hz, 1H), 4.86 (d, J = 11.9 Hz, 1H), 7.27–7.36 ppm (m, 5H); 13C
NMR (75 MHz, CDCl3): d = 7.8, 8.3, 22.5, 23.0 (2C), 24.2, 25.1, 26.1
(2C), 36.9, 49.6, 56.6, 60.1, 67.6, 72.4, 78.9, 79.5, 127.5, 127.6, 128.2, 137.4,
166.2 ppm; IR (KBr): ñ = 1751, 1467, 1094 cm�1; MS (CI): m/z (%): 403
(72) [M+H]+ , 371 (64), 301 (100), 91 (24); elemental analysis calcd (%)
for C24H38N2O3: C 71.60, H 9.51, N 6.96; found C 71.53, H 9.87, N 7.13.


Compound (3S,4R)-24e : [a]26D = �106.8 (c = 1.2 in CH2Cl2);
1H NMR


(300 MHz, CDCl3): d = 0.86 (t, J = 7.5 Hz, 3H), 0.88 (t, J = 7.5 Hz,
3H), 0.94 (d, J = 6.3 Hz, 3H), 0.95 (d, J = 6.3 Hz, 3H), 1.49–1.69 (m,
4H), 1.70–1.83 (m, 6H), 1.85–1.97 (m, 1H), 2.92–3.0 (m, 1H), 3.22–3.32
(m, 1H), 3.26 (s, 3H), 3.42–3.47 (m, 1H), 4.0–4.30 (m, 1H), 4.35 (d, J =


5.1 Hz, 1H), 4.70 (d, J = 11.9 Hz, 1H), 4.90 (d, J = 11.9 Hz, 1H), 7.26–
7.38 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): d = 7.6, 8.5, 22.4, 23.0,
23.3, 23.5 (2C), 25.7, 26.1, 37.0, 50.1, 55.8, 57.9, 65.2, 72.3, 78.5, 79.7,
127.5, 127.9, 128.2, 137.5, 166.8 ppm; IR (KBr): ñ = 1751, 1467,
1094 cm�1; MS (CI): m/z (%): 403 (93) [M+H]+ , 371 (100), 301 (84), 91
(55); elemental analysis calcd (%) for C24H38N2O3: C 71.60, H 9.51, N
6.96; found C 71.81, H 9.57, N 6.74.
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(3R,4S)- and (3S,4R)-3-Benzyloxy-1-[(2S)-2-(1-ethyl-1-methoxypropyl)-
pyrrolidin-1-yl]-4-phenylethylazetidin-2-one (25e): These compounds
were prepared from 20e, the reaction mixture being heated at 80 8C for
9 h. Flash chromatography (EA/PE 1:6) of the crude product (dr 80:20
and cis/trans >99:1) gave (3R,4S)-25e (524 mg, 78%) and (3S,4R)-25e
(131 mg, 19%).


Compound (3R,4S)-25e : [a]28D = ++19 (c = 1 in CH2Cl2);
1H NMR


(500 MHz, CDCl3): d = 0.83 (q, J = 7.7 Hz, 6H), 1.41–1.55 (m, 4H),
1.66–1.73 (m, 2H), 1.95–2.06 (m, 4H), 2.72–2.77 (m, 2H), 3.17 (s, 3H),
3.18–3.23 (m, 1H), 3.28–3.37 (m, 1H), 3.72–3.75 (m, 1H), 3.78–3.82 (m,
1H), 4.41 (d, J = 4.8 Hz, 1H), 4.67 (d, J = 11.9 Hz, 1H), 4.89 (d, J =


11.9 Hz, 1H), 7.15–7.37 ppm (m, 10H); 13C NMR (125 MHz, CDCl3): d
= 7.9, 8.6, 24.3, 24.4, 26.3 (2C), 30.5, 32.3, 49.8, 56.8, 61.2, 67.9, 72.7, 78.9,
79.7, 126, 127.7–128.4 (m), 137.5, 141.8, 166.4 ppm; IR (KBr): ñ = 1751,
1406, 1101 cm�1; MS (CI): m/z (%): 451 (98) [M+H]+ , 419 (100), 349
(77), 91 (30); elemental analysis calcd (%) for C28H38N2O3: C 74.63, H
8.50, N 6.22; found C 74.50, H 8.75, N 6.26.


Compound (3S,4R)-25e : [a]28D = �57.4 (c = 1.2 in CH2Cl2);
1H NMR


(500 MHz, CDCl3): d = 0.86 (q, J = 7.4 Hz, 6H), 1.51–1.64 (m, 4H),
1.73–1.82 (m, 3H), 1.89–1.94 (m, 1H), 2.11–2.22 (m, 2H), 2.60–2.66 (m,
1H), 2.72–2.84 (m, 1H), 2.93–2.98 (m, 1H), 3.24 (s, 3H), 3.26–3.30 (m,
1H), 3.40–3.42 (m, 1H), 3.98–4.01 (m, 1H), 4.40 (d, J = 5.1 Hz, 1H),
4.74 (d, J = 11.9 Hz, 1H), 4.98 (d, J = 11.9 Hz, 1H), 7.16–7.41 ppm (m,
10H); 13C NMR (125 MHz, CDCl3): d = 7.8, 8.6, 23.5 (2C), 25.7, 26.2,
30.7, 32.3, 50.1, 55.8, 58.5, 65.4, 72.6, 78.4, 79.8, 125.9, 127.7–128.6 (m),
137.5, 141.5, 166.9 ppm; IR (KBr): ñ = 1751, 1406, 1101 cm�1; MS (CI):
m/z (%): 451 (47) [M+H]+ , 419 (80), 349 (41), 138 (100), 91 (98);
HRMS: m/z : calcd for C28H39N2O3: 451.2961; found: 451.2954.


(3R,4S)- and (3S,4R)-3-Benzyloxy-1-[(2S)-2-(1-ethyl-1-methoxypropyl)-
pyrrolidin-1-yl]-4-isopropylazetidin-2-one (26e): These compounds were
prepared from 21e, the reaction mixture being heated at 100 8C for 7.5 h.
Flash chromatography (Et2O/PE 1:3) of the crude product (dr 91:9 and
cis/trans >99:1) gave (3R,4S)-26e (477 mg, 82%) and (3S,4R)-26e
(47 mg, 8%).


Compound (3R,4S)-26e : [a]23D = ++13.9 (c = 1.1 in CH2Cl2);
1H NMR


(300 MHz, CDCl3): d = 0.82–0.94 (m, 6H), 0.99 (d, J = 6.6 Hz, 3H),
1.13 (d, J = 6.6 Hz, 3H), 1.47–1.59 (m, 4H), 1.63–1.74 (m, 2H), 1.96–
2.09 (m, 3H), 3.18 (s, 3H), 3.21–3.31 (m, 1H), 3.32–3.38 (m, 1H), 3.51
(dd, J = 5.0, 8.8 Hz, 1H), 3.76–3.81 (m, 1H), 4.38 (d, J = 5.0 Hz, 1H),
4.69 (d, J = 11.9 Hz, 1H), 4.93 (d, J = 11.9 Hz, 1H), 7.27–7.32 ppm (m,
5H); 13C NMR (75 MHz, CDCl3): d = 7.6, 8.5, 19.5 (2C), 24.0, 24.1, 26.3,
26.4, 28.4, 49.5, 56.8, 67.3, 67.8, 72.4, 78.9, 79.6, 127.4, 127.5, 128.2, 137.6,
166.9 ppm; IR (KBr): ñ = 1746, 1461, 1088, 1034 cm�1; MS (CI): m/z
(%): 389 (82) [M+H]+ , 357 (83), 287 (100), 91 (15); elemental analysis
calcd (%) for C23H36N2O3: C 71.10, H 9.34, N 7.21; found C 71.05, H
9.40, N 7.28.


Compound (3S,4R)-26e : [a]28D = �72.7 (c = 0.9 in CH2Cl2);
1H NMR


(300 MHz, CDCl3): d = 0.87 (t, J = 7.6 Hz, 3H), 0.90 (t, J = 7.6 Hz,
3H), 1.08 (d, J = 7.0 Hz, 3H), 1.12 (d, J = 7.0 Hz, 3H), 1.52–1.68 (m,
4H), 1.73–1.83 (m, 3H), 1.85–1.95 (m, 1H), 2.07–2.18 (m, 1H), 2.89–2.97
(m, 1H), 3.22 (s, 3H), 3.29–3.35 (m, 1H), 3.47 (dd, J = 5.7, 9.1 Hz, 1H),
3.85 (t, J = 5.4 Hz, 1H), 4.33 (d, J = 5.4 Hz, 1H), 4.68 (d, J = 11.9 Hz,
1H), 4.94 (d, J = 11.9 Hz, 1H), 7.27–7.38 ppm (m, 5H); 13C NMR
(75 MHz, CDCl3): d = 7.7, 8.7, 18.7, 19.6 (2C), 22.8, 23.4, 28.2, 50.0, 55.2,
64.2, 64.5, 78.9, 80.0 (2C), 127.4, 127.5, 128.2, 137.6, 168.2 ppm; IR
(KBr): ñ = 1746, 1461, 1088, 1034 cm�1; MS (CI): m/z (%): 389 (60)
[M+H]+ , 357 (75), 287 (100), 181 (71); HRMS: m/z : calcd for
C23H36N2O3: 388.2726; found: 388.2718.


(3R,4S)- and (3S,4R)-3-Benzyloxy-1-[(2S)-2-(1-ethyl-1-methoxypropyl)-
pyrrolidin-1-yl]-4-phenylazetidin-2-one (27e): These compounds were
prepared from 22e, the reaction mixture being heated at 100 8C for 8 h.
Flash chromatography (EA/PE 1:4) of the crude product (dr 76:24 and
cis/trans >99:1) gave crystalline (3R,4S)-27e (472 mg, 75%) and crystal-
line (3S,4R)-27e (149 mg, 23%).


Compound (3R,4S)-27e : m.p. 72–74 8C; [a]25D = ++76.7 (c = 1.1 in
CH2Cl2);


1H NMR (300 MHz, CDCl3): d = 0.78 (t, J = 7.5 Hz, 3H), 0.86
(t, J = 7.5 Hz, 3H), 1.40–1.55 (m, 2H), 1.58–1.70 (m, 4H), 1.80–2.0 (m,
2H), 3.10–3.36 (m, 1H), 3.21 (s, 3H), 3.35–3.43 (m, 1H), 3.73–3.78 (m,
1H), 4.09 (d, J = 11.1 Hz, 1H), 4.24 (d, J = 11.1 Hz, 1H), 4.62 (d, J =


4.5 Hz, 1H), 4.90 (d, J = 4.5 Hz, 1H), 6.93–7.23 (m, 5H), 7.36–7.49 ppm


(m, 5H); 13C NMR (125 MHz, CDCl3): d = 7.6, 8.7, 23.6, 24.3, 25.8, 26.0,
49.6, 55.6, 65.6, 66.5, 72.1, 79.8, 80.1, 127.7–129.2 (m), 134.6, 136.3,
165.7 ppm; IR (KBr): ñ = 1768, 1458, 1092 cm�1; MS (CI): m/z (%): 423
(59) [M+H]+ , 321 (41), 213 (53), 181 (100); elemental analysis calcd (%)
for C26H34N2O3: C 73.90, H 8.11, N 6.63; found C 73.83, H 8.17, N 6.74.


Compound (3S,4R)-27e : m.p. 74–76 8C; [a]25D = �159.8 (c = 1 in
CH2Cl2);


1H NMR (300 MHz, CDCl3): d = 0.88 (t, J = 7.5 Hz, 3H), 0.93
(t, J = 7.5 Hz, 3H), 1.24–1.33 (m, 1H), 1.45–1.61 (m, 2H), 1.63–1.77 (m,
5H), 2.46–2.55 (m, 1H), 3.0–3.07 (m, 1H), 3.17–3.20 (m, 1H), 3.22 (s,
3H), 4.09 (d, J = 11.2 Hz, 1H), 4.25 (d, J = 11.2 Hz, 1H), 4.53 (d, J =


4.8 Hz, 1H), 5.08 (d, J = 4.8 Hz, 1H), 6.92–6.98 (m, 5H), 7.18–7.54 ppm
(m, 5H); 13C NMR (75 MHz, CDCl3): d = 7.5, 9.1, 21.8, 23.3, 24.9, 26.0,
49.9, 54.9, 60.5, 64.9, 72.2, 80.1 (2C), 127.7–129.1 (m), 135.4, 136.3,
166.7 ppm; IR (KBr): ñ = 1768, 1458, 1092 cm�1; MS (CI): m/z (%): 423
(37) [M+H]+ , 321 (36), 213 (61), 181 (100); elemental analysis calcd (%)
for C26H34N2O3: C 73.90, H 8.11, N 6.63; found C 73.90, H 8.29, N 6.46.


2-Benzyloxy-N-[(2S)-2-(1-ethyl-1-methoxypropyl)pyrrolin-1-yl]acetamide
(28): A solution of benzyloxyacetyl chloride (2, 0.4 mmol, 0.07 mL) in
dry toluene (1 mL, 0.4m) was added dropwise at rt to a solution of the
hydrazone 18e (0.2 mmol) and TEA (0.8 mmol, 0.12 mL) in dry toluene
(2 mL). The mixture was stirred at rt until TLC showed no change. The
reaction mixture was washed with water (2Y25 mL), and the aqueous
layer was extracted with EA (2Y25 mL). The combined organic layer
was washed with brine, dried (Na2SO4), filtered, and evaporated. Flash
chromatography (Et2O/DCM/PE 1:1:1) gave 28 (50 mg, 75%) as an oil.
[a]21D = �25.3 (c = 1 in CH2Cl2);


1H NMR (300 MHz, CDCl3): d = 0.87
(t, J = 7.5 Hz, 3H), 0.88 (t, J = 7.5 Hz, 3H), 1.49–1.66 (m, 4H), 1.77–
1.98 (m, 4H), 2.27–2.65 (m, 1H), 3.09–3.13 (m, 1H), 3.23 (s, 3H), 3.41–
3.49 (m, 1H), 3.98 (s, 2H), 4.56 (s, 2H), 7.32–7.38 (m, 5H), 7.9 ppm (br s,
1H); 13C NMR (75 MHz, CDCl3): d = 7.9, 8.4, 22.2, 24.2, 24.9, 26.2, 49.2,
56.3, 69.2, 69.5, 73.5, 79.8, 127.8, 128.1, 128.5, 136.8, 166.4 ppm; IR (KBr):
ñ = 1683, 1412, 1022 cm�1; MS (CI): m/z (%): 335 (17) [M+H]+ , 305
(75), 303 (71), 287 (100); elemental analysis calcd (%) for C19H30N2O3: C
68.23, H 9.04, N 8.38; found C 68.27, H 9.39, N 8.43. From 20e, the same
product was obtained in 68% yield, and with identical characterization
data.


Synthesis of 27 f, 30 f, and 19h—General procedure : A solution of benzyl-
oxyacetyl chloride (2, 0.4 mL, 2.4 mmol) in dry toluene (4.8 mL) was
added in 12 portions (each 0.4 mL, 0.2 mmol) at 30 min intervals to a so-
lution of hydrazones 22 f, 19 f, or 19h (0.4 mmol) and TEA (0.67 mL,
4.8 mmol) in dry toluene (1.7 mL). The reaction mixture was heated at
100 8C until the hydrazone had been consumed (8.5 h) and washed with
water (2Y25 mL), and the aqueous layer was extracted with EA (2Y
25 mL). The combined organic layer was washed with brine, dried
(Na2SO4), filtered, and concentrated.


Compound 27 f : This compound was prepared from 22 f, flash chroma-
tography (EA/PE 1:2) providing crystalline (3S,4R)-27 f (151 mg, 66%,
dr >99:1). M.p. 78–80 8C; [a]23D = ++4.4 (c = 1 in CH2Cl2);


1H NMR
(500 MHz, [D6]DMSO, 90 8C): d = 3.43 (br s, 2H), 3.95–3.98 (m, 2H),
4.04 (d, J = 11.4 Hz, 1H), 4.23–4.32 (m, 5H), 5.0 (d, J = 4.9 Hz, 1H),
5.35 (d, J = 4.9 Hz, 1H), 5.54 (s, 2H), 6.96–6.98 (m, 5H), 7.20–7.29 (m,
5H), 7.31–7.45 ppm (m, 10H); 13C NMR (125 MHz, [D6]DMSO, 90 8C):
d = 57.7 (2C), 65.4, 67.1, 72.6, 78.1 (2C), 80.9, 99.2, 126.9, 130.4, 137.8,
139.1, 168.9 ppm; IR (KBr): ñ = 1776, 1394, 1092, 1021 cm�1; MS (CI):
m/z (%): 591 (18), [M+H]+ , 381 (92), 107 (71), 91 (100); HRMS: m/z :
calcd for C36H35N2O6: 591.2495; found: 591.2487; elemental analysis calcd
(%) for C36H34N2O6: C 73.20, H 5.80, N 4.74; found C 73.23, H 6.24, N
4.46.


Compound 30 : This compound was prepared from 19 f, flash chromatog-
raphy (Et2O/DCM/PE 1:1:4) providing 30 (196 mg, 86%) as an oil. [a]25D
= ++50.6 (c = 1 in CH2Cl2);


1H NMR (300 MHz, CDCl3): d = 0.89 (d, J
= 6.7 Hz, 3H), 0.94 (d, J = 6.7 Hz, 3H), 2.20–2.33 (m, 1H), 3.55–3.57
(m, 1H), 3.89–3.91 (m, 1H), 3.97–4.03 (m, 3H), 4.20–4.26 (m, 1H), 4.23
(d, J = 16.1 Hz, 1H), 4.46–4.50 (m, 2H), 4.51 (d, J = 11.7 Hz, 1H), 4.67
(d, J = 11.7 Hz, 1H), 5.02 (d, J = 16.1 Hz, 1H), 5.49 (s, 1H), 5.53 (s,
1H), 5.99 (dd, J = 7.1, 14.7 Hz, 1H), 6.73 (dd, J = 0.9, 14.7 Hz, 1H),
7.25–7.49 ppm (m, 15H); 13C NMR (75 MHz, CDCl3): d = 22.6, 22.7,
29.5, 52.6, 54.9, 63.9, 64.2, 68.3, 72.9, 77.2 (2C), 98.9, 99.6, 120.3, 125.4,
129.1, 137.4, 137.5, 137.7, 173.3 ppm; IR (KBr): ñ = 1691, 1387, 1128,
1012 cm�1; MS (EI): m/z (%): 570 (28), [M]+ , 421 (100), 338 (37), 91
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(64); elemental analysis calcd (%) for C34H38N2O6: C 71.56, H 6.71, N
4.91; found C 71.96, H 7.29, N 4.58.


Compound 24h : This compound was prepared from 19h, but with heat-
ing at 80 8C for 22 h. Flash chromatography (EA/PE 1:10) of the crude
product (de 98%, cis/trans 9:1) gave (3R,4S)-24h (96 mg, 53%, cis/trans
>99:1) as an oil; [a]24D = �80.7 (c = 1.5 in CH2Cl2);


1H NMR
(300 MHz, CDCl3): d = 0.80 (t, J = 6.8 Hz, 6H), 1.03–1.23 (m, 2H),
1.55–1.65 (m, 1H), 2.04–2.15 (m, 2H), 2.38–2.48 (m, 2H), 2.95 (dt, J =


5.1, 6.8 Hz, 1H), 3.96 (d, J = 5.1 Hz, 1H), 4.37 (d, J = 11.9 Hz, 1H),
4.51 (d, J = 11.9 Hz, 1H), 4.87–4.92 (m, 2H), 7.13–7.60 ppm (m, 15H);
13C NMR (75 MHz, CDCl3): d = 22.3, 22.7, 25.1, 32.5 (2C), 36.7, 61.9,
65.8 (2C), 71.6, 78.1, 127.3, 128.5, 137.6, 141.3, 166.9 ppm; IR (KBr): ñ =


1752, 1458, 1371, 1103 cm�1; MS (CI): m/z (%): 455 (84), [M+H]+ , 265
(100), 104 (32), 91 (55); HRMS: m/z : calcd for C30H35N2O2: 455.2699;
found: 455.2691.


General procedure for compounds (3R,4S)-24–27g : Small amounts
(0.63 mL, 0.25 mmol) of a solution of benzyloxyacetyl chloride (2,
0.33 mL, 2 mmol) in dry toluene (0.4m, 5 mL) were added every 30 min
over 4 h to a solution of hydrazone 19–22g (0.5 mmol) and TEA (0.6 mL,
4 mmol) in dry toluene (2.5 mL). The reaction mixture was heated until
the starting hydrazone had been consumed and then washed with water
(2Y25 mL), and the aqueous layer was extracted with EA (2Y25 mL).
The combined organic layer was washed with brine, dried (Na2SO4), fil-
tered, and evaporated. Flash chromatography (Et2O/DCM/PE 1:1:8)
gave b-lactams 24–27g : Starting materials, reaction times, and characteri-
zation data are as follows:


(3R,4S)-cis-3-Benzyloxy-4-isobutyl-1-[(2R,5R)-2,5-dimethyl-pyrrolidin-1-
yl]azetidin-2-one (24g): This compound was prepared from 19g, the reac-
tion mixture being heated for 8.5 h at 60 8C. Flash chromatography
(Et2O/DCM/PE 1:1:8) gave (3R,4S)-24g (cis/trans 95:5, 116 mg, 70%) as
an oil. [a]23D = ++28.1 (c = 1 in CH2Cl2);


1H NMR (300 MHz, CDCl3): d
= 0.94 (d, J = 6.5 Hz, 3H), 0.95 (d, J = 6.5 Hz, 3H), 1.08 (d, J =


6.3 Hz, 6H), 1.36–1.42 (m, 2H), 1.59–1.65 (m, 2H), 1.70–1.80 (m, 1H),
1.90–2.0 (m, 2H), 3.67–3.76 (m, 3H), 4.53 (d, J = 5.0 Hz, 1H), 4.71 (d, J
= 11.9 Hz, 1H), 4.89 (d, J = 11.9 Hz, 1H), 7.27–7.38 ppm (m, 5H); 13C
NMR (75 MHz, CDCl3): d = 18.8 (2C), 22.7, 22.8, 25.5, 30.3 (2C), 37.0,
56.3 (2C), 63.1, 72.3, 78.2, 127.5, 127.6, 128.2, 137.4, 167.8 ppm; IR
(KBr): ñ = 1751, 1362, 1108 cm�1; MS (CI): m/z (%): 331 (27) [M+H]+ ,
330 (10), 141 (100), 91 (63); elemental analysis calcd (%) for
C20H30N2O2: C 72.69, H 9.15, N 8.48; found C 72.81, H 9.52, N 8.47.


(3R,4S)-cis-3-Benzyloxy-1-[(2R,5R)-2,5-dimethylpyrrolidin-1-yl]-4-phe-
nylethylazetidin-2-one [(3R,4S)-25g]: This compound was prepared from
20g, the reaction mixture being heated for 6 h at 60 8C. Flash chromatog-
raphy (Et2O/DCM/PE 1:1:6) gave (3R,4S)-25g (157 mg, 83%) as an oil.
[a]23D = ++23.5 (c = 1 in CH2Cl2);


1H NMR (300 MHz, CDCl3): d = 1.10
(d, J = 6.3 Hz, 6H), 1.93–2.12 (m, 4H), 2.63–2.80 (m, 4H), 3.60–3.80 (m,
3H), 4.58 (d, J = 5.0 Hz, 1H), 4.73 (d, J = 11.9 Hz, 1H), 4.93 (d, J =


11.9 Hz, 1H), 7.18–7.42 ppm (m, 10H); 13C NMR (75 MHz, CDCl3): d =


18.7 (2C), 29.9 (2C), 30.9, 32.0, 56.4 (2C), 63.7, 72.4, 78.1, 125.8, 127.6,
127.7, 128.3, 128.4, 137.4, 141.5, 167.7 ppm; IR (KBr): ñ = 1746, 1456,
1355, 1112 cm�1; MS (CI): m/z (%): 379 (100) [M+H]+ , 378 (42), 141
(37), 91 (23); elemental analysis calcd (%) for C24H30N2O2: C 76.16, H
7.99, N 7.40; found C 76.04, H 8.26, N 7.37.


(3R,4S)-cis-3-Benzyloxy-1-[(2R,5R)-2,5-dimethylpyrrolidin-1-yl]-4-iso-
propylazetidin-2-one [(3R,4S)-26g]: This compound was prepared from
21g, the reaction mixture being heated for 6.5 h at 80 8C. Flash chroma-
tography (Et2O/DCM/PE 1:1:12) gave (3R,4S)-26g (127 mg, 80%) as an
oil. [a]23D = ++59.6 (c = 1.1 in CH2Cl2);


1H NMR (300 MHz, CDCl3): d
= 0.98 (d, J = 6.3 Hz, 3H), 1.07 (d, J = 6.3 Hz, 3H), 1.09 (d, J =


6.7 Hz, 6H), 1.31–1.38 (m, 2H), 1.89–2.09 (m, 3H), 3.32 (dd, J = 5.3,
8.6 Hz, 1H), 3.69–3.80 (m, 2H), 4.54 (d, J = 5.3 Hz, 1H), 4.72 (d, J =


12.0 Hz, 1H), 4.93 (d, J = 12.0 Hz, 1H), 7.27–7.38 ppm (m, 5H); 13C
NMR (75 MHz, CDCl3): d = 19.0 (2C), 19.2 (2C), 28.3, 30.1 (2C), 56.0
(2C), 70.7, 72.3, 78.2, 127.4, 127.5, 128.2, 137.6, 169.9 ppm; IR (KBr): ñ =


1752, 1355, 1108 cm�1; MS (EI): m/z (%): 316 (6) [M]+ , 225 (13), 140
(29), 91 (100); elemental analysis calcd (%) for C19H28N2O2: C 72.12, H
8.92, N 8.85; found C 72.51, H 9.23, N 8.87.


(3R,4S)-cis-3-Benzyloxy-1-[(2R,5R)-2,5-dimethylpyrrolidin-1-yl]-4-
phenyl-azetidin-2-one [(3R,4S)-27g]: This compound was prepared from
22g, the reaction mixture being heated for 5.5 h at 100 8C. Flash chroma-


tography (Et2O/DCM/PE 1:1:6) gave crystalline (3R,4S)-27g (168 mg,
96%). M.p. 90–92 8C; [a]23D = ++116.8 (c = 1 in CH2Cl2);


1H NMR
(300 MHz, CDCl3): d = 1.15 (d, J = 6.3 Hz, 6H), 1.26–1.36 (m, 2H),
1.83–1.95 (m, 2H), 3.60–3.70 (m, 2H), 4.14 (d, J = 11.2 Hz, 1H), 4.25 (d,
J = 11.2 Hz, 1H), 4.71 (d, J = 4.7 Hz, 1H), 4.78 (d, J = 4.7 Hz, 1H),
6.95–6.98 (m, 5H), 7.21–7.24 (m, 5H), 7.34–7.49 ppm (m, 5H); 13C NMR
(75 MHz, CDCl3): d = 18.7 (2C), 28.8 (2C), 55.5 (2C), 68.7, 72.1, 79.9,
127.7, 128.1, 128.2, 128.3, 128.4, 134.5, 136.3, 167.0 ppm; IR (KBr): ñ =


1752, 1593, 1442, 1371, 1108 cm�1; MS (CI): m/z (%): 351 (28) [M+H]+ ,
231 (10), 141 (100), 91 (21); elemental analysis calcd (%) for
C22H26N2O2: C 75.40, H 7.48, N 7.99; found C 75.40, H 7.59, N 7.86.


Oxidative deamination—General procedure : MMPP·6H2O (524 mg,
0.9 mmol) was added to a solution of N-protected b-lactam (0.3 mmol) in
MeOH (0.4m, 0.75 mL). The reaction mixture was vigorously stirred until
the starting material had been consumed. The mixture was diluted with
H2O (10 mL) and extracted with CH2Cl2 (4Y10 mL). The organic layer
was washed with saturated NaHCO3 solution, dried (MgSO4), and con-
centrated. The residue was purified by flash chromatography. Eluents,
yields, and spectral and analytical data for compounds (3R)-33, (3S)-33,
(3R)-34, (3S)-34, (3R)-35, (3S)-35, (3R,4S)-36, (3R,4S)-37, (3R,4S)-38,
(3R,4S)-39 and (3R,4S)-40 are as follows.


(3R)-3-Benzyloxyazetidin-2-one [(3R)-33]: This compound was prepared
from (3R)-4e, flash chromatography (toluene/EA 3:2) providing crystal-
line (3R)-33 (47 mg, 89%): M.p. 80–82 8C; [a]22D = ++54.9 (c = 1 in
CH2Cl2);


1H NMR (500 MHz, CDCl3): d = 3.28 (dd, J = 2.2, 4.9 Hz,
1H), 3.47 (t, J = 4.9 Hz, 1H), 4.67 (d, J = 11.6 Hz, 1H), 4.81–4.84 (m,
1H), 4.86 (d, J = 11.6 Hz, 1H), 5.93 (br s, 1H), 7.3–7.4 ppm (m, 5H); 13C
NMR (125 MHz, CDCl3): d = 44.1, 72.2, 82.5, 128.1, 128.5, 136.9,
168.3 ppm; IR (KBr): ñ = 3311, 1731, 1461 cm�1; MS (CI): m/z (%): 178
(100) [M+H]+ , 150 (31), 91 (84); elemental analysis calcd (%) for
C10H11NO2: C 67.78, H 6.23, N 7.90; found C 67.45, H 6.25, N 7.90.


The same product was obtained, in 82% yield, from (3R)-4g, and
MMPP·6H2O (99 mg, 0.17 mmol), and had identical characterization
data.


(3S)-3-Benzyloxyazetidin-2-one [(3S)-33]: This compound was prepared
from (3S)-4 f, flash chromatography (toluene/EA 3:2) providing crystal-
line (3S)-33 (44 mg, 82%). [a]22D = �55.9 (c = 0.9 in CH2Cl2); MS (CI):
m/z (%): 178 (56) [M+H]+ , 150 (19), 91 (100); HRMS: m/z : calcd for
C10H11NO2: 178.068; found: 178.0866. The rest of spectral and analytical
data were in agreement with those described for (3R)-33.


(3S)-3-[(S)-(5-Phenyloxazolidin-1-yl-2-one)]azetidin-2-one [(3S)-34]: This
compound was prepared from (3S)-14e, flash chromatography (DCM/
MeOH 20:1) providing crystalline (3S)-34 (50 mg, 71%). M.p. 156–
158 8C; [a]22D = ++76.3 (c = 1.1 in MeOH); 1H NMR (500 MHz, CDCl3):
d = 2.76 (dd, J = 2.8, 5.6 Hz, 1H), 3.32 (t, J = 5.6 Hz, 1H), 4.24 (dd, J
= 6.7, 9.0 Hz, 1H), 4.70 (t, J = 9.0 Hz, 1H), 5.01 (dd, J = 6.7, 9.0 Hz,
1H), 5.06 (ddd, J = 0.5, 2.8, 5.5 Hz, 1H), 5.63 (br s, 1H), 7.39–7.43 ppm
(m, 5H); 13C NMR (125 MHz, CDCl3): d = 42.0, 59.0, 60.9, 70.4, 127.4,
129.3, 129.5, 138.0, 157.0, 165.4 ppm; IR (KBr): ñ = 3187, 1744,
1094 cm�1; MS (CI): m/z (%): 233 (10) [M+H]+ , 205 (100), 113 (11); ele-
mental analysis calcd (%) for C12H12N2O3: C 62.06, H 5.21, N 12.06;
found C 61.69, H 5.08, N 12.16.


(3R)-3-[(R)-(5-Phenyl-oxazolidin-1-yl-2-one)]azetidin-2-one (3R)-34 :
This compound was prepared from (3R)-14e, flash chromatography
(DCM/MeOH 30:1) providing crystalline (3R)-34 (52 mg, 75%). [a]22D =


�77.8 (c = 1.1 in MeOH); MS (CI): m/z (%): 233 (8) [M+H]+ , 205
(100), 113 (12); HRMS: m/z : calcd for C12H12N2O3: 233.0926; found:
233.0930. The rest of spectral and analytical data were in agreement with
those described before for (3S)-34.


(3S)-3-(N-Benzyl-N-benzyloxycarbonylamino)azetidin-2-one [(3S)-35]:
This compound was prepared from (3S)-17 f, flash chromatography (tolu-
ene/acetone 7:1) providing (3S)-35 (76 mg, 82%) as an oil. The spectral
and analytical data were in agreement with literature data: [a]22D = �8.8
(c = 1 in CH2Cl2);


1H NMR (500 MHz, [D6]DMSO, 90 8C): d = 3.14
(dd, J = 2.9, 5.5 Hz, 1H), 3.31 (t, J = 5.5 Hz, 1H), 4.49 (d, J = 15.9 Hz,
1H), 4.61 (d, J = 15.9 Hz, 1H), 4.90 (dd, J = 2.9, 3.5 Hz, 1H), 5.12 (d, J
= 12.6 Hz, 1H), 5.16 (d, J = 12.6 Hz, 1H), 7.40 (br s, 1H), 7.22–7.34 ppm
(m, 10H); 13C NMR (125 MHz, [D6]DMSO, 90 8C): d = 47.0, 55.6, 70.2,
72.2, 132.2, 132.3, 132.7, 132.9, 133.4, 141.0, 143.5, 160.5, 172.0 ppm; IR
(KBr): ñ = 3299, 1771, 1708 cm�1; MS (CI): m/z (%): 311 (68) [M+H]+ ,
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283 (6), 239 (7), 221 (5), 91 (100); elemental analysis calcd (%) for
C18H18N2O3: C 69.66, H 5.85, N 9.03; found C 69.59, H 6.19, N 9.11.


(3R)-3-(N-Benzyl-N-benzyloxycarbonylamino)azetidin-2-one [(3R)-35]:
This compound was prepared from (3R)-17e, flash chromatography (tolu-
ene/acetone 7:1) providing (3R)-35 (77 mg, 83%) as an oil. [a]22D = ++8.0
(c = 1 in CH2Cl2). The rest of the spectral and analytical data were in
agreement with those described for (3S)-35. The same product was ob-
tained in 83% yield from (3R)-17g with use of MMPP·6H2O (99 mg,
0.17 mmol), and had identical characterization data.


(3R,4S)-3-Benzyloxy-4-pentylazetidin-2-one [(3R,4S)-36]: This compound
was prepared from (3R,4S)-23e, flash chromatography (toluene/EA 3:1)
providing crystalline (3R,4S)-36 (58 mg, 78%). M.p. 38–40 8C; [a]25D =


+28.9 (c = 1.1 in CH2Cl2);
1H NMR (300 MHz, CDCl3): d = 0.89 (t,


J = 6.6 Hz, 3H), 1.25–1.57 (m, 6H), 1.60–1.71 (m, 2H), 3.38–3.74 (m,
1H), 4.67 (d, J = 4.8 Hz, 1H), 4.68 (d, J = 11.9 Hz, 1H), 4.86 (d,
J = 11.9 Hz, 1H), 6.12 (br s, 1H), 7.27–7.38 ppm (m, 5H); 13C NMR
(75 MHz, CDCl3): d = 13.8, 22.3, 25.5, 29.8, 31.5, 55.0, 72.7, 82.3, 127.6,
127.7, 128.3, 137.1, 168.8 ppm; IR (KBr): ñ = 1762, 1390, 1099 cm�1; MS
(CI): m/z (%): 248 (100) [M+H]+, 220 (30), 91 (74); elemental analysis
calcd (%) for C15H21NO2: C 72.84, H 8.55, N 5.66; found C 72.86, H 8.87,
N 5.58.


(3R,4S)-3-Benzyloxy-4-isobutylazetidin-2-one [(3R,4S)-37]: This com-
pound was prepared from (3R,4S)-24e, flash chromatography (toluene/
EA 3:1) providing crystalline (3R,4S)-37 (63 mg, 91%). M.p. 73–75 8C;
[a]22D = ++33.4 (c = 0.9 in CH2Cl2);


1H NMR (300 MHz, CDCl3): d =


0.92 (d, J = 6.5 Hz, 3H), 0.95 (d, J = 6.5 Hz, 3H), 1.50–1.57 (m, 2H),
1.59–1.74 (m, 1H), 3.81 (dt, J = 4.9, 8.2 Hz, 1H), 4.68 (dd, J = 2.6,
4.9 Hz, 1H), 4.68 (d, J = 11.8 Hz, 1H), 4.84 (d, J = 11.8 Hz, 1H), 6.35
(br s, 1H), 7.27–7.38 ppm (m, 5H); 13C NMR (75 MHz, CDCl3): d =


21.9, 23.1, 25.4, 38.5, 53.4, 72.7, 82.4, 127.7, 127.8, 128.3, 137.1, 168.9 ppm;
IR (KBr): ñ = 1759, 1100, 1027 cm�1; MS (CI): m/z (%): 234 (100),
[M+H]+ , 206 (48), 91 (91); elemental analysis calcd (%) for C14H19NO2:
C 72.07, H 8.21, N 6.00; found C 71.97, H 8.43, N 6.06.


Compound (3R,4S)-37 was also obtained, in 84% yield and with identical
characterization data, from (3R,4S)-24g, by use of MMPP·6H2O (99 mg,
0.17 mmol).


(3R,4S)-3-Benzyloxy-4-phenylethylazetidin-2-one [(3R,4S)-38]: This com-
pound was prepared from (3R,4S)-25e, flash chromatography (toluene/
EA 3:1) providing crystalline (3R,4S)-38 (73 mg, 87%). M.p. 104–106 8C;
[a]25D = ++19.9 (c = 1.2 in CH2Cl2);


1H NMR (300 MHz, CDCl3): d =


1.90–2.10 (m, 2H), 2.62–2.79 (m, 2H), 3.74 (td, J = 4.9, 8.1 Hz, 1H), 4.69
(dd, J = 2.6, 4.9 Hz, 1H), 4.69 (d, J = 11.8 Hz, 1H), 4.88 (d, J =


11.8 Hz, 1H), 5.96 (br s, 1H), 7.15–7.52 ppm (m, 10H); 13C NMR
(75 MHz, CDCl3): d = 31.7, 32.5, 54.4, 72.8, 82.4, 127.7, 127.8, 128.2,
128.3, 128.5, 137.1, 140.9, 168.5 ppm; IR (KBr): ñ = 1725, 1101,
1034 cm�1; MS (CI): m/z (%): 282 (100) [M+H]+ , 254 (66), 91 (81); ele-
mental analysis calcd (%) for C18H20NO2: C 76.84, H 6.81, N 4.98; found
C 76.75, H 6.95, N 5.08.


Compound (3R,4S)-38 was also obtained, in 84% yield and with identical
characterization data, from (3R,4S)-25g, by use of MMPP·6H2O (99 mg,
0.17 mmol).


(3R,4S)-3-Benzyloxy-4-isopropylazetidin-2-one [(3R,4S)-39]: This com-
pound was prepared from (3R,4S)-26e, flash chromatography (toluene/
EA 3:1) providing crystalline (3R,4S)-39 (58 mg, 88%): M.p. 85–86 8C;
[a]26D = ++120.4 (c = 1.1 in CH2Cl2);


1H NMR (300 MHz, CDCl3): d =


0.94 (d, J = 6.6 Hz, 3H), 0.95 (d, J = 6.6 Hz, 3H), 1.9–2.1 (m, 1H), 3.35
(dd, J = 4.9, 9.2 Hz, 1H), 4.67 (dd, J = 2.9, 4.9 Hz, 1H), 4.72 (d, J =


11.9 Hz, 1H), 4.94 (d, J = 11.9 Hz, 1H), 6.41 (br s, 1H), 7.2–7.4 ppm (m,
5H); 13C NMR (75 MHz, CDCl3): d = 18.8, 18.9, 28.0, 60.8, 72.5, 81.9,
127.5, 127.6, 128.3, 137.3, 169.3 ppm; IR (film): ñ = 3262, 1760 cm�1; MS
(CI): m/z (%): 220 (60) [M+H]+ , 192 (21), 91 (100); elemental analysis
calcd (%) for C13H17NO2: C 71.20, H 7.81, N 6.39; found C 71.16, H 8.00,
N 6.46.


The same product was also obtained, in 91% yield and with identical
characterization data, from (3R,4S)-26g, by use of MMPP·6H2O (99 mg,
0.17 mmol).


(3R,4S)-3-Benzyloxy-4-phenylazetidin-2-one [(3R,4S)-40]: This com-
pound was prepared from (3R,4S)-27e, flash chromatography (toluene/
EA 3:1) providing crystalline (3R,4S)-40 (73 mg, 96%). M.p. 207–210 8C;
[a]25D = ++96.8 (c = 1 in DMSO); 1H NMR (300 MHz, CDCl3): d = 4.09


(d, J = 11.1 Hz, 1H), 4.26 (d, J = 11.1 Hz, 1H), 4.87 (d, J = 4.5 Hz,
1H), 4.94 (dd, J = 2.3, 4.5 Hz, 1H), 8.65 (br s, 1H), 6.83–6.86 (m, 2H),
7.18–7.21 (m, 2H), 7.31–7.39 ppm (m, 6H); 13C NMR (75 MHz, CDCl3):
d = 56.7, 71.0, 81.7, 127.6, 127.8, 128.1, 136.9, 137.3, 167.3 ppm; IR
(KBr): ñ = 1724, 1123, 1028 cm�1; MS (CI): m/z (%): 254 (100), [M+H]+,
162 (29), 91 (91); elemental analysis calcd (%) for C16H15NO2: C 75.87,
H 5.97, N 5.53; found C 75.77, H 5.94, N 5.88.


Compound (3R,4S)-40 was also obtained, in 95% yield and with identical
characterization data, from (3R,4S)-27g, by use of MMPP·6H2O (99 mg,
0.17 mmol).


(3R,4S)-3-Hydroxy-4-phenylazetidin-2-one [(3R,4S)-41]: A catalytic
amount of Pd/C (10%) was added to a solution of b-lactam (3R,4S)-40
(126 mg, 0.5 mmol) in MeOH/dioxane (1:1, 8 mL) and the mixture was
hydrogenated at atmospheric pressure until the starting b-lactam had
been consumed (ca. 24 h). The catalyst was filtered off and washed with
MeOH, and the solution was evaporated. Flash chromatography (DCM/
MeOH 20:1) gave crystalline (3R,4S)-41 (59 mg, 72%); [a]25D = ++181.9
(c = 1.5 in MeOH). Spectral and analytical data were in good agreement
with literature data.[56]


(3R,4S)-3-Hydroxy-4-isobutylazetidin-2-one [(3R,4S)-43]: A catalytic
amount of Pd/C (10%) was added to a solution of b-lactam (3R,4S)-37
(117 mg, 0.5 mmol) in MeOH (4 mL) and the mixture was hydrogenated
at atmospheric pressure until the starting b-lactam had been consumed
(ca. 24 h). The catalyst was filtered and washed with MeOH, and the so-
lution was evaporated. Flash chromatography (DCM/MeOH 20:1) gave
crystalline (3R,4S)-43 (61 mg, 85%). M.p. 123–127 8C; [a]20D = ++28.0 (c
= 1 in MeOH); 1H NMR (300 MHz, CD3OD): d = 0.94 (d, J = 6.7 Hz,
3H), 0.97 (d, J = 6.5 Hz, 3H), 1.40–1.54 (m, 2H), 1.64–1.75 (m, 1H),
3.75 (ddd, J = 4.8, 5.8, 8.0 Hz, 1H), 4.79 ppm (d, J = 4.8 Hz, 1H); 13C
NMR (75 MHz, CD3OD): d = 25.0, 26.0, 28.9, 42.3, 57.8, 80.0,
175.6 ppm; IR (KBr): ñ = 1681, 1418, 1097, 1033 cm�1; MS (CI): m/z
(%): 144 (100), [M+H]+ , 126 (16), 99 (16); elemental analysis calcd (%)
for C7H13NO2: C 58.72, H 9.15, N 9.78; found C 58.89, H 9.38, N 9.89.


(2R,3S)-3-Amino-2-hydroxy-5-methylhexanoic acid [(2R,3S)-45]: Com-
pound (3R,4S)-43 (29 mg, 0.2 mmol) was dissolved in HCl (6n, 0.8 mL)
and stirred for 4 h. The reaction mixture was concentrated to give crystal-
line (2R,3S)-44 (39 mg, 99%). 1H NMR (300 MHz, CD3OD): d = 0.97
(d, J = 6.3 Hz, 3H), 0.98 (d, J = 6.3 Hz, 3H), 1.46–1.55 (m, 1H), 1.61–
1.80 (m, 2H), 3.51–3.58 (m, 1H), 4.23 ppm (d, J = 3.1 Hz, 1H); 1H
NMR (300 MHz, D2O): d = 0.87 (d, J = 6.1 Hz, 3H), 0.88 (d, J =


6.1 Hz, 3H), 1.42–1.69 (m, 3H), 3.60–3.65 (m, 1H), 4.34 ppm (d, J =


3.2 Hz, 1H); 13C NMR (75 MHz, CD3OD): d = 20.8, 20.9, 23.6, 38.0,
51.1, 68.6, 172.7 ppm. Treatment of (2R,3S)-44 with Dowex 50WY8 gave
b-amino-a-hydroxy acid (2R,3S)-45 in quantitative yield. [a]25D = ++25.2
(c = 0.6 in AcOH). Spectral and analytical data were in good agreement
with literature data.[61]


(3R)-3-Hydroxy-1-[(2S)-2-(1-ethyl-1-methoxypropyl)pyrrolidin-1-yl]azeti-
din-2-one [(3R)-46]: A catalytic amount of Pd/C (10%) was added to a
solution of (3R)-4e (346 mg, 1 mmol) in MeOH (13 mL), and the mixture
was hydrogenated at atmospheric pressure until the starting b-lactam had
been consumed (ca. 24 h). The catalyst was filtered and washed with
MeOH, and the solution was evaporated. Flash chromatography (Et2O/
PE 9:1) gave (3R)-46 (251 mg, 98%) as an oil. [a]30D = ++19.6 (c = 1.1 in
CH2Cl2);


1H NMR (500 MHz, CDCl3): d = 0.86 (t, J = 7.5 Hz, 3H), 0.87
(t, J = 7.5 Hz, 3H), 1.47–1.60 (m, 2H), 1.62–1.72 (m, 2H), 1.75–1.93 (m,
4H), 2.89–2.94 (m, 1H), 3.13–3.18 (m, 1H), 3.28 (s, 3H), 3.28–3.30 (m,
1H), 3.33 (dd, J = 1.6, 5.0 Hz, 1H), 3.61 (t, J = 5.0 Hz, 1H), 4.45 (s,
1H), 4.69 ppm (dd, J = 1.6, 5.0 Hz, 1H); 13C NMR (125 MHz, CDCl3): d
= 7.9, 8.3, 23.3, 23.4, 25.5, 26.3, 48.3, 50.2, 54.1, 66.4, 71.3, 79.5,
168.0 ppm; IR (KBr): ñ = 3300, 1760 cm�1; MS (EI): m/z (%): 256 (2)
[M]+ , 155 (100), 127 (25), 101 (27); elemental analysis calcd (%) for
C13H24N2O3: C 60.91, H 9.44, N 10.93; found C 61.05, H 9.68, N 10.69.


p-Nitrobenzoate [(3R)-47]: A solution of (3R)-46 (128 mg, 0.5 mmol), p-
nitrobenzoyl chloride (142 mg, 0.75 mmol), and TEA (0.42 mL, 3 mmol)
in DCM (5 mL) was stirred at rt for 3 h. The reaction mixture was
washed with water (1Y7 mL), diluted HCl (2Y7 mL), saturated NaHCO3


(1Y7 mL), and brine (1Y7 mL). The organic layer was dried (sodium sul-
fate), filtered, and evaporated. Flash chromatography (Et2O/PE 1:1) gave
crystalline (3R)-47 (193 mg, 95%). M.p. 89–91 8C; [a]24D = ++0.6 (c = 1
in CH2Cl2);


1H NMR (500 MHz, CDCl3): d = 0.89 (t, J = 7.6 Hz, 3H),


Chem. Eur. J. 2004, 10, 6111 – 6129 www.chemeurj.org I 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6127


Stereoselective Cycloadditions 6111 – 6129



www.chemeurj.org





0.92 (t, J = 7.6 Hz, 3H), 1.57–1.67 (m, 2H), 1.69–1.75 (m, 2H), 1.76–1.86
(m, 3H), 1.88–1.98 (m, 1H), 2.96–3.04 (m, 1H), 3.22–3.24 (m, 1H), 3.26
(s, 3H), 3.34–3.39 (m, 1H), 3.48 (dd, J = 1.8, 5.8 Hz, 1H), 3.88 (dd, J =


4.8, 5.8 Hz, 1H), 5.63 (dd, J = 1.8, 4.7 Hz, 1H), 8.24 (d, J = 9 Hz, 2H),
8.30 ppm (d, J = 9 Hz, 2H); 13C NMR (125 MHz, CDCl3): d = 7.9, 8.7,
23.0, 24.0, 25.6, 26.2, 47.4, 50.0, 54.1, 66.6, 72.8, 123.0, 131.0, 134.0, 151.0,
163.0, 164.0 ppm; IR (KBr): ñ = 1778, 1733, 1540, 1270 cm�1; MS (EI):
m/z (%): 405 (1) [M]+ , 304 (100), 101 (33); elemental analysis calcd (%)
for C20H27N3O6: C 59.25, H 6.71, N 10.36; found C 59.06, H 6.56, N 10.55.


(3S)-3-tert-Butoxycarbonylaminoazetidin-2-one [(3S)-48]: A catalytic
amount of Pd/C (10%) was added to a solution of (3S)-35 (93 mg,
0.3 mmol) in MeOH (10 mL), and the mixture was hydrogenated at
6 atm and rt. After 48 h, the catalyst was filtered off and washed with
MeOH, and the solution was evaporated. The residue was dissolved in
MeOH (3 mL), and Boc2O (169 mg, 0.75 mmol), TEA (0.12 mL,
0.9 mmol), and a catalytic amount of DMAP were added. Conventional
workup and flash chromatography (DCM/MeOH 15:1) gave crystalline
(3S)-48 (34 mg, 60%). [a]20D = �20.1 (c = 0.8 in CH3OH). Spectral and
analytical data were in good agreement with literature data.[62]
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Nuclearity Controlled Cyanide-Bridged Bimetallic CrIII–MnII Compounds:
Synthesis, Crystal Structures, Magnetic Properties and Theoretical
Calculations
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Introduction


In recent years, there has been an impressive body of publi-
cations dealing with the self-assembly of cyano-linked metal
complexes.[1–6] The main synthetic route which is currently
employed consists of using a stable cyanometallate anion as
a ligand toward either fully solvated metal ions or pre-
formed complexes whose coordination sphere is unsaturated
(presence of some coordination sites which are filled by sol-
vent molecules). The highly insoluble three-dimensional
Prussian Blue analogues are obtained when the cyanide-
bearing complex is the hexacyanometallate anion
[M(CN)6]


3� and the cation is the unprotected fully solvated
species.[2] Lower dimensionality heterometallic compounds
with very different topologies and structures result if the
outer metal ions are partially blocked with polydentate li-
gands.[3–5] This structural diversity associated to their inter-
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Abstract: The preparation, X-ray
crystallography and magnetic inves-
tigation of the compounds PPh4-
[Cr(bipy)(CN)4]·2CH3CN·H2O (1)
(mononuclear), [{Cr(bipy)(CN)4}2Mn-
(H2O)4]·4H2O (2) (trinuclear), [{Cr-
(bipy)(CN)4}2Mn(H2O)2] (3) (chain)
and [{Cr(bipy)(CN)4}2Mn(H2O)]·H2O·
CH3CN (4) (double chain) [bipy=2,2’-
bipyridine; PPh4


+ = tetraphenylphos-
phonium] are described herein. The
[Cr(bipy)(CN)4]


� unit act either as a
monodentate (2) or bis-monodentate
(3) ligand toward the manganese atom
through one (2) or two (3) of its four
cyanide groups. The manganese atom
is six-coordinate with two (2) or four
(3) cyanide nitrogens and four (2) or
two (3) water molecules building a dis-
torted octahedral environment. In 4,


two chains of 3 are pillared through in-
terchain Mn-N-C-Cr links which re-
place one of the two trans-coordinated
water molecules at the manganese
atom to afford a double chain structure
where bis- and tris-monodenate coordi-
nation modes of [Cr(bipy)(CN)4]


� co-
exist. The magnetic properties of 1–4
were investigated in the temperature
range 1.9–300 K. A Curie law behav-
iour for a magnetically isolated spin
quartet is observed for 1. A significant
antiferromagnetic interaction between
CrIII and MnII through the single cy-


anide bridge [J=�6.2 cm�1, the Hamil-
tonian being defined as Ĥ=


�J(ŜCr(1)·ŜMn+ŜCr(2)·ŜMn)] occurs in 2
leading to a low-lying spin doublet
which is fully populated at T <5 K. A
metamagnetic behaviour is observed
for 3 and 4 [the values of the critical
field Hc being ca. 3000 (3) and 1500 Oe
(4)] which is associated to the occur-
rence of weak interchain antiferromag-
netic interactions between ferrimagnet-
ic CrIII


2 MnII chains. The analysis of the
exchange pathways in 2–4 through
DFT type calculations together with
the magnetic bevaviour simulation
using the quantum Monte Carlo meth-
odology provided a good understand-
ing of their magnetic properties.


Keywords: bimetallic chains ·
crystal engineering · cyanides ·
magnetic properties · polynuclear
complexes
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esting properties such as hosts for small molecules and
ions,[1,7] catalysts for the production of ether polyols or poly-
carbonates,[8] room temperature magnets,[9–11] high spin mol-
ecules,[5,12] single-molecule magnets,[13] electrochemically
tunable magnets[14] or photo-magnetic materials[14b,15] ac-
count for the great number of publications dealing with cya-
nide-bridged heterometallic species.


Our research team, among others, is engaged in the
design and use as ligands of new stable cyanide-bearing six-
coordinate complexes of general formula [ML(CN)x]


(x+l�3)�


(M = trivalent first row transition metal ion) where the
overall charge and the number of cyanide ligands depend on
the charge and denticity of the polydentate L ligand.[16–23]


The possibilities offered by this type of precursors in prepa-
rative chemistry and the relevant parameters to be taken
into account are summarized in Scheme 1. One can see
there how the nature, denticity and charge of L are crucial
parameters given the possibility of supramolecular interac-
tions (case of aromatic L groups), the control of the stereo-
chemistry (fac- or mer- arrangement of the three cyanide
groups when L is a tridentate ligand) or the selective com-
plexation (L being a bridging ligand in addition to the cya-
nide groups). In order to illustrate the new magneto-struc-
tural possibilities that this strategy can afford and restricting
ourselves to very recent results that we got with the use of
the mononuclear low-spin iron(iii) precursors [Fe-
(bipy)(CN)4]


� (bipy=2,2’-bipyridine), [Fe(phen)(CN)4]
�


(phen=1,10-phenanthroline), fac-[Fe{HB(pz)3}(CN)3]
�


[HB(pz)3=hydrotris(1-pyrazolyl)borate anion] and mer-
[Fe(bpca)(CN)3]


� [bpca=bis(2-pyridylcarbonyl)amidate] as
ligands, the following findings can be outlined: i) the tetra-


nuclear iron(iii) compound fac-{[Fe{HB(pz)3}(CN)3]3Fe-
(H2O)3}·6H2O where the ferromagnetic coupling between
the three low-spin iron(iii) fac-[Fe{HB(pz)3}(CN)3]


� periph-
eral units and the central high-spin iron(iii) [Fe(H2O)3]


3+


entity through single cyanide bridges leads to a low-lying
nonet spin sate;[24] ii) the ferromagnetic chains [{FeL(CN)4}2-


Co(H2O)2]·4H2O (L=bipy and phen) which exhibit slow
magnetic relaxation and hysteresis effects and thus are
among the scarce examples of single chain magnets
(SCM);[25,26] iii) the double chain [{FeL(CN)4}2Co-
(H2O)]·CH3CN·1=2H2O where two of the previous ferromag-
netic chains are condensed through the loss of a coordinated
water molecule from cobalt(ii) and its replacement by a cya-
nide bridge, the whole exhibiting a metamagnetic behav-
iour;[27] iv) the ferrimagnetic ladder-like bimetallic chain
{[Fe(bpca)(m-CN)3Mn(H2O)3]·[Fe(bpca)(CN)3)]}·3H2O
which exhibits ferrimagnetic ordering below 2.0 K.[28]


In the present paper, we extend these studies to a new
building block of formula [Cr(bipy)(CN)4]


� which is isolated
as a tetraphenylphosphonium salt (1). The fact that the
chromium(iii) ion in 1 has three unpaired electrons against
only one in the case of the related low-spin iron(iii) deriva-
tive demonstrates the general character and validity of the
approach sketched in Scheme 1. The use of the mononuclear
[Cr(bipy)(CN)4]


� unit of 1 as a ligand towards [Mn(H2O)6]
2+


afforded the trinuclear compound [{Cr(bipy)(CN)4}2Mn-
(H2O)4]·4H2O (2), the zigzag chain [{Cr(bipy)(CN)4}2Mn-
(H2O)2] (3) and the double chain [{Cr(bipy)(CN)4}2Mn-
(H2O)]·H2O·CH3CN (4). The preparation and magneto-
structural investigation of these four compounds are report-
ed here.


Results and Discussion


Description of the structures :
The structures of the com-
pounds 1–4 have been charac-
terised by single crystal X-ray
diffraction. Their crystallo-
graphic data and the details of
the refinements have been de-
posited at the Cambridge Crys-
tallographic Data Centre and
they are reported in a con-
densed form in Table 1. The
key distances and angles are re-
ported in Table 2 (1), Table 3
(2), Table 4 (3) and Table 5 (4).


PPh4[Cr(bipy)(CN)4]·2CH3CN·
H2O (1): The crystallographic
analysis of 1 shows that its
structure consists of mononu-
clear [Cr(bipy)(CN)4]


� anions
(Figure 1), tetraphenylphospho-
nium cations and uncoordinated
water and acetonitrile mole-
cules. The anions are groupedScheme 1.
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by pairs through hydrogen bonds involving the crystalliza-
tion water molecule [O(1)] and two cyanide-nitrogen atoms
[N(3) and N(4a)] from two [Cr(bipy)(CN)4]


� units (Fig-
ure S1, Supporting Information) resulting in a quasi-square
centrosymmetric Cr(1)-O(1)-Cr(1a)-O(1a) motif [2.975(5)
and 2.857(5) R for N(3)···O(1) and N(4)···O(1a), respective-
ly; a = �x, 1�y, 1�z].


Each chromium atom is six-coordinated with two bipy-ni-
trogen atoms and four cyanide-carbon atoms in a distorted
octahedral geometry. The short bite angle of the chelating
bipy [78.73(11)8 for N(11)-Cr(1)-N(12)] is the main factor
accounting for this distortion from the ideal geometry. The


values of the Cr�N(bipy) bond
lengths [2.079(3) and
2.073(3) R for Cr(1)�N(11) and
Cr(1)�N(12) agree with those
previously reported for other
bipy-containing chromium(iii)
complexes.[29] This agreement is
also observed between the Cr–
C(cyano) bond lenghts of 1
[2.076(4)–2.051(3) R] and those
reported for the hexacyano-
chromate(iii) unit in the ionic
salts of formula K3[Cr(CN)6]
[2.100(10)–2.057(12 R],[30]


(NMe4)2A[Cr(CN)6] with A=


K+ [mean value 2.093(2) R][31]


and Cs+ [av. value
2.061(6) R][31] and
Ba3[Cr(CN)6]·20H2O [av. value
2.069(5) R].[31] The Cr(1)-C-N
angles for the terminally bound
cyanide ligands in 1 are quasi-
linear [178.8(3)–178.1(3)8]. The
values of the cyanide C�N
bonds vary in the range
1.149(5)–1.135(5) R. The occur-
rence of uncoordinated acetoni-
trile molecules and terminally
bound cyanide groups in the
structure of 1 is consistent with


the presence of two cyanide stretching vibrations at 2212(w)
(CH3CN solvent molecule) and 2124(w) cm�1 (monodentate
cyanide).


Bond lengths and angles within this ligand are in agree-
ment with those reported for free bipy.[32] No significant p–p
staking interactions between adjacent bipy ligands are ob-
served. The bulky tetraphenylphophosphonium cation ex-


Table 1. Crystallographic data and structure refinement for PPh4[Cr(bipy)(CN)4]·2CH3CN·H2O (1), [{Cr-
(bipy)(CN)4}2Mn(H2O)4]·4H2O (2), [{Cr(bipy)(CN)4}2Mn(H2O)2] (3) and [{Cr(bipy)(CN)4}2Mn(H2O)]·
H2O·CH3CN (4).


Compound 1 2 3 4


chemical formula C42H36CrN8OP C28H32Cr2MnN12O8 C28H20Cr2MnN12O2 C30H23Cr2MnN13O2


Fw 751.77 823.56 715.47 756.55
crystal system triclinic monoclinic monoclinic monoclinic
a [R] 8.144(4) 11.859(6) 7.894(4) 20.232(4)
b [R] 14.494(3) 13.580(9) 15.171(8) 7.608(2)
c [R] 17.149(7) 11.854(6) 12.640(4) 21.486(4)
a [8] 80.52(3) 90 90 90
b [8] 87.80(4) 100.51(4) 94.45(3) 96.43(3)
g [8] 87.02(3) 90 90 90
V [R3] 1993(1) 1877(2) 722 3286.4(12)
Z 2 2 2 4
T [K] 295 295 295 293
space group P(-1) P21/c P21/n P21/n
F(000) 782 842 722 1532
m(MoKa) [cm�1] 3.70 9.60 11.68 10.78
no. parameters 479 234 2.07 433
max/min transmission 1.00/0.83 0.87/0.54 1.00/0.84
index ranges


�9�h�10 �14�h�13 �9�h�9 24�h�28
�17�k�17 0�k�16 0�k�18 �10�k�8


0� l�21 �0� l�16 0� l�15 �26� l�30
measured reflns 8365 3620 2972 9147
q range [8] 1–26 1–25 1–25 6.45–30
obsd reflns 7781 3286 2647 5256
largest peak/hole [eR�3] 0.40/�0.36 0.73/�0.49 0.93/�0.87 0.93/�0.47
final R indices [I > 3s(I)] [I > 2s(I)]
R[a] 0.045 0.057 0.057 0.0585
Rw 0.053[b] 0.067[b] 0.070[b] 0.111[c]


goodness-of-fit 1.123 1.097 1.024 0.974


[a] R=�(j jFo j - jFc j j )/� jFo j . [b] Rw= [�{(jFo j - jFc j )2/�} jFo j 2]1/2. [c] Rw= [�{(jFo j 2- jFc j 2)2/�} jFo j 2]1/2.


Table 2. Selected bond lengths [R] and angles [8] in complex 1.


Cr(1)�N(11) 2.079(3) Cr(1)�N(12) 2.073(3)
Cr(1)�C(1) 2.064(4) Cr(1)�C(2) 2.051(3)
Cr(1)�C(3) 2.055(4) Cr(1)�C(4) 2.076(4)
C(1)�N(1) 1.149(5) C(2)�N(2) 1.139(5)
C(3)�N(3) 1.135(5) C(4)�N(4) 1.136(5)
N(11)-Cr(1)-N(12) 78.73(11) N(11)-Cr(1)-C(1) 91.99(12)
N(11)-Cr(1)-C(2) 173.15(14) N(11)-Cr(1)-C(3) 93.91(13)
N(11)-Cr(1)-C(4) 88.71(12) N(12)-Cr(1)-C(1) 90.35(13)
N(12)-Cr(1)-C(2) 94.96(13) N(12)-Cr(1)-C(3) 172.56(13)
N(12)-Cr(1)-C(4) 88.55(13) C(1)-Cr(1)-C(2) 90.72(14)
C(1)-Cr(1)-C(3) 91.02(15) C(1)-Cr(1)-C(4) 178.56(14)
C(2)-Cr(1)-C(3) 92.33(15) C(2)-Cr(1)-C(4) 88.45(14)
C(3)-Cr(1)-C(4) 90.19(15) Cr(1)-C(1)-N(1) 178.8(3)
Cr(1)-C(2)-N(2) 178.4(4) Cr(1)-C(3)-N(3) 178.6(3)
Cr(1)-C(4)-N(4) 178.1(3)


Table 3. Selected bond lengths [R] and angles [8] in complex 2.[a]


Cr(1)�N(11) 2.059(5) Cr(1)�N(12) 2.080(5)
Cr(1)�C(1) 2.068(7) Cr(1)�C(2) 2.058(7)
Cr(1)�C(3) 2.049(8) Cr(1)�C(4) 2.041(8)
Mn(1)�O(1) 2.192(5) Mn(1)�O(2) 2.200(6)
Mn(1)�N(1) 2.215(6) C(1)�N(1) 1.142(9)
C(2)�N(2) 1.142(9) C(3)�N(3) 1.156(9)
C(4)�N(4) 1.160(9)
N(11)-Cr(1)-N(12) 79.36(19) N(11)-Cr(1)-C(1) 170.2(2)
N(11)-Cr(1)-C(2) 95.1 (2) N(11)-Cr(1)-C(3) 89.7(2)
N(11)-Cr(1)-C(4) 89.0(2) N(12)-Cr(1)-C(1) 92.6(2)
N(12)-Cr(1)-C(2) 172.9(3) N(12)-Cr(1)-C(3) 88.9(2)
N(12)-Cr(1)-C(4) 93.7(2) C(1)-Cr(1)-C(2) 93.3(3)
C(1)-Cr(1)-C(3) 95.9(3) C(1)-Cr(1)-C(4) 85.8(3)
C(2)-Cr(1)-C(3) 86.7 (3) C(2)-Cr(1)-C(4) 90.6(3)
C(3)-Cr(1)-C(4) 176.9(3) O(1)-Mn(1)-O(2) 90.3(2)
O(1)-Mn(1)-O(2a) 89.7(2) O(1)-Mn(1)-N(1) 85.8(2)
O(1)-Mn(1)-N(1a) 94.2(2) O(2)-Mn(1)-N(1) 92.0(2)
O(2)-Mn(1)-N(1a) 88.0(2) Cr(1)-C(1)-N(1) 170.7(7)
Cr(1)-C(2)-N(2) 176.6(9) Cr(1)-C(3)-N(3) 175.3(7)
Cr(1)-C(4)-N(4) 177.9(6) Mn(1)-N(1)-C(1) 168.9(6)


[a] Symmetry code: a = 1�x, 1�y, 1�z.
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hibits the expected tetrahedral shape and its bond lengths
and angles are as expected. Interestingly, the PPh4


+ cations
are grouped by pairs along the b axis, the resulting motif
being the parallel quadrupole phenyl embrace (PQPE)[33]


with a P···P separation of 8.19 R (Figure S2). Regular alter-
nating of two kind of layers growing in the ab plane [hydro-
phobic cationic (tetraphenylphosphonium) and hydrophilic
anionic (pairs of [Cr(bipy)(CN)4]


�] which are held by two
water molecules occur in the unit cell (Figure S2). The value
of the shortest intermolecular chromium-chromium sepation
is 8.136(1) R [Cr(1)···Cr(1a)].


[{Cr(bipy)(CN)4}2Mn(H2O)4]·4H2O (2): The structure of 2 is
made up of centrosymmetric neutral trinuclear units of for-
mula [{Cr(bipy)(CN)4}2Mn(H2O)4] where the [Cr(bi-
py)(CN)4]


� entity acts as a monodentate ligand through one
of its four cyanide groups toward a central [Mn(H2O)4]


2+


motif (Figure 2). Four water molecules of crystallization


contribute to the stabilization of the structure through hy-
drogen bonds involving the coordinated and lattice water
molecules and one of the three terminal cyanide ligands
[2.660(9), 2.794(11) and 2.782(8) R for O(1)···O(12),
O(2)···O(11) and O(1)···N(3b), respectively] (Figure 3).


As in 1, each chromium atom is coordinated by two bipy
nitrogen atoms and four cyanide carbon atoms, in a distort-
ed octahedral geometry. The values of the Cr�N(bipy)
bonds and that of the angle subtended at the chromium


Table 4. Selected bond lengths [R] and angles [8] in complex 3.[a]


Cr(1)�N(11) 2.060(4) Cr(1)�N(12) 2.059(5)
Cr(1)�C(1) 2.057(6) Cr(1)�C(2) 2.037(6)
Cr(1)�C(3) 2.079(6) Cr(1)�C(4) 2.050(6)
Mn(1)�N(1) 2.245(5) Mn(1)�N(3b) 2.222(5)
Mn(1)�O(1) 2.179(4) C(1)�N(1) 1.146(7)
C(2)�N(2) 1.134(8) C(3)�N(3) 1.132(7)
C(4)�N(4) 1.133(8)
N(11)-Cr(1)-N(12) 78.66(17) N(11)-Cr(1)-C(1) 171.65(19)
N(11)-Cr(1)-C(2) 93.64(19) N(11)-Cr(1)-C(3) 92.02(19)
N(11)-Cr(1)-C(4) 92.1(2) N(12)-Cr(1)-C(1) 94.24(19)
N(12)-Cr(1)-C(2) 172.30(19) N(12)-Cr(1)-C(3) 89.35(19)
N(12)-Cr(1)-C(4) 90.55(19) C(1)-Cr(1)-C(2) 93.5(2)
C(1)-Cr(1)-C(3) 92.3(2) C(1)-Cr(1)-C(4) 83.5(2)
C(2)-Cr(1)-C(3) 90.7 (2) C(2)-Cr(1)-C(4) 90.0(2)
C(3)-Cr(1)-C(4) 175.8(2) N(1)-Mn(1)-N(3b) 92.12(18)
N(1)-Mn(1)-N(3c) 87.88(18) N(1)-Mn(1)-O(1) 86.40(17)
N(1)-Mn(1)-O(1a) 93.60(17) N(3b)-Mn(1)-O(1) 84.02(17)
N(3c)-Mn(1)-O(1) 95.98(17) Cr(1)-C(1)-N(1) 169.6(5)
Cr(1)-C(2)-N(2) 174.9(5) Cr(1)-C(3)-N(3) 172.7(5)
Cr(1)-C(4)-N(4) 172.3(5) Mn(1)-N(1)-C(1) 140.5(4)
Mn(1)-N(3b)-C(3b) 139.6(5)


[a] Symmetry code: a = 1�x, �y, 1�z ; b = 1+x, y, z ; c = �x, �y, 1�z.


Table 5. Selected bond lengths [R] and angles [8] in complex 4.[a]


Cr(1)�N(11) 2.056(3) Cr(1)�N(12) 2.063(3)
Cr(1)�C(1) 2.065(3) Cr(1)�C(2) 2.056(3)
Cr(1)�C(3) 2.084(3) Cr(1)�C(4) 2.047(3)
Cr(2)�N(21) 2.049(3) Cr(2)�N(22) 2.065(3)
Cr(2)�C(5) 2.048(4) Cr(2)�C(6) 2.046(4)
Cr(2)�C(7) 2.083(3) Cr(2)�C(8) 2.066(4)
Mn(1)�N(1) 2.203(3) Mn(1)�N(2a) 2.199(3)
Mn(1)�N(3b) 2.209(3) Mn(1)�N(5) 2.223(3)
Mn(1)�N(7c) 2.208(3) Mn(1)�O(1w) 2.388(3)
C(1)�N(1) 1.148(5) C(2)�N(2) 1.139(5)
C(3)�N(3) 1.142(5) C(4)�N(4) 1.140(5)
C(5)�N(5) 1.136(5) C(6)�N(6) 1.146(6)
C(7)�N(7) 1.146(5) C(8)�N(8) 1.141(6)
N(11)-Cr(1)-N(12) 78.4(1) N(11)-Cr(1)-C(1) 175.4(1)
N(11)-Cr(1)-C(2) 95.35(1) N(11)-Cr(1)-C(3) 89.09(1)
N(11)-Cr(1)-C(4) 89.5(1) N(12)-Cr(1)-C(1) 97.3(1)
N(12)-Cr(1)-C(2) 170.6(6) N(12)-Cr(1)-C(3) 96.6(1)
N(12)-Cr(1)-C(4) 87.1(1) C(1)-Cr(1)-C(2) 89.1(1)
C(1)-Cr(1)-C(3) 90.0(1) C(1)-Cr(1)-C(4) 91.7(1)
C(2)-Cr(1)-C(3) 90.2(1) C(2)-Cr(1)-C(4) 85.8(1)
C(3)-Cr(1)-C(4) 175.7(1) N(21)-Cr(22)-N(22) 78.6(1)
N(21)-Cr(2)-C(5) 96.6(1) N(21)-Cr(2)-C(6) 175.1(1)
N(21)-Cr(2)-C(7) 91.5(1) N(21)-Cr(2)-C(8) 92.3(1)
N(22)-Cr(2)-C(5) 171.8(1) N(22)-Cr(2)-C(6) 97.2(1)
N(22)-Cr(2)-C(7) 97.1(1) N(22)-Cr(2)-C(8) 88.2(1)
C(5)-Cr(2)-C(6) 87.7(1) C(5)-Cr(2)-C(7) 89.7(1)
C(5)-Cr(2)-C(8) 85.2(1) C(6)-Cr(2)-C(7) 86.5(1)
C(6)-Cr(2)-C(8) 90.1(1) C(7)-Cr(2)-C(8) 173.9(1)
O(1w)-Mn(1)-N(1) 172.8(1) O(1w)-Mn(1)-N(2a) 82.71(1)
O(1w)-Mn(1)-N(3b) 92.53(1) O(1w)-Mn(1)-N(5) 82.8(1)
O(1w)-Mn(1)-N(7c) 78.51(1) N(1)-Mn(1)-N(2a) 97.19(1)
N(1)-Mn(1)-N(3b) 94.63(1) N(1)-Mn(1)-N(5) 90.0(1)
N(1)-Mn(1)-N(7c) 101.57(1) N(2a)-Mn(1)-N(3b) 89.33(1)
N(2a)-Mn(1)-N(5) 87.25(1) N(2a)-Mn(1)-N(7c) 161.19(1)
N(3b)-Mn(1)-N(5) 174.55(1) N(3b)-Mn(1)-N(7c) 90.46(1)
N(5)-Mn(1)-N(7c) 91.41(1) Cr(1)-C(1)-N(1) 176.5(3)
Cr(1)-C(2)-N(2) 176.0(3) Cr(1)-C(3)-N(3) 173.9(3)
Cr(1)-C(4)-N(4) 175.7(3) Cr(2)-C(5)-N(5) 171.0(3)
Cr(2)-C(6)-N(6) 176.5(3) Cr(2)-C(7)-N(7) 175.1(3)
Cr(2)-C(8)-N(8) 176.9(3) Mn(1)-N(1)-C(1) 174.1(3)
Mn(1)-N(2a)-C(2a) 176.02(3) Mn(1)-N(3b)-C(3b) 175.25(3)
Mn(1)-N(5)-C(5) 146.8(3) Mn(1)-N(7c)-C(7c) 169.82(3)


[a] Symmetry code: a= 3=2�x, �1=2+y, 1=2�z ; b= 3=2�x, 1=2+y, 1=2�z ; c=x,
1+y, z.


Figure 1. Perspective drawing of the [Cr(bipy)(CN)4]
� anion of complex 1


showing the atom numbering. The hydrogen atoms of bipy have been
omitted for the sake clarity.


Figure 2. Perspective drawing of the centrosymmetric trinuclear unit of 2
along with the atom numbering. Hydrogen bonds between the coordinat-
ed and crystallization water molecules are illustrated by dotted lines.
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atom by the chelating bipy are very close to those found in
1. The values of the two Cr�C(cyano) bonds coordinated in
trans positions to each other are slightly longer than those in
the cis-coordinated ones, as observed in the parent trinu-
clear complexes of formula [{Fe(bipy)(CN)4}2M-
(H2O)4]·4H2O [M=MnII and ZnII].[16b] The Cr-C-N angles
for the terminal cyanide groups deviate somewhat from 1808
[177.9(6)–175.3(7)8] whereas those for the bridging cyanide,
Cr-C-N [170.7(7)8] and Mn-N-C [168.9(6)8] exhibit a greater
bending. The manganese atom is six-coordinated with two
cyanide-nitrogen atoms in trans position and four water mol-
ecules, building a distorted MnN2O4 octahedral surrounding.
The presence of three peaks in the CN stretching region of
the infrared spectrum of 2 is in agreement with the occur-
rence of bridging (2157(m)cm�1) and terminal (2138(m) and
2131(w) cm�1) cyanide ligands.


The five-membered chelate Cr(1)-N(11)-C(15)-C(16)-
N(12) is practically planar [the largest deviation from the
mean plane is 0.038 R for C(11)]. Although the shortest in-
termolecular bipy–bipy contacts are 3.356 (cycle 1 with
cycle 2c; cycle 1 = N(11)/C(15), cycle 2 = N(12)/C(20) and
c = 2�x, 1�y, 1�z], 3.385 [cycle 1 with cycle 2d; d = x,
3=2�y, �1=2+z] and 3.435 R [cycle 1 with cycle 1e; e = 2�x,
1�y, �z] (Figure S3), a weak overlap between the bipy
mean planes occurs because of their relative large slipping.


The intramolecular Cr(1)···Mn(1) separation across bridg-
ing cyanide in 2 is 5.364(1) R, a value which is somewhat
greater than those observed for the FeIII···MnII pair through
single cyano bridges in the trinuclear [{Fe(bipy)(CN)4}2-
Mn(H2O)4]·4H2O [5.126(1) R][16b] and tetranuclear
(m-bipym)[Mn(H2O)3{Fe(bipy)(CN)4}]2[Fe(bipy)(CN)4]2·12 -
H2O (bipym=2,2’-bipyrimidine) [5.092(4) R][16c] compounds.
This shortening of the metal–metal separation in the last
two compounds is mainly due to the occurrence of low-spin


iron(iii) in them. The value of the intramolecular chromi-
um–chromium separation [10.728(2) R for Cr(1)···Cr(1a)] is
longer than the shortest intermolecular metal–metal distan-
ces [6.899(1), 6.463(1) and 9.013(1) R for Cr(1)···Cr(1d),
Cr(1)···Mn(1f) and Mn(1)···Mn(1f), respectively; f = 1�x,
1=2+y, 1=2�z].


[{Cr(bipy)(CN)4}2Mn(H2O)2] (3): The structure of 3 consists
of neutral cyanide-bridged crossed CrIII–MnII zigzag chains
of formula [{Cr(bipy)(CN)4}2Mn(H2O)2] which are liked by
hydrogen bonds and van der Waals forces. Within each
chain, the [Cr(bipy)(CN)4]


� unit acts as a bis-monodentate
bridging ligand towards two trans-diaquamanganese(ii) enti-
ties through two of its four cyanide groups in cis positions
affording bimetallic chains which run parallel to the a axis
(Figure 4). This structural type has been described as a 4,2-


ribbon-like chain[4] and it is isostructural with the bi-
metallic one-dimensional compounds [{FeIII(L)(CN)4}2M


II-
(H2O)2]·4H2O [L=phen (M=Co, Mn and Zn) and bipy
(M = Co)].[16a,25] Hydrogen bonds between the coordinated
water molecules and one of the terminal cyanide nitrogen
atoms [2.752(7) R for O(1)···N(2f) and O(1e)···N(2); f =
1=2�x, �1=2+y, 3=2�z and e = 1=2�x, 1=2+y, 3=2�z] (Figure S4)
connect the chains of 1 leading to a three dimensional struc-
ture.


The chromium and manganese atoms in 3 are six-coordi-
nate: two nitrogen atoms from bipy and four cyanide carbon
atoms around the chromium center, and two water mole-
cules in trans positions and four cyanide nitrogen atoms
around the cobalt center build distorted octahedral geome-
tries. The bond lengths and angles around the chromium
atom in the [Cr(bipy)(CN)4]


� unit of 3 agree with those ob-
served for this unit in 1 and 2. The Cr(1)-C-N angle for the
bridging cyanide[169.6(5)8] exhibits a greater bending than
those of the terminal cyanides [174.9(5)–172.3(5)8], as in 2.
The values of the Mn–Owater [2.179(4) R] and Mn�N(cya-
nide) [2.245(5) and 2.222(5) R] bond lengths in 3 are very
close to those observed for the manganese(ii) ion in the
trinuclear complexes 2 and [{FeIII(bipy)(CN)4}2MnII-


Figure 3. A view of the hydrogen bonding pattern in 2.


Figure 4. Perspective view of a frament of the crossed zigzag chain of 3
running parallel to the a axis.
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(H2O)4]·4H2O [MnN2O4 chromophore][16b] and in the bimet-
allic chain [{FeIII(phen)(CN)4}2MnII(H2O)2]·4H2O [MnN4O2


chomophore].[16a] The departure from the strict linearity of
the Mn(1)-N(1)-C(1) [140.5(4)8] and Mn(1)-N(3b)-C(3b)
[139.6(5)8] bond angles in 3 is the largest one observed for
this motif [values to be compared with 168.9(6), 159.5(6)
and 161.2(3)8 in 2, [{FeIII(bipy)(CN)4}2MnII(H2O)4]·4H2O
and [{FeIII(phen)(CN)4}2MnII(H2O)2]·4H2O, respectively].
The C�N bond lengths for terminal and bridging cyanide li-
gands [1.146(7)–1.132(7) R] compare well with those ob-
served in 2 [1.160(9)–1.142(9) R]. The IR spectrum of 3 pro-
vides spectral evidence of the occurrence of bridging
(2143(m)cm�1) and terminal (2130(w) cm�1) cyanide ligands.


The five-membered chelate Cr(1)-N(11)-C(15)-C(16)-
N(12) is almost planar [the largest deviation from the mean
plane is 0.047 R for C(19)]. Although the shortest intermo-
lecular bipy–bipy contacts are about 3.60 R, the large slip-
ping of the bipy planes prcludes any significant p–p interac-
tion (Figure S5). The values of the intrachain chromium–
manganese separation through bridging cyanide are 5.021(1)
[Cr(1)···Mn(1)] and 5.029(1) R [Cr(1)···Mn(b)], values which
are somewhat shorter than that observed in 2 due to the
greater bending of the Mn-N-C motif in 3. Other relevant
intrachain metal–metal distances are 6.220(2)
[Cr(1)···Cr(1c)] and 7.894(4) R [Mn(1)···Mn(1b) and
Cr(1)···Cr(1b)]. The shortest interchain metal–metal separa-
tions are 6.974(1) [Cr(1)···Mn(1e)], 8.173(2) [Cr(1)···Cr(1d)]
and 10.449(2) R [Mn(1)···Mn(1g); g= 1=2�x, �1=2+y, 1=2�z].


[{Cr(bipy)(CN)4}2Mn(H2O)]·H2O·CH3CN (4): The structure
of complex 4 is made up of one-dimensional [{Cr(bi-
py)(CN)4}2Mn(H2O)] units running parallel to the b axis and
uncoordinated water and acetonitrile molecules. The crystal-
lographically independent unit contains two types of chromi-
um atoms [Cr(1) and Cr(2)] and one manganese atom
[Mn(1)] (Figure 5) the latter being connected to five chromi-
um atoms through single cyanide bridges. The uncoordinat-
ed water molecule [O(2w)] forms hydrogen bonds with the
coordinated one [O(1w)] and a nitrogen atom [N(8)] of one
of the terminal cyanide ligands [2.507(8) and 2.958(8) R for


O(2w)···O(1w) and O(2w)···N(8), respectively]. The [{Cr-
(bipy)(CN)4}2Mn(H2O)] motif builds a corrugated ladder-
like chain with regular alternating Cr(1) and Mn(1) atoms
along the edges, each rung being defined by a chromium–


manganese pair (Figure 6). In addition, each pair of adjacent
manganese atoms is connected through another chromium
atom [Cr(2)]. The metal atoms are linked each other by
single cyano groups. The structure of 4 can be viewed as the
result of the condensation of two parallel chains of 3 shifted
by b/2 after loss of one of the two coordinated water mole-
cules of the manganese atom of each chain and its position
being filled by a cyanide nitrogen of a terminal cyanide of
the adjacent chain. Compound 4 is isostructural with the
compounds of formula [{FeIII(bipy)(CN)4}2M


II-
(H2O)]·1=2 H2O·CH3CN [M=Co and Mn] where low-spin
iron(iii) is present instead of chromium(iii).[27]


The two crystallographically independent chromium
atoms [Cr(1) and Cr(2)] exhibit the same distorted octahe-
dral CrN2C4 surrounding already observed in the structures
of 1–3. The difference between the [Cr(1)(bipy)(CN)4]


� and
[Cr(2)(bipy)(CN)4]


� units is that the former acts as a trismo-
nodentate ligand toward the manganese atom through three
(fac position) of its four cyanide groups, only one of its four
cyanide ligands being terminal, whereas the latter adopts a
bismonodentate coordination mode through two cyanide li-
gands in cis position. The Cr-C-N angles for both terminal
[175.7(3)8 at Cr(1) and 176.5(3) and 176.9(3)8 at Cr(2)] and
bridging [176.5(3), 176.0(3) and 173.9(3)8 at Cr(1) and
171.0(3) and 175.1(3)8 at Cr(2)] cyanide groups are some-
what bent. The manganese atom is six-coordinate with five
cyanide nitrogen atoms and a water molecule forming a dis-
torted MnN5O octahedral chromophore. The deviations
from the mean basal plane around the manganese atom are
�0.13 R, the metal atom being shifted by 0.22 R from this
mean plane toward the apical N(1) atom. The C�N bond
lengths for terminal and bridging cyanide ligands [1.136(5)–


Figure 5. Perspective view of the crystallographically independent unit of
4 along with the atom numbering. Hydrogen bonds involving the water
molecules and one cyanide-nitrogen atom are also shown.


Figure 6. A view of a fragment of the double chain structure of 4 along
the b axis. The crystallization water molecule and the hydrogen atoms
have been omitted for clarity.
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1.148(5) R] are in agreement with those observed in 3. Spec-
troscopic evidence for the occurrence of bridging and termi-
nal cyanide ligands in 4 is provided by the presence of cya-
nide stretching vibrations at 2159(m) (bridging cyanide) and
2134 cm�1 (terminal cyanide) in its IR spectrum.


The large separation between the parallel and quasi
eclipsed bipy ligands of each double chain along the b axis
precludes any significant p–p intrachain interaction. Al-
though interchain bipy–bipy contacts occur (the separation
between the mean planes of neighbouring bipy ligands is
3.80 R), the large slipping between the aromatic heterocy-
cles minimizes them (Figure S6). The values of the dihedral
angle between adjacent mean planes of the corrugated


ladder-like motif (Figure 7) are 80 [dihedral angle between
Cr(1)-Mn(1)-Cr(1a)-Mn(1a) and Cr(1)-Mn(1)-Cr(1b)-
Mn(1b)], 83 [Cr(1b)-Mn(1)-Cr(2c)-Mn(1c) and Cr(1)-
Mn(1)-Cr(1a)-Mn(1a)] and 748 [Cr(1b)-Mn(1)-Cr(2c)-
Mn(1c) and Cr(1b)-Mn(1)-Cr(2c)-Mn(1c)]. The values of
the chromium–manganese distances across bridging cyanide
are 5.406(2) [Cr(1)···Mn(1)], 5.418(1) [Cr(1)···Mn(1a)],
5.373(1) [Cr(1)···Mn(1b)], 5.108(1) [Cr(2)···Mn(1)] and
5.406(1) R [Cr(2c)···Mn(1)]. The shortest intermolecular
metal-metal separations are 8.861(3) [Mn(1)···Cr(1d); d =


x+1=2, �y+3=2, z+1=2] and 9.015(2) R [Mn(1)···Cr(2e); e =


�x+2, �y+1, �z].


Magnetic properties


Compound 1: The magnetic properties of complex 1 in the
form of the cMT product against T plot [cM being the mag-
netic susceptibility per mol of CrIII] are shown in Figure S7.
At room temperature, cMT for 1 is 1.84 cm3mol�1K, a value
which is as expected for a magnetically isolated spin quartet.
It remains constant upon cooling and only decreases slightly
at very low temperatures reaching a value of
1.68 cm3mol�1K at 1.9 K. No susceptibility maximum was
observed in the temperature range investigated. The slight
decrease of cMT at lower temperatures may be attributed to


the zero fied splitting (D) of the chromium(iii) ion, to weak
antiferromagnetic intermolecular interactions or to both fac-
tors simultaneously. Having in mind the mononuclear nature
of the paramagnetic mononuclear unit in 1, we have ana-
lysed its magnetic data through the Hamiltonian given
by Equation (1) (case of an axial zero field splitting and
S = 3=2):


[34]


Ĥ ¼ D½Ŝ 2
z � 1=3SðSþ1Þ
 ð1Þ


The least-squares fit of the cMT data of 1 through the ex-
pression derived from Equation (1) leads to the following
set of parameters: jD j=0.8 cm�1, g=1.98 and R=1.1U10�5


(R is the agreement factor defined as �i[(cMT)obs(i)
�(cMT)calcd(i)]


2/�i[(cMT)obs(i)]
2). The computed curve match-


es well the experimental data in the whole temperature
range. As the Brillouin function for a magnetically isolated
spin quartet with g=1.98 reproduces well the magnetization
versus H data of 1 at 2.0 K (see inset of Figure S7), it is
clear that we are dealing with a magnetically isolated spin
quartet with a very weak magnetic anisotropy. Consequent-
ly, the magnetic coupling between the spins of the Cr(1) and
Cr(1a) atoms through the Cr(1)-CN···water···NC-Cr(1a)
pathway (see Figure S1) has to be very weak, if any.


Compound 2 : The magnetic properties of 2 (together with
those of 3) in the form of both cMT and cM versus T plots
[cM is the magnetic susceptibility per mol of CrIII


2MnII trinu-
clear unit in 2 and 3] are shown in Figures 8 and 9, respec-
tively. Let us focus first on the magnetic properties of com-
plex 2. cMT of 2 at 295 K is 7.90 cm3mol�1, a value which is
somewhat below that calculated for two magnetically isolat-
ed spin quartets [CrIII] and one spin sextet [MnII]
(8.13 cm3mol�1K with g=2.0). This value continuously de-
creases upon cooling (Figure 8) and it exhibits a plateau
with cMT=0.36 cm3mol�1K at T � 5 K (see inset of
Figure 8). The cM versus T plot of 2 continuously increases
upon cooling, it exhibits a maximum at 25 K with cM=


Figure 7. A schematic view of a fragment of a double chain of 4 where
only the metal atoms and the cyanide bridges (full lines) are included.
Symmetry codes: a= 3=2�x, �1=2+y, 1=2�z ; b= 3=2�x, 1=2+y, 1=2�z ; c = x,
1+y, z.


Figure 8. Temperature dependence of the cMT product of 2 (*) and 3
(~). The inset is an expanded view of the low temperature region. The
solid line in 3 is the best-fit curve by the analytical expression derived
through Equation (2) (see text).
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0.12 cm3mol�1 (Figure 9), then a minimum at 7.0 K (cM=


0.068 cm3mol�1) and sharply increases at lower tempera-
tures. These features are indicative of a significant intramo-
lecular antiferromagnetic coupling between CrIII and MnII,
the plateau of cMT at very low temperatures being due to
the full population of the low-lying spin doublet (antiferro-
magnetic interaction between the central spin sextet of the
MnII and the two peripheral spin quartets of the two CrIII


ions]. This ground spin doublet accounts for the Curie tail
of the cM versus T plot of 2 at very low temperatures
(Figure 9). In order to fit the magnetic data of the trinuclear
compound 2, we have used the analytical expresion derived
from the Hamiltonian given in Equation (2):


Ĥ ¼ �J½ŜCrð1Þ � ŜMnð1Þ þ ŜCrð1aÞ � ŜMnð1Þ
 ð2Þ


where J is the magnetic coupling parameter between the
central manganese(ii) ion and each peripheral chromium(iii)
ion. The zero-field splitting effects and the magnetic cou-
pling (j) between the peripheral chromium(iii) ions (intra-
molecular chromium-chromium separation larger than
10.7 R) were not considered. A least-squares fit leads to the
following set of parameters: J=�6.2 cm�1, g=1.98 and R=


1.1U10�5 (R is the agreement factor defined as �i[(cM)obs-
(i)�(cM)calcd(i)]


2/�i[(cM)obs(i)]
2). The computed curve matches


very well the magnetic data in the whole temperature range.


As far as the magnitude of the antiferromagnetic interac-
tion between CrIII and MnII in 2 is concerned (J =


�6.2 cm�1), its value compares well with those reported for
this couple in two different heptanuclear complexes
[CrIII{CN-MnII(tetren)6}


9+ with tetren= tetraethylenepenta-
mine (�10.8 and �7.2 cm�1).[5a] Structural differences
(nature of the donor atoms around the manganese atom,
degree of bending at the Cr-C-N-Mn bridging, etc.) are most
likely the main factors that explain the slight variation of �J
in this set of compounds.[35] Concerning the sign of the mag-
netic coupling in 2, in the light of the the electronic configu-
rations of the interacting metal ions [t2g


3eg
0 and t2g


3eg
2 for oc-


tahedral CrIII and MnII centres, respectively], one can see
that antiferro- [t2g(Cr)�t2g(Mn)] and ferromagnetic
[t2g(Cr)�eg(Mn)] contributions are involved, the former
ones being dominant in the present case.[36] This point will
be discussed in more detail by means of theoretical calcula-
tions (see below).


Compound 3 : The magnetic properties of 3 (Figure 8) reveal
the occurrence of an overall intrachain antiferromagnetic
coupling between CrIII and MnII ions, the cMT versus T plot
for 3 being below that of 2 for T >13 K. cMT at 295 K for 3
is 7.0 cm3mol�1K, a value which is well below that calculat-
ed for two magnetically non-interacting spin quartets and
one spin sextet (8.13 cm3mol�1K with g=2.0). Upon cool-
ing, cMT for 3 decreases faster than in 2, attains a minimum
at 20 K, then smoothly increases to reach a maximum at
4.6 K and further decreases to 0.75 cm3mol�1K at 1.9 K (see
inset of Figure 8). The magnetic susceptibility of 3 (Figure 9)
increases first when cooling from room temperature, exhib-
its a shoulder in the temperature range 60–35 K, then in-
creases to reach a maximum at 3.5 K and further decreases
to cM=0.32 cm3mol�1 at 1.9 K (see inset of Figure 9). No
signal was observed for the ac magnetic susceptibility meas-
urements of 3 at T <10 K. These magnetic features can be
interpreted as follows: the intrachain antiferromagnetic cou-
pling between CrIII and MnII through the two single cyanide
bridges leads to a ferrimagnetic chain which accounts for
the decrease of cMT in the high temperature range and the
occurrence of a minimum of cMT at low temperaures. Weak
interchain antiferromagnetic interactions cause the maxi-
mum of magnetic suceptibility at 3.5 K (under an applied
magnetic field of 50 Oe). This maximum disappears for H >


3000 Oe and thus the magnetic behaviour of compound 3 is
that expected for a metamagnet. In fact, this interpretation
is supported by the magnetization plot per CrIII


2 MnII unit of
3 at 2.0 K (Figure 10). The saturation value of the magneti-
zation MS=0.98 BM at 5 T is as expected for a low-lying
spin doublet with g=1.98 (S = 2SCr � SMn = 6=2�5=2 = 1=2).
The sigmoidal shape of the M versus H plot (see inset of
Figure 10) is the signature of the metamagnetic behaviour of
3.[37] The value of the critical field Hc=3000 Oe (the inflex-
ion point in the inset of Figure 10) allows the estimation of
a value for the interchain magnetic interaction of about
0.3 cm�1. The lack of a theoretical model to analyze the
magnetic data of 3, precludes the determination of the
values of the two intrachain magnetic interactions between
CrIII and MnII. It is clear that the magnetic coupling ob-
tained in 2 could be taken as a rough estimation (everything
being equal). Anyway, we tried to evaluate the intrachain
magnetic interactions in 3 through DFT type calculations
and Monte Carlo simulations (see below).


Compound 4 under high magnetic fields : The magnetic
properties of 4 in the form of cMT and cM versus T plots [cM


is the magnetic susceptibility per CrIII
2 MnII unit] at three dif-


ferent magnetic fields are shown in Figure 11. Let us focus
first on the magnetic plot at H=1 T. This plot follows quite
well that of the related chain 3. cMT for 4 at 300 K is
6.20 cm3mol�1K, a value which is somewhat below that of 3


Figure 9. Temperature dependence of cM for 2 (*) and 3 (~). The inset
shows the low temperature region but covering a larger range of values
of cM. The solid line in 2 is the best-fit curve through Equation (2) (see
text).
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(7.0 cm3mol�1) suggesting that a stronger antiferromagnetic
coupling occurs in 4. cMT continuously decreases when cool-
ing, reaches a minimum at 26 K, then smoothly increases to
reach a maximum at 5.1 K and further decreases to
0.65 cm3mol�1K at 1.9 K. The corresponding magnetic sus-
ceptibility plot (see bottom curve in the inset of Figure 11)


exhibits a maximum at 9.5 K [a value somewhat greater
than that observed for 3 (3.5 K)] which disappears for H >


1.5 T. The magnetization versus H plot for 4 in the tempera-
ture range 8.0–2.0 K (Figure 12) tends to quasi-saturation
value of 0.97 BM and the curves have a sigmoidal shape,
with a critical field of about 1.5 T (compared with 0.3 T in
3). These magnetic features of 4 are thus like those of 3, the
higher value of the critical field in 4 respect to that in 3
being in agreement with the somewhat greater temperature
of the susceptibility maximum for 4. In conclusion, 3 and 4
are ferrimagnetic chains with interchain antiferromagnetic
interactions which can be broken by the applied field lead-


ing to metamagnetism. The interchain magnetic interactions
are larger for 4 as demonstrated by its larger Hc value (1.5 T
in 4 versus 0.3 T in 3).


Compound 4 under low magnetic fields : As shown in
Figure 11, the low temperature magnetic plots are strongly
modified when lowering the applied field. A minimum of
cMT appears at �60 K and a pronounced maximum of cMT
appears at �30 K under applied fields of 250 and 50 Oe and
a further increase of cMT is observed at very low tempera-
tures when H=50 Oe. The susceptibility maximum observed
under H=1 T disappears when lowering the field (see inset
of Figure 11) and magnetic ordering occurs as indicated by
the presence of a frequency-independent maximum of the
imaginary component of the ac signal (Figure S8). Because
of the reproducibility of this magnetic behaviour of 4
(crushed crystals of two different batches of this compound
were investigated), the presence of magnetic impurities ac-
counting for this strong field dependence was discarded.


This curious behaviour may be due to a situation of spin
canting within the double chain which can arise from anti-
symmetric exchange.[38] The lack of inversion center within
each double chain of 4 supports this assumption. The anti-
symmetric exchange term, tends to align spins perpendicular
to each other and competes with the spin-(anti)parallel
alignment imposed by the isotropic (anti)ferromagnetic ex-
change. The existence of correlation of spin canting within
the chain causes the increase of cMT below 60 K under low
applied magnetic fields (250 and 50 Oe in Figure 11). High
fields (such as 1 T) overcome the antisymmetric exchange
and mask the effect of spin canting.[38c,d] The decrease of
cMT below 30 K is due to the interchain magnetic interac-
tions which lead to an antiferromagnetic ordering. This anti-
ferromagnetic interaction can be evaluated from the mag-
netization plot (Figure 12) and it is about �1.5 cm�1. Finally,
as commonly occurs when the antisymmetric exchange is
operative, a structure of spin canting instead of a pure anti-
ferromagnetic one is obtained. This three-dimensional or-
dering of canted spins appears below 10 K, as indicated by


Figure 10. Magnetization versus H plot for 3 at 2.0 K. The inset shows
the low field region. The solid line is an eye-guide.


Figure 11. Temperature dependence of the cMT product of 4 (~) under an
applied magnetic field of 1 T (~), 250 Oe (*), and 50 Oe (^). The inset
shows the thermal dependence of the magnetic susceptibility at T �
75 K.


Figure 12. Isotherms (2�T�8) of the magnetisation versus H plot for 4.
8 K (~), 6 K (*), 4 K (^), 3 K (&), 2 K (!).
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the fast increase of susceptibility below 10 K. Ac measure-
ments (see Figure S8) show this magnetic ordering near
10 K. As indicated above for 3, there is no model to analyze
the magnetic properties of 4. In order to substantiate our in-
terpretation of the magnetic properties and to get an estima-
tion of the values of the exchange coupling, we carried out
DFT type calculations and Monte Carlo simulations also on
this system (see below).


Analysis of the exchange pathways in 3 and 4 : Local quartet
[chromium(iii)] and sextet [manganese(ii)] spins interact
magnetically through single cyanide bridges in the chain
compounds 3 and 4. An inspection of their structures shows
that different CrIII-C-N-MnII exchange pathways are present.
In the case of 3, one of the cyanide bridges [C(3)–N(3)] is
perpendicular to the mean bipy plane whereas the other is
coplanar with it [C(1)–N(1)]. The deviation from the strict
linearity at the Cr-C-N-Mn unit in 3 is much larger at the
manganese atom [average values of 171.2 and 140.08 for Cr-
C-N and Mn-N-C, respectively]. In order to analyze these
exchange pathways and to get an orbital picture which could
account for the magnetic behaviour of 3, we performed
DFT type calculations on two mononuclear (I and II) and
two heterodinuclear (III and IV) model fragments
(Figure 13) whose structural parameters (bond lengths and
angles) were taken from the structure of 3. The double
chain structure in 4 introduces additional intrachain ex-
change pathways (vertical links in Figure 7 which connect
the two parallel bimetallic chains) as well as subtle structur-
al changes [relative arrangement of the two bidentate bipy
ligands and a greater linearity of the Cr-N-C-Mn units with
average values of 174.5 (Cr-C-N) and 174.48 (Mn-N-C), the
exception being the value of 146.8(3)8 for Mn(1)-N(5)-


C(5)]. Keeping in mind these features, four models (V–VIII,
Figure 13) were considered to analyze the exchange path-
ways and their ability to mediate exchange interactions in 4.
Model VII corresponds to the Cr-C-N-Mn unit having the
largest bending (being then closer to models III and IV for
compound 3).


The values of the calculated spin densities found for
models I and II are listed in Table 6. One can see there that
a non negligible amount of the spin density of the mangane-
se(ii) is delocalized on the donor atoms of the ligands
through eg-type orbitals. As far as the CrIII ion is concerned,
as it has no eg-magnetic orbitals, the delocalization on the
donor atoms of the ligands is practically inexistent. As previ-
ously observed by one of us in the [Cr(CN)6]


3� unit,[39] the
CrIII ion only delocalizes its spin density on the nitrogen
atom of the cyanide ligand and not on the carbon one due
to the non-bonding character of the singly occupied molecu-
lar orbital (SOMO) (see Figure 14a). Then, the carbon atom
undergoes spin polarization effects caused by the spin densi-
ties of the neighbouring atoms. This spin polarization results
in a delocalization of a-type electrons from the filled orbi-
tals of the carbon atom toward empty orbitals of the metal
ion causing a negative spin density on the carbon atom.
With these results in mind [t2g (Cr and Mn) and eg (Mn)
magnetic orbitals in I and II], we focused on the heterodinu-
clear models III–VIII that visualize the exchange pathways
through the cyanide bridges within the single (3) and double
(4) chains. In order to evaluate all magnetic interactions oc-
curring in 3 and 4, which correspond to the models III and
IV (3) and V–VIII (4), the most stable configuration was de-
termined through DFT calculations on the nonet and triplet
spin states. This determination is not a simple task due to
the different solutions closer in energy which are found for


Figure 13. Mononuclear (I and II) and heterodinuclear (III–VIII) models used in the DFT calculations concerning compounds 3 and 4.
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this type of systems. In our case, a series of solutions which
corresponds roughly to the same configuration was found.
However, the energy of these solutions vary a hundred or
even a thousand of cm�1, which is too large for an accurate
determination of the magnitude of the magnetic couplings
whose values do not exceed a few cm�1. A deep analysis of
the wave function, reveals the occurrence of slight changes
which do not modify the global description of the system.
However, due to the lack of ambiguity in the electronic con-
figurations of the chromium(iii) and manganese(ii) ions, this
problem is not too dramatic. In
any case, the stability test was
carried out on the wave func-
tion of the more stable solution.
The computed values for the
magnetic couplings of the
models III–VIII are listed in
Table 7. Although their respec-
tive values are clearly overesti-
mated, their antiferromagnetic


nature is in agreement with the
experimental behaviour found
for 3 and 4. This problem was
also observed in all models
when using different basis sets
for the metal and non-metal
ions and in general, the changes
of the basis sets do not modify
strongly the values of the mag-
netic interactions (as shown in
Table 7). The overestimation of
the magnetic coupling could be
due to the problems associated
to the determination of the
more stable wave function, as
suggested by the fact that the
value of the magnetic coupling
for model VIII clearly changes
when changing the basis set
going from those found for III
and IV to the values computed
for V, VI and VII independent-


ly on the basis set used.
The difficulty to find the most stable solution may lie in


the probable influence on the calculations by the mixing of
the t2g [CrIII and MnII] and p* (bipy) orbitals, which are very
close in energy. In order to test this hypothesis, the bipy li-
gands in III–VIII were replaced by two ammonia groups.
Obviously, the Fe–N(ammonia) bond lengths were also opti-
mized (the original bond angles being kept) to reproduce
the ligand field strength of the nitrogen heterocycle. The
values of the magnetic coupling obtained are listed in the A
series of Table 8. In the light of these values, three points
deserve to be outlined: i) their sign is identical to that found
previously (see Table 7); ii) the range of variation is more
reduced and iii) their magnitude is much smaller and most
likely, they are more reasonable from a physical point of
view. When the terminal cyanide ligands from the situation
A are substituted by ammonia groups (B series in Table 8),
the range of variation is narrower and the values are closer
to the experimental ones. In spite of the loss of the p-char-
acter of the peripheral ligands when replacing them by am-
monia groups, this last modelization seems to provide a
better approach to the actual values.


According to the intensity of the magnetic coupling, the
results obtained through the simplest models (see Table 8)
can be grouped in two blocks: one concerning the magnetic
couplings of III, IV and VII (J values going from �20.0 to
�14.5 cm�1) and the other with those of V, VI and VIII (J


Figure 14. Most important contributions to the magnetic coupling in compounds 3 and 4 showing the influence
of the deviation of the linearity of the Cr-C-N-Mn unit on them.


Table 6. Average values of the atomic spin densities in electron units
found in models I and II.


III
Atom Spin density Atom Spin density


Cr 2.964 Mn 4.762
(2.716/0.2333)[a]


C(CN)eq �0.095 C(CN)eq 0.030
C(CN)ax �0.074 N(CN)eq 0.013
N(CN)eq 0.086 O(w)ax 0.030
N(CN)ax 0.074
N(bipy) �0.026
Ca 0.027
Cb �0.010
Cc 0.023
Cd �0.009
Ce 0.023


[a] Values of the spin density of the t2g and eg orbitals of the CrIII ion, re-
spectively.


Table 7. Values of the magnetic coupling obtained through DFT calculations on the models III–VIII by using
differents basis sets [double-z (DZ) and triple-z (TZ)].[a,b]


III IV V VI VII VIII


DZ+DZ �15.3 �29.8 �106.0 �91.0 �132.6 �18.1
DZ+TZ �17.6 �32.3 �117.9 �102.4 �146.0 �103.8
TZ+TZ �15.7 �30.2 �109.3 �91.8 �140.8 �94.8


[a] The values of the magnetic coupling are given in cm�1. [b] The first and second terms in the first column
refer to the basis set used for the metal ion and remaining atoms, respectively.


O 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 6130 – 61456140


FULL PAPER M. Julve et al.



www.chemeurj.org





values between �11.7 and �7.9 cm�1). The first block has in
common significant deviations from the linearity of the Cr-
C-N-Mn unit at the manganese atom (40.4, 39.6 and 33.28
below the ideal value of 1808 for the C-N-Mn motif), where-
as a greater linearity occurs in the second block (values of
176.0. 169.8 and 176.58 for C-N-Mn). This is clear that a cor-
relation exist between the value of the magnetic coupling
and the degree of bending of the C-N-Mn unit, the antifer-
romagnetic interaction being reinforced as the bending in-
creases. This trend is also observed within each block. This
correlation can be explained on a simple orbital basis as vi-
sualized in Figure 14. Although there are fifteen different
contributions to the exchange coupling constant in each
CrIII–MnII pair, the inappropriate orientation of some the
magnetic orbitals involved allow us to discard most of them.
Among the important antiferromagnetic contributions, the
most relevant ones are those involving the two t2g orbitals
(dxz and dxy) of the CrIII which are directed toward the bridg-
ing ligand because of the good overlap with the appropriate
orbitals of the MnII [see Figure 14a,b]. The most important
ferromagnetic contribution is associated to the interaction
between one of the three t2g chromium orbitals (dxy) and
one of the eg manganese orbitals (dx 2�y 2) [Figure 14c] (case
of the strict orthogonality between the two interacting mag-
netic orbitals). One can see in Figure 14 how the bending of
the C-N-Mn unit causes the following effects: i) the antifer-
romagnetic contribution via the p pathway is not modified
with the bending in case a); ii) the antiferromagnetic contri-
bution associated to the situation of strict linearity decreases
as the bending increases in case b), whereas the antiferro-
magnetic contribution increases as the bending increases in
case c). It deserves to be noted that this last antiferromag-
netic contribution goes via s (dx 2�y 2 and py) and it balances
the loss of antiferromagnetism in case b) (where the p path-
way is involved. Therefore, the overall balance dictates an
increase of the antiferromagnetic interaction as far as the
bending of the C-N-Mn unit increases, in agreement with
the results through DFT calculations.


Monte Carlo simulation of the magnetic properties of 3 and
4 : The simulation of the magnetic properties is important
for a correct analysis of the magnetic exchange coupling in
polynuclear systems. For this purpose, procedures based on
the exact energy matrix diagonalization are commonly used.
However, the applicability of these procedures is limited by
the size of the systems, in particular in the case of the ex-
tended ones. Monte Carlo methods are among the most
used ones to analyze these latter systems. In a classical spin
approach, the implementation of the Monte Carlo algo-


rithms (CMC) is a quite easy
task[40] Nevertheless, this ap-
proximation can be applied
only to systems with large local
spin values, as high-spin iron(iii)
or manganese(ii) complexes.
For other systems, the local
spin moments have to be con-
sidered as quantum spins and
consequently, the so-called


quantum Monte Carlo (QMC) methods must be used. The
main drawbacks associated to the use of the QMC methods
are their complexity and time consuming. The occurrence of
chromium(iii) (SCr = 3=2) in complexes 3 and 4, leads us to
use the QMC methods to simulate their magnetic properties.
Among the possible QMC methods, we have chosen the de-
coupled Cell Monte Carlo method (DCM) which was pro-
posed by Homma et al. and a modification of such approach
from Miyazawa et al. that improves the results at low tem-
peratures (mDCM).[41,42] These QMC methods are applied
from the probability that implies a change in the ms value
(spin flip) for the site placed on the center of a cell or sub-
system. This probability is evaluated by the exact diagonali-
zation procedure applied to the mentioned subsystem. Thus,
a better description of the spin correlation function is ob-
tained for larger subsystem sizes, allowing the correct appli-
cation of the method to lower temperatures. In the mDCM
methods, the spin flip probability for the paramagnetic
centre i is calculated also taking into account the neighbour-
ing subsystems involving it. So, the spin correlation function
is more correct for the same subsystem size.


In the MC methods, from the spin flip probabilities and
using a metropolis algorithm, we can generate a sampling
where the states more present are those having a more im-
portant contribution in the partition function. This sampling
allows us to calculate the average magnetization at a given
temperature. The molar magnetic susceptibility can be ob-
tained from the fluctuations in the magnetization through
Equation (6), where hMi and hM2i are the mean values of
the magnetization and its square, and N, b and k have their
usual meaning.


cMT ¼ N b2=k ðhM2i� hMi2Þ ð6Þ


In all simulations, the number of MC steps for each temper-
ature is 5U106/T (T in K). Thus, we included more steps in
the sampling at low temperatures where the correct equili-
brium requires more recorded data. A ten per cent of the
MC steps are employed for the thermalization of the
system; thus we stocked the physical properties when the
equilibrium is reached. Models of 90 and 180 sites were used
for the single (3) and double (4) chain compounds, respec-
tively. Periodic boundary conditions were introduced in all
simulations. Deeper details on the MC simulations can be
found in ref. [40].


We have applied the DCM and mDCM methods to a uni-
form 4,2-ribbon-like chain of interacting spins S= 5=2 and 3=2
(compound 3). Two decompositions in small cells were used
(Figure 15a). Overall, only the first shell of neighbours is


Table 8. Values of the magnetic coupling obtained through DFT calculations on the models III–VIII by using
a triple-z basis set for all atoms.[a–c]


III IV V VI VII VIII


A �15.3 �14.0 �1.5 �11.7 �26.8 �8.8
B �20.0 �19.9 �8.3 �7.9 �14.5 �11.7


[a] The values of the magnetic coupling are given in cm�1. [b] The bipyridine ligand (A and B series) and all
the cyanide ligands except the bridging one (only in B series) were substituted by ammonia groups. [c] The Fe-
N(ammonia) bond lengths were optimized in all cases.
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considered in the first decomposition whereas the second
nearest-neighbour shell was also introduced in the second
one. The simulated cMT versus T/ jJ j plots for the single
chain are shown in Figure 16. The three plots exhibit the
shape of a ferrimagnetic system: a continuous decrease from


high T/ jJ j values with a pronounced minimum at T/ jJ j=
2.0 and a sharp increase at lower T/ jJ j values. The fact that
the three plots superimpose till the minimum indicates that
even the poorest simulation we performed provides a good
estimation of the position of the minimum. This conclusion
is very important because they can work in the case of more


complex systems (double chain, 4) where the larger subsys-
tem size would preclude its computational treatment.


As in the case of 3, the DCM and mDCM methods were
applied to a double 4,2-ribbon-like chain of interacting spins
S= 5=2 and 3=2 (compound 4). In a first approach, only an in-
trachain coupling parameter was considered and not all the
second shell neighbours were included for the second de-
composition (Figure 15b) because of the huge size of the
issued energy matrix. The simulated cMT versus T/ jJ j plots
for the double chain are shown in Figure 17. The coinci-


dence among the three plots is remarkable and their shape
is as expected for a ferrimagnetic system. As shown in Fig-
ures 16 and 17, the single and double chain compounds have
a similar magnetic behaviour. However, two important dif-
ferences are observed which are due the greater number of
correlation pathways in the double chain: i) the value of the
cMT at the minimum is larger than that of the single chain
and its position is shifted toward higher temperatures [T/ jJ j
=3.5 (double chain) and 2.0 (single chain)]; ii) the increase
of cMT after the minimum is more pronounced in the double
chain.


It deserves to be noted that qualitatively similar magnetic
plots can be obtained under the classical spin approach for
our systems. However, this approximation is unable to pro-
vide a good numerical description and this is due to the fact
that S= 3=2 for the chromium(iii) ion is far from being a clas-
sical spin.


The simulated cMT versus T/ jJ j plots for the single and
double chains are very close to the cMT against T plots of 3
and 4 (at 1 T), respectively. An estimated value the intra-
chain exchange coupling in 3, J ��7.5 cm�1, was obtained
from the QMC simulations. We have proceeded in a similar
manner for complex 4 but in this case we have taken into
account the presence of linear and non-linear Cr-CN-Mn ex-
change pathways according to the structural data. In the
light of the DFT calculations, we have chosen an approxi-
mate value of 2.0 for the ratio between the exchange cou-
pling values of the non-linear and linear exchange pathways.
The estimated values are �5.2 (linear) and �10.4 cm�1 (non-


Figure 15. Decompositions in small cells of a single (a) and double (b)
4,2-ribbon-like chains which are used in the MC simulations. Bold lines
refer to the global exchange topology whereas the broken ones represent
the cells obtained by decomposition. The darkened circle is the central
site in a given cell.


Figure 16. cMT versus T/ jJ j plots for a 5=2–
3=2 uniform single 4,2-ribbon-


like chain: DCM-1 (a) is the method applied to decomposition 1;
DCM-2 (d) and mDCM-2 (c) are the methods applied to decompo-
sition 2.


Figure 17. cMT versus T/ jJ j plots for a 5=2–
3=2 uniform double 4,2-ribbon-


like chain: DCM-1 (a) is the method applied to decomposition 1;
DCM-2 (d) and mDCM-2 (c) are the methods applied to decompo-
sition 2.
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linear). A comparison between the estimated J values of 3
and 4 and the determined one for complex 2 (J=
�6.2 cm�1), one can see a good magneto-structural correla-
tion in agreement with the results of the DFT calculations:
the largest antiferromagnetic coupling corresponds to the
higher bending of the Cr-CN-Mn unit. Finally, a rough esti-
mation of the J value for bimetallic CrIII–MnII chains with
the topology of compounds 3 and 4 can be derived from the
value of the Tmin/ jJ j which is obtained through QMC calcu-
lations.


Conclusion


In this work we show how new cyanide-bridged heterome-
tallic CrIII–MnII species [trinuclear (2), single (3) and double
(4) chains] can be obtained by using the mononuclear com-
plex [Cr(bipy)(CN)4]


� (1) as a ligand towards fully solvated
manganese(ii) cations in aqueous solution. The flexibility of
our precursor (for instance, the bidentate bipy can be easily
replaced by other chelating ligands and the number of cya-
nide groups depends on the denticity of these ligands) and
the variety of metal ions open exciting perspectives for the
metal assembling and the design of new magnetic systems.
Another interesting point of the present work concerns the
combined use of theoretical tools such as DFT type calcula-
tions and Monte Carlo simulations which allowed us to in-
terpret qualitatively the magnetic properties of the single-
(3) and double-chain (4) compounds. Finally, we show for
the first time that QMC methods are suitable tools to ana-
lyze and to get a correct interpretation of the magnetic be-
haviour of these complicated magnetic systems.


Experimental Section


Materials : Chromium(iii) chloride hexahydrate, manganese(ii) nitrate tet-
rahydrate, 2,2’-bipyridine, potassium cyanide, tetraphenylphosphonium
chloride and lithium perchlorate trihydrate were purchased from com-
mercial sources and used as received. [Cr2(CH3COO)4(H2O)2] was pre-
pared by following an experimental method already described.[43] It was
kept in a desiccator over calcium(ii) chloride and under anaerobic condi-
tions. Distilled water and acetonitrile of analytical-grade quality were
used as solvents. Elemental analyses (C, H, N) were performed at the Mi-
croanalytical Service of the Universidad AutWnoma de Madrid. Cr/P (1)
and Cr/Mn (2–4) molar ratios of 1:1 (1) and 2:1 (2–4) were determined
by electron probe X-ray microanalysis at the Servicio Interdepartamental
of the University of Valencia.


PPh4[Cr(bipy)(CN)4]·2CH3CN·H2O (1): Concentrated hydrochloric acid
(3.34 mL, 20 mmol) was added to an deoxygenated aqueous suspension
(20 mL) of freshly prepared chromium(ii) acetate (1.88 g, 5 mmol) with
continuous stirring and under argon atmosphere. The resulting blue so-
lution became brown when mixed with solid 2,2’-bipyridine (1.56 g,
10 mmol). After this solution has been stirred for ten minutes, potassium
cyanide (2.60 g, 40 mmol) dissolved in a minimum amount of dioxygen-
free hot water (10 mL) was added and a brown solid was formed. It was
separated by filtration in the open air and the mother liquor was poured
into a concentrated aqueous solution containing PPh4Cl (3.75 g,
10 mmol). The solution turned yellow and a crop of a yellow solid was
formed on standing at room temperatures after several minutes. The
solid was collected by filtration, washed with small portions of cold water
and purified by recrystallisation in acetonitrile. X-ray quality crystals of 1
as well shaped yellow parallelepipeds were grown by slow evaporation of


this recrystallized product in H2O/CH3CN (1:20) mixture. The yield is
about 35%. IR (KBr pellets): n(cyanide stretching)=2212(w) (CH3CN
solvent molecule) and 2124(w) cm�1 (cyanide ligand); elemental analysis
calcd (%) for C42H36CrN8OP: C 67.13, H 4.79, N 14.91; found: C 66.91, H
4.68, N 14.79.


[{Cr(bipy)(CN)4}2Mn(H2O)4]·4H2O (2) and [{Cr(bipy)(CN)4}2Mn(H2O)2]
(3): Compounds 2 and 3 were obtained by using the same synthetic pro-
cedure, the only difference being that the presence of lithium perchlorate
is required to get crystals of 2. Lithium (2,2’-bipyridyl)(tetracyano)chro-
mate(iii) dihydrate (0.071 g, 0.2 mmol) [which is prepared as a yellow
solid by a metathesis reaction of stoichiometric amounts of lithium per-
chlorate and 1 in acetonitrile] dissolved in water (10 mL) was poured
into an aqueous solution (10 mL) of Mn(NO3)2·4H2O (0.025 g,
0.1 mmol). Yellow plates of 2 (Mn2+/[Cr(bipy)(CN)4]


�/Li+ molar ratio of
1:1:40) and yellow parallelepipeds of 3 were grown from the resulting
yellow solutions by slow evaporation at room temperature. The yield was
almost quantitative for both compounds. IR (KBr pellets): n(cyanide
stretching)=2157m, 2138 and 2131w (2) and 2143m and 2130w cm�1 (3);
elemental analysis calcd (%) for C28H32Cr2MnN12O8 (2): C 40.85, H 3.89,
N 20.41; found: C 40.67, H 3.75, N 20.33; elemental analysis calcd (%)
for C28H20Cr2MnN12O2 (3): C 47.02, H 2.80, N 23.49; found: C 46.91, H
2.74, N 23.33.


[{Cr(bipy)(CN)4}2Mn(H2O)]·H2O·CH3CN (4): X-ray quality crystals of 4
were grown in a H2O/CH3CN (10:90 v/v) mixture by slow diffusion in an
H-shaped tube of solutions of 1 (0.15 g, 0.2 mmol) at one arm and of
Mn(NO3)2·4H2O (0.025 g, 0.1 mmol) at the other one. Yellow prisms of 4
were formed on standing at room temperature after two three weeks·The
yield is about 40%. IR (KBr pellets): n(cyanide stretching)=2256w
(CH3CN solvent molecule) and 2159m and 2134w cm�1 (cyanide ligand);
elemental analysis calcd (%) for C30H23Cr2MnN13O2: C 47.65, H 3.04, N
24.07; found: C 47.54, H 2.93, N 23.91.


Physical characterisations : Infrared spectra (KBr pellets) were performed
on a Bruker IF S55 spectrophotometer. Magnetic susceptibility measure-
ments on polycrystalline samples of 1–4 were carried out with a Quantum
Design SQUID magnetometer in the temperature range 1.9–290 K and
under applied magnetic fields of 50 Oe to 1 T. Magnetization versus mag-
netic field measurements on 1–4 were carried out at 2.0 K in the field
range 0–5 T. Alternating current susceptibility measurements on 3 and 4
were performed at low temperatures (T=20 K) in the frequency range
0.1–1400 Hz and under an oscillating magnetic field of 1 Oe. Diamagnetic
corrections of the constituent atoms were estimated from Pascal con-
stants[44] as �471U10�6 (1), �454U10�6 (2), �376U10�6 (3) and �404U
10�6 cm3mol�1 (4).


Computational details : All theoretical calculations were carried out with
the hybrid B3LYP method,[45–47] as implemented in the GAUSSIAN98
program.[48] Double- and triple-z quality basis sets proposed by Ahlrichs
and co-workers have been used for all atoms.[49,50] The broken symmetry
approach has been employed to describe the unrestricted solutions of the
antiferromagnetic spin states.[51–54] The geometries of the mononuclear
[Cr(bipy)(CN)4] (I) and [Mn(H2O)2(NC)4] (II) and heterodinuclear CrIII–
MnII (III–VIII) models were built from the experimental crystal struc-
tures. A quadratic convergence method was used to determine the more
stable wave functions in the SCF process. The atomic spin densities were
obtained from Natural Bond Orbital (NBO) analysis.[55–57]


Crystallographic studies : crystals of dimensions 0.30U0.32U0.40 (1),
0.15U0.40U0.60 (2), 0.30U0.34U0.42 (3) and 0.10U0.15U0.30 mm (4)
were mounted on Enraf–Nonius CAD-4 (1–3) and Nonius KappaCCD
(4) diffractometers and used for data collection. Diffraction data of 1–4
were collected at room temperature by using graphite-monochromated
MoKa radiation [l=0.71073 (1–3) and 0.71069 R (4)] with the w,2q
method. Accurate cell dimensions and orientation matrices (1–3) were
obtained by least-squares refinements of 25 accurately centered reflec-
tions with 12 < q < 138 (1), 14 < q < 14.3 8 (2) and 12 < q < 12.38
(3). Indexing and unit cell refinement for 4 were based on all observed
reflections of eight frames with the f/c scan technique, an exposure time
of 56 s/frame and sample to detector distance of 35 mm. No significant
variations were observed in the intensities of two checked reflections (1–
4) during data collections. The data were corrected for Lorentz and po-
larization effects (1–4). Absorption corrections on 1–3 were applied by
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using DIFABS[58] (2) and the Y scan curve (1 and 3). A summary of the
crystallographic data and structure refinement is given in Table 1.


The structures of 1–4 were solved by direct methods through the
SHELX-86[59] (1–3) and SHELX-97[60] (4) programs, this last one being
included in WINGX[61] package. Subsequent refinement of the structures
of 1–4 was carried out by Fourier recycling on F (1–3) and F 2 (4). The
final full-matrix-least-squares refinement for 1–3 was done by the PC ver-
sion of CRYSTALS,[62] and the function minimized was �w(jFo j� jFc j )2,
where w = w ’[1�(j jFo j� jFc j j )/6s(Fo)


2]2 being w ’=1/�rArTr(X) with
three coefficients for a Chebyshev series [7.02, �0.654 and 5.67 (1), 13.3,
�3.76 and 10.9 (2) and 7.82, 1.21 and 6.48 (3)] for which X=Fc/Fc(max).
In the case of 4, the function minimized was �w(jFo j 2�jFc j 2)2 where w
= 1/s2F 2


o + (mP)2 + nP] and P= (F 2
o + 2F 2


c )/3 with m=0.0508 and n=
4.2121. All non-hydrogen atoms in 1–4 were refined anisotropically. The
hydrogen atoms of bipy (1–4) together with those of tetraphenylphospho-
nium and acetonitrile (1) were introduced in calculated positions whereas
those of the water molecules were either located by means of a differ-
ence Fourier map (1–3) or not introduced (4). The coordinates of the hy-
drogen atoms were not refined, but they were allocated an overall iso-
tropic thermal parameter. The values of the discrepancy indices R/Rw for
all data were 0.1157/0.0558 (1), 0.1285/0.0688 (2), 0.0967/0.0717 (3) and
0.1298/0.1374 (4) [those listed in Table 1 correspond to the data with I >


3s(I) (1–3) and I > 2s(I) (4)]. The final geometrical calculations and
graphical manipulations for 4 were carried out with PARST[63] and
CRYSTALMAKER[64] programs.


CCDC-241997 (1), -241998 (2), -241999 (3) and -242066 (4) contain the
supplementary crystallographic data for this paper. These data can be ob-
tained free of charge via www.ccdc.can.ac.uk/conts/retrieving.html (or
from the Cambridge Crystallographic Centre, 12 Union Road, Cam-
bridge CB21EZ, UK; Fax: (+44)1223-336033; or deposit@ccdc.cam.ac.
uk).
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A Kinetically Stabilized Ferrocenyl Diphosphene:
Synthesis, Structure, Properties, and Redox Behavior


Noriyoshi Nagahora, Takahiro Sasamori, Nobuhiro Takeda, and Norihiro Tokitoh*[a]


Introduction


Multiple-bond compounds between heavier Group 15 ele-
ments have fascinated many chemists for several decades.[1]


Since the first synthesis of diphosphene by Yoshifuji et al.,[2]


the syntheses and properties of kinetically stabilized diphos-
phenes, diarsenes, and phosphaarsenes bearing sterically
hindered substituents have been numerously reported.[1,3]


We also succeeded in the synthesis of novel doubly bonded
systems between Group 15 elements, that is, distibene
(RSb=SbR), dibismuthene (RBi=BiR), phosphabismuthene
(RP=BiR), and stibabismuthene (RSb=BiR), by taking ad-
vantage of efficient steric protection groups, 2,4,6-tris[bis(tri-
methylsilyl)methyl]phenyl (Tbt) and 2,6-bis[bis(trimethylsi-
lyl)methyl]-4-[tris(trimethylsilyl)methyl]phenyl (Bbt) groups
(Scheme 1).[4]


Meanwhile, organic and organometallic p-conjugated
compounds have received substantial attention in the field


of material science.[5] A number of reports on interesting
properties of low-coordinated phosphorus compounds, such
as photochemical properties, redox behavior, and magnetic
properties, appeared recently.[6] Based on these reports, we
thought that the unique properties of low-coordinated phos-
phorus compounds, especially diphosphenes, are most likely
interpreted in terms of their low-lying p* orbital level.[7] In
this context, several diphosphene derivatives having redox-
active units, such as bis(diphosphene)s,[6c,d] diphosphenes
having triarylamino units,[8] and ferrocenyl diphosphenes,[9]


[a] Dr. N. Nagahora, Dr. T. Sasamori, Dr. N. Takeda,
Prof. Dr. N. Tokitoh
Institute for Chemical Research
Kyoto University, Gokasho, Uji
Kyoto 611-0011 (Japan)
Fax: (+81) 774-38-3209
E-mail : tokitoh@boc.kuicr.kyoto-u.ac.jp


Abstract: A new, stable ferrocenyl di-
phosphene [Tbt-P=P-Fc] (1) (Tbt=
2,4,6-tris[bis(trimethylsilyl)methyl]-
phenyl, Fc = ferrocenyl) was synthe-
sized by the dehydrochlorination reac-
tion of the corresponding diphosphane,
[Tbt-P(H)-P(Cl)-Fc] (8), with 1,8-dia-
zabicyclo[5.4.0]undec-7-ene (DBU) in
good yield. Diphosphene 1 is very
stable in the solid state and also in so-
lution. In the 31P NMR spectrum
(C6D6), diphosphene 1 showed a low-
fielded AB quartet at d 501.7 and
479.5 ppm with the coupling constant
1JPP=546 Hz, which is characteristic of


an unsymmetrically substituted trans-
diphosphene. The molecular structure
of 1 was established by X-ray crystallo-
graphic analysis, which showed a trans-
diphosphene with a C-P-P-C torsion
angle of 177.86(17)8. The phosphorus�
phosphorus bond length of 1
[2.0285(15) D] which is considerably
shorter than the typical P�P single-
bond lengths (ca. 2.22–2.24 D) and


within the range of reported P=P
double-bond lengths (1.985–2.051 D)
for diaryl diphosphenes, evidenced the
P=P double-bond character of 1 in the
solid state. In addition, the cyclic vol-
tammograms of 1 showed reversible re-
duction and oxidation couples at �1.95
and +0.34 V versus SCE, respectively.
The electrochemical results for 1 were
reasonably supported by the DFT cal-
culations, which suggested that the
LUMO and HOMO orbitals should be
mainly p* orbital of the diphosphene
moiety and d orbitals of the iron(ii)
atom, respectively.


Keywords: cyclic voltammetry ·
metallocenes · phosphorus · UV/Vis
spectroscopy · X-ray diffraction


Scheme 1. Efficient steric protection groups (top); ferrocenyl diphos-
phenes 1 and 3 (bottom).
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were synthesized in the hope of a discovery of novel electro-
chemical properties. Indeed, a bis(diphosphene) derivative
reported by Protasiewicz and co-workers was well furnished
by electrochemical technique and reduced to give the dia-
nion species with paramagnetic properties.[6d] As for a ferro-
cenyl diphosphene a pioneering study on the synthesis and
spectroscopic characterization of 3 was reported by Pietsch-
nig and Niecke,[9] though the structural characterization and
studies on electrochemical properties of 3 have not been
fully accomplished due to its instability in solution (stable
only below to �30 8C in the absence of light). Here, we
report the synthesis, structure, properties, and multi-switcha-
ble electrochemical behavior of kinetically well-stabilized di-
phosphene 1 bearing ferrocenyl (Fc) and Tbt groups
(Scheme 2).


Results and Discussion


Bulky phosphine 5 was readily prepared by the treatment of
dichlorophosphine 4[4f] with a lithium aluminium hydride.
The reaction of dichloroferrocenylphosphine[10] 7 with lithi-
um phosphide 6, prepared by the deprotonation reaction of
phosphine 5 with an equimolar amount of n-butyllithium, af-
forded a mixture of two diastereomers of diphosphane 8 as
air-sensitive yellow crystals, which showed characteristic two
AB quartets in the 31P NMR spectrum in [D6]benzene (d
�59.1 and 107.0 ppm; 1JPP=182 Hz, d �52.8 and 92.7; 1JPP=


217 Hz). When 8 was treated with 1.2 equimolar amount of
DBU in diethyl ether, the reaction mixture immediately
turned purple. After removal of inorganic salts, ferrocenyl
diphosphene 1 was obtained as purple crystals in 92 % iso-
lated yield.


In sharp contrast to 3, diphosphene 1 is quite stable in the
solid state (m.p. 182–184 8C) or in a [D6]benzene solution
(stable at 100 8C for a month in a sealed tube) on exposure
to scattered light, and neither decomposition nor dimeriza-
tion was observed at ambient temperature. The remarkable
stability of 1 reflects the prominent protecting ability of a
Tbt group.


The 31P NMR spectrum of 1 in [D6]benzene solution
showed a AB quartet at d 479.5 and 501.7 ppm, which was
characteristic of unsymmetric trans-diphosphenes.[1a, 6c,6d,9, 11]


The coupling constant (1JPP=546 Hz) of 1 is very similar to
that of 3, though somewhat smaller than those of diphos-
phenes protected by two bulky aryl groups (J = 572–
584 Hz).[1a] It was suggested that the P=P double-bond char-
acter was slightly reduced in solution due to electronic inter-
action (as shown in Scheme 3) between the ferrocenyl group


and the P=P p bond as well as the case of 3.[9] In addition,
in the 1H NMR spectral features also supported the elec-
tronic interaction in both cases of 1 and 3. As for the
1H NMR spectrum of 3, the signals due to two a-protons of
the substituted cyclopentadienyl ring of the ferrocenyl group
were detected unequivalently (d 4.65 and 4.76 ppm) and
their chemical shifts were different from the b-protons (d
4.29 ppm) by �0.4 ppm. Pietschnig and Niecke also men-
tioned these spectral features as an explanation of such elec-
tronic interactions in 3. Although the signals corresponding
to a-protons of the substituted cyclopentadienyl ring of the
ferrocenyl group for 1 were observed equivalently at room
temperature, the difference between the chemical shifts
(DdH) of the a and b-protons for 1 (0.58 ppm) was larger
than those for 3. Taking into account that these DdH values
of 1 and 3 are much larger than those for reported non-con-
jugated ferrocenylphosphines, for example, DdH of 7 is
�0.2 ppm,[10,12] and DdH of Fc-PH2 is 0 ppm.[12] These spec-
tral features of 1 might imply the presence of an electronic
interaction between the P=P p bond and the cyclopenta-
dienyl ring of the ferrocenyl group, that is, the contribution
of resonance structure 2 in the solution as well as 3.


This interpretation was actually supported by the reactivi-
ty of 1 (Scheme 4). Diphosphene 1 underwent ready hydrol-
ysis by the addition of water toward the P=P moiety leading
to the formation of Tbt-PH2 (5) and Fc-PH(O)OH (9).
Compound 9 is known to be an isolable, isomeric form of
Fc-P(OH)2.


[10,13] Similarly, treatment of 1 with methanol af-
forded Tbt-PH2 (5) and Fc-PH(O)OMe (10), which may be
formed by the decomposition of Fc-P(OMe)2 during separa-
tion.[13] Thus, 1 retains inherently high reactivity toward hy-
drolysis and methanolysis similar to 3, though 1 is kinetically
well-stabilized by the extremely bulky Tbt substituent. The
regioselectivity observed for the addition of hydroxy or me-
thoxy group to the P=P double bond of 1 is in good agree-
ment with the polarized resonance structure 2.


The molecular structure of 1 was determined by X-ray
crystallographic analysis (Figure 1). It was found that the
structure of 1 showed a trans-configuration with a C-P-P-C
torsion angle of 177.86(17)8 ; the C-P-P-C plane was almost
coplanar with the cyclopentadienyl ring of the ferrocenyl
group, which suggests conjugative interaction between the


Scheme 2. a) LiAlH4, THF, 0 8C; b) nBuLi, Et2O, �78 8C; c) dichlorofer-
rocenylphosphine (7), Et2O, �78 8C; d) DBU, room temperature, 92 %
from 5.


Scheme 3. Conceivable resonance structures for diphosphene 1.


Scheme 4. Reactions of diphosphene 1.
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p-electrons of the diphosphene unit with those of the cyclo-
pentadienyl ring. Furthermore, the C-P-P-C plane is orient-
ed perpendicular to the benzene ring of the Tbt group. The
phosphorus-phosphorus bond length of 1 is 2.0285(15) D,
comparable to those of previously reported diaryl diphos-
phenes (1.985–2.051 D).[1a, 4f] Thus, the P=P bond length was
found not to be affected by the conjugation between P=P p


bond and cyclopentadienyl group in the solid state.
In the Raman spectrum (measured in the solid state) of 1,


strong line attributable to the P=P stretching was observed
at ñ 609 cm�1. The value is higher than the frequencies ob-
served for diphosphanes (e.g. Ph2P-PPh2, 530 cm�1)[14] and
very similar to those observed for Mes*P=PMes*
(610 cm�1)[15] and TbtP=PTbt (609 cm�1).[4f] Consequently,
the phosphorus�phosphorus double-bond character in 1 in
the solid state is supported by not only its P=P bond length
but also vibrational information on its P=P bond.


The UV/Vis spectrum of 1 in hexane shows two absorp-
tion maxima at 371 (e 2500) and 542 nm (e 900) (Figure 2).
The former can be assigned to the p–p* electron transition
for the P=P chromophore, since the lmax value is similar to
those for reported diaryl diphosphenes (277–418 nm).[1a, 4f]


The latter should be assigned to the metal-to-ligand charge
transfer (MLCT) band due to the electron transition from d
orbitals of the iron(ii) to the p* orbital of the P=P moiety.
These absorption maxima were observed in longer wave-
length region compared with those for azoferrocenes,[16]


which were known to show two absorption maxima at 321–
328 (p–p* band) and 522–539 nm (MLCT band). The batho-
chromic shift of 1 may indicate the lower p* orbital energy
level of 1 than those of azoferrocenes. In addition, assign-
ment of the observed absorption maxima for 1 are reasona-
bly supported by theoretical calculations for the excited
state of the model compound, ferrocenyl-mesityl diphos-


phene (11) [359 (p–p*) and 567 nm (MLCT) for 11, comput-
ed at the TD-B3LYP/TZV for Fe, 6-311+G(2d) for P, and 6-
31G(d) for C,H level], and calculated lmax and relative in-
tensity are shown in Figure 2.


The electrochemical properties of 1 were furnished by
cyclic voltammetry, measurements of which were carried out
in CH2Cl2 (oxidation) and THF (reduction) with nBu4NBF4


as an electrolyte at room temperature. The voltammograms
were shown in Figure 3 and summarized in Table 1. As a


Figure 1. a) ORTEP drawing of diphosphene 1 with thermal ellipsoid
plots (50 % probability). Hydrogen atoms are omitted for clarity. b) Sche-
matic drawing of 1 with some selected bond lengths and angles.


Figure 2. Experimental UV/Vis spectrum of 1 in n-hexane (2.2 O 10�4
m)


and calculated electron transitions (bars) of 11.


Figure 3. Cyclic voltammograms of 1 (2.0 O 10�3
m) with a scan rate of


100 mV s�1 at room temperature. a) In 0.1m nBu4NBF4/CH2Cl2, b) in
0.1m nBu4NBF4/THF.


Table 1. Redox potentials [V vs. SCE] of 1.


Oxidation[a] Reduction[b]


Epa +0.43 +1.68 Epc �2.03
Epc +0.25 – Epa �1.87
E1=2


+0.34 – E1=2
�1.95


[a] 0.1m nBu4NBF4 in CH2Cl2, E1=2
(FcH/FcH+)=++0.26 V vs. SCE.


[b] 0.1m nBu4NBF4 in THF.
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result, reversible one-electron oxidation and reduction
waves were observed at E1=2


(ox)=++0.34 and E1=2
(red)=


�1.95 V versus SCE, respectively. The former couple can be
attributed to iron(ii)/iron(iii) redox of the ferrocenyl group,
since the E1=2


(ox) value for 1 is almost the same that for a
parent ferrocene. The latter couple features the reduction
wave of the diphosphene unit of 1, as in the case of the re-
duction for previously reported diphosphenes.[7] These well-
defined reversible redox waves indicate that the correspond-
ing ferrocenium cation and diphosphene anion radical are
easily generated and have substantial chemical stability
under such conditions. Furthermore, an irreversible oxida-
tion process was also observed at considerably positive po-
tential (ca. +1.7 V vs SCE). The observed irreversible oxi-
dation wave, comparable to those of previously reported di-
phosphenes,[7c–e] might correspond to the oxidation of the di-
phosphene moiety of 1+ , and indicates that the dication 12+


is unstable under these conditions.
In order to study the electronic structure of 1 in more


detail, DFT calculations were carried out on the model mol-
ecule 11. All the optimized structural parameters of 11 are
in satisfactory agreement with the crystal structure of 1. The
HOMO and LUMO of the ground-state structure of 11 are
depicted in Figure 4. It should be noted that the HOMO or-


bitals are localized on d orbitals of the iron(ii) atom, while
the LUMO orbitals are mainly p* ones composed by the or-
bitals of a diphosphene fragment.


Conclusion


We have succeeded in the synthesis of a new, stable ferro-
cenyl diphosphene 1 by taking advantage of kinetic stabili-
zation by using an extremely bulky Tbt group. Thus, the
combination of a Tbt group with a redox active substituent,
a ferrocenyl group, enabled us to synthesize such a unique
class of diphosphene derivative. In solution, the contribution
of the polarized resonance structure 2 was supported by
their NMR spectral features and reactivity of 1. In spite of
the kinetic stability of 1, hydrolysis and methanolysis of 1 al-


lowed us to elucidate its reactivity in solution, which will be
described elsewhere in the near future. The X-ray crystallo-
graphic analysis of 1 revealed that 1 has a nearly planar
C-P-P-C plane and a phosphorus�phosphorus bond with a
sufficient double-bond character in the solid state. More-
over, the Raman shift for the stretching of the P=P bond
(609 cm�1) for 1 is very similar to the values of previously
reported diphosphene derivatives. In addition, the absorp-
tion maxima due to the MLCT transition of 1 appeared at
542 nm, being red-shifted compared with the corresponding
azo analogues (Ar-N=N-Fc).


The cyclic voltammograms of 1 showed the reversible re-
duction and oxidation couples at �1.95 and +0.34 V versus
SCE, respectively. The electrochemical results for 1 were
reasonably interpreted in terms of the DFT calculations on
the model molecule 11, which indicate that the LUMO orbi-
tal is mainly p* orbital of the diphosphene moiety and the
HOMO orbital is largely d orbitals of the iron(ii) atom.
These results may be helpful to develop a new chemistry of
diphosphene derivatives. Further investigation of the chemi-
cal properties of 1 is currently in progress.


Experimental Section


General methods : All reactions were carried out under an argon atmos-
phere, unless otherwise noted. All solvents were purified and dried by
standard methods. Preparative thin-layer chromatography (PTLC) and
column chromatography were performed with Merck Kieselgel 60 PF254.
The 1H NMR (400 or 300 MHz) and 13C NMR (100 or 75 Hz) spectra
were measured in CDCl3 or C6D6 with a JEOL AL-400 or 300 spectrom-
eter using CHCl3 (d=7.25 ppm) or C6HD5 (d=7.15 ppm) for 1H NMR,
and CDCl3 (d=77.0 ppm) or C6D6 (d=128.0 ppm) for 13C NMR as inter-
nal standards, respectively. 31P NMR (120 MHz) spectra were measured
in CDCl3 or C6D6 with a JEOL AL-300 spectrometer using 85% H3PO4


in water (d=0 ppm) as an external standard. High-resolution mass spec-
tral data were obtained on a JEOL SX-270 mass spectrometer. The elec-
tronic spectra were recorded on a JASCO V-570 UV/Vis spectrometer.
Raman spectra were measured on a Raman spectrometer consisting of a
Spex 1877 Triplemate and an EG&G PARC 1421 intensified photodiode
array detector. An NEC GLG 108 He/Ne laser (632.8 nm) was used for
Raman excitation. All melting points were determined on a Yanaco
micro-melting point apparatus and are uncorrected. Elemental analyses
were performed by the Microanalytical Laboratory of the Institute for
Chemical Research, Kyoto University. The electrochemical experiments
were carried out with an ALS 600A potentiostat/galvanostat using a
glassy carbon disk working electrode, a Pt wire counter electrode, and
Ag/0.01m AgNO3 reference electrode. The measurements were carried
out in CH2Cl2 and THF solution containing 0.1m nBu4NBF4 as a support-
ing electrolyte with scan rates of 10–500 mV s�1 in a glovebox filled with
argon at ambient temperature. Tbt-PCl2 (4) was prepared according to
the reported procedure.[4f]


2,4,6-Tris[bis(trimethylsilyl)methyl]phenylphosphine (5): Lithium alumi-
nium hydride (252 mg, 6.65 mmol) was added at 0 8C to a THF (50 mL)
solution of 4 (4.35 g, 6.65 mmol). After stirring at the same temperature
for 30 min, the reaction mixture was warmed at room temperature. The
solvent was removed under reduced pressure, n-hexane was added to the
residue. After the solution was filtered through Celite, the filtrate was
purified by column chromatography (eluting with n-hexane) to afford
phosphine 5 (3.76 g, 97%) as colorless crystals. M.p. 151.2–152.0 8C
(decomp); 1H NMR (400 MHz, CDCl3, 25 8C): d=0.02 (br s, 36 H), 0.03
(s, 18H), 1.30 (s, 1H), 2.37 (s, 1H), 2.48 (s, 1H), 3.62 (d, 1JPH=203 Hz,
2H), 6.32 (s, 1H), 6.45 (s, 1H); 13C{1H} NMR (100 MHz, CDCl3, 25 8C):
d=0.63 (CH3), 0.90 (CH3, 2C), 29.93 (CH), 30.03 (CH), 30.36 (CH),
119.68 (d, 1JPC=4 Hz), 121.58 (CH), 126.37 (CH), 142.62, 148.67 (d,
2JPC=14 Hz), 148.94 (d, 2JPC=12 Hz); 31P NMR (120 MHz, CDCl3,


Figure 4. Contour plots of the a) LUMO and b) HOMO orbitals of 11.
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25 8C): d=�145.2; HRMS (FAB): m/z : calcd for C27H61PSi6: 584.3127;
found: 584.3106 [M]+ ; elemental analysis calcd (%) for C27H61PSi6: C
55.41, H 10.51; found: C 55.63, H 10.34.


Diphosphene 1: n-Butyllithium in n-hexane (1.50m, 235 mL, 0.352 mmol)
was added at �78 8C to a solution of Tbt-PH2 (5) (206.0 mg, 0.352 mmol)
in Et2O (5 mL). The solution of lithium phosphide 6 obtained was
warmed to room temperature for 0.5 h, and then cooled to �78 8C. The
reaction mixture was added to a solution of dichloroferrocenylphosphine
(7, 121.2 mg, 0.422 mmol) in Et2O (5 mL) at �78 8C. After stirring at the
same temperature for 1 h, the solution was allowed to be warmed to
room temperature for 1 h. DBU (63.0 mL, 0.422 mmol) was added to the
solution at room temperature, and the solution was stirred for 0.5 h.
After removal of the solvent, n-hexane was added to the residue and the
mixture was filtered through Celite. Evaporation of the filtrate under re-
duced pressure afforded diphosphene 1 (259.8 mg, 0.325 mmol, 92 %) as
purple crystals. M.p. 182–184 8C; 1H NMR (300 MHz, C6D6, 25 8C): d=


0.22 (s, 18H), 0.26 (s, 36H), 1.54 (s, 1 H), 2.63 (s, 1H), 2.71 (s, 1 H), 4.10
(s, 5 H), 4.28 (m, 2 H), 4.86 (m, 2H), 6.70 (s, 1H), 6.81 (s, 1 H); 13C{1H}
NMR (75 MHz, C6D6, 25 8C): d=0.94 (CH3), 1.21 (CH3), 1.37 (CH3),
30.61 (CH), 31.15 (CH), 31.46 (CH), 70.01 (C5H5), 72.21 (br d, a-C5H4),
73.30 (b-C5H4), 85.11 (dd, 1JPC=55, 2JPC=17 Hz, ipso-C5H4), 122.60 (o-
C6H2), 127.14 (o-C6H2), 133.44 (d, 3JPC=34 Hz, m-C6H2), 143.14 (d, 3JPC=


30 Hz, m-C6H2), 144.91 (br d, 1JPC=72 Hz, ipso-C6H2), 146.63 (p-C6H2);
31P NMR (120 MHz, C6D6, 25 8C): d=479.5, 501.7 (ABq, 1JPP=546 Hz);
UV/Vis (n-hexane): lmax(e)=542 (900), 371 nm (2500); HRMS (EI): m/z :
calcd for C37H68FeP2Si6: 798.2763; found: 798.2750 [M]+ ; elemental anal-
ysis calcd (%) for C37H68FeP2Si6: C 55.60, H 8.58; found: C 55.51, H 8.84.


Reaction of diphosphene 1 with water : Degassed water (70 mL,
3.9 mmol) was added in an NMR tube under an argon atmosphere to a
[D6]benzene solution (0.7 mL) of 1 (28.4 mg, 35.6 mmol). When the sus-
pension had allowed to stand for 24 h at room temperature, the 31P NMR
signals for 1 completely disappeared. The suspension was dried over
sodium sulfate, filtrated, and concentrated in vacuo. Separation of the
mixture by PTLC (eluting with n-hexane) afforded Tbt-PH2 (5) (20.2 mg,
34.5 mmol, 97%) and Fc-PH(O)OH (9) (8.0 mg, 32 mmol, 90%).


Reaction of diphosphene 1 with methanol : Reaction of 1 (35.2 mg,
44.0 mmol) in benzene (5 mL) with methanol immediately proceeded at
ambient temperature, separation of the reaction mixture by PTLC (elut-
ing with n-hexane) afforded Tbt-PH2 (5) (23.4 mg, 40.0 mmol, 92 %) and
Fc-PH(O)OMe (10) (10.3 mg, 39.0 mmol, 89%).


X-Ray crystallographic analysis of diphosphene 1: Single crystals of 1
were obtained by slow crystallization from hexane solution at room tem-
perature in a glovebox filled with argon. The intensity data were collect-
ed on a Rigaku Mercury CCD diffractometer with graphite-monochro-
mated MoKa radiation (l =0.71070 D). The structure was solved by
direct method (SHELXS-97)[17] and refined by full-matrix least-squares
procedures on F 2 for all reflections (SHELXL-97).[18] All non-hydrogen
atoms were refined anisotropically. All hydrogen atoms were placed
using AFIX instructions. Crystallographic data for 1; C37H68FeP2Si6, M=


799.24, monoclinic, space group P21/c (no. 14), a=16.855(6), b=
10.966(3), c=25.472(8) D, b=99.955(5)8, V=4637(3) D3, Z=4, 1calcd=


1.145 gcm�3, m=0.573 mm�1, 2qmax=50.08, 29264 measured reflections,
8126 independent reflections, 433 refined parameters, R1 (wR2)=0.063
(0.148) [I > 2s(I)], R1 (wR2)=0.078 (0.157) (for all data), T=103(2) K,
GOF=1.135, largest difference peak and hole 0.384 and �0.521 e D�3.


CCDC-236 751 contains the supplementary crystallographic data for this
paper. These data can be obtained free of charge via www.ccdc.cam.
ac.uk/conts/retrieving.html, or from the Cambridge Crystallographic Data
Centre, 12 Union Road, Cambridge CB2 1EZ, UK; fax: (+44)1223-
336033; or email : deposit@ccdc.cam.ac.uk.


Theoretical calculations : All theoretical calculations were carried out
using the Gaussian98[19] package program with density function theory at
the B3 LYP level. In calculations for diphosphene 11, the TZV (for Fe),
6-311+G(2d) (for P), and 6-31G(d) (for C and H) were used as basis
sets. TZV basis sets for Fe were obtained from the Extensible Computa-
tional Chemistry Environment Basis Set Database (http://www.emsl.pnl.
gov/forms/basisform.html), as developed and distributed by the Molecu-
lar Science Computing Facility, Environmental and Molecular Sciences
Laboratory which is part of the Pacific Northwest Laboratory, PO Box
999, Richland, Washington 99352, USA, and funded by the US Depart-


ment of Energy. The Pacific Northwest Laboratory is a multi-program
laboratory operated by Battelle Memorial Institute for the U.S. Depart-
ment of Energy under contract DE-AC06-76RLO 1830. Contact David
Feller or Karen Schuchardt for further information. Computation time
was provided by the Supercomputer Laboratory, Institute for Chemical
Research, Kyoto University.
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Mass Spectrometric Investigation of Noncovalent Complexation between a
Tetratosylated Resorcarene and Alkyl Ammonium Ions


Elina Ventola,[a] Kari Rissanen,[b] and Pirjo Vainiotalo*[a]


Introduction


Weak noncovalent host–guest interactions are vital in many
biological systems and, in many cases, they make enzymatic
processes highly favorable and efficient. One goal of supra-
molecular chemistry is to imitate the efficiency and selectivi-
ty of biological processes by modeling the noncovalent inter-
actions involved in these systems.[1] Noncovalent interactions
include hydrogen bonding, cation–p interactions, CH–p in-
teractions, and hydrophobic interactions.[1a,b] The develop-
ment of efficient and selective synthetic hosts demands un-


derstanding of these interactions and how they work in syn-
thetic hosts.
Resorcarenes are able to form host–guest complexes with


a wide variety of guest molecules.[2] Aromatic rings of resor-
carenes enable multiple CH–p or cation–p interactions, and
polar hydroxy groups and other substituents can participate
in hydrogen bonding with suitable guest molecules. Resor-
carene complexation has been reported with alkali metal
cations,[3] alcohols,[4] various nitrogen compounds,[5] sugars,[6]


and steroids.[7]


Mass spectrometry (MS) with a soft ionization technique,
such as electrospray ionization (ESI),[8] is challenging the
more traditional methods, such as X-ray diffraction meth-
ods[9,10] and NMR spectroscopy,[3a,4,7a, 11,12] in studies of host–
guest complexation. ESI-MS has four benefits in the study
of noncovalent complexes: stoichiometry, specificity, sensi-
tivity, and speed. Only a small amount of sample is needed
to produce a representative spectrum of an identifiable non-
covalent complex in reasonable time. As a technique, ESI-
MS is suitable for the region that exists between the solution
state and gas phase. Results of titration and competition ex-
periments have been found to correlate relatively well with
the results of condensed-phase techniques like NMR spec-
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Abstract: Noncovalent complexation
between tetratosylated tetraethyl resor-
carene (1) and primary, secondary, and
tertiary alkyl ammonium ions (mMe,
dMe, tMe, mEt, dEt, tEt, dBu, and
dHex) was studied by electrospray ion-
ization Fourier transform ion cyclotron
resonance (ESI-FTICR) mass spec-
trometry. Interactions of the noncova-
lent complexes were investigated by
means of competition experiments, col-
lision-induced dissociation (CID) ex-
periments, ion–molecule reactions with
tripropylamine and gas phase H/D-ex-
change reactions with deuteroammo-
nia. Gas phase ion–molecule reactions
gave especially valuable information
about the structure and properties of


the complexes. Resorcarene 1 formed
relatively stable 1:1 complexes with all
aliphatic alkyl ammonium ions. Steric
properties of the alkyl ammonium ions
and proton affinities of the conjugate
amines noticeably affected the com-
plexation properties, indicating the im-
portance of hydrogen bonding in these
complexes. According to the competi-
tion experiments, the thermodynami-
cally most stable host–guest complexes
were formed with alkyl ammonium


ions that were most substituted and
had the longest alkyl chains. In CID
experiments, release of an intact free
guest ion or dissociation of the host
was observed to depend on the proton
affinity of the amine and the strength
of the hydrogen bond that was formed.
In ion–molecule reactions with tripro-
pylamine, a guest exchange reaction
occurred with all alkyl ammonium ion
complexes with reaction rates mostly
dependent on the steric properties of
the original guest ion. In H/D-ex-
change reactions the N-H hydrogen
atoms of the guest ion were exchanged
with deuterium, whereas the resorcinol
hydrogen atoms remained unchanged.


Keywords: host–guest systems ·
ion–molecule reactions · mass spec-
trometry · noncovalent interactions ·
resorcarenes
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troscopy.[13–15] On the other hand, in-source dissociation, col-
lision-induced dissociation (CID), and ion–molecule reac-
tions reflect the gas-phase properties of the ion under study.
Though gas-phase studies are valuable in understanding the
interactions in supramolecular complexes without solvent in-
fluence, results from gas-phase methods cannot be unambig-
uously transferred to the solution phase. Some noncovalent
interactions are strengthened in the absence of solvent and
some become less important. Not only the lack of solvent
but also the changes in vibrational modes of the host mole-
cules in the gas phase affect the steric factors of the complex
formation.[16] Although mass spectrometric studies of host–
guest complexes during the past decade have concentrated
on the complexes of crown ethers[13] and cavitands,[17] some
studies on resorcarene complexation with alkyl ammonium
ions[5d] and alkali metal cations[3b] have also been performed.
Here we report the results from the mass spectrometric


study of interactions between tetratosylated tetraethyl resor-
carene and eight alkyl ammonium ions differing in degree of
substitution and chain length (Scheme 1). Substituted am-


monium ions play an important role in chemistry and biol-
ogy, which makes it of special interest to develop and study
host molecules capable of complexing and recognizing them.
Additionally, substituted ammonium ions are able to func-
tion as hydrogen-bond donors through the protons attached
to the nitrogen atom, their alkyl chains are able to engage
in CH–p interactions with the host and they appear in ionic
form in solution, which is essential for ESI mass spectromet-
ric studies. For their part, tetratosylated resorcarenes are ex-
pected to act as hydrogen-bond acceptors by virtue of their
S=O and OH groups. In addition, the aromatic rings of the
substituents improve the possibility of the resorcarene being
able to undergo CH–p interactions with alkyl-chain-contain-
ing guests.
Fourier transform ion cyclotron resonance (FT-ICR) mass


spectrometry, used to detect host–guest complexes produced


by electrospray ionization, provides high mass accuracy and
resolving power. The ICR cell makes it possible to isolate
and store the formed host–guest complexes. After selective
ion isolation, various collision-induced dissociation experi-
ments and ion–molecule reactions with neutral reagents can
be performed, and valuable information can be obtained on
the gas-phase stability, structure, and reactivity of the host–
guest complexes. It was also of interest to clarify the compa-
rability of the results obtained by different mass spectromet-
ric techniques.


Results and Discussion


Complex formation with alkyl ammonium ions : All eight
alkyl ammonium ions investigated formed 1:1 complexes
with resorcarene 1 in acetonitrile. Acetonitrile was chosen
as solvent because it is less polar than the more common
ESI solvents such as methanol and water. Owing to its
aprotic nature it was expected to cause minimum disturb-
ance to the hydrogen bonding between the host and the
guest. A fundamental requirement for a mass spectrometric
study is charge. Use of charged guests made it possible to
observe both the complexes and the free guest ions in aceto-
nitrile.[14] This kind of approach has several advantages: it
allows the use of less protic solvents, makes covalent modifi-
cations to the host unnecessary, and simplifies the spectrum.
The spectra of 1 with alkyl ammonium ions clearly showed
the formation of 1:1 complexes. The minor formation of 2:1
dimeric complexes consisting of two host molecules and one
guest ion was also observed, but, as the behavior and prop-
erties of the dimer have been reported earlier, discussion
here is limited to the monomeric 1:1 species.[18] The abun-
dance of the complex ions seemed to depend mostly on the
length of the alkyl chain of the ammonium ion and the
degree of substitution.
In addition to alkyl ammonium complexes, [1 + NH4]


+ ,
[1 + Na]+ , [1 + K]+ , and [1 + CuI]+ adduct ions at m/z
values of 1234, 1239, 1255, and 1279 (most abundant iso-
tope) were often observed, as can be seen in the typical
spectrum of 1 with dHex presented in Figure 1. These ions


arise from unavoidable impurities in the system; the intensi-
ties of the adduct ions vary over time, mostly depending on
external factors. Complex formation with alkali metal ions


Scheme 1. Systems studied.


Figure 1. Basic ESI-spectrum of 1 (4.1mm) with dHex, 1:1 in CH3CN.
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such as sodium and potassium is not surprising considering
the arrangement and number of oxygen atoms on the upper
rim of the host.
The composition of the alkyl ammonium ion complexes


was confirmed by comparing the experimental monoisotopic
m/z values and isotopic patterns with theoretical values cal-
culated on the basis of natural abundances. All ions were
singly charged according to their isotopic distributions. The
mass differences between the experimental and theoretical
values were less than 0.05 Da, which means that experimen-
tal values are in good agreement with theoretical values.
The studied ions can therefore be considered as true nonco-
valent alkyl ammonium complexes.


Competing alkyl ammonium ions : Competition experiments
were performed to estimate preferences in complex forma-
tion between different guest ions. Experiments were carried
out between two guests at a time to avoid nonspecific com-
plexation, which could arise with a greater number of charg-
ed species in solution.
The mean values of the measurements and calculated


overall variances are presented in Figure 2. The results show


the same kind of behavior as was observed earlier; the com-
plex formation depends on the degree of substitution and
the length of the alkyl chain attached to the nitrogen atom.
With methyl-substituted ammonium ions the complex for-
mation increases in the order mMe ! dMe < tMe. The
order with ethyl-substituted ammonium ions is similar, mEt
�dEt ! tEt. The complexation efficiency of mEt and dEt is
so similar that there is no difference between the two ions
within the limits of accuracy. Complex formation with terti-
ary alkyl ammonium ions is preferred in both groups, al-
though the difference in complexation between dEt and tEt
is greater than the difference between dMe and tMe. The


length of the alkyl chain also seems to have a great effect
on complexation. Comparison of dMe, dEt, dBu, and dHex
shows increasing complex formation as the length of the
alkyl chain increases. Although no difference can be seen
between dMe and dEt within the limits of accuracy, dBu
and especially dHex clearly show increased complex forma-
tion as the length of the alkyl chain increases. Large enough
differences in response factors of alkyl ammonium ions
were not observed to explain the trend in complexation. A
lower degree of solvation may, in part, be responsible for
the enhanced complex formation with alkyl ammonium ions
that are more highly substituted and have longer alkyl
chains. Also, as the degree of substitution and alkyl chain
length increase, the possibility of conformations that are
able to form favorable CH–p interactions between guest
and host increases. A greater number of favorable interac-
tions between the host and guest improve the thermody-
namic stability of the complex. Assuming that hydrogen
bonding is one of these interactions, the question concerning
the number of hydrogen bonds involved in these interac-
tions arises. Primary and secondary alkyl ammonium ions
are theoretically capable of forming more than one hydro-


gen bond with the host. Howev-
er, nothing in the competition
results points to that.


Collision-induced dissociation :
CID experiments were per-
formed with all alkyl ammoni-
um ion complexes to estimate
and compare the strength of
the complexation with different
guest ions. Single-frequency ex-
citation shots were observed to
bring a variable amount of ad-
ditional energy to the com-
plexes, and for that reason their
use was avoided and monoiso-
topic isolations were not pur-
sued.
CID spectra of the alkyl am-


monium complexes showed
three types of behavior. 1) The
fragment ions from the dissoci-
ation of the host were observed
in the spectra of [1 + mMe]+ .
The ions were similar to those


formed in dissociation of the [1 + H]+ ion. 2) Ions [1 +


dMe]+ and [1 + mEt]+ showed fragment ions from dissoci-
ation of the host and the intact free alkyl ammonium ion.
3) In the case of ions [1 + dEt]+ , [1 + tMe]+ , [1 + tEt]+ ,
[1 + dBu]+ , and [1 + dHex]+ , only the released intact
alkyl ammonium ion was observed. Figure 3 presents typical
spectra of these three types of dissociation and, for compari-
son, the dissociation of [1 + H]+ . The dissociation behavior
appears to follow the order of the proton affinity of the
alkyl amine corresponding to the alkyl ammonium ion used
as guest. The lower the proton affinity of the conjugate
amine the easier the donation of the proton to the host is,


Figure 2. Results of competition experiments involving different alkyl ammonium ions.
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and the greater the tendency for dissociation of the host.
Alkyl ammonium ions, whose conjugate amines possess
higher proton affinities, hold the proton tighter and release
of the intact alkyl ammonium is observed.


Figure 4 presents the dissoci-
ation curves of alkyl ammoni-
um complexes. As can be seen,
the stability of methyl-substitut-
ed ammonium ions follows the
order dMe > mMe > tMe, al-
though differences between
these three are relatively small.
The Ecom


50% values, which rep-
resent the activation energy
where half of the isolated com-
plex has dissociated (Table 1),
show the same pattern. Within
the ethyl ammonium group
(Figure 4b) the order of stabili-
ty appears to be mEt > dEt >
tEt, although differences, espe-
cially between mEt and dEt,
are small. The dissociation of
[1 + tEt]+ clearly occurs at
lower activation energy than
for any of the above-mentioned
ions. Comparison of complexes
where the guest is a secondary


alkyl ammonium ion reveals a clear dependence between
the length of alkyl chain and the stability of the complex
ion. The comparison is presented in Figure 4c) and, accord-
ing to this, the stability of complexes with secondary alkyl


Figure 3. Three types of behavior in dissociation. Isolation and CID spectra of a) [1 + H]+ , b) [1 + mMe]+ ,
c) [1 + dMe]+ and d) [1 + dHex]+ .


Figure 4. Dissociation curves of alkyl ammonium complexes. a) Methylammonium complexes, b) ethylammonium complexes, c) dialkyl ammonium com-
plexes.
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ammonium ion follows the order [1 + dMe]+ > [1 +


dEt]+ > [1 + dBu]+ > [1 + dHex]+ .
Since the main binding interaction is assumed to be hy-


drogen bonding, the effect of the proton affinity must not
be overlooked. As the host is assumed to function as a hy-
drogen-bond acceptor and the guest as a donor, the differ-
ence in proton affinities between the host 1 and the amine
may be significant for the stability of the complexes. The
larger the difference in proton affinities of interacting spe-
cies is, the longer the hydrogen bond length, the weaker the
formed hydrogen bond, and the more unstable the formed
complex. Overall, the tendency in stability of the alkyl am-
monium complexes in the CID experiment seems to be de-
pendent on the differences between the proton affinities of
the host and the corresponding alkylamines. From the disso-


ciation behavior of the complexes it can also be inferred
that the proton affinity of the host is higher than the proton
affinity of methylamine, but lower than the proton affinity
of trimethylamine; the dissociation of [1 + mMe]+ produ-
ces only the protonated host and its fragments, whereas the
[1 + tMe]+ ion releases only the intact alkyl ammonium
ion.
Possible dissociation routes and structures of fragment


ions formed in the dissociation of [1 + H]+ are shown in
Scheme 2. It must be stated that the pathway and the struc-
tures presented are only speculative; no MSn experiments
were performed due to low intensity of the fragment ions.


Ion–molecule reactions with tripropylamine : Ion–molecule
reactions with tripropylamine were carried out to obtain ad-
ditional information about the structure of alkyl ammonium
complexes and their formation in the gas phase. Tripropyl-
amine was chosen as neutral reagent for two reasons: 1) it
has a higher proton affinity (991.0 kJmol�1)[19] than any
amine corresponding to the alkyl ammonium ions investigat-
ed and 2) the m/z value of [1 + Pr3NH]


+ does not overlap
with the value of any of the alkyl ammonium complexes in-
vestigated. In ion–molecule reactions with tripropylamine,
all alkyl ammonium ion complexes exchanged the original
guest ion for tripropylammonium, and all of the reactions
went to completion. Spectra from ion–molecule reactions
between [1 + tEt]+ and tripropylamine are presented in
Figure 5.
There are few feasible reaction pathways for this kind of


guest-exchange reaction to happen through dissociation of


Table 1. Comparison of dissociation curves of alkyl ammonium com-
plexes.


Ion Ecom
50% [a] R2[b] PA[c] Proton donation


[1+H]+ 8.84 0.9988 *** yes
[1+mMe]+ 14.95 0.9932 899.0 yes
[1+mEt]+ 14.67 0.9967 912.0 yes
[1+dMe]+ 18.64 0.9976 929.5 yes
[1+ tMe]+ 12.13 0.9981 948.9 no
[1+dEt]+ 13.54 0.9983 952.4 no
[1+dBu]+ 8.46 0.9991 968.5 no
[1+dHex]+ 7.15 0.9991 –[d] no
[1+ tEt]+ 6.54 0.9991 981.8 no


[a] Activation energy where half of the complex is dissociated (eV).
[b] Correlation of fitting curve, R2. [c] Proton affinity (PA) of the corre-
sponding amine[19] (kJ mol�1). [d] Value not available.


Scheme 2. Dissociation of [1 + H]+ in a CID experiment.
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the complex. Since no traces of ions ([1 + H]+ or [R3NH]
+)


were observed, it must be assumed that the reaction path-
way includes a short-lived collision complex where transfer
of a proton from the original guest to tripropylamine occurs.
Guest-exchange reactions were observed as a function of


time and the reaction rate constants and efficiencies were
calculated (Figure 6 and Table 2). Comparison of the


methyl-substituted alkyl ammonium complexes (Figure 6a)
shows a clear decrease in the reaction rate constants in the
order [1 + mMe]+ > [1 + dMe]+ > [1 + tMe]+ . Compar-
ison of the ethyl-substituted alkyl ammonium complexes
(Figure 6b) shows the same order, but the difference be-
tween [1 + dEt]+ and [1 + tEt]+ is slight. In the case of
the secondary alkyl ammonium complexes (Figure 6c), the
reaction of [1 + dHex]+ is clearly the slowest. There is vir-


Figure 5. Spectra recorded from the ion–molecule reaction between [1 +


tEt]+ and tripropylamine.


Figure 6. Decay of the relative abundance of the isolated ion as a function of time (s). a) Methylammonium complexes, b) ethyl ammonium complexes
and c) secondary alkyl ammonium complexes.


Table 2. Experimental rate constants and reaction efficiencies for guest-
exchange reactions with tripropylamine


kobs
[a] keff


[b]


[1+mMe]+ 5.50 0.57
[1+dMe]+ 0.619 0.06
[1+ tMe]+ 0.271 0.03
[1+mEt]+ 2.31 0.24
[1+dEt]+ 0.581 0.06
[1+ tEt]+ 0.491 0.05
[1+dBu]+ 0.595 0.06
[1+dHex]+ 0.109 0.01
[1+H]+ 12.8 0.85


[a] Experimental rate constants in units 10�10 cm3s�1 mol�1. [b] Relative
reaction efficiencies Keff calculated as a ratio kobs/ktheor.
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tually no difference between [1 + dEt]+ and [1 + dBu]+ ,
while the reaction of [1 + dMe]+ is slightly faster than the
reactions of [1 + dEt]+ and [1 + dBu]+ . Table 2 also in-


cludes the reaction rate constant of the [1 + H]+ ion, which
is much higher than the reaction rate constants of the alkyl
ammonium complexes.
If all three species were connected by the same proton in


the collision complex (Figure 7a), a competition situation
would exist among the three species and their proton affini-


ties would likely control the formation of the products.
However, since the proton affinity of the host lies some-
where between the proton affinities of methylamine and tri-
methylamine, one would expect, especially with larger alkyl
ammonium ions, that the product ion would then be [NR3 +
Pr3NH]


+ , and not the [1 + Pr3NH]+ ion that was seen.


Judging from the reaction rates, there more likely exists a
competition between the original guest and tripropylammo-
nium, and the collision complex more resembles the one
presented in Figure 7b. In this situation the difference in
proton affinities of the competing guests would largely de-
termine the reaction rate of the guest-exchange reaction.
The greater the difference in proton affinities, the easier the
transfer of the proton from the original guest to tripropyl-
amine and the faster the reaction. Besides the proton affini-
ty, the reaction rates are evidently affected by the sterical
properties of the original guest ions. When two or more
alkyl groups surround the proton to be exchanged, it is diffi-
cult for the neutral amine to get close enough to initiate the
reaction. Reaction rates are clearly highest with [1 +


mMe]+ and [1 + mEt]+ complexes, which have three easily
available protons for the reaction. Reaction rates of the ster-
ically most-hindered complexes, [1 + tEt]+ , [1 + tMe]+


and [1 + dHex]+ , are the slowest.


Gas-phase H/D-exchange reactions : To clarify the impor-
tance of hydrogen bonding in alkyl ammonium complexes,
gas-phase H/D-exchange reactions were performed on com-
plexes [1 + mEt]+ , [1 + dEt]+ and [1 + tEt]+ using ND3


as reactant gas. Monoisotopic isolations were used to simpli-
fy interpretation of the H/D-exchange spectra despite the
additional energy that single-frequency excitation shots
were observed to bring to complexes. With [1 + mEt]+ (d0),
three H/D-exchanges (d1, d2, and d3) were observed within a
reaction time of 5 minutes (Figure 8a). Correspondingly,
with [1 + dEt]+ and [1 + tEt]+ , two and one H/D-exchang-
es were observed (Figure 8b, c) within similar reaction times.
H/D-experiments were simultaneously performed on the [1
+ H]+ and [1 + Na]+ ions to clarify the location of the ex-
changed hydrogen atoms. In the reaction of [1 + H]+ , only
peaks corresponding to adduct ions [1 + ND3 + H]+ and
[1 + ND3 + D]+ were observed in the spectra. Spectra
from the reaction of [1 + Na]+ with neutral ND3 showed
no traces of hydrogen exchange (Figure 8d). From this it
seems clear that the exchanged hydrogen atoms are the hy-
drogen atoms of the guest ions. This also implies that the re-
sorcinol hydrogen atoms participate in intramolecular hy-
drogen bonding in the gas-phase structure. Similar behavior
in H/D-exchange reactions has been observed with unsubsti-
tuted resorcarene.[3b,20]


Table 3. Charge distribution and estimated volume of alkyl ammonium
ions according to ab initio calculations (rhf/6–31G(d)).


Ion Charge Charge Charge Volume
of N [a] of CH[b] of NH[c] [M3][d]


mMe �0.85 0.27 0.47 10.76
dMe �0.74 0.26 0.46 29.93
tMe �0.64 0.25 0.45 42.02
mEt �0.85 0.25 0.47 31.34
mEt �0.76 0.25 0.45 63.13
tEt �0.68 0.24 0.44 118.5
dBu �0.77 0.20 0.45 146.9
dHex �0.77 0.18 0.45 274.8
tPr �0.70 0.20 0.44 188.7


[a] Mulliken atomic charge of the ammonium nitrogen atom. [b] Mullik-
en atomic charge of the last CH hydrogen atoms in the alkyl chain.
[c] Mulliken atomic charge of the hydrogen atoms attached to the ammo-
nium nitrogen atom. [d] Volume of the ion estimated from the optimized
structure.


Figure 7. Possible collision complexes formed in the reaction of tripropyl-
amine.


Figure 8. H/D-exchange spectra. a) [1 + mEt]+ , b) [1 + dEt]+ , c) [1 + tEt]+ , and d) [1 + Na]+ .
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The reaction of [1 + mEt]+ reached equilibrium after
240 s. At the equilibrium stage the d3 ion was predominant,
although the d2 ion had almost the same abundancy (Fig-
ure 9a). The reaction rate constant for the first exchange
(k1) was calculated from the slope of the disappearance of
the reactant ion and it was found to be 2.36N10�11 cm3mo-
lecule�1 s�1. The reaction rate constants for the second and
third exchanges of the hydrogen atom of [1 + mEt]+ were
1.71N10�11 and 7.66N10�12 cm3molecule�1 s�1. Reactions of
[1 + dEt]+ and [1 + tEt]+ did not reach equilibrium within
the reaction time of 5 min (Figure 9b, c). For these reactions
the reaction rate constants (k1) for the first exchange were
calculated to be 1.53N10�12 and 1.35N10�12 cm3mo-
lecule�1 s�1, respectively. Exchange reactions for the last H/
D-exchange were so slow in all three cases that hydrogen
bonding must play a role in these complexes, particularly,
when single-frequency excitation shots were used and it
could be assumed that isolated complexes gained additional
energy, which presumably further accelerated the reaction.
Similar results were obtained with the failure of the H/D-ex-
change reaction with [1 + mEt]+ to reach termination and
the continued presence of forms d1 and d2 at equilibrium
stage.


Comparison of results obtained by different methods : At
first glance, the different mass spectrometric techniques
appear to give confusing and contradictory results. However,
closer examination of the results shows them to be quite
logical and each technique offers information that is a rele-
vant piece of the puzzle.
Competition experiments are often considered to describe


the solution-state properties of complexes.[14, 15] Before a
complex is formed in solution, desolvation of both species
must take place. In addition, desolvation of the ions must
occur when they are transferred to the gas phase in an elec-
trospray ionization process. Thus, the different solvation
properties of the species not only affect the formation of the
complexes, but also affect the ion yield obtained in electro-
spray ionization and the ionization efficiency of the species.
Earlier it was stated that systems with similar energetic


and structural features can safely be compared.[14,20,21] The
alkyl ammonium ions used in this study differ only in a
minor way in their charge distribution, as can be seen from
Table 3 in which the results of ab initio optimizations of the
alkyl ammonium ions are presented. The differences in their
energetic features can therefore be considered small. The


number and length of the alkyl chains, on the other hand,
significantly alter the steric properties of the ions. The alkyl
ammonium ion is presumably solvated at the nitrogen atom.
Nonpolar alkyl chains are likely to be less solvated, especial-
ly in the presence of a fairly aprotic solvent such as acetoni-
trile. As the number and length of the alkyl chains increase,
their ability to shield the nitrogen center from solvation in-
creases as well. The alkyl ammonium ions bearing long alkyl
chains or having a higher degree of substitution are likely to
be less solvated than smaller alkyl ammonium ions. Owing
to the lower degree of solvation, the formation of complexes
with larger alkyl ammonium ions could be expected to be
an enthalpically more favorable process. Furthermore, the
formed complex ion could be assumed to be less solvated;
production of gas-phase ions from the complex ions with
larger alkyl ammonium guests would thereby be enhanced.
It is the thermodynamic stability that determines if a com-
plex is formed in solution or not and, if it is formed, to what
extent it is formed. As noted above, the increased substitu-
tion and length of the alkyl chains are likely to increase the
thermodynamic stability of the complex owing to the in-
creased amount of favorable CH–p contacts. These two fac-
tors arising from the sterical properties of the alkyl ammoni-
um ions can be considered responsible for the trend ob-
served in competition experiments.
Proton affinities seemed to be a more important factor


than the steric properties of the guest ions in the CID ex-
periments. The larger the proton affinity difference between
the host and the guest, the longer and weaker the hydrogen
bond that existed between them was, and the faster their
dissociation took place. Results from the CID experiments
showed almost the opposite trend in the stability of the ions
compared with the results from competition measurements.
However, in comparing these results, it must be remem-
bered that results from competition measurements are more
indicative of solution-phase properties, and CID results indi-
cative of the properties of gas-phase ions. In addition, CID
measures the kinetic stability of the ions. Since the results
from the competition experiments and the CID experiments
show almost opposite trends, the complexes can be assumed
to have different thermodynamic and kinetic stabilities.
Results from the gas-phase ion–molecule reactions with


tripropylamine showed the importance of the steric proper-
ties of different guest ions. The rate of the guest exchange
reaction was observed to depend mainly on the accessibility
of the proton attached to the nitrogen atom of the original


Figure 9. Relative intensities in an H/D-exchange experiment as a function of reaction time (s). a) [1 + mEt]+ , b) [1 + dEt]+ , and c) [1 + tEt]+ .
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guest ion. The more the NH protons of the guest ion were
shielded by the alkyl chains, the slower the proton transfer
from the alkyl ammonium to the neutral tripropylamine,
and the slower the guest exchange reaction took place. In
addition to steric properties of the alkyl ammonium ions,
the proton affinities of the conjugate amines were also ob-
served to affect the reaction rates of the guest exchange re-
action.
According to the gas-phase H/D-exchange experiments,


alkyl ammonium complexes partly exchanged the NH hy-
drogen atoms of the guest. The fact that the reaction did not
reach termination and that the exchange of the last hydro-
gen atom was extremely slow, suggests that the complex has
a hydrogen-bonded nature. Although a definite conclusion
for or against hydrogen bonding cannot be drawn on the
basis of these results alone, the host nevertheless showed no
sign of being able to exchange resorcinol hydrogen atoms.
The failure to exchange them could be due to intramolecu-
lar hydrogen bonds between the resorcinol hydroxyl groups
and the S=O oxygen atoms of the substituents.
Conformations of related compounds have been reported.


Lukin et al.,[22] for example, performed molecular mechanics
calculations on tetratosylated resorcarene, which has methyl
or propyl substituents on the lower rim. According to their
study, the lowest energy conformation of this resorcarene
would be a boat conformation with horizontal diacylated re-
sorcinol rings and a C2-symmetric propeller-like orientation
of the four sulfonyl fragments. This conformation allows the
formation of two pairs of intramolecular S=O···H�O hydro-
gen bonds. According to the reported crystal structure,[23] re-
sorcarene tetramesitylsulfonate exists in the boat conforma-
tion in the solid state as well, which allows the formation of
two intramolecular hydrogen bonds. In addition to the intra-
molecular hydrogen bonds, the boat conformation would
also allow the complexation of relatively large guest ions, as
was also observed in the present study. In the boat confor-
mation the guest ion would be located more at the stern of
the boat than in the middle. The tosylate substituents are lo-
cated at the ends of the boat conformation. This location
offers multiple CH–p sites for interaction between the alkyl
chains of the guest ion and the aromatic rings of the sub-
stituents of the host.


Conclusion


As demonstrated in this study, mass spectrometry is a valu-
able tool for studying the gas-phase properties of, in particu-
lar, supramolecular assemblies. However, liquid-phase prop-
erties can also be elucidated. The usefulness of ion–mole-
cule reactions will increase as they are more frequently ap-
plied to supramolecular complexes. At best, ion–molecule
reactions with convenient reagents can offer diverse infor-
mation about the energetics of complexes and the factors
affecting their formation. However, as we have shown, the
results from different mass spectrometric techniques must
be interpreted with care, given the many factors that influ-
ence the formation and stability of these kinds of com-
plexes.


Resorcarene 1 was found to form a singly charged nonco-
valent complex with all investigated alkyl ammonium ions,
which were stable enough to survive the electrospray ioniza-
tion process and isolation for MS/MS experiments. The fol-
lowing observations were made during the study: 1) resor-
carene 1 has a relatively wide conformation in the complex
structure and the complexation site is most likely at the
stern of the boat conformation, whereas guest ions as large
as dihexylammonium are able to from complexes with resor-
carene 1. 2) According to the competition experiments, the
thermodynamically most stable host–guest complexes were
formed with alkyl ammonium ions that were most substitut-
ed and had the longest alkyl chains. This is most likely
caused by decreased solvation of the alkyl ammonium ions
and increased possibility to form stabilizing CH–p interac-
tions with the substituents of the host. 3) In CID experi-
ments, release of an intact free guest ion or dissociation of
the host was observed to depend on the proton affinity of
the conjugated amine and the strength of the hydrogen
bond that was formed. 4) In ion–molecule reactions with tri-
propylamine, a guest exchange reaction occurred with all
alkyl ammonium ion complexes, with reaction rates mostly
dependent on the steric properties of the original guest ion.
In H/D-exchange reactions the NH hydrogen atoms of the
guest ion were exchanged with deuterium, whereas the re-
sorcinol hydrogen atoms remained unchanged. The fact that
the exchange reactions did not reach termination and that
the exchange of the last hydrogen was extremely slow sug-
gests that the complex has a hydrogen-bonded nature, al-
though a definite conclusion cannot be drawn.


Experimental Section


All mass spectrometry experiments were performed with the BioApex
47e Fourier transform ion cyclotron resonance mass spectrometer, equip-
ped with an Infinity cell, a passively shielded 4.7 T 160-mm bore super-
conducting magnet and an external Apollo electrospray ionization source
manufactured by Bruker Daltonics. The required 1N10�9 Torr vacuum
was maintained by rotary vacuum pumps and turbomolecular pumps sup-
plied by Edwards (Edwards High Vacuum International, Crawley, UK).
The sample was introduced to a 708 off-axis sprayer through a syringe in-
fusion pump (Cole-Parmer 74900 series, Cole-Parmer Instrument Compa-
ny, Vernon Hills, IL) at a flow rate of 90 mLh�1. Room-temperature nitro-
gen gas was used as nebulization and counter-current drying gas. Experi-
mental parameters were kept as constant as possible to maintain compa-
rable conditions. Ion-source voltages were mostly adjusted between �3.8
and �4.0 kV to end plate and between �4.0 and �4.4 kV to capillary.
The capillary exit voltage was adjusted between 100 V and 350 V. The
measurements and data handling were accomplished with Bruker
XMASS software version 6.0.2.


Synthesis and characterization of resorcarene 1 were reported earlier.[23]


Resorcarene 1 was dissolved in CHCl3. All alkyl ammonium ions were
used as ammonium chlorides and they were first dissolved in methanol
and then diluted in acetonitrile. The sample for measurement was pre-
pared in acetonitrile with a concentration of 4.1mm and a host–guest ratio
of 1:1 to avoid nonspecific complexation. For ion–molecule reactions, a
host–guest ratio of 1:3 was used to produce adequate intensity for isola-
tion in the higher cell pressure. Protonated host [1 + H]+ was produced
from a 1% trifluoroethanol (TFA)/methanol (v/v) solution.


Competition experiments were performed with a host–guest1-guest2
ratio of 1:1:1. The spectrum of a competition measurement consisted of
16 summed scans. Each experiment was carried out on five different sam-
ples and each sample was measured five times. The overall variance was
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calculated from the standard deviation of sampling and the standard de-
viation of the measurement (s2= s1


2+ s2
2). Measurements or samples were


rejected if the average deviation of a suspect value from the mean was at
least four times the average deviation of the retained values.[24]


In collision-induced dissociation (CID) experiments, collisionally cooled
precursor ions were isolated by the CHEF procedure.[25] Isolated ions
were thermalized during a 3.0 s delay, translationally activated by an on-
resonance radio frequency (RF) pulse, and allowed to collide with pulsed
argon background gas. Each spectrum was a collection of 32 scans. To
maintain comparable conditions, the parameters of the pulse program
were kept constant.


In ion–molecule reactions with tripropylamine the neutral reagent was
introduced to the cell through a variable leak inlet valve. The pressure
was allowed to rise to 5N10�8 Torr where it was kept constant. Ions were
isolated as in CID experiments and allowed to react with the neutral re-
agent with delay times from 0.1 up to 300 s. The spectra consisted of 2, 4,
8, or 16 scans. The number of scans was varied according to the reaction
delay needed, while keeping the time of the experiment convenient. Var-
iation in the number of scans did not influence the resulting spectrum.
All the spectra were background-corrected. The decay of the relative
abundance of the reactant ion as a function of time was used to deduce
the reaction rate constant (kobs). The pressure readings for the neutral re-
agent were corrected with the measured geometrical correction factor of
propylamine. Theoretical reaction rate constants (ktheor) were calculated
by using the average dipole orientation (ADO) theory proposed by
Bowers et al.[26] The dipole moment for tripropylamine measured at
room temperature and in liquid was used in calculations.[27] Relative reac-
tion efficiencies (Keff) were calculated as the ratio kobs/ktheor.


For ND3 (H/D-exchange) ion–molecule reactions, ions were isolated as in
CID experiments, but single frequency excitation shots were used to ach-
ieve monoisotopic isolations. The rate constant k1 was calculated as kobs.
The pressure readings for the neutral reagent were corrected with the
measured geometrical correction factor of ammonia. Rate constants k2
and k3 were estimated at the equilibrium state using the calculated k1
value and the maximum ion abundances.[28]


Gaussian98 or Gaussian03[29,30] software with the Hartree–Fock method
was used for ab initio calculations. Geometry optimization and charge
distribution of guest ions was calculated by using the 6–31G(d) basis set.
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Atmospheric Pressure Chemical Vapor Deposition: An Alternative
Route to Large-Scale MoS2 and WS2 Inorganic Fullerene-like
Nanostructures and Nanoflowers**


Xiao-Lin Li, Jian-Ping Ge, and Ya-Dong Li*[a]


Introduction


Fullerene structures of carbon were first discovered in the
1980s,[1–2] and extensive investigations of their many applica-
tions in batteries, optics, and electronics was carried out
soon after the large-scale synthesis methods were reported.[3]


Molybdenum disulfide (MoS2), tungsten disulfide (WS2),
and many other layered inorganic compounds were found to
have a comparable structure to carbon and could form inor-
ganic fullerene-like (IF) structures under appropriate condi-
tions.[4–11] Much effort has been devoted to the synthesis of
these novel IF materials. MoS2 and WS2 are versatile transi-
tion-metal sulfides and have attracted much attention due to
their distinctive properties and wide ranges of promising ap-
plications, such as solid lubricants,[12] solid-state secondary
lithium battery cathodes,[13] and industrial catalysts for
hydro-desulfurization of crude oil.[14] Recently, the excellent
performances of MoS2 and WS2 nanotubes in hydrogen stor-
age, host–guest compounds, and scanning tunnelling micro-
scope (STM) tips have been reported.[15–17]


The synthesis of MoS2 and WS2 IF nanostructures by vari-
ous routes has been reported,[18–23] such as the gas-phase re-
action between oxides and H2S/H2,


[18–19] the decomposition
of ammonium thiomolybdate or metal trisulfides,[20–21] the
heating of MoS2 powders,[22] and the catalyzed transport
method.[23] Recently, we have synthesized WS2 nanotubes
from artificial lamellar structures.[24]


Despite the research being carried out globally on MoS2
and WS2 IF nanostructures, it will be several years before
the commercial applications of these fullerene-based prod-
ucts, in areas such as catalysts, batteries, and lubricants, are
realized. To enable scientists to extensively investigate
the properties and applications of these nanostructures, a
conventional and effective method for the large-scale
synthesis of high-quality IF MoS2 and WS2 is a prereq-
uisite. Tenne and co-workers met the challenge and obtained
macroscopic quantities of WS2 hollow onions by means of
the fluidized-bed reactor.[25] Recently, we reported the
simple reaction of MoO3 nanobelts and S to synthesize IF
MoS2.


[26] Herein we describe a novel atmospheric pressure
chemical vapor deposition (APCVD) route for the large-
scale synthesis of MoS2 and WS2 IF nanostructures. These
structures and elegant three-dimensional nanoflowers (NF)
were obtained by the reaction of chlorides (MoCl5/WCl6)
and sulfur, under controlled conditions; a reaction mecha-
nism for the synthesis of these structures is proposed, and
their surface area and field-emission properties measured.
The APCVD strategy provides an alternative method for
the large-scale synthesis of IF MoS2 and WS2 and might
offer better opportunities for the further investigation of
their properties and applications. It has also been explored
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Abstract: Large-scale MoS2 and WS2
inorganic fullerene-like (IF) nanostruc-
tures (onionlike nanoparticles, nano-
tubes) and elegant three-dimensional
nanoflowers (NF) have been selectively
prepared through an atmospheric pres-
sure chemical vapor deposition
(APCVD) process with the reaction of
chlorides and sulfur. The morphologies


were controlled by adjusting the depo-
sition position, the deposition tempera-
ture, and the flux of the carrier gas. All
of the nanostructures have been char-


acterized by X-ray powder diffraction
(XRD), transmission electron micros-
copy (TEM), and scanning electron mi-
croscopy (SEM). A reaction mecha-
nism is proposed based on the experi-
mental results. The surface area of
MoS2 IF nanoparticles and the field-
emission effect of as-prepared WS2
nanoflowers is reported.


Keywords: chemical vapor deposi-
tion · nanoflowers · nanostructures ·
sulfides
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as a general approach for the synthesis of other metal sul-
fides.


Results and Discussion


MoS2 and WS2 fullerene-like nanoparticles : X-ray diffrac-
tion (XRD) was used to determine the chemical composi-
tion and crystallinity of the products. Figure 1 shows the typ-
ical XRD patterns of IF MoS2 and WS2. All the reflections
in Figure 1a have been indexed to the hexagonal structure
of MoS2 with lattice constants: a=3.160, c=12.29 L
(JCPDS card No: 77–1716); and those of Figure 1b have
been indexed to the hexagonal phase of WS2 with lattice
constants: a=3.153, c=12.32 L (JCPDS card No: 84–1398).
The (002) peaks in the images display a prominent signal in-
dicating the presence of a well-stacked layered structure. A
shift in the (002) peak position of IF MoS2 and WS2, which
is usually regarded as a key mechanism for the strain relief
of the folded structure, was also observed in our investiga-
tion. From Figure 1a and b, it was estimated that the (002)
peaks of IF MoS2 and WS2 were shifted by about 0.7 and
0.8%, values that are smaller than the corresponding value
(about 2%) reported by Tenne et al.[4,18–19]


The size and morphology of the products were examined
by transmission electron microscopy (TEM). Figure 2 shows
the TEM images obtained for IF MoS2 nanoparticles. On
the basis of TEM, more than 95% of the samples were ful-
lerene-like nanoparticles. Figure 2a–d are the representative


Figure 1. Typical XRD patterns of a) as-synthesized IF MoS2 and b) IF
WS2.


Figure 2. TEM images of MoS2 IF nanoparticles show the hollow, spherical, and polyhedral morphologies (a–d). HRTEM images of individual MoS2 ful-
lerene-like nanoparticles show the lattice structure (e, f). The lattice fringe thickness is shown.
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low-magnification TEM images, in which IF MoS2 has a
hollow spherical morphology with diameters of about
40 nm. High-resolution TEM (HRTEM) provided further
insight into the structure of the individual IF MoS2 nanopar-
ticles. Figure 2e and f show the typical lattice structure. The
distance between two lattice fringes was 0.62 nm. Some IF
MoS2 nanoparticles were polyhedral in shape, as seen in
Figure 3, in which it is shown that by varying the tilt-angle


of the sample in the TEM, parts of the polyhedron fringe
pattern disappear and a different fringe pattern appears on
the other side of the nanostructure. This behavior means
that either the structure is not completely closed or, as in
the case of SnS2,


[11] that the closed polyhedra are highly
faced. In addition, the shape of the MoS2 polyhedron was
very irregular, as is easily verified by looking at the tilted
sample.
The low-magnification image in Figure 4a shows that the


as-synthesized IF WS2 particles are irregular in shape with
diameters of about 50 nm. The HRTEM image of an indi-


vidual WS2 IF nanoparticle is shown in Figure 4b, from
which the lattice fringes were measured to be about 0.62 nm
thick.
Further observations showed that some IF MoS2 and WS2


nanoparticles contained many edge dislocations; conse-
quently the layers were not fully closed, although they were
curved. The inner hollow core of some nanoparticles exhib-
ited distinct angles, some typically 908, and some nanoparti-
cles formed octahedra. The many defects and large diame-
ters of the IF nanoparticles were believed to have relieved
some strain in the folded layers and hence the (002) peak
did not shift as much as the value reported by Tenne et
al.[4,18–19]


Energy-dispersive spectroscopy (EDS) analysis was car-
ried out on individual IF MoS2 and WS2 nanoparticles. The
results confirmed that the molar ratio of sulfur to the corre-
sponding metal was close to 2:1 (the spectra are not shown
here).


MoS2 and WS2 nanotubes and nanoflowers : By adjusting re-
action variables such as the deposition position, the deposi-
tion temperature, and the flux of the carrier gas, we ob-
tained products with different morphologies. The tempera-
ture of the deposition positions had the most important in-
fluence on the product morphologies. We investigated the
products deposited at temperatures from 400 to 850 8C. The
results showed that MoS2 and WS2 onionlike nanoparticles
were obtained in the chloridesN boat at about 850 8C. MoS2
and WS2 nanotubes were obtained at a deposition tempera-
ture of about 750 8C, whereas MoS2 and WS2 nanoflowers
had the optimal morphology when deposited at about
650 8C.
Figure 5 presents the typical scanning electron microscopy


(SEM) images of MoS2 nanoflowers and nanotubes. Based
on SEM, more than 95% of samples obtained at the deposi-
tion temperatures of 650 and 750 8C were nanoflowers and
nanotubes, respectively. As shown in Figure 5a, MoS2 nano-
flowers are three-dimensional, partly spherical, and flower-
like in appearance, several micrometers in size and com-
posed of tens to hundreds of self-assembled petals. The


Figure 3. TEM images of an MoS2 polyhedron observed at a tilt-angle of
a) 08, and b) 308.


Figure 4. a) A typical TEM image of WS2 fullerene-like nanoparticles.
b) A HRTEM pattern of an individual IF WS2 particle. The lattice fringe
thickness is shown.
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petals emanate from one center and grow in all directions.
They slightly curve and gradually tenuate towards the edges,
resulting in 100–200 nm pieces with thin edges of about
10 nm (Figure 6a). Figure 5b shows a large amount of MoS2
nanotubes. The nanotubes have a regular column shape and
are several micrometers long. Some open-ended nanotubes
can be seen in this image.


TEM images of MoS2 nanoflowers and nanotubes are
shown in Figure 6. Petals of MoS2 nanoflowers having large
widths and thin edges can be seen in Figure 6a, which agrees


with the SEM results. MoS2 nanotubes about a micrometer
in length and having diameters ranging from 30 to 100 nm
are shown in Figure 6b.
Nanoflowers and nanotubes of WS2 were also examined


by SEM and TEM measurements. Figure 7 shows the repre-
sentative SEM results. Figure 7a is a low-magnification
image of a large area of WS2 nanoflowers. A more detailed
image of an individual nanoflower is shown in Figure 7b;
here tens to hundreds of petals, several micrometers in size,
can be seen assembled into the flowerlike morphology. The
WS2 nanoflower petals are approximately 100–300 nm wide
and 40 nm thick. Figure 7c shows large-scale WS2 nanotubes
several micrometers in length. A higher magnification SEM
image (Figure 7d) shows that the diameter of the open-
ended tube is about 40 nm. TEM images of WS2 nanoflow-
ers and nanotubes are shown in Figure 8. Here it is shown
that the WS2 nanoflower is composed of wide petals with
thin curving edges (Figure 8a), in agreement with the SEM
results. Figure 8b and c show the typical hollow structure of
WS2 nanotubes with diameters ranging from 20 to 50 nm.
The inset of Figure 8b is the SAED (SAED= selected area
electron diffraction) pattern taken on an individual WS2
nanotube. The HRTEM image (figure 8d) shows that the as-
synthesized nanotubes have thin and well-stacked walls with
lattice fringes of about 0.62 nm.


Raman study of MoS2 IF nanoparticles and nanoflowers :
Taking MoS2 as the example, we carried out a Raman study
of the IF nanostructure and flowerlike (FL) samples. Fig-
ure 9a shows typical Raman spectra of MoS2 fullerene-like
nanoparticles and nanoflowers taken at room temperature.
These Raman patterns are enlarged at different wavenum-
bers in Figure 9b–d. IF MoS2 and FL samples appeared to
have an analogous outline, however, further observation
showed that their Raman spectra were quite different, both
in peak shape and position. The frequencies of the peaks
shown in Figure 9 are listed in Table 1 and correspond well
to the symmetry modes reported in the literature.[27]


The Raman study of the IF structure and FL samples indi-
cated that the particle size, crystal structure, and synthesis-
specific structural modifications in these nanoparticles had
brought about great changes in the electronic states.


Reaction mechanism : Reported strategies for the synthesis
of sulfides,[8,26,28–30] especially the reactions between chlo-
rides and a mixed gas of H2S and H2,


[8,28] gives us a good un-
derstanding of the reaction mechanism of MoCl5/WCl6 and
S. In the well-known reaction of MoCl5 and H2S/H2, H2 is
used as the additional reductant [Eq. (1)].[28]


2MoCl5 þ 4H2SþH2 ! 2MoS2 þ 10HCl ð1Þ


Very recently, it was reported that the reaction of MoCl5
(WCl6) and Na2S could self-ignite or be detonated with a
hot filament at 40–60 8C.[30] In that reaction system, given in
Equations (2) and (3), Na2S served as the reductant and sul-
furization agent instead of H2S and H2.


2MoCl5 þ 5Na2S ! 2MoS2 þ 10NaClþ S ð2Þ


Figure 5. SEM images of MoS2 a) nanoflowers and b) nanotubes.


Figure 6. TEM images of MoS2 a) nanoflowers and b) nanotubes.
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WCl6 þ 3Na2S ! WS2 þ 6NaClþ S ð3Þ


In our strategy, we used sulfur instead of Na2S or H2S/H2


to react with the chlorides. At elevated temperatures, sulfur
is reactive and might serve as the reductant and sulfuriza-
tion agent at the same time.[26] The reaction of MoCl5/WCl6
and S is a mixed process of self-redox and metathesis reac-


tions. Based on the experimental facts, the reactions be-
tween the chlorides and S were formulated as given in
Equations (4) and (5).


2MoCl5 þ 14 S ! 2MoS2 þ 5Cl2S2 ð4Þ


WCl6 þ 8 S ! WS2 þ 3Cl2S2 ð5Þ


Figure 7. a) Low-magnification and b) high-magnification SEM images of WS2 nanoflowers. c,d) SEM images of WS2 nanotubes.


Figure 8. a) TEM images of WS2 nanoflowers and b, c) nanotubes. The SAED pattern of an individual nanotube is shown in the inset of (b). d) A
HRTEM image of a WS2 nanotube showing its lattice fringes to be about 0.62 nm.


Chem. Eur. J. 2004, 10, 6163 – 6171 www.chemeurj.org K 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 6167


MoS2 and WS2 Nanostructures by APCVD 6163 – 6171



www.chemeurj.org





The reaction was environmentally benign, because sulfur
was used rather than hazardous H2S (or a mixed gas of H2S
and H2), which is toxic and corrosive. Excessive S powder
was used to create an atmosphere in which the chlorides
were sure to completely change to MoS2 or WS2. The whole
reaction system was tightly sealed and protected by a flow
of argon, because traces of oxygen could cause oxidation of
the products. Furthermore, the by-product S2Cl2 is a toxic
material with a pungent smell, and although the amount
produced was quite small, NaOH solution was used to
absorb the S2Cl2 and convert it into innocuous materials ac-
cording to Equation (6).[26]


2 S2Cl2 þ 6NaOH ! 4NaClþ 3 SþNa2SO3 þ 3H2O ð6Þ


A more detailed investigation
of the reaction between chlo-
rides and sulfur was done by
choosing the reaction of MoCl5
and S as a model. A series of
controlled experiments were
conducted at temperatures be-
tween 200 and 900 8C. Although
the reaction of MoCl5 and S
began at about 300 8C, MoS2 was
formed at higher temperatures.
Figure 10a shows the typical
XRD patterns of the products
obtained at 300, 450, 480, 515,
550, 615, and 850 8C. As shown
in this figure, MoS2 was not ob-
tained until the reaction temper-
ature was greater than 550 8C. It
was found that MoS2 had a
rhombohedral structure at
550 8C and a hexagonal structure
at 850 8C. At an intermediate
temperature of about 615 8C,
MoS2 consisted of a mixture of
rhombohedral and hexagonal
phases.
From the experiments, the re-


action of MoCl5 and S is be-
lieved to be a stepwise sulfuriza-


tion reaction. At first, MoCl5 is reduced and partially sulfur-
ized forming the intermediate product of MoSxCly. Upon
further reaction with sulfur atoms, chlorine atoms in the in-
termediate are substituted by sulfur atoms, and the pure
MoS2 phase is obtained. MoSxCly intermediate products
were obtained at low reaction temperatures, providing
strong evidence of this mechanism. X-ray photoelectron
spectroscopy (XPS) was carried out on the intermediate
samples and indicated that the products contained Mo, S,
and Cl atoms. The intermediate products obtained at differ-
ent temperatures had different molar ratios of Mo, S, and
Cl; for example, at 515 8C, the molar ratio was about
0.35:0.42:0.24. Figure 10b and c presents the typical XPS
spectra of the Mo 3d and S 2p, corresponding to the inter-
mediate sample obtained at 515 8C. In Figure 10b, the Mo
3d5/2 peak at 229.8 eV and the Mo 3d3/2 peak at 233.0 eV
could be attributed to Mo4+ atoms.[31] In Figure 10c, the S
2p spectrum primarily showed a strong peak at about
162.9 eV, the same as that for conventional MoS2. These re-
sults agree with the mechanism detailed above. We obtained
the pure MoS2 phase by heating the intermediate samples to
800 8C in an argon atmosphere, with or without sulfur. This
result further supported the premise of MoSxCly being the
intermediate product of the reaction of MoCl5 and S. This
reaction was very fast at high temperatures: We took sam-
ples at 850 8C for different time periods, which were then ex-
amined by XRD. The results showed that MoS2 had been
formed after a 2 min reaction. Thus, we failed to obtain the
intermediate products. More work is needed for a better un-
derstanding of the reaction mechanism.


Figure 9. Raman spectra of IF MoS2 and nanoflowers. a) The full spectra between wavenumbers 150 to
1000 cm�1; spectra enlarged at the corresponding wavenumbers of: b) 100 to 400 cm�1, c) 400 to 500 cm�1, and
d) 500 to 800 cm�1.


Table 1. Raman peaks observed in IF and FL MoS2 samples at room
temperature and the corresponding symmetry assignments. All peak posi-
tions are in cm�1.


IF MoS2 FL MoS2 Symmetry assignment[a]


178 177 A1g(M)�LA(M)
228 LA(M)
383 385 E1


g(G)
408 409 A1g(G)
416 419
453 455
460 466 2OLA(M)


529 E1g(M)+LA(M)
566 571 2OE1g(G)
598 600 E1


g(M)+LA(M)
640 643 A1g(M)+LA(M)


[a] LA refers to longitudinal acoustic, G and M refer to G and M points
in the electronic-band structure diagrams.
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Formation of MoS2 and WS2 IF nanoparticles : According to
the literature[8,26–30] and our experimental results, it is be-
lieved that MoS2 and WS2 IF nanostructures are formed in
vapor, and the growth is dominated by the vapor–solid (VS)
mechanism. By heating the reactants directly to 850 8C, the
chlorides (MoCl5 or WCl6) and S quickly evaporate and si-
multaneously react. Similar to the reactions detailed in ref-
erences [29–31], which were highly exothermic at elevated
temperatures, ignition of the present reaction at high tem-
perature led to a very rapid and sometimes explosive reac-
tion progression. This rapid reaction might lead to a high
degree of supersaturation of the vapor and hence, to fast nu-
cleation. Thus, numerous nuclei of IF MoS2/WS2 are initially
formed in the vapor phase. Some nuclei grow larger relative


to others and subsequently precipitate on the substrates at
850 8C. Layered structures with relatively large radii of cur-
vature (>10 nm) and thin walls form and bend, resulting in
quasi-spherical fullerene-like nanostructures.[32] Thus, when
the initial clusters grow to the critical size, they bend and
form incipient IF structures. These clusters grow, crystallize,
and finally form spherical IF nanoparticles. When the di-
mensions of the nanostructures are below the critical size,
the bending energy is excessively high, and point defects
become energetically favorable. IF nanostructures with
many dislocations, partially closed layers, or faceted polyhe-
dral structures form, as has been validated by the growth of
WS2 IF nanoparticles from tungsten oxide nanoparticles.[19]


Although in our approach, the reaction reached completion
very quickly at high temperatures, the annealing treatment
lasted for 1 h. During this process, defects and amorphous
products in the IF nanoparticles grew further, resulting in
well-crystallized IF nanostructures.
Other nuclei formed initially might be transported down-


stream by the argon flow and deposited in low-temperature
regions. Because temperature plays an important role in
controlling the shape and crystallization of the products, the
clusters deposited at different temperatures must have dif-
ferent thermodynamic and kinetic growth behavior. Thus,
nanoflowers and nanotubes were obtained separately at
about 650 and 750 8C.


Surface area measurement and field-emission effect : The
surface area of as-synthesized MoS2 IF nanoparticles, deter-
mined by Brunauer–Emmett–Teller (BET) gas adsorption
isothermals, was found to be about 33.4 m2g�1, much larger
than that of MoS2 nanoflowers, usual MoS2 crystals, and
some MoS2 nanotube samples.[33–34] With this large surface
area, as-synthesized IF MoS2 samples were expected to have
excellent performance in areas such as catalysis, hydrogen
storage, and as catalysts carriers. Detailed measurements are
provided in the Supporting Information.
Stimulated by the field-emission effect of low-dimensional


nanomaterials,[35–40] and the flowerlike structure with numer-
ous nanosized free-edges, we investigated the field-emission
effect of the as-synthesized WS2 nanoflowers. They ap-
peared to be good field emitters, displaying current densities
of 0.01 and 0.6 mAcm�2 at macroscopic fields of about 6.1
and 8.3 Vmm�1, respectively. The Fowler–Nordheim (FN)
plots, corresponding to different separations, showed a simi-
lar linear relationship and revealed that electron emission
from WS2 nanoflowers followed the FN theory. Details of
these measurements can be found in the Supporting Infor-
mation.


Conclusion


We have prepared large-scale MoS2 and WS2 IF nanostruc-
tures and elegant three-dimensional nanoflowers by the re-
action of chlorides and S in a designed atmospheric pressure
chemical vapor deposition route. The reaction mechanism
was proposed on the basis of the experimental facts. The
surface area of MoS2 IF nanoparticles and the field-emission


Figure 10. a) XRD patterns of the reaction products of MoCl5 and S, ob-
tained at different reaction temperatures. (Temperatures given in 8C; #
and * indicate intermediate products of MoSxCly.) The XPS spectra of
the intermediate product obtained at 515 8C: b) Mo 3d spectrum, c) S 2p
spectrum.
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effect of as-synthesized WS2 nanoflowers were reported.
This synthetic strategy provides an alternative method for
the large-scale synthesis of MoS2 and WS2 IF nanostructures,
and might offer an opportunity for the extensive investiga-
tion of their vast number of applications.


Experimental Section


Materials : The molybdenum pentachloride (MoCl5), tungsten hexachlo-
ride (WCl6), and all chemicals used in this work were analytical grade re-
agents. Single crystal (100) silicon wafers were used as substrates.


Synthesis : The typical synthesis process was carried out in a conventional
tube furnace at about 850 8C, with an argon flow-rate of about 20 sccm
(standard cubic centimeter per minute). The MoCl5/WCl6 (about 2 mmol)
was loaded into a quartz boat and placed in the middle of the quartz
tube. Excessive sulfur (about 20 mmol) was loaded into another quartz
boat and placed 5 cm away from the chlorides in the upstream end of the
tube. Silicon substrates (5O5 mm2) were arranged neatly in a quartz boat,
which was located 5 cm away from the chlorides in the downstream end
of the quartz tube. When the furnace temperature became stable at
850 8C, the reactants were quickly pushed into the hot zone of the fur-
nace. After the sample had been annealed at 850 8C for 1 h, it was cooled
in the furnace to room temperature in an argon atmosphere. The prod-
ucts deposited at different temperature regions were carefully collected
for characterization. In general, fullerene-like nanoparticles, nanotubes,
and nanoflowers were deposited at about 850, 750, and 650 8C, respec-
tively. The total yield of MoS2/WS2 was calculated to be about 95% on
the basis of Mo/W. With optimized reaction factors we could obtain more
than 90% single-morphology product in one port.


Characterization : Powder X-ray diffraction was performed on a Bruker
D8-Advance X-ray diffractometer with CuKa radiation (l=1.54178 L).
The 2q range used in the measurement was from 108 to 708 in steps of
0.028 with a count time of 1 s. The size and morphology of as-synthesized
samples were determined by using a Hitachi model H-800 transmission
electron microscope (tungsten filament) at an accelerating voltage of
200 kV. The structure and composition of the products were character-
ized by a JEOL-2010F high-resolution transmission electron microscope
and energy-dispersive X-ray spectroscopy. SEM images were carried out
on a JSM-6301F scanning electron microscope. Raman spectra were
taken on a RM 2000 microscope and confocal Raman spectrometer
(Renishaw PLC., England), which included a 632.8 nm laser beam and a
CCD detector with 4 cm�1 resolution. X-ray photoelectron spectroscopy
was carried out using a PHI-5300 ESCA.
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Kinetic Study of Phosphorylation-Dependent Complex Formation between
the Kinase-Inducible Domain (KID) of CREB and the KIX Domain of CBP
on a Quartz Crystal Microbalance


Hisao Matsuno, Hiroyuki Furusawa, and Yoshio Okahata*[a]


Introduction


Phosphorylation-dependent protein–protein interactions
provide the foundation for a multitude of intracellular signal
transduction pathways, and a number of signaling pathways
have been shown to regulate the expression of target genes
by the phosphorylation of specific transcription factors.[1] In
the most common mechanism of activation of transcription
processes, basal transcription factors are recruited by activa-
tors through either direct interactions with components of
the transcriptional factors or indirect interactions mediated
by coactivators.[2] A subset of these activator and coactivator
associations is subject to further regulation by reversible co-
valent modifications, such as protein phosphorylation.[1,3]


One of the best characterized stimulus-induced transcrip-
tion factors, cyclic AMP (cAMP) response element binding
protein (CREB), plays a role in mediating the transcription-
al response invoked by intracellular second messenger
cAMP in response to extracellular stimuli.[4,5] Activation of


the kinase-inducible domain (KID) is dependent on phos-
phorylation of a particular residue, Ser-133, by a protein
kinase A (PKA).[6] Phosphorylation of Ser-133 in turn indu-
ces interaction with the KIX domain of the CREB binding
protein (CBP).[7–10] NMR studies revealed a direct role for
the phosphate group of phosphoserine-133 (pSer-133) in the
formation of the complex pKID–KIX. The phosphate group
engages in intermolecular interactions with the hydroxyl
group of Tyr-658 and the e-amino group of Lys-662 of the
KIX domain.[11] Recently, an E. coli based two-hybrid
system was applied to examine this phosphorylation-de-
pendent KID–KIX interaction, providing a rapid and simple
selection system for detecting protein–protein interactions
in E. coli.[12]


The nature of biomolecular interactions, such as DNA–
protein, RNA–protein, and protein–protein, can be under-
stood more precisely by using kinetic analyses to comple-
ment structural NMR spectroscopic and X-ray crystallo-
graphic studies. We have reported quantitative kinetic stud-
ies of biomolecular interactions, such as DNA hybridiza-
tion,[13] the binding of transcriptional regulation factor
GCN4-bZIP peptide to its target DNA,[14] the binding of
replication factor PCNA to DNA,[15] and enzymatic reac-
tions, such as polymerase on DNA,[16–18] by using a DNA-im-
mobilized 27 MHz quartz crystal microbalance (QCM). A
QCM is a very sensitive device for mass measurement, in
both air and aqueous solution. Its oscillatory resonance fre-


[a] Prof. H. Matsuno, Prof. H. Furusawa, Prof. Y. Okahata
Department of Biomolecular Engineering
Tokyo Institute of Technology and CREST, JST
4259 Nagatsuda, Midori-ku, Yokohama 226–8501 (Japan)
Fax: (+81)45-924-5781
E-mail : yokahata@bio.titech.ac.jp
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Abstract: We report quantitative analy-
sis of peptide–peptide interactions on a
27 MHz quartz crystal microbalance
(QCM) in aqueous solution. The KID
(kinase-inducible domain) of transcrip-
tion factor CREB (cyclic AMP re-
sponse element binding protein) is
known to interact with the KIX
domain of coactivator CBP (CREB
binding protein), facilitated by phos-
phorylation at Ser-133 of the KID. The
KIX domain peptide (86aa) was immo-
bilized on the QCM gold electrode sur-


face by means of a poly(ethylene
glycol) spacer. Binding of the KID
peptide (46aa) to the KIX peptide was
detected by frequency decreases (mass
increases) of the QCM. Both maximum
binding amount (Dmmax) and associa-
tion constants (Ka) obtained from the


QCM measurements increased as a
result of phosphorylation of Ser-133 of
the KID peptide. The Ka values for
KIX peptide to the phosphorylated
(pKID) and unphosphorylated KID
peptides were (93�2)H103 and (5�
1)H103m�1, respectively. This difference
was explained by the dissociation rate
constant (k�1) of the pKID being
20 times smaller than that of the KID,
while association rate constants (k1)
were independent of phosphorylation.


Keywords: kinetics · peptide–pep-
tide interactions · phosphorylation ·
protein kinases · quartz crystal mi-
crobalance
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quency decreases linearly as the
mass on the QCM electrode in-
creases (at the nanogram
level).[19,20] The 27 MHz QCM
used in this study has an ideal
sensitivity of 0.62 ngcm�2


change in mass per one Hz re-
duction in frequency, a sensitiv-
ity sufficient to detect peptide–
peptide interactions.[21]


As described above, protein
phosphorylation is one of the
key mechanisms of specific pro-
tein–protein interaction; how-
ever, little is known of the ki-
netics of this process. In this
paper, we apply a QCM
method to provide kinetic anal-
ysis of phosphorylation-depen-
dent peptide–peptide interac-
tions (Figure 1). The KIX
domain peptide (86 aa; aa=
amino acid) of coactivator CBP
was immobilized on the QCM
plate, and the binding of the
KID of CREB was monitored
by measuring frequency de-
creases (mass increases). The
maximum binding amounts
(Dmmax), association constants
(Ka), and association and disso-
ciation rate constants (k1 and
k�1) were obtained and subse-
quently compared following
phosphorylation of KID and
variation of ionic strength.


Results and Discussion


Saturation binding of pKID or
KID to KIX on the QCM : Fig-
ure 2a shows the typical fre-
quency changes for the KIX
domain-immobilized QCM res-
onator, responding to additions
of pKID or KID peptides in so-
lution. Mass increases due to
binding of pKID to KIX were
observed; however, nonphos-
phorylated KID binding was barely detectable under the
same conditions. Binding amounts (Dm) revealed simple sat-
uration curves as a function of peptide concentrations, as
shown in Figure 2b. In control experiments, very low levels
of binding of both the pKID and KID peptides to the PEG-
immobilized QCM under the same conditions were detect-
ed. In addition, binding of the pKID or KID peptides to the
KIX-immobilized QCM was inhibited by free KIX peptides
in the solution in a concentration-dependent manner. These


results clearly indicate the specific peptide–peptide interac-
tion between KIX and pKID or KID.


The saturation binding kinetics of Figure 2b are expressed
by Equation (1) as linear reciprocal plots of [peptide]/Dm
against [peptide], as shown in Figure 2c.[22]


½KID�0
Dm


¼ ½KID�0
Dmmax


þ 1
KaDmmax


ð1Þ


Figure 1. a) Peptide sequences of the KIX domain of mCBP (residues 586–666) and the KID of mCREBa
(residues 106–151). A GSCGG linker (underlined) attached to the N terminus of KIX enabled immobilization
to the Au electrode of a QCM plate by binding of the -SH group of the Cys residue. Phosphorylation at Ser-
133 of the KID mediates interaction with the KIX domain. b) A representation of a 27 MHz QCM for moni-
toring the binding of the KID or the pKID to the KIX-immobilized QCM resonator. c) Immobilization of the
KIX peptide to the Au electrode of a QCM resonator (see Experimental Section for details).
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Association constants (Ka) and maximum binding
amounts (Dmmax) were calculated from the slope and inter-
cept, respectively, of Figure 2c. We found that pKID bound
to KIX with a Ka of (93�9)H103m�1 and a Dmmax of 51�
2 ngcm�2 (9.7 pmol cm�2). The binding characteristics of
nonphosphorylated KID (Ka= (5�1)H103m�1, Dmmax=20�
5 ngcm�2) were significantly decreased compared with those
of pKID. The results obtained are summarized in Table 1.


The ideal maximum binding expected for the binding of
one pKID molecule to one KIX molecule on the QCM sur-
face is calculated to be 64 ngcm�2; therefore, a Dmmax of
51�2 ngcm�2 indicates that approximately 80% of the KIX
molecules on the electrode surface bind pKID molecules.
This also suggests that nonspecific peptide adsorption may
be insignificant under these conditions. Some binding of the
nonphosphorylated KID peptide was also observed under


the same conditions; however this is not a nonspecific inter-
action with the QCM surface, as it is inhibited by the addi-
tion of free KIX peptide.


Effect of ionic strength : In general, electrostatic forces
strongly govern intermolecular interactions between pepti-
des. In order to reveal electrostatic contributions to the
KID–KIX interaction, salt concentrations in the range of
[KCl]=10–800mm were used, and Dmmax and Ka values
were obtained at each ionic concentration (Figure 3). Over
the range of 10–400mm of KCl, the Dmmax values of pKID
were independent of ionic strength; however, they de-
creased remarkably at 800mm KCl. On the other hand, the
Dmmax values for the nonphoshorylated KID peptide de-
creased at comparatively lower ionic strength. Although the
pKID showed the greatest binding to the KIX in the pres-
ence of 200mm KCl, KID binding simply decreased as ionic
strength increased.


Figure 2. a) Typical time courses of the frequency change of the KIX-im-
mobilized QCM resonator, responding to the addition of the KID or
pKID peptides. [pKID]= [KID]=2mm in 10mm HEPES, pH 7.9, 100mm


KCl, 5mm MgCl2, 0.1mm EDTA, 0.1% Nonidet P-40, 20 8C. b) Saturation
binding behaviors of pKID and KID peptides to the KIX as a function of
added peptide concentrations (10mm HEPES, pH 7.9, 100mm KCl, 5mm


MgCl2, 0.1mm EDTA, 0.1% Nonidet P-40, 20 8C). c) Linear reciprocal
plots of Figure 2b.


Figure 3. Effect of ionic concentration on the binding of pKID and KID
to the KIX on the QCM: a) maximum binding amounts (Dmmax), and
b) the association constants (Ka). [pKID]= [KID]= (10mm HEPES,
pH 7.9, 5mm MgCl2, 0.1mm EDTA, 0.1% Nonidet P-40, 20 8C).


Table 1. Kinetic parameters for binding of pKID and KID to KIX on the
QCM.[a]


Saturation binding[b] Curve fitting[c]


peptide Dmmax Ka k1 k�1 Ka


[ng cm�2] [103m�1] [m�1s�1] [10�3s�1] [103m�1]


pKID 51�2 93�9 130�20 1.4�0.2 93�2
KID 20�5 5�1 120�20 25�1 5�1


[a] 10mm HEPES, pH 7.9, 100mm KCl, 5mm MgCl2, 0.1mm EDTA,
0.1% Nonidet P-40, 20 8C. [b] Obtained from Equation (1). [c] Obtained
from Equation (5) and Ka=k1/k�1.
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The Ka values for the nonphosphorylated KID to immobi-
lized KIX also decreased as ionic strength increased (Fig-
ure 3b), indicating that the KID–KIX interaction is electro-
static. In contrast, Ka values for the phosphorylated KID do
not simply decrease as ionic strength increases. This is in
agreement with a previous report, in which a GST (gluta-
thione-S-transferase)–KIX affinity resin was used to per-
form binding assays.[9] Thus, the pKID phosphate group
does not produce a simple electrostatic interaction. NMR
spectroscopy showed that the pKID phosphate group of
pSer-133 interacts with both Tyr-658 and Lys-662 of the
KIX, possibly forming multiple, favorable interactions with
these residues, including, possibly, hydrogen bonding.[23]


Quantum chemical calculations also suggest that key contri-
butions to stabilization of the complex arise not only from
electrostatic interactions, but also from low-barrier hydrogen
bonds between pSer-133 and Lys-662.[24]


Kinetic analyses (curve fittings) of peptide binding to QCM :
Binding kinetics can be also calculated from the time-de-
pendence of frequency decreases (mass increases) in Fig-
ure 2a. Binding between pKID or KID peptides and QCM-
immobilized KIX can be determined by Equation (2).


KIDþKID
k1


k�1


�! �KIX=KID ð2Þ


Binding amounts formed at time t are given by Equa-
tions (3)–(5) below.


½KIX=KID�t ¼ ½KIX=KID�1f1�expð�t=tÞg ð3Þ


Dmt ¼ Dm1f1�expð�t=tÞg ð4Þ


t�1 ¼ k1½KID� þ k�1 ð5Þ


Figure 4 shows a linear correlation of the reciprocal of the
relaxation time of the binding (t�1) against various concen-
trations of the pKID and KID peptides [Eq. (5)].


Association rate constants (k1) and dissociation rate con-
stants (k�1) were obtained from the slope and intercept, re-
spectively, of Figure 4 and are summarized in Table 1. The
association constant (Ka) for pKID (93�2H103) was ap-
proximately 20 times larger than that for KID (5�1H


103m�1), and Ka values obtained from the curve-fitting
method [Eq. (5)] were very consistent with those obtained
from the saturation method [Eq. (1)]. The 20-fold larger Ka


value for pKID compared to KID can be explained by a 20-
fold smaller dissociation rate constant (k�1) for pKID com-
pared to KID, as the association rate constants (k1) for both
pKID and KID were essentially identical. Thus, phospho-
rylation of KID at Ser-133 produces a slow dissociation of
pKID from the KIX domain.


Kinetic analysis also showed that the phosphate group on
KID pSer-133 reduces the dissociation rate constant (k�1) by
one order of magnitude, resulting in the apparent enhance-
ment of KIX affinity. On the other hand, association rate
constants (k1) were hardly influenced by phosphorylation,
indicating that the interaction promoted through this KID
phosphoryl group is consistent with hydrogen bonding.
Huang et al. reported effects of receptor phosphorylation on
the binding kinetics between IRS-1 (insulin receptor sub-
strate-1) and IGF-1R (insulin-like growth factor-1 recep-
tor).[25] Both activated and inactivated IGF-1R display high
affinity towards IRS-1, although the activated form binds to
IRS-1 with an affinity one order of magnitude greater than
the inactivated form, due to a 10-fold larger association rate
constant (k1). In this case, phosphorylation of the several ty-
rosine residues of IGF-1R considerably changes the electro-
static charges on the surface of the protein, with the result
that strong electrostatic interactions from multiple negative
charges contribute to the enhanced association rate.


CD spectrum analyses in bulk solution : Binding of KID
peptides to KIX was also confirmed from CD spectra
changes in bulk aqueous solution. CD spectra confirm that
both phosphorylated and nonphosphorylated KIDs exist in
random-coil conformations in solution.[9] From NMR spec-
troscopic analysis, both KID and KIX within the complex
were expected to exhibit a-helical conformations.[26] Fig-
ure 5a and b show typical CD spectra for these complexes,
indicating conformational changes for phosphorylated and
nonphosphorylated KIDs in the absence and presence of
KIX in buffer solution. When KIDs were added to the KIX
solution, the observed molecular ellipticity at 222 nm (q222)
decreased dramatically, due to the formation of a-helical
structures within the peptides. The variation in q222 values as
a function of KID concentration is shown in Figure 5c; a de-
crease in the ellipticity at 222 nm is the result of an increase
in the a-helical content of KIDs. These results indicate that
both phosphorylated and nonphosphorylated KIDs change
from random coils to a-helical conformations, due to inter-
actions with KIX. The concentration dependence of these
structural changes is consistent with the binding results ob-
tained from QCM analysis.


In conclusion, the binding of KID peptides to the immobi-
lized KIX domain was increased by KID phosphorylation.
The increase in association constant (Ka) can be explained
by the decrease in dissociation rate constant (k�1) for the
pKID compared with that observed for KID to the KIX
domain. We believe that the QCM technique will provide a
useful tool for obtaining kinetic and quantitative informa-
tion on protein–protein interactions, enabling the detection


Figure 4. Linear reciprocal plots of the relaxation time (t) against the
concentration of pKID and KID according to Equation (5).
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of more complex interactions between protein factors in
processes such as gene replication or translation.


Experimental Section


Materials : DNA fragments for the synthesis and PAGE purification of
the KIX gene were obtained from Amersham Bioscience (Tokyo, Japan).
Fragment A (120-mer): 5’-CCCTCGTAGCAATAGTGTG-
GATCCTGCGGTGGTGGTGTTCGAAAAGGCTGGCATGAA-
CATGTGACTCAGGACCTACGGAGTCATCTAGTCCA-
TAAACTCGTTCAAGCCATCTTCCCAACT-3’, fragment B (120-mer):
5’-ATCCCTGCTATTAGCAGACTCATACATGTCTCCCTC-
CACTTTCTTAGCATAGGCAACCAGGTTCTCCATGCGGC-
GATCTTTCAGAGCTGCAGGGTCTGGAGTTGGGAAGATGGCTT-
GAAC-3’, and fragment C (105-mer): 5’-GAAAGGAGCAGACACG-


CAGAATTCTCATTCTTCTAGTTCTTTTTGTATTTTATA-
GATTTTCTCTGCTAATAAATGATAGTATTCATCCCTGCTATTAG-
CAGACTC-3’.


pGEX-2T and bulk GST purification modules were purchased from
Amersham Bioscience (Tokyo, Japan), and E. coli BL21(DE3)pLys were
purchased from Novagen (Madison, WI). Fmoc-Ile-Alko-PEG-Resin,
Fmoc-Ala-OH, Fmoc-Asn(Trt)-OH, Fmoc-Lys(Boc)-OH, Fmoc-
Tyr(tBu)-OH, Fmoc-Val-OH, Fmoc-Arg(Mtr)-OH, Fmoc-Ser(tBu)-OH,
Fmoc-Ile-OH, Fmoc-Gly-OH, Fmoc-Glu(OtBu)-OH/H2O, Fmoc-
Gln(Trt)-OH, Fmoc-Asp(OtBu)-OH, NMP, piperidine, HOBt, PyBOP,
and DIEA were purchased from WATANABE Chemical IND. (Hirosh-
ima, JAPAN). Fmoc-Ser(PO(PBzl)OH)-OH was purchased from Nova-
biochem (Tokyo, Japan). NHS was from Wako (Osaka, Japan) and EDC
[1-ethyl-3-(3-dimethylaminopropyl)carbodiimide] and GMBS (g-maleimi-
dobutyric acid N-hydroxysuccinimide ester) were from DOJINDO (Ku-
mamato, Japan). All other reagents were from Nacali Tesque (Kyoto,
Japan) and used without further purification. Poly(ethylene glycol)
(PEG) with primary amino groups at the termini (average Mw: 1050)
was a gift from NOF (Tokyo, Japan). The molecular weight of the origi-
nal PEG was calculated following titration of the hydroxyl groups at
both ends, and the content of amino groups was calculated from HPLC
to be more than 95%.


Preparation of the KIX domain peptide : The KIX domain peptide (resi-
dues 586–666 of mCBP plus the GSCGG linker at the N terminus, see
Figure 1a) was prepared by expression as a GST–KIX fusion protein, fol-
lowed by thrombin protease cleavage at the linker region.[27] The inclu-
sion of a Cys residue in the N-terminal linker enabled covalent immobili-
zation of the peptide onto the QCM resonator, by providing a mercapto
group linkage mediated by maleimido coupling groups (Figure 1b). A
303-bp fragment including the KIX gene was amplified from the three
DNA fragments A, B, and C, which encoded N-terminal, central, and C-
terminal regions of the KIX gene, respectively, by using PCR primers Pr-
1 (5’-CCCTCGTAGCAATAGTGTGGA-3’) and Pr-2 (5’-GAAAG-
GAGCAGACACGCAGAA-3’). After amplification, the reaction mix-
ture was concentrated and digested with BamHI and EcoRI to give the
257-bp BamHI–EcoRI fragment. The pGEX-2T expression vector was
also BamHI- and EcoRI-cleaved, treated with alkaline phosphatase, and
ligated with the 257-bp fragment. E. coli BL21(DE3)pLys cells were
transformed with the expression vector and grown at 30 8C in 2HYT
media to OD600~0.6 before induction with 1 mm IPTG (isopropyl-b-d-thi-
ogalactoside). The cells were harvested 5 h after the addition of IPTG.
The cell pellet was resuspended in MES buffer (25mm, pH 6.0) contain-
ing glucose (50mm), NaCl (100mm), DTT (dithiothreitol, 1mm), and
PMSF (phenylmethylsulfonyl fluoride, 0.1mm), and the crude lysate was
prepared by sonication. Cell debris was centrifuged for 2 h at 9300 g, and
the supernatants were collected. Glutathione Sepharose 4B (500 mL) was
added to the supernatants and gently mixed by shaking on a rotary
shaker at 4 8C for 10 min. After fivefold washing with PBS, thrombin
(37.5 U in 1 mL PBS) was added and mixed gently by shaking on a
rotary shaker at room temperature for 2 h. (The thrombin recognizes the
sequence DLVPR-GS in the peptide and cuts it as indicated by the
hyphen.) After centrifugation, the supernatant containing the target pep-
tide was collected and loaded onto a Sephadex G-75 column for purifica-
tion. The eluted peptide fractions were concentrated with an Ultrafree-4
Centrifugal Filter Unit (MILLIPOREO). SDS-PAGE confirmed that the
peptide solution was nearly homogeneous. The identity and integrity of
the protein was confirmed by matrix-assisted laser-desorption ionization
time-of-flight mass spectrometry (MALDI-TOF MS): m/z : 9894.24
[M+H]+ (calcd: 9896.73).


Preparation of the KID peptide : The KID peptide (residues 106–151 of
mCREBa, see Figure 1a) was prepared by solid-phase peptide synthesis
using standard Fmoc-based procedures.[28]


Coupling reactions were performed with Fmoc-Ile-PEG resin (250 mg,
47.5 mmol) and Fmoc amino acid derivative (143 mmol) in the presence of
PyBOP [benzotriazole-1-yl-oxy-tris(pyrrolidino)phosphonium, 143 mmol],
HOBt (1-hydroxybenzotriazole, 143 mmol), and DIEA (N,N’-diisopropyl-
ethylamine, 286 mmol) in NMP (N-methylpyrrolidone, 2 mL) for 15 min.
The coupling reaction was repeated until it was completed, as monitored
by the Kaiser test.[28] Removal of Fmoc groups was performed by treat-
ment with 20% piperidine–NMP. These steps were sequentially repeated
to polymerize the target peptide, and after final deprotection of the


Figure 5. CD spectra changes due to the formation of complexes: a) KIX
(5mm)–pKID (100mm), b) KIX (5mm)–KID (200mm) in 10mm sodium
phosphate, pH 7.4, 20 8C. c) Molar ellipticity changes at 222 nm as a func-
tion of the concentration of pKID and KID.
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Fmoc group, the peptides were cleaved from the resin by the following
procedure. Resins (100 mg) were dried in vacuo, mixed with a cleavage
mixture containing thioanisole (1.34 mL), m-cresol (0.2 mL), and TFA
(6.65 mL), and stirred at room temperature for 1 h, after which the mix-
ture was filtered. The filtrate (50 mL) was placed in a three-necked,
round-bottomed flask equipped with a nitrogen inlet. The flask was
cooled in an ice/water bath, m-cresol (0.2 mL), 1,2-ethanedithiol
(0.3 mL), and trimethylsilyl bromide (0.2 mL) were added, and the reac-
tion mixture was stirred for 1 h. After removal of solvent in vacuo,
cooled diethyl ether was added to the residue to precipitate the peptide.
The precipitate was washed five times with cooled diethyl ether and the
solvent was evaporated to give a crude product. The phosphorylated
KID (pKID) peptide, in which the Ser-133 residue was phosphorylated,
was synthesized in the same manner, with the exception that the Fmoc-
Ser(tBu)-OH derivative was substituted by the Fmoc-Ser(PO(Pbzl)OH)-
OH derivative.[29] The crude product was desalted by Sephadex G-10
chromatography in 5% acetic acid. Purification was performed by using
reverse-phase HPLC with a Cosmosil 5C18AR-II (Nacarai Tesque, 10H
250 mm) and linear gradient of acetonitrile:water with 0.1% trifluoroace-
tic acid (25 to 57% acetonitrile in 80 min, flow rate: 2 mLmin�1). Each
peptide was purified to more than 96%, confirmed by MALDI-TOF MS;
KID: m/z : 5190.16 [M+H]+ (calcd: 5189.35); pKID: m/z: 5269.16
[M+H]+ (calcd: 5268.32).


The 27 MHz QCM system and its calibration : A schematic illustration of
a 27 MHz QCM system (AffinixQ, Initium Inc., Tokyo, http://www.ini-
tium2000.com) is shown in Figure 1b.[13–18] AT-cut crystals (2.5 mm elec-
trode diameter) were supplied with gold-coated electrodes, formed by
thermal evaporation of gold to an average thickness of 100 nm. One side
of the quartz crystal was sealed with silicon rubber to maintain it in an
environment of air, avoiding contact with the ionic aqueous solution,
while the other side was exposed to aqueous buffer solution. A cased
27 MHz QCM was connected to an oscillation circuit, causing the QCM
to oscillate at its F0 close to 27 MHz in aqueous solution.


SauerbreyPs equation was obtained for the AT-cut shear mode QCM[19]


[Eq. (6)]:


DF ¼ � 2F0
2


A
ffiffiffiffiffiffiffiffiffiffi


1qmq
p Dm ð6Þ


in which DF is the measured frequency change [Hz], F0 the fundamental
frequency of the QCM (27H106 Hz), Dm the mass change [g], A the elec-
trode area (4.9 mm2), 1q the density of quartz (2.65 gcm�3), and mq the
shear modulus of quartz (2.95H1011 dyncm�2). Under ideal condi-
tions,[13–18] a mass increase of 0.62 ngcm�2 per 1 Hz of frequency decrease
is expected. However, when the QCM is employed in an aqueous so-
lution, Equation (6) cannot be applied, due to effects of interfacial liquid
properties (i.e., density, viscosity, elasticity, conductivity, and dielectric
constant), thin-film viscoelasticity,[30–32] electrode morphology,[33–36] , and
the impact of the mechanism of acoustic coupling on the QCM oscillation
behavior.[37,38] Therefore, we directly calibrated the relationship between
DF and Dm by using stepwise immobilization of the KIX peptide by
means of a PEG-spacer linkage on the Au electrode of a QCM, similar
to the KID–KIX peptide–peptide binding experimental conditions (see
below). Thus, both the frequency decrease in the solution (DFaq) and the
DFair after drying in air were measured, in which DFair reflects an ideal
mass change. There was a good linear correlation between DFaq and
DFair, with the slope calculated to be 2.03 (see Figure S1 of Supporting In-
formation). This indicates that, for these conditions in water, an increase
in mass of 0.31�0.02 ngcm�2 corresponds to a decrease in frequency of
one Hz. The noise level of the 27 MHz QCM was �2 Hz in buffer so-
lution at 30 8C, and the standard deviation of the frequency was �2 Hz
for 2 h in buffer solution at 30 8C.


Immobilization of the KIX peptide on the QCM Au electrode : Six steps
comprising the immobilization scheme of the KIX domain peptide to an
Au electrode (4.9 mm2) of a QCM plate are shown in Figure 1c.[39,40] To
prevent any nonspecific interactions on the electrode surface during
measurement, PEG molecules known to inhibit nonspecific interactions
were used as a spacer to immobilize the KIX peptide.[41] The degree of
immobilization at each step was confirmed directly from frequency de-
creases (mass increases) by using the QCM in water.


Step 1: The bare Au electrode of the QCM resonator was cleaned with
piranha solution (one part 30% H2O2 in three parts concentrated H2SO4)
to remove organic contamination from the gold surfaces, followed by
rinsing with Milli-Q water several times. (Caution: Piranha solution
should be handled with extreme care, and only small volumes should be
prepared at any one time.)


Step 2 : DTDPA (3,3-dithiodipropionic acid, 100 mL of 1mm aqueous so-
lution) was placed onto the Au electrode and left for 1 h at room temper-
ature, then rinsed with Milli-Q water several times. The frequency de-
crease before and after immobilization of DTDPA showed that Dm~
80�23 ngcm�2 (380�109 pmolcm�2) of DTDPA was immobilized on the
Au surface, indicating DTAPA coverage to be a monolayer on the elec-
trode surface.


Step 3 : For activation of DTAPA carboxylic acids on the Au electrode,
50 mL of a solution—prepared by mixing equivalent volumes of aqueous
solutions of NHS (N-hydroxysuccinimide, 100 mgmL�1) and EDC (1-
ethyl-3-(3-dimethylaminopropyl)carbodiimide, 100 mgmL�1)—was placed
onto the electrode and left for 20 min at room temperature, then rinsed
twice with Milli-Q water.


Step 4 : A PEG solution (Mw: 1050, 50 mL of 10mm in 10mm of HEPES
buffer, pH 8.0) was placed onto the QCM electrode and left for 1 h at
room temperature, then rinsed with Milli-Q water several times. From
the QCM measurement, 25�2 ngcm�2 (24�2 pmolcm�2) of diamino-
PEG was immobilized on the Au surface, corresponding to the reaction
of one molecule of PEG per 16 molecules of surface-activated DTDPA.


Step 5 : A HEPES buffer solution (100 mL of 10mm, pH 8.0) containing
2mm GMBS (the N-hydroxysuccinimide ester of g-maleimidobutyric
acid) was deposited onto the electrode and incubated for 1 h at room
temperature, then rinsed with Milli-Q water several times. A mass de-
crease (Dm=�3.7�2 ngcm�2) was observed. Ideally, if all free, primary
PEG amino groups react with NHS groups, a mass increase of
6.8 ngcm�2 is expected. This experimental value was too small to esti-
mate precisely the efficiency of reaction coupling.


Step 6 : KIX peptide solution (20 mL in PBS) was deposited onto the
QCM electrode and left for 6 h at 4 8C, then rinsed with PBS several
times. A mass increase (Dm=120�24 ngcm�2, i.e., 12.1�2.4 pmolcm�2


of KIX) was observed, indicating that one molecule of KIX reacted per
two molecules of immobilized PEG. The amount of immobilized KIX
peptide did not increase during reaction periods of 6–12 h; therefore, we
concluded that the KIX peptide was sufficiently saturated on the elec-
trode after 6 h of reaction.


Reactions at each step were also confirmed by XPS (X-ray photoelectron
spectroscopy), performed on an ESCA 850M (SHIMADZU) instrument
using an MgKa X-ray source (1253.6 eV) with pass energy of 100 eV. Usu-
ally, the accumulative routine was used for spectral acquisition. Base
pressure in the sample chamber was less than 10�6 Pa. Spectra were re-
corded for carbon and nitrogen; the high resolution N1s region of the
XPS spectra is displayed in Figure 6. A strong signal at a binding energy
of 402.9 eV was observed in the N1s spectrum for the KIX peptide-immo-
bilized surface (after step 6). On the other hand, a weak signal was ob-
served in the spectrum for the PEG-immobilized surface (after step 4)
and the GMBS-immobilized surface (after step 5). Normalized intensities
of the N1s to the C1s peak areas were found to be 8.5�2.1 for the PEG-
immobilized surface, 6.2�1.9 for the GMBS-immobilized surface, and
18�1 for the KIX peptide-immobilized surface. The KIX peptide-modi-
fied surface showed the greatest N1s intensity. The original XPS charts of
N1s and C1s for each immobilization step, and a linear correlation be-
tween peak areas of N1s/C1s and atom number ratios of N/C are repre-
sented in Figures S2 and S3, respectively, of the Supporting Information.


Binding of the pKID or KID peptides to the KIX-immobilized QCM sur-
face : The KIX domain peptide-immobilized QCM resonator was soaked
in an aqueous solution (1.5 mL; 10mm HEPES buffer, pH 7.9, 0–800mm


NaCl, 5mm MgCl2, 0.1mm EDTA, and 0.1% Nonidet P-40) and the reso-
nance frequency of the QCM was defined as zero position after equilibri-
um (ca. 10–20 min). The frequency decrease of the QCM resonator, re-
sponding to the addition of KID peptide solutions of varying solution
conditions (concentration and ionic strength), was then recorded over
time. The solution was stirred to avoid any effect of diffusion of peptides,
and the stirring did not affect the stability and the extent of QCM fre-
quency changes. Measurements were performed over a range of 5–25 8C.
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CD spectroscopic analysis : CD spectra were observed using a J-720WI
spectropolarimeter (JASCO) using a quartz cell (2 mm cell length, 10mm


sodium phosphate, pH 7.4). Initially, the CD spectrum of only KIX was
observed. Following incubation with KID for 30 min the spectrum of
KID–KIX was observed at 20 8C in aqueous media (no QCM). The con-
centration of peptides was determined from the absorbance at 280 nm,
using an extinction coefficient of 1.28mm


�1 cm�1 for pKID.[11]
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Figure 6. XPS spectra at the N1s region of three samples, on which 1)
PEG, 2) GMBS, and 3) KIX were immobilized.
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Peroxidase Activity of Cationic Metalloporphyrin-Antibody Complexes


Hiroyasu Yamaguchi, Kaori Tsubouchi, Kazuhide Kawaguchi, Eri Horita, and
Akira Harada*[a]


Introduction


It is well known that porphyrins play an important role as
functional molecules in a wide variety of biological sys-
tems.[1,2] In nature, there are a number of functional mole-
cules that have porphyrin derivatives as cofactors in their
active sites or their reaction centers, for example, oxygen
carriers such as hemoglobin and myoglobin, redoxidase such
as catalase and peroxidase, electron transfer carriers, cyto-
chromes. Special functions of metalloporphyrins in those
systems appear in an environment where metalloporphyrin
moieties are included in proteins.[3]


A large number of artificial hemoprotein model systems
are being developed in an attempt to provide insights for
structure-activity relationships, understand the minimal re-
quirements for function, and construct tailor-made mole-
cules.[4] De novo designed hemoproteins have provided keen
insight into the fundamental factors which govern the pro-
tein secondary and tertiary structural specificity.[5–9] The use
of proteins with greater biological homology has facilitated
the incorporation of hemes. A rearrangement of the amino
acid residues by the site-directed mutagenesis or a chemical


modification by the introduction of a functional group at the
active residue on the protein surface is also one of the engi-
neering toward functionalization of hemoprotein.[10,11] How-
ever, it seems to be difficult to construct an artificial hemo-
protein with a novel function by these methods because of
the disfavored conformational changes of polypeptides or
non-selective reaction of chemicals on the surface of the
protein. Recently, reconstruction of hemoprotein has been
carried out by introduction of a functionalized metallopor-
phyrin into naturally occurring hemoproteins to control
chemical reactivity or photochemical property.[12–15] Howev-
er, the use of naturally occurring proteins might be limited
due to the decrease of affinity of the proteins for the artifi-
cial porphyrins. One of the most convenient methods to in-
corporate artificial porphyrins into protein matrices is
thought to be preparation of monoclonal antibodies for por-
phyrins.[16–25] The ability of immune system to generate se-
lectively antibodies against virtually any molecule of interest
has resulted in the widespread use of antibodies not only as
diagnostic agents but also as catalysts in chemical laborato-
ries and industry. Recently Lerner et al. reported that anti-
bodies, regardless of source or antigenic specificity, could
generate H2O2 from singlet molecular oxygen and this proc-
ess was catalytic.[26,27] The high durability against H2O2 and
the ability to generate H2O2 of antibodies were considered
to be the cause to have a high catalytic activity on the oxida-
tion.
Monoclonal antibodies have become more and more im-


portant with high potential as new chemical materials. The
development of general strategies for introducing catalytic


[a] Dr. H. Yamaguchi, K. Tsubouchi, K. Kawaguchi, E. Horita,
Prof. A. Harada
Department of Macromolecular Science
Graduate School of Science, Osaka University
Toyonaka, Osaka 560-0043 (Japan)
Fax: (+81)6-6850-5445
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Abstract: Peroxidase activity of a com-
plex of water-soluble cationic metallo-
porphyrin with anti-cationic porphyrin
antibody is reported. Antibody
12E11G, which was prepared by immu-
nization with a conjugate of 5-(4-carb-
oxyphenyl)-10,15,20-tris(4-methylpyri-
dyl)porphine iodide (3MPy1C), bound
to tetramethylpyridylporphyrin iron
complex (FeIII–TMPyP) with the disso-
ciation constant of 2.6B10�7m. The


complex of antibody 12E11G with
FeIII–TMPyP catalyzed oxidation of py-
rogallol, catechol, and guaiacol. A
Lineweaver–Burk plot for the oxida-
tion of pyrogallol catalyzed by the
FeIII–TMPyP–antibody complex


showed Km=8.6mm and kcat=
680 min�1. Under the same conditions,
Km and kcat for horseradish peroxidase
(HRP) were 0.8mm and 1750 min�1, re-
spectively. Although the binding inter-
action of the antibody to the substrates
was one order lower than that of native
HRP, the peroxidase activity of this
system was in the same order of magni-
tude as that of HRP.


Keywords: catalytic antibodies ·
oxidation · peroxidase ·
porphyrinoids · pyrogallol
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activity into antigen combining sites of the antibodies
should lead to a new class of enzyme-like catalysts with tail-
ored substrate specificities. Strategies that allow incorpora-
tion of cofactors such as porphyrins into the binding domain
of the antibody should expand the scope of antibody cataly-
sis.[28–31] In nature, it is well known that anionic porphyrin
derivatives (di-carboxylic compounds) are used as a cofactor
in various functional proteins. However, there are no cation-
ic porphyrins to be seen in a naturally occurring system.
Cationic porphyrins such as meso-tetrakis-(4-N-methylpyri-
dyl)porphyrin (TMPyP) and its related analogues are known
to bind DNA as well as cleave DNA.[32] They are known to
exhibit a marked anticancer activity with relatively low tox-
icity and a highly superoxide dismutase (SOD) activity. It is
suggested that they may increase the concentration of H2O2


in cancer cells.[33–36]


Previously, we prepared monoclonal antibodies against an
anionic porphyrin, meso-tetrakis(4-carboxyphenyl)porphyrin
(TCPP),[19,22,24] and these antibodies have been found to
form complexes with metalloporphyrins (metal: Zn, Fe, Mn)
specifically. The complexes between anti-TCPP antibody
and metalloporphyrins (Fe, Mn) were found to have perox-
idase-like activity.[25] In this paper, we have prepared mono-
clonal antibodies for a cationic porphyrin (5-(4-carboxy-
phenyl)-10,15,20-tris-(4-methylpyridyl)-porphine iodide
(3MPy1C), see below) and investigated the peroxidase-like
activity of the complex between the antibody and the corre-
sponding iron porphyrin. The catalytic activity of the anti-
body–porphyrin complex on the oxidation of pyrogallol was
compared with that of horseradish peroxidase (HRP).


Results and Discussion


Preparation of monoclonal antibodies against cationic por-
phyrins : Hapten, 5-(4-carboxyphenyl)-10,15,20-tris-(4-meth-


ylpyridyl)-porphine iodide (3MPy1C) was synthesized as
shown in Scheme 1. The cationic porphyrin, 3Mpy1C, was
coupled to keyhole limpet hemocyanin (KLH) and bovine
serum albumin (BSA) via activation of the carboxyl group
in the porphyrin molecule using carbonyldiimidazole (CDI).
The conjugates KLH-3Mpy1C and BSA-3Mpy1C were puri-
fied by size exclusion chromatography using Sephadex G-
150 and used for an antigen for the immunization to mice
and enzyme-linked immunosorbent assays (ELISA), respec-
tively. The fraction containing protein–porphyrin conjugates
was concentrated by ultrafiltration. The concentration of
protein was determined by the BCA method. The concen-
tration of porphyrin was determined from the Soret band
(e421 nm=2.3B105 cm�1


m
�1). The number of 3Mpy1C on the


protein was calculated from molar ratio of 3Mpy1C to the
protein. The resulting conjugates contained 180 mol hapten
(3MPy1C) per mol KLH and 3.5 mol hapten per mol of
BSA. Balb/c mice aged eight weeks were immunized with
KLH-3Mpy1C in saline emulsified 1:1 in FreundKs complete
adjuvant four times at two weeks intervals. Three days after
the final injection, the spleen was taken from the mouse and
the spleen cells were fused with the SP 2/0 mouse myeloma
cells. The hybridomas secreting antibodies for the cationic
porphyrin, 3Mpy1C, were detected by ELISA. The hybrido-
mas secreting anti-3Mpy1C antibodies were cloned two
times by limiting dilution. Three monoclonal antibodies
(34A1F, 12E11G, and 83B5D) specific for 3Mpy1C were ob-
tained and their subclasses were found to be immunoglobu-
lin M (IgM), IgG1, and IgG1, respectively. IgG is the most
common immunoglogulin with two identical antigen com-
bining sites and the molecular weight of IgG is �15000.
IgM (Mw=960000) has a pentameric structure of IgG and
ten antigen combining sites in a single molecule. One of
these monoclonal antibodies, 12E11G was found to have the
highest affinity for 3MPy1C and was used for further experi-
ments.


Bindings of metalloporphyrins to monoclonal antibodies :
The binding of monoclonal antibody 12E11G to metallopor-
phyrins was investigated by ELISA. Monoclonal antibody
12E11G strongly bound to the hapten (3MPy1C) with the
dissociation constant of 1.7B10�8m. Figure 1 shows the ab-
sorption spectra of the cationic porphyrin, meso-tetrakis-(4-
N-methylpyridyl)porphyrin (TMPyP) in the absence and
presence of antibody 12E11G. The Soret band of porphyrin
shifted to a longer wavelength (5 nm) and the hypochrom-
ism was observed by the addition of antibody 12E11G, indi-
cating that porphyrin is placed in the low-polar environ-
ment. Figure 2 shows the circular dichroism spectrum of the
porphyrin bound to the antibody. Although TMPyP itself
showed no CD peak, the complex showed induced Cotton
effects on TMPyP in the region of the Soret band, suggest-
ing that the porphyrin molecule was incorporated into the
chiral environment of the combining site of the antibody.
The split CD on TMPyP in the presence of the antibody
was ascribable to an exciton coupling of the band of por-
phyrins. This result can be interpreted as indicating that two
porphyrin molecules bound to the antibodies were close to-
gether. It was suggested that the antibody bound one por-
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phyrin molecule and one-to-one
complexes of the antibody with
the porphyrin associated to-
gether to form a two-to-two
complex. Similar results were
obtained when zinc-tetracar-
boxyphenylporphyrin was
mixed with the anti-porphyrin
antibody.[24] Figure 3 shows
Klotz plots for the binding of
antibody 12E11G to cationic
porphyrins bearing the different
number of charges in a mole-
cule. The affinity of the anti-
body to di-cationic porphyrin
(cis-2MPyP) was lower about


one order of magnitude over that to tri- and tetra-cationic
porphyrins. It was suggested that more than a half part of
porphyrin molecule might be incorporated in the antibody-
combining site. Table 1 shows dissociation constants of the
complexes between antibody 12E11G and a series of cation-
ic porphyrins. Although the antibody was elicited against
free-base porphyrin, the antibody bound not only to
TMPyP, but also to FeIII–TMPyP. The dissociation constants
of antibody 12E11G with TMPyP and FeIII–TMPyP were
2.1B10�8m and 2.6B10�7m, respectively.


Scheme 1. Preparation of hapten (3MPy1C).


Figure 1. Absorption spectra of TMPyP in a) the absence and b) the pres-
ence of anti-3MPy1C antibody (12E11G).


Figure 2. a) CD and b) absorption spectra of TMPyP incorporated in the
antibody-combining site.


Figure 3. Klotz plots for the binding of antibody 12E11G and cationic
porphyrins. Klotz equation is given as follow: A0/(A0�A) = 1+Kd/a0,
where A0 and A are absorbances at 405 nm of ELISA in the absence and
presence of porphyrins, respectively. Kd is the dissociation constant and
a0 is the total concentration of porphyrins; &: cis-2MPyP, &: TMPyP, *:
3MPy1C.


Table 1. Dissociation constants (Kd) of the complexes between antibody
12E11G and water-soluble porphyrins.


Porphyrins Kd [10
�8
m]


TMPyP 2.1
3Mpy1C 1.7
cis-2MPyP 15
FeIII–TMPyP 26
TTMAPP 270
TCPP 5100
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The binding mode of antibody 12E11G to cationic por-
phyrins was examined by the study of electron transfer from
a series of cationic porphyrins to electron acceptors in the
presence of the antibody. When an electron acceptor, 1-
naphthalenesulfonate (1-Np) was added to the aqueous so-
lution of TMPyP, the Soret band of TMPyP shifted to a
longer wavelength and the fluorescence was quenched by
the addition of 1-Np. The spectroscopic change of TMPyP
by the addition of 1-Np was ascribable to the photoinduced
electron transfer from porphyrin to the electron acceptor, 1-
Np. The fluorescence intensity of TMPyP in the presence of
an equivalent of antibody 12E11G to TMPyP also decreased
by the addition of 1-Np. However, the degree of quenching
was a half of that of TMPyP without antibody 1211G. The
spectral change in the presence of two-fold equivalent of the
antibody to TMPyP was similar to that in a 1:1 mixture of
TMPyP with the antibody. Figure 4 shows Stern–Volmer


plots for quenching of the emission from the Soret band of
TMPyP by 1-Np in the absence and presence of antibody
12E11G. It was indicated that TMPyP was incorporated in
the antibody with stoichiometric 1:1. Figure 5 shows the
spectral changes upon titration of cis-2MPyP with 1-Np in
the absence and presence of antibody 12E11G. When 1-Np
was added to an aqueous solution of cis-2MPyP, the Soret
band of cis-2MPyP decreased and shifted toward a longer
wavelength, indicating that cis-2MPyP has interactions with
1-Np in the ground. This is probably due to the electrostatic
interactions between cationic porphyrin and anionic 1-Np.
In contrast, when 1-Np was added to an aqueous solution of
cis-2MPyP in the presence of an equimolar amount of anti-
body 12E11G, the Soret band did not shift at all and showed
no hypochromicity (Figure 5b). Figure 6 shows fluorescence
spectral changes of cis-2MPyP by the addition of 1-Np in
the absence and presence of the antibody. Without antibody,
the fluorescence intensity of cis-2MPyP decreased as well as
TMPyP. However, no fluorescence quenching was observed
in the presence of the antibody (Figure 6b); this indicates
that there were no interactions between cis-2MPyP and


1-Np. No electron transfer from cis-2MPyP to 1-Np in the
presence of antibody 12E11G suggested that at least two
cationic moieties in the cis-2MPyP were covered with the
binding pocket of the antibody. Figure 7 shows the schemat-
ic representation of the complex of cis-2MPyP with the anti-
body. Taking into account dissociation constants of the com-
plexes between the antibody and a series of cationic por-
phyrins with the results of the photoinduced electron trans-
fer from cationic porphyrins to anionic electron acceptors,
more than a half part of porphyrin molecule was incorporat-
ed by the antibody-combining site.


Catalytic effects on peroxidation by the antibody- FeIII–
TMPyP complex : Catechol, guaiacol, pyrogallol, 2,2’-azino-
bis(3-ethyl-benzothiazoline-6-sulfonic acid) 2-ammonate
(ABTS), and o-dianisidine (see below) are known as typical
chromogenic substrates to be oxidized by naturally occur-
ring enzyme, horseradish peroxidase (HRP). The catalytic
effects of the complex of FeIII–TMPyP with antibody
12E11G on the oxidation of these substrates were investigat-
ed. The oxidation reaction was performed under the follow-
ing conditions. The complex of antibody 12E11G with the
cationic iron-porphyrin (0.5mm) was dissolved in tris-acetate
buffer (90 mm, pH 8.0), and incubated for two days at room
temperature. Hydrogen peroxide (50mm) was then added,
followed by a substrate. The changes of absorbance at lmax


for the oxidation product of each substrate were moni-
tored.[37] Results showed that the FeIII–TMPyP–antibody


Figure 4. Stern–Volmer plots for the quenching of the emission from
Soret band of TMPyP by 1-naphthalenesulfonate (1-Np). [TMPyP]:[anti-
body binding domain] = 1:0 (&), 1:1 (*), and 1:2 (&).


Figure 5. UV/Vis spectra of cis-2MPyP in the a) absence and b) presence
of antibody 12E11G with 1-Np.
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12E11G complex had catalytic effects on catechol, guaiacol,
and pyrogallol. Especially, the complex markedly catalyzed
the oxidation of pyrogallol. Figure 8 shows the time depend-


ence of oxidation of pyrogallol (1.0mm) by FeIII–TMPyP in
the presence and absence of antibody 12E11G. Peroxidation
catalyzed by the antibody–FeIII–TMPyP complex was faster
than oxidation in the presence of FeIII–TMPyP alone. Fur-
ther addition of the substrate caused a further catalytic reac-
tion in the presence of the antibody–FeIII–TMPyP complex,
indicating that the catalyst was still active. On the second
addition of pyrogallol and hydrogen peroxide to the solution
of the complex of the antibody with FeIII–TMPyP, the cata-
lytic oxidation reaction was observed with 80% activity,
compared with that on the first addition of these substrates.
On the other hand, the catalytic activity of FeIII–TMPyP
alone disappeared. It was suggested that the porphyrin cata-
lyst in the absence of the antibody would be destroyed by
an excess amount of hydrogen peroxide.
The complex of the antibody with FeIII–TMPyP accelerat-


ed the oxidation of smaller substrates such as catechol,
guaiacol, and pyrogallol, however, it had no effect on the
oxidation of the substrates with a large molecular size such
as ABTS or o-dianisidine. The substrate specificity of the
antibody–FeIII–TMPyP complex on the catalytic oxidation
might be due to the limitation of space around the active
site by the binding of the antibody to the porphyrin mole-


Figure 6. Fluorescence spectral changes of cis-2MPyP by the addition of
1-Np: a) absence and b) presence of antibody 12E11G with 1-Np.


Figure 7. Schematic representation of the complex of the antibody
12E11G with cationic porphyrin (cis-2MPyP) and interactions between
cis-2MPyP and anionic electron acceptor (1-Np) in the a) absence and
b) presence of the antibody.


Figure 8. Peroxidation of pyrogallol in a) the presence of the FeIII–
TMPyP–antibody 12E11G complex and b) FeIII–TMPyP alone.
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cule. The complex of FeIII–TMPyP with antibody 83B5D,
which was also obtained by the immunization of the
3MPy1C conjugate, had no catalytic effect on the oxidation
of pyrogallol and the other substrates. Antibody 12E11G
was suggested to have catalytic residues in its antigen com-
bining site and antibody 83B5D was thought to have no
binding space for the substrates or no catalytic residues. The
clear evidence to explain the difference on the catalytic be-
havior of these antibody–FeIII–TMPyP complexes may be
obtained by comparison of the amino acid sequences of the
antigen combining sites in these antibodies. The determina-
tion of the nucleotide sequences of the cloned DNA frag-
ments encoding L and H chains of the antibodies, 12E11G
and 83B5D, is in progress.
Figure 9a shows a Lineweaver–Burk plot on the oxidation


of pyrogallol by the FeIII–TMPyP–antibody complex. The
concentration of hydrogen peroxide was fixed and set as the
same as that in the previous study.[25] From the plot, the Mi-
chaelis constant Km and the catalytic constant kcat values
were calculated. The Km value in the presence of FeIII–
TMPyP–antibody complex was 8.6 mm. The kcat was
680 min�1, which was about eight times as high as that in the
absence of the antibody (83 min�1). Previously we reported
peroxidase activity of the complex between FeIII–tetracar-
boxyphenylporphyrin (FeIII–TCPP) and anti-TCPP antibody
03-1 on the oxidation of pyrogallol.[25] The Km and kcat
values of the FeIII–TCPP–antibody 03-1 complex on the oxi-
dation of pyrogallol were 4.0mm and 50 min�1, respectively.
The kcat of the FeIII–TMPyP–antibody 12E11G complex was
13-fold higher than that of the FeIII–TCPP–antibody 03-1
complex. Although the FeIII–TMPyP–antibody 12E11G
complex was found to have lower affinity for pyrogallol
than the FeIII–TCPP–antibody 03-1 complex by comparison
of the Km, the catalytic activity of the cationic porphyrin–an-
tibody system (kcat/Km=7.9B104m�1 min�1) was higher than
that of the anionic porphyrin–antibody system (1.2B104).
The increase of the catalytic activity of the FeIII–TMPyP–an-
tibody 12E11G complex was ascribable mainly to the high
reactivity of the cationic porphyrin itself and stabilization of
Fe-porphyrin by the binding of the antibody.


Comparison of catalytic activities of metalloporphyrin–anti-
body complexes with those of native peroxidase : Figure 9b
shows a Lineweaver–Burk plot in the oxidation of pyrogallol
in the presence of HRP with 50 mm H2O2. From the plot,
the Km and kcat values for HRP were estimated to be 0.8mm


and 1750 min�1, respectively. The kcat of HRP was three
times as high as that of the FeIII–TMPyP–antibody complex.
Although the kcat/Km value was 2.2B106m�1 min�1 for HRP,
being 28 times higher than that of the FeIII–TMPyP–anti-
body complex, the FeIII–TMPyP–antibody complex was
highly reactive (Table 2). The catalytic activity of HRP de-
creased at higher concentrations of H2O2, however, that of
the antibody–porphyrin complex was retained.


The naturally occurring enzyme, HRP, catalyzes the oxi-
dations of various substrates, not only pyrogallol but also
hydroquinone, catechol, resorcinol, guaiacol, ABTS, and o-
dianisidine. The reactions promoted by HRP are nonspecif-
ic. By contrast, the catalytic oxidation by the FeIII–TMPyP–
antibody complex was selective for small molecular sub-
strates such as catechol, guaiacol, and pyrogallol.


Conclusion


We have obtained monoclonal antibodies for a cationic por-
phyrin. One of the antibodies, 12E11G, bound the cationic
porphyrin selectively and formed stable complexes with the
porphyrins and metalloporphyrins. The complex of antibody
12E11G with FeIII–TMPyP was found to have catalytic activ-
ity for the oxidation of catechol, guaiacol, and pyrogallol.
The metalloporphyrin–antibody complex was stable enough
to show catalytic activity in the presence of an excess
amount of H2O2. The catalytic activity of the cationic por-
phyrin-antibody complex for the oxidation of pyrogallol was
higher than that of the anionic porphyrin–antibody complex
and active as a catalyst even under the conditions which por-
phyrin alone or HRP should lose their catalytic activity.


Experimental Section


Materials : HRP was purchased from Wako Pure Chemical Industries.
Myeloma cell (Sp2/0-Ag14) and goat-anti-mouse immunoglobulin were
obtained from Dainippon Pharmaceutical Co. and CAPPEL, respectively.
Other chemicals were purchased from Nacalai Tesque Inc. or Sigma-Al-
drich and used without further purification. All solvents were of technical
grade.


Figure 9. Lineweaver–Burk plots for the oxidation of pyrogallol as a func-
tion of substrate (pyrogallol) in the presence of a) the complex of anti-
body 12E11G with FeIII–TMPyP and b) HRP.


Table 2. Kinetic parameters for the oxidation of pyrogallol.


Catalysts Km [mm] kcat [min�1] kcat/Km [m�1min�1]


FeIII–TMPyP 83
FeIII–TMPyP–Ab·12E11G 8.6 680 7.9B104


FeIII–TCPP[a] 8.7
FeIII-TCPP-Ab·03-1[b] 4.0 50 1.2B104


HRP 0.81 1750 2.2B106


[a] Tetrakis-meso-(4-carboxyphenyl)porphyrin iron complex. [b] Mono-
clonal antibody elicited against TCPP.
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[5-(Methoxycarboxyphenyl)-10,15,20-tris-(4-pyridyl)]porphine (1): Isoni-
cotine-aldehyde (23.2 g, 0.22 mol) and terephthalaldehydic acid methyl
ester (11.9 g, 0.073 mol) were added to propionic acid (2.0 L).[38] The mix-
ture refluxed in a 3-neck flask under nitrogen atmosphere. Subsequently
pyrrole (20 mL) was added dropwise to the refluxing mixture within
30 min. The reaction mixture was heated under reflux for another 90 min
and then allowed to cool to room temperature. Almost all the propionic
acid was evaporated from the mixture. Porphyrin 1 was purified by silica
gel column chromatography by using 3% MeOH in CHCl3 as eluent.
Yield: 12.4 mg from 1.0 g reaction mixture, 1.4%. 1H NMR (CDCl3): d=
9.1 (d, 6H), 8.9 (m, 8H), 8.5 (d, 4H), 8.2 (d, 6H), 4.1 (s, 3H), �2.9 (s,
2H); elemental analysis calcd (%) for C43H29N7O2·0.17CHCl3: C 74.47, H
4.22, N 14.08; found: C 74.47, H 4.32, N 13.98.


[5-(Carboxyphenyl)-10,15,20-tris-(4-pyridyl)]porphine (2): Tri-pyridyl
porphyrin 1 was dissolved in 2m KOH in 80% EtOH and stirred at room
temperature for 3 d. The product was extracted by CHCl3 and dried over
anhydrous NaSO4. The solvent was removed by a rotary evaporator. The
residue was dried under vacuum. 1H NMR (CDCl3/CD3OD): d=8.2 (d,
6H), 8.9 (d, 8H), 7.5 (d, 4H), 7.4 (d, 6H), �3.8 (s, 2H).


[5-(4-Carboxyphenyl)-10,15,20-tris-(4-methylpyridyl)]porphine iodide
(3MPy1C): Porphyrin 2 (19.5 mg, 18 mmol) was dissolved in DMF
(3 mL). Subsequently CH3I (3 mL, 48 mmol) was added to the solution
and the mixture was heated under reflux for 2 h.[39] The solution was
poured into acetone (50 mL). The resulting precipitate was washed with
CHCl3 and dried under vacuum. Yield: 27 mg, 84.3%. 1H NMR
([D6]DMSO): d=13.4 (s, 1H), 9.5 (d, 6H), 9.2 (m, 14H), 8.4 (d, 4H), 4.7
(s, 9H), �3.0 (s, 2H); UV/Vis (lmax)=645, 587, 560, 520, 423, 259, 224 nm
in pH 9.0 phosphate borate buffer (PBB, 0.1m); elemental analysis calcd
(%) for C45H36N7O2I3·4H2O: C 46.58, H 3.82, N 8.45; found: C 46.58, H
3.75, N 8.24.


Hapten-carrier protein conjugates : Hapten 3MPy1C (8.3 mg, 7.6 mmol)
and carbonyldiimidazole (1.5 mg, 9.3 mmol) were dissolved in DMF
(2.0 mL) and stirred at 4 8C for 2 h. Subsequently the solution was added
dropwise to PBB (pH 9.0, 8.0 mL) containing keyhole limpets hemocya-
nin (KLH, 5.0 mg) with stirring at 4 8C overnight. The product was puri-
fied by column chromatography on Sephadex G-150 with PBB as eluent.
The absorbances at 280 nm and Soret band of porphyrins (e421 nm=2.3B
105m�1 cm�1) were monitored for each fraction.


Preparation of monoclonal antibodies : The conjugate of 3MPy1C with
KLH dissolved in phosphate buffered saline (PBS) was emulsified in
FreundKs complete adjuvant. Balb/c mice (7–8 weeks old) were immu-
nized with the 3MPy1C–KLH conjugate (60 mg). Immunizations were
done at intervals of 2 weeks until the mice showing the best immune re-
sponse. At boost, the mouse was immunized with 3MPy1C-KLH (150 mg)
without the adjuvant.


Myeloma cells were cultured in 10% FBS RPMI 1640 medium. The
three days after the last injection of immunogen, the spleen was removed
from an immunized mouse. The spleen cells were washed with a hemoly-
sis buffer and medium by centrifugation. The spleen cells and myeloma
cells were mixed and centrifuged. The cell pellet was mixed by tapping
the tube, added PEG solution to prepare the fused cells, and incubated
at 37C. After the addition of PEG solution, the medium (2.0 mL) was
added to the cell suspension. Cells were collected by centrifugation and
removed supernatant. Cell pellet was suspended in 10% FBS medium
with hypoxanthines, aminopterin, and thymidine (HAT). They were
plated in ten 96-well plates with peritoneal macrophages as a feeder
layer.


The initial screen for antibody activity was carried out as when the
growth of hybrid cells was seen under the microscope or when the pH in-
dicator dyes in medium became yellow. The antibodies produced by cells
were assayed by ELISA for 3MPy1C binding. The tissue culture superna-
tants were added onto the ELISA plate coated with 0.3 mgmL�1 BSA-
3Mpy1C and incubated at 37 8C for 90 min. The amount of antibody
bound to the antigen was measured using goat anti-mouse immunoglobu-
lins labeled antibody with alkaline phosphatase. Positive wells were
cloned in 10% FBS HT medium. The positive cells were diluted at about
2–3 cellsmL�1 and plated in 96 well plates with macrophage feeder
layers. The plate that 60% of the wells received only one clone was se-
lected and screened by ELISA.


Hybridoma cells were injected to mice. After 10–14 d, the ascitic fluid
was drained off through 18G needle. The ascitic fluid was centrifuged
and the supernatant was stored at �20 8C. Antibodies were purified by
affinity chromatography using Ampure PA kit (Amersham) for IgG.


Isotypes of antibodies : The hybridoma supernatant (0.5 mL) in tris(hy-
droxymethyl)aminomethane/HCl buffer containing 1% Tween 20 (TBS-
T, 4.5 mL) was added to the typing stick (Sigma) in the container. After
15 min incubation at room temperature, the stick was washed with TBS-
T. After washing, a peroxidase labeled anti-mouse antibody in TBS-T
(3.0 mL) was added to the container and incubated for 15 minutes at
room temperature. A substrate solution (hydrogen peroxide and 4-
chloro-1-naphthol) was added to the container. After 15 minutes incuba-
tion at room temperature, the stick was washed with water and the oxida-
tion product by the enzymatic reaction was monitored as a color change.


[5,10-Bis(4-carboxyphenyl)-15,20-bis-(4-methylpyridyl)]porphine methyl
ester (cis-2MPyP): cis-2MPyP was prepared by methylation of [5,10-
bis(4-methoxy-carboxyphenyl)-15,20-bis-(4-pyridyl)]porphine, formed
during the synthesis of porphyrin 1, and separated by the same way as
for 1. 1H NMR ([D6]DMSO)/: d=9.4 (d, 4H), 9.1 (s, 2H), 9.0 (m, 8H),
8.9 (s, 2H), 8.4 (d, 8H), 4.7 (s, 6H), 4.0 (s, 6H), �3.0 (s, 2H); elemental
analysis calcd (%) for C47H38N6I2O4·3.3H2O: C 53.05, H 4.22, N 7.90;
found: C 53.01, H 4.10, N 7.70.


[5,10,15,20-Tris-(4-methylpyridyl)]porphine iron(iii) chloride (FeIII-
TMPyP): The insertion of iron to the porphyrin center was carried out
by adding solid FeCl2 to a refluxing aqueous solution of TMPyP under a
nitrogen atmosphere. TMPyP (250 mg) was dissolved in water (100 mL),
and the solution was refluxed for 2 h with 500-fold excess of FeCl2·4H2O.
The solution was then cooled at room temperature and added excess
sodium perchlorate solution to the precipitate. The reaction mixture was
allowed to stand overnight, filtered, and washed 6–7 times with 2.0%
perchloric acid to remove excess metal ions. The resulting paste was
dried under vacuum and then dissolved in CH3CN. Tetraethylammonium
chloride was added to the solution to the precipitate. The metallopor-
phyrin, FeIII–TMPyP(Cl5), was dried under vacuum. UV/Vis (water):
lmax=632, 596, 421 nm; elemental analysis calcd (%) for
FeC44H38N8Cl5·12.5H2O: C 46.47, H 5.58, N 9.85; found C 46.47, H 5.36,
N 10.08.


Measurements : Absorbance at 405 nm for the product of the enzymatic
reaction on the ELISA was recorded on a Immuno-Mini NJ-2300. UV/
Vis spectra were recorded on a Shimadzu UV-2500PC. Proton NMR
spectra were recorded on a JEOL JNM-GX 270. Chemical sifts are given
in ppm relative to CDCl3 or [D6]DMSO. Circular dichroism spectra were
recorded on a JASCO J-40A spectrophotometer with a JASCO ORD/
CD data processor using a 10 mm quartz cell. Emission spectra were re-
corded with a Hitachi F-2500 fluorescence spectrophotometer.


Binding properties of antibodies : A competitive inhibition immunoassay
based on ELISA was used for determination of dissociation constants be-
tween antibodies and porphyrins.[40] Plates are treated with blocking
buffer for 90 minutes at 37 8C to prevent antibodies from nonspecific
binding to the surface of the plate. Solutions of various porphyrins (10�5–
10�9m) were prepared. The antibody solution (60 mL) and porphyrin solu-
tions (60 mL) were added to the blocked plate, and incubated for 2 h at
room temperature. Subsequently, 100 mL of each reaction mixture was
added to the other plate that coated by 3MPy1C-BSA, and the remained
antibodies were assayed by ELISA.


The electron transfer from TMPyP or cis-2MPyP to 1-naphthalenesulfo-
nate (1-Np) in the absence and presence of the antibody was evaluated
by the Stern-Volmer plots. Rate constants of electron transfer were deter-
mined by the Stern–Volmer Equation (1) given by


Io
I


¼ 1þKSV ½Q� ð1Þ


where Io and I are fluorescence intensities in the absence and presence of
the quencher, respectively. KSV is the Stern–Volmer constant and [Q] the
concentration of the quencher. All measurements were carried out in
1.25mm tetrasodium ethylenediaminetetraacetate (EDTA-4Na) and
100mm phosphate borate buffer (PBB, pH 9.0). A solution of 1-Np (0–
1.5mm) was added to the solution of porphyrin in the absence and pres-
ence of antibody 12E11G. The ratios of the concentration of porphyrin to
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that of antibody combining site were fixed at 1:0, 1:1, and 1:2, respective-
ly. The final concentration of porphyrin was 0.34 mm.


Peroxidase activity : Kinetic study was performed under the following
conditions. Horseradish peroxidase or the complex of antibody 12E11G
with cationic metalloporphyrin was dissolved in tris-acetate buffer
(90 mm, pH 8.0), and incubated for 2 days at room temperature. Hydro-
gen peroxide was then added, followed by a substrate. The starting time
was set at this point. The changes of absorbance for the oxidation prod-
uct of were monitored.[25,41–43] Reaction mixtures contained 50mm hydro-
gen peroxide, 0.5mm metalloporphyrin, 0.8mm antibody, 4% v/v DMSO,
and 90mm tris-acetate (pH 8.0).


Acknowledgement


The authors thank Dr. L. Brunsveld, Laboratory of Macromolecular and
Organic Chemistry, Eindhoven University of Technology (The Nether-
lands) for collaboration of the preparation of cationic porphyrin deriva-
tives and Prof. T. Sato, Graduate School of Science, Osaka University,
for the CD measurements. The authors express their special thanks for
the center of excellence (21COE) program “Creation of Integrated Eco-
Chemistry” of Osaka University.


[1] D. Dolphin, The Porphyrins, Academic Press, New York, 1978.
[2] K. M. Kadish, K. M. Smith, R. Guilard, The Porphyrin Handbook,


Academic Press, San Diego, 1999.
[3] C. J. Reedy, B. R. Gibney, Chem. Rev. 2004, 104, 617–649.
[4] A. Lombardi, F. Nastri, V. Pavone, Chem. Rev. 2001, 101, 3165–


3189.
[5] D. A. Mofft, M. H. Hecht, Chem. Rev. 2001, 101, 3191–3204.
[6] H. K. Rau, W. Haehnel, J. Am. Chem. Soc. 1998, 120, 468–576.
[7] M. Takahashi, A. Ueno, H. Mihara, Chem. Eur. J. 2000, 6, 3196–


3203.
[8] D. A. Moffet, L. K. Certain, A. J. Smith, A. J. Kessel, K. A. Beck-


with, M. H. Hecht, J. Am. Chem. Soc. 2000, 122, 7612–7613.
[9] K. Y. Tomizaki, H. Nishino, T. Arai, T. Kato, N. Nishino, Chem.


Lett. 2003, 32, 6–7.
[10] Y. Lu, S. M. Berry, S. T. D. Plister, Chem. Rev. 2001, 101, 3047–3080.
[11] Y. Watanabe, Curr. Opin. Chem. Biol. 2002, 6, 208–216.
[12] T. Hayashi, T. Takimura, H. Ogoshi, J. Am. Chem. Soc. 1995, 117,


11606–11607.
[13] I. Hamachi, S. Tanaka, S. Tsukiji, S. Shinkai, M. Shimizu, T. Naga-


mune, Chem. Commun. 1997, 1735–1736.
[14] Y. Z. Hu, S. Tsukiji, S. Shinkai, S. Oishi, I. Hamachi, J. Am. Chem.


Soc. 2000, 122, 241–253.
[15] T. Hayashi, Y. Hisaeda, Acc. Chem. Res. 2002, 35, 35–43.
[16] S. J. Pollack, G. R. Nakayama, P. G. Schultz, Science 1988, 242,


1038–1042.
[17] S. J. Pollack, P. G. Schultz, J. Am. Chem. Soc. 1989, 111, 1929–1931.
[18] A. W. Schwabacher, M. I. Weinhouse, M.-T. M. Auditor, R. A.


Lerner, J. Am. Chem. Soc. 1989, 111, 2344–2346.


[19] A. Harada, K. Okamoto, M. Kamachi, T. Honda, T. Miwatani,
Chem. Lett. 1990, 917–918.


[20] A. G. Cochran, P. G. Schultz, J. Am. Chem. Soc. 1990, 112, 9414–
9415.


[21] A. G. Cochran, P. G. Schultz, Science 1990, 249, 781–783.
[22] A. Harada, K. Okamoto, M. Kamachi, Chem. Lett. 1991, 953–956.
[23] E. Keinan, E. Benory, S. C. Sinha, A. Sinha-Bagchi, D. Eren, Z.


Eshhar, B. S. Green, Inorg. Chem. 1992, 31, 5433–5438.
[24] A. Harada, K. Shiotsuki, H. Fukushima, H. Yamaguchi, M. Kama-


chi, Inorg. Chem. 1995, 34, 1070–1076.
[25] A. Harada, H. Fukushima, K. Shiotsuki, H. Yamaguchi, F. Oka, M.


Kamachi, Inorg. Chem. 1997, 36, 6099–6102.
[26] A. D. Wentworth, L. H. Jones, P. J. Wentworth, K. D. Janda, R. A.


Lerner, Proc. Natl. Acad. Sci. USA 2000, 97, 10930–10935.
[27] P. J. Wentworth, L. H. Jones, A. D. Wentworth, X. Zhu, N. A.


Larsen, I. A. Wilson, X. Xu, W. A. Goddard, K. D. Janda, A. Es-
chenmoser, R. A. Lerner, Science 2001, 293, 1806–1811.


[28] J. K. M. Sanders, Chem. Eur. J. 1998, 4, 1378–1383.
[29] H. Yamaguchi, M. Kamachi, A. Harada, Angew. Chem. 2000, 112,


3987–3989; Angew. Chem. Int. Ed. 2000, 39, 3829–3831.
[30] M. C. Feiters, A. E. Rowan, J. M. Nolte, Chem. Soc. Rev. 2000, 29,


375–384.
[31] R. Ricoux, H. Sauriat-Dorizon, E. Girgenti, D. Blanchard, J.-P.


Mahy, J. Immunol. Methods 2002, 269, 39–57.
[32] B. Ward, A. Skorobogaty, J. C. Dabrowiak, Biochemistry 1986, 25,


6875–6883.
[33] R. F. Pasternack, B. Halliwell, J. Am. Chem. Soc. 1979, 101, 1026–


1031.
[34] R. F. Pasternack, E. J. Gibbs, J. J. Villafranca, Biochemistry 1983, 22,


2406–2414.
[35] B. Ward, A. Skorobogaty, J. C. Dabrowiak, Biochemistry 1986, 25,


7827–7833.
[36] T. Ohse, S. Nagaoka, Y. Arakawa, H. Kawakami, K. Nakamura, J.


Inorg. Biochem. 2001, 85, 201–208.
[37] Peroxidations of pyrogallol, catechol, guaiacol, o-dianisidine, and


ABTS were monitored at 420 nm, 387 nm, 470, 500, and 414 nm, re-
spectively.


[38] R. G. Little, J. A. Anton, P. A. Loach, J. A. Ibers, J. Heterocycl.
Chem. 1975, 12, 343–349.


[39] M. Perree-Fauvet, C. Verchere-Beaur, E. Tarnaud, G. Anneheim-
Herbelin, N. Bone, A. Gaudemer, Tetrahedron 1996, 52, 13569–
13588.


[40] B. Friguet, A. F. Chaffotte, L. Djavadi-Ohaniance, M. E. Goldberg,
J. Immunol. Methods 1985, 77, 305–310.


[41] A. P. Savitsky, M. I. Nelen, A. K. Yatsmirsky, M. V. Demcheva, G. V.
Ponomarev, I. V. Sinikov, Appl. Biochem. Biotechnol. 1994, 47, 319–
327.


[42] Y. Feng, Z. Liu, S. J. Gao, X. Y. Liu, T. S. Yang, Ann. N. Y. Acad.
Sci. 1995, 750, 271–276.


[43] S. de Lauzon, D. Mansuy, J. -P. Mahy, Eur. J. Biochem. 2002, 269,
470–480.


Received: November 6, 2003
Revised: August 18, 2004


Published online: October 29, 2004


D 2004 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chemeurj.org Chem. Eur. J. 2004, 10, 6179 – 61866186


FULL PAPER A. Harada et al.



www.chemeurj.org






Gaseous Supramolecules of Imidazolium Ionic Liquids:
“Magic” Numbers and Intrinsic Strengths of Hydrogen Bonds


Fabio C. Gozzo,[a] Leonardo S. Santos,[a] Rodinei Augusti,[b] Crestina S. Consorti,[c]


Jairton Dupont,*[c] and Marcos N. Eberlin*[a]


Introduction


Room temperature ionic liquids,[1] in particular those based
on the 1-n-butyl-3-methylimidazolium ion,[2] display a very
unique combination of physicochemical properties: negligi-
ble vapor pressure, low viscosity, high thermal, chemical and


electrochemical stabilities, and distinct solubility in both
polar and non-polar solvents. Owing to these outstanding
characteristics, ionic liquids have found applications in many
areas particularly as a new class of materials and solvents
for green chemistry.[3] As such, ionic liquids have been used
as recyclable solvents for organic synthesis, immobilizing
agents for organometallic and bio-catalysis, liquid supports
for analytical and physical chemistry, as appropriate media
for size-controlled growth of nanoparticles,[4] and as nearly
noise-free matrixes for MALDI-MS.[5]


The unique set of properties of ionic liquids is attributed
to a dual behavior resulting from their “quasi-molecular”
structures[6] formed by three-dimensional supramolecular[7]


polymeric networks of anions and cations linked mainly by
C-H hydrogen bonds.[8] In the solid state, supramolecular as-
semblies of ionic liquids has been evidenced by X-ray dif-
fraction analysis.[9] In solution, such assemblies has been
demonstrated mainly by NMR[10] and electrochemical stud-
ies.[11] Knowledge of the intimate nature, type and strength
of hydrogen-bonding in these supramolecular assemblies is
therefore fundamental to understand the very unique prop-
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Abstract: Electrospray ionization mass
spectrometry (ESI-MS) is found to
gently and efficiently transfer small to
large as well as singly to multiply
charged [X+]n[A


�]m supramolecules of
imidazolium ion (X+) ionic liquids to
the gas phase, and to reveal “magic
numbers” for their most favored as-
semblies. Tandem mass spectrometric
experiments (ESI-MS/MS) were then
used to dissociate, via low-energy colli-
sion activation, mixed and loosely
bonded [AaXaA’]� and
[XaAaX’]+ gaseous supramole-
cules, as well as their higher homo-
logues, and to estimate and order via
CooksF kinetic method (CKM) and
B3LYP/6-311G(d,p) calculations the in-
trinsic solvent-free magnitude of hydro-


gen bonds. For the five anions studied,
the relative order of intrinsic hydro-
gen-bond strengths to the 1-n-butyl-3-
methylimidazolium ion [X1]+ is:
CF3CO2


� (zero) > BF4
� (�3.1) >


PF6
� (�10.0) > InCl4


� (�16.4) and
BPh4


� (�17.6 kcalmol�1). The relative
hydrogen-bond strength for InCl4


� was
measured via CKM whereas those for
the other anions were calculated and
used as CKM references. A good cor-
relation coefficient (R=0.998) between
fragment ion ratios and calculated hy-


drogen-bond strengths and an effective
temperature (Teff) of 430 K demon-
strate the CKM reliability for measur-
ing hydrogen-bond strengths in gaseous
ionic liquid supramolecules. Using
CKM and Teff of 430 K, the intrinsic
hydrogen-bond strengths of BF4


� for
the three cations investigated is: 1-n-
butyl-3-methyl-imidazolium ion (0) >


1,3-di-[(R)-3-methyl-2-butyl]-imidazoli-
um ion (�2.4) > 1,3-di-[(R)-a-methyl-
benzyl]-imidazolium ion (�3.0 kcal
mol�1). As evidenced by “magic” num-
bers, greater stabilities are found for
the [(X1)2(BF4)3]


� and [(X1)5A4]
+ su-


pramolecules (A¼6 InCl4�).
Keywords: hydrogen bonds · ionic
liquids · kinetic method · mass
spectrometry · supramolecular
chemistry
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erties of ionic liquids. Attempts
have been therefore made using
NMR and IR spectroscopy to
measure the magnitudes of such
CH hydrogen bonds in the con-
densed phase.[6 ,9] In the gas
phase, the extremely low vapor
pressure of ionic liquids has restricted the advantageous use
of mass and tandem mass spectrometry techniques[12] to
form and isolate solvent-free gaseous ionic liquid supramo-
lecules so as to measure their intrinsic physicochemical
properties.
Electrospray ionization (ESI)[13] has, however, revolution-


ized the way molecules are ionized and transferred to the
gas phase for mass spectrometric (MS) analysis, and has
greatly expanded the range of MS-compatible molecules in-
cluding now those of much greater polarity, molecular com-
plexity and higher mass.[14] ESI is, in fact, an interesting “ion
fishing” technique since either negative or positive ions are
formed in solution and then transferred by ESI directly to
the gas phase. ESI is also characterized by the gentleness by
which the gaseous ions are formed, being able to transfer to
the gas phase very labile, loosely bonded supramolecules
such as, for instance, hydrogen-bonded amino-acid assem-
blies (the serine octamer and analogues) displaying “magic”
numbers and enantioselective assemblies.[15] ESI-MS is also
rapidly becoming the major technique for mechanistic stud-
ies[16] and high-throughput screening of homogenous cataly-
sis,[17] and to study salt cluster ion formation and proper-
ties.[18] We[19] therefore used ESI-MS to, for the first time,
“fish” loosely bonded supramolecules of ionic liquids and
transfer then to a mass spectrometer to investigate their as-
semblies and to compare and measure via collision-induced
dissociation (CID) the intrinsic “solvent-free” strengths of
their hydrogen bonds.


Experimental Section


ESI mass and tandem mass spectra in both the negative and positive ion
modes were acquired using a Micromass (Manchester, UK) QTof instru-
ment of ESI-QqTof configuration with 7.000 mass resolution in the TOF
mass analyzer. The following typical operating conditions were used:
3 kV capillary voltage, 40 V cone volt-
age and dessolvation gas temperature
of 100 8C. Tandem ESI-MS/MS spectra
were collected after 5 eV collision in-
duced dissociation (CID) of mass-se-
lected ions with argon. Mass-selection
was performed by Q1 using a unitary
m/z window, and collisions were per-
formed in the rf-only quadrupole colli-
sion cell, followed by mass analysis of
product ions by the high-resolution or-
thogonal-reflectron TOF analyzer.
Ionic liquids of three analogous imida-
zolium ions (see below) with CF3CO2


�
,


BF4
� , PF6


� , InCl4
� and BPh4


� counter-
anions were available from previous
studies.[6,20]


Geometries and electronic energies of
fully optimized structures were calcu-
lated via Gaussian 98 B3LYP/6-


311+G(d,p) calculations.[21] These data are available from the authors
upon request.


Results and Discussion


Singly charged gaseous supramolecules : Using ESI, a series
of singly negatively and positively charged supramolecules
of all ionic liquids investigated herein (excepted for In-
Cl4


�for which higher supramolecules were very minor[20]),
linked via weak CH hydrogen bonds, are found to be effi-
ciently transferred directly from their acetonitrile solutions
to the gas phase. Fortunately therefore, loosely hydrogen-
bonded polymeric supramolecular networks for ionic liquids
are conserved to a great extent during the ESI ion evapora-
tion process.[13] For X1BF4, for instance, this network is clear-
ly seen in the ESI(�) mass spectrum by the series of singly
negatively charged [(X1)n(BF4)n+1]


�1 homologous supramo-
lecules (Figure 1) with n=0 up to 12 (using a threshold of
0.1% relative intensity) of m/z 313, 540, 766, 991, 1218,
1444, 1670, and so on (Dm/z 226 for 11B) with nearly loga-
rithmically decreasing intensities, excepted for that of m/z
540 with “magic number” assemblies, see below. The isoto-
pologue anion of m/z 86 (10BF4


�) and the more abundant
one of m/z 87 (11BF4


�) for which n=0 are also clearly de-
tected. Mass-selection and CID via tandem MS/MS experi-
ments (spectra not shown) reveal that all of the
[(X1)n(BF4)n+1]


�1 supramolecules dissociate via a characteris-
tic and predictable fashion: owing to their H-bonded nature,
they sequentially loose neutral X1BF4 molecules [Eq. (1)].


½ðX1ÞnðBF4Þnþ1��1
�X1BF4


CID
����!½ðX1Þn�1ðBF4Þn��1 ð1Þ


Similarly, ESI mass spectrum in the positive ion mode
shows X1 of m/z 139 and the corresponding series of singly


Figure 1. ESI-MS mass spectrum in the negative ion mode of an acetonitrile solution of X1BF4. Note the series
of singly negatively charged gaseous [(X1)n(BF4)n+1]


� supramolecules of m/z 313, 540, 766, 991, etc. (Dm/z 226
for 11B). The intensity scale has been increased from m/z 900 to show more clearly the series of doubly charg-
ed supramolecules [(X1)n(BF4)n+2]


�2 (n=13–25) of m/z 1783, 1897, 2010, etc. (Dm/z 113 for 11B), and the triply
charged ones [(X1)n(BF4)n+3]


�3 (n=34–39) of m/z 2648, 2723, 2799, 2802, etc. (Dm/z 75.3 for 11B). The “magic”
number supramolecule [(X1)2(BF4)3]


�1 is indicated. *: singly, &: doubly, ~: triply charged.
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positively charged [(X1)n+1(BF4)n]
+1 supramolecules


(Figure 2) of m/z 365, 591, 818, 1044, 1289, 1498, 1722, 1947
and so on (Dm/z 226 for 11B) with nearly logarithmically de-
creasing intensities (excepted for the “magic number” supra-
molecule of m/z 1044). These homologous supramolecules
also dissociate via CID by sequential losses of neutral X1BF4
molecules.


Doubly and triply charged gaseous supramolecules : Notably,
we learn from the ESI(�) mass spectrum that large enough
gaseous (X1BF4)n supramolecules are also able to accommo-
date two (n=13 and mass=2938 u or higher) or even three
(n=34 and mass=7684 u or higher) additional BF4


� anions;
hence doubly and even triply negatively charged gaseous su-
pramolecules are also unequivocally detected (Figure 1).
The series of doubly charged supramolecules [(X1)n-
(BF4)n+2]


�2 (n=13–25) is composed of those of m/z 1556,
1670, 1783, 1897, and so on (Dm/z 113), and that of the
triply charged ones [(X1)n(BF4)n+3]


�3 (n=34–39) of those of
m/z 2648, 2723, 2802 and so on (Dm/z 75.3).
In the ESI(+) mass spectrum (Figure 2), the series of


doubly charged species [(X1)n+2(BF4)n]
+2 (n=15–26) of m/z


1835, 1947, 2061, 2174, and so on (Dm/z 113) is also clearly
detected. Triply positively charged supramolecules of
[(X1)n+3(BF4)n]


+3 composition are, apparently, not intrinsi-
cally stable[22] in the gas phase and are therefore not ob-
served.


“Magic numbers” for assemblies of ionic liquid supramole-
cules : Interestingly, supramolecules of higher than average
stability are evident in the ESI-MS spectra for both the neg-
ative and, more generally, in the positive ion series. For the
negative ion series (Figure 1), if one considers the normal
logarithmically decreasing intensity pattern, the abundance
of [(X1)2(BF4)3]


�1 of m/z 540 is considerably out of range.
No negatively charged “magic number” supramolecules
were observed in the ESI(�)-MS spectra of the other ionic
liquids.
For the positive ion series, the abundances of the


[(X1)5(BF4)4]
+1 supramolecule of m/z 1044 is also clearly out


of range, which indicates its greater intrinsic solvent-free
gas-phase stability. Positively charged “magic number” su-
pramolecules of [(X1)5A4]


+1 composition were also apparent
in the ESI(+)-MS spectra of the other ionic liquids except


Figure 2. ESI-MS mass spectrum in the positive ion mode of an acetonitrile solution of X1BF4. Note the series of singly positively charged
[(X1)n+1(BF4)n]


+ supramolecules of m/z 365, 591, 818, 1044, etc. (Dm/z 226 for 11B). The intensity scale has been increased from m/z 500 to show more
clearly the series of doubly charged species [(X1)n+2(BF4)n]


+2 (n=15–26) of m/z 2061, 2174, 2287, etc. (Dm/z 113 for 11B). The “magic” number supra-
molecule [(X1)5(BF4)4]


+1 is indicated. *: singly, &: doubly charged.


Figure 3. ESI-MS mass spectrum in the negative ion mode of an equimolar mixture of X1BF4, X1PF6, and X1CF3CO2. The homogeneous supramolecules
are those of m/z 313 [BF4aX1aBF4]


� , m/z 365 [CF3CO2aX1aCF3CO2]
� , and m/z 429 [PF6aX1aPF6]


� . The target mixed supramolecules
[A1aX1aA2]


� of m/z 339, 371, and 397 are indicated. The loosely bonded structures shown are those predicted as the global minimum by B3LYP/6-
311G+(d,p) calculations.
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for A= InCl4
� . We are currently investigating via DFT cal-


culations the effects governing the extra stabilities of the
singly charged [(X1)5A4]


+1 ionic liquid supramolecules.[22]


Relative strengths of hydrogen bonds : The observation that
ESI is able to transfer loosely bound ionic liquid supramole-
cules of [(X1)n(BF4)n+1]


�1 composition to the gas phase gave
us the unprecedented opportunity to form, isolate via mass-
selection, and then gently dissociate by low-energy CID,
mixed gaseous [AaX1aA’]�1 supramolecules (as well as
higher homologues) so as to measure, for the first time, the
intrinsic solvent-free relative strengths of their weak, but so
relevant, CH hydrogen bonds. To form such mixed supramo-
lecules, first an acetonitrile solution of X1BF4, X


1PF6, and
X1CF3CO2 was prepared, and its ESI(�) mass spectrum re-
corded (Figure 3).
Both series of “mixed” and “homogeneous” supramole-


cules were found to be efficiently transferred to the gas
phase, and each of the mixed ones: [CF3CO2a
X1aBF4]


�1 of m/z 339, [BF4aX1aPF6]
�1 of m/z 371,


and [CF3CO2aX1aPF6]
�1 of m/z 397 were mass-selected


and then dissociated by 5 eV collisions with argon. As the
spectrum of Figure 4 shows for [CF3CO2aX1aBF4]


�1 of
m/z 339, the stronger CF3CO2


�–X1 hydrogen bond favors
the loss of a neutral X1CF3CO2 species, and consequently
BF4


� of m/z 87 is formed as the main ionic fragment, where-
as CF3CO2


� of m/z 113 is of minor abundance. For
[CF3CO2aX1aBF4]


�1, two loosely bonded isomers
could be formed, a and b in Scheme 1, but B3LYP/6-
311+G(d,p) calculations predicts b as the global minimum.


Similarly, PF6
� is the main ionic fragment of [BF4a


X1aPF6]
�1. For [CF3CO2aX1aPF6]


�1, however, in
which PF6


� interacts more weakly to [X1]+ than CF3CO2
� ,


PF6
� is formed exclusively. The gaseous [BPh4a


X1aPF6]
�1 and [InCl4aX1aPF6]


�1 supramolecules
were also formed and dissociated in similar experiments, as


Table 1 summarizes. From Table 1 therefore, the qualitative
order of intrinsic hydrogen bond strength to X1 for the five
anions studied is: CF3CO2


� > BF4
� > PF6


� > InCl4
� >


BPh4
� . The order above is also corroborated when the


Figure 4. Tandem ESI-MS/MS product ion mass spectrum for 5 eV CID of the mixed and singly negatively charged ionic liquid supramolecule
[CF3CO2aX1aBF4]


�1. The isotopologue ions 11BF4
� of m/z 87 and 10BF4


� of m/z 86 are lost preferentially since The hydrogen bond with BF4
� is


weaker than that with CF3CO2
� .


Scheme 1.


Table 1. Relative abundances (I) of fragment ions in the tandem ESI-
MS/MS spectra for CID of [AaX1aA’]� and [XaBF4aX’]+


mixed supramolecules.


A A’ IA IA’


CF3CO2
� BF4


� 4.4 100
BF4


� PF6
� 0.05 100


PF6
� InCl4


� 0.02 100
InCl4


� BPh4
� 12.5 100


[XaBF4aX’]+


X X’ IX IX’


5.7 100


X1 X2


50.6 100


X2 X3


2.0 100


X1 X3
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higher homologue mixed supramolecules were mass-selected
and dissociated. For instance, the dissociation of
[CF3CO2(X


1)2(BF4)2]
�1 occurs by the loss of both X1CF3CO2


and X1BF4 neutral species, but again the loss of the more
strongly hydrogen-bonded X1CF3CO2 species dominates.
ESI-MS in the positive ion mode allows us to perform an-


other unprecedented series of experiments with gaseous
ionic liquid supramolecules: the formation, isolation, and
gentle dissociation of gaseous [XaAaX’]+1 positively
charged supramolecules now with mixed imidazolium ions,
and to compare the intrinsic strength of their hydrogen
bonds. Three such mixed supramolecules were formed from
an acetonitrile solution of BF4


� salts of the X1, X2 and X3


imidazolium ions. Figure 5 shows the tandem product ion
mass spectrum of one such supramolecule,
[X2aBF4aX3]+1 of m/z 573. Upon dissociation, the two
imidazolium ions compete for the central BF4


� anion, and
the more loosely hydrogen-bonded ion is expelled preferen-
tially as the main ionic fragment. Since X3 of m/z 277 is
formed with an abundance nearly twice as that of X2 of m/z
209 (Table 1), we conclude that X2 is more strongly hydro-
gen bonded to BF4


� .
To complete the order, the [X2aBF4aX1]+1 supramo-


lecule of m/z 493 was also dissociated, and X2 of m/z 209
was found to be formed with an abundance nearly twenty
times as great as that of X1 of m/z 109 (Table 1); hence, X1


is more strongly hydrogen-bonded to BF4
� than X2. The


[X1aAaX3]+1 supramolecule of m/z 503 was also
formed and dissociated via similar experiments (Table 1).
From these experiments, the order of H-bond strength to
BF4


� is therefore: X1 > X2 > X3. This order likely reflects
increasing electron-donating or steric effects, or both, of the
N-substituents weakening hydrogen bonds to the imidazoli-
um ions.


Relative hydrogen-bond energies by Cooks> kinetic method
(CKM): The kinetic method proposed by Cooks and co-
workers[23] has been used to determine thermochemical
properties based on rates of competitive dissociations of gas-
eous mass-selected ionic supramolecules as measured via
MS experiments. Because of the ease of use, broad applica-
bility, high sensitivity to small thermochemical differences


(typically as small as 0.1 kcalmol�1), and high precision, the
CKM has found a multitude of applications.[24] In its sim-
plest form, the method relies on the following major as-
sumptions: a) negligible differences in the entropy require-
ments for the competitive channels; b) negligible reverse ac-
tivation energies; and c) the absence of isomeric forms of
the activated cluster ion. When these conditions are well sat-
isfied, the ratio of the fragment ion abundance for, for in-
stance, a proton bound dimer B1-H


+-B2 as described in
Equation (2), in which k1 and k2 are the rate constants for
the competitive dissociations, is related to the proton affinity
difference of the two bases, D(PA), by Equation (3). Teff is
the effective temperature, a thermodynamic quantity[25] ap-
parently related to the internal energy of the dissociating
ions, and D(DS) is the reaction entropy difference between
the two fragmentation channels.


B1H
þ þB2  k1 B1 aHþaB2 ! k2 B1þB2H


þ ð2Þ


ln
�
k1


k2


�
¼ ln


�
½B1H


þ�
½B2Hþ�


�
� PAðB1Þ�PAðB2Þ


RTeff
�DðDSÞ


R
ð3Þ


From Equation (3), the CKM reliability and whether or
not a significant entropic effect operates is verified by inves-
tigating the dissociation of cluster ions formed by a set of
reference compounds of known ion affinities (DPA for
proton affinity) and by plotting ln(k1/k2) versus DPA. Thus,
a straight line with high correlation coefficient intercepting
the origin indicates the reliability of the method and the ab-
sence of significant entropic effects, and from its slope Teff is
then calculated. From such a plot, the affinity of an un-
known can therefore be determined by forming and dissoci-
ating ion clusters of the unknown with reference com-
pounds. For systems where entropy effects are relevant, “ex-
tended” CKM versions have been developed.[26] Different
instrumental conditions are employed so as to vary the ef-
fective temperature, and to extract apparent entropy differ-
ences between pairs of cluster ions.
To verify whether CKM is applicable to measure relative


intrinsic hydrogen-bond strengths in gaseous ionic liquid su-
pramolecules, we plot ln(IA/IA’) versus the relative X


1 affini-
ties for CF3CO2


�
, BF4


� , PF6
� , and BPh4


� as estimated by


Figure 5. Tandem ESI-MS/MS product ion mass spectrum for 5 eV CID of the mixed and singly positively charged ionic liquid supramolecule
[X2aBF4aX3]


+ . Because the H-bond of X2 of m/z 209 to BF4
� is stronger than that of X3, the X3 fragment ion of m/z 277 is formed to a greater


extent.
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B3LYP/6-311+G(d,p) calculations (Figure 6) by using
CF3CO2


� as the reference (zero). Drawing a straight line
passing through the origin results in a correlation coefficient
as high as 0.998 and a Teff of 430 K. This effective tempera-
ture is very typical of loosely bonded ionic species. For in-
stance, weakly bonded clusters or supramolecules such as
H+ , Cl+ and Br+ bound dimers of amines and pyridines[27]


usually display Teff below 700 K whereas covalently bonded
species such as “electron-bound dimers” display considera-
bly higher, greater than 1500 K, effective temperatures.[28]


These results therefore demonstrate the CKM reliability for
ionic liquids and negligible entropic effects even though the
nature of the anions A� herein investigated vary considera-
bly. We then used the plot of Figure 6 to estimate the rela-
tive hydrogen-bond strength for InCl4


� , an “unknown” for
which B3LYP/6-311+G(d,p) calculations are not applicable.
Combining therefore data from the calculations and CKM,
the following relative order of hydrogen bonding to 1-n-
butyl-3-methylimidazolium ion X1 is derived: CF3CO2


� (0)
> BF4


� (�3.1) > PF6
� (�10.0) > InCl4


� (�16.4) and BPh4�
(�17.6 kcalmol�1).[29] Using now Teff of 430 K,


[30] the ratios
from Table 1, and Equation (3) (negligible entropy effects),
the relative order of hydrogen bonding of the imidazolium
ions to BF4


� can also be calculated: X1 (0) > X2 (�2.4) >


X3 (�3.0 kcalmol�1).
Figure 7 shows the geometries for the hydrogen-bonded


dimers of X1 with CF3CO2
�
, BF4


� , PF6
� , and BPh4


� as opti-
mized by B3LYP/6-311G(d,p) calculations. Note the strong
and short (1.95 and 1.88 Q) C(2)H�bond which are predict-
ed for X1CF3CO2 and X


1BF4. The C(2)H�F hydrogen bond
for PF6


� is, as compared to BF4
� , considerably longer


(2.01 Q) and therefore weaker. As BPh4
� is considerably


sterically hindered, a much weaker and longer hydrogen
bond (2.43 Q) is predicted for X1BPh4


� ; hydrogen bonding
occurs via interaction of C(2)H with the ipso carbon of the
phenyl group, which carries the highest density of negative
charge.


Conclusion


ESI-MS in both the positive and negative ion modes is a
suitable technique to gently transfer to the gas-phase, to de-
termine magic numbers for their assemblies, and then to
measure the relative strengths of hydrogen bonding. Low
energy collision dissociation of mixed loosely bonded
[AaXaA’]+ and [XaAaX’]� supramolecules (and
of their higher homologues) via tandem mass spectrometric
experiments (ESI-MS/MS) with the application of CooksF
kinetic method in its simplest form (entropy effects are neg-
ligible) provides relative intrinsic magnitudes of their weak,
but very relevant, hydrogen bonds. For the five anions stud-
ied, the relative order of intrinsic hydrogen bond strengths
to the 1-n-butyl-3-methylimidazolium ion, X1, is found to
be: CF3CO2


� (0) > BF4
� (�3.1) > PF6


� (�10.0) > InCl4
�


(�16.4) and BPh4� (�17.6 kcalmol�1), and for that of the
three imidazolium ions to BF4


� : X1 (0) > X2 (�2.4) > X3


(�3.0 kcalmol�1). As evidenced by “magic” numbers, great-
er stabilities are found for the [(X1)2(BF4)3]


� and, more gen-
erally, for [(X1)5A4]


+ supramolecules except for when A=


InCl4
� .
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